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A fluorescent microbead-based microfluidic
immunoassay chip for immune cell cytokine
secretion quantification†
Xin Cui,‡ab Ya Liu,‡a Dinglong Hu,a Weiyi Qian,b Chung Tin,acde Dong Sun,ac
Weiqiang Chen *b and Raymond H. W. Lam *acde
Quantitative and dynamic analyses of immune cell secretory cytokines are essential for precise determination and characterization of the “immune phenotype” of patients for clinical diagnosis and treatment of
immune-related diseases. Although multiple methods including the enzyme-linked immunosorbent assay
(ELISA) have been applied for cytokine detection, such measurements remain very challenging in real-time,
high-throughput, and high-sensitivity immune cell analysis. In this paper, we report a highly integrated
microfluidic device that allows for on-chip isolation, culture, and stimulation, as well as sensitive and dynamic cytokine profiling of immune cells. Such a microfluidic sensing chip is integrated with cytometric
fluorescent microbeads for real-time and multiplexed monitoring of immune cell cytokine secretion dynamics, consuming a relatively small extracted sample volume (160 nl) without interrupting the immune
cell culture. Furthermore, it is integrated with a Taylor dispersion-based mixing unit in each detection
chamber that shortens the immunoassay period down to less than 30 minutes. We demonstrate the profiling of multiple pro-inflammatory cytokine secretions (e.g. interleukin-6, interleukin-8, and tumor necrosis
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factors) of human peripheral blood mononuclear cells (PBMCs) with a sensitivity of 20 pg ml−1 and a sample volume of 160 nl per detection. Further applications of this automated, rapid, and high-throughput
microfluidic immunophenotyping platform can help unleash the mechanisms of systemic immune responses, and enable efficient assessments of the pathologic immune status for clinical diagnosis and immune therapy.

Introduction
The immune system is the defense mechanism that protects
living organisms from being invaded by viruses, bacteria, and
parasitic worms, by distinguishing pathogens and diseased
tissues from healthy cells and tissues and eliminating them.
However, it is still a significant clinical challenge to accurately
diagnose and efficiently treat immune and infectious diseases
due to the cellular functional heterogeneity of patient samples
and the highly dynamic nature of disease development.1,2 In
order to tackle this challenge, a close monitoring of the funca
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tions of our immune defense unit – leukocytes (immune
cells), which play a major role in innate and adaptive immune
responses,3,4 has to be performed. Leukocytes orchestrate immune responses by releasing various essential cell signaling
biomolecules known as cytokines.5 The cytokine secretion
profiles of different subtypes of immune cells are spatiotemporally regulated for host defense against viral or bacterial infections, intracellular interactions, and inflammation responses.6 For example, leukocytes secrete multiple cytokines
functioning as mediators and modulators of inflammatory responses. Pro-inflammatory cytokines such as interleukin (IL)6 and IL-8 are secreted in the early stage of immune diseases,
which can be restored by anti-inflammatory cytokines, such
as IL-10 and tumor necrosis factor (TGF)-β to obtain the homeostasis of immune systems.7,8 Given the heterogeneity and
dynamic behaviors of different leukocyte subpopulations, an
accurate, quantitative, and multiplexed cytokine measurement is required and essential for functional characterization
of immune cell phenotypes of patients for clinical diagnosis
of immune-related diseases.9
Up to now, cytokine measurements have been largely
conducted
with
the
conventional
enzyme-linked
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immunosorbent assay/spot10 (ELISA/ELISpot) on plate
readers or the cytometric bead-based immunoassay using
flow cytometry.11,12 However, it remains challenging to
achieve real-time, multiplex and sample-sparing cytokine profiling using conventional immunophenotyping methods.13
Such a challenge is largely caused by the short period of immune status transition (as short as several hours) and limited
supply of blood samples from patients (particularly pediatric
patients).13–15 Development of sample-sparing assays will
lead to more efficient use of the sample materials through a
significant reduction of sample volumes or by simultaneous,
multi-parameter assessments of immune functions. Furthermore, the inherent laborious, time and reagent/biosampleconsuming
procedures
involved
in
conventional
immunophenotyping methods also limit these assays for
practical use in clinical settings.13–15 Continuing progress in
many fields, ranging from fundamental biological and clinical discovery to patient care, hinges upon the availability of
specific, reliable, and sample-sparing assay systems for multiplex and spatiotemporal cytokine detection.16,17 Moreover,
achieving an integrated, rapid, and sample-efficient assay on
blood or cell samples all in one chip would be even more
challenging. Hence, there is a great demand for an integrated, rapid, and accurate functional immune cell
phenotyping and cytokine detection assays, which may provide important insights into immune-related diseases including autoimmune diseases,18 infections,19 chronic inflammation, and cancer.20
One challenge in sensitive and rapid opticalimmunophenotyping using microfluidic technology is to
achieve effective “lab-on-a-chip” bio-reagent processing and
mixing.21,22 While many pioneering micro-devices have been
demonstrated as promising immune-monitoring technologies
for achieving analysis of cell-secreted molecules, most of these
devices still require off-chip purification and stimulation of the
target cells from blood prior to analysis.3,23,24 This necessitates
a new integrated approach that would simplify the processes required to isolate, culture, and stimulate target immune cell subsets from biosamples, as well as profile the cell-secreted cytokines from these isolated cells. However, such an integrated
lab-on-a-chip
system
for
functional
cellular
immunophenotyping is largely missing.13 In addition to the onchip cell isolation and manipulation,25 subsequent bio-reagent
processing and mixing are also essential to the sensing performance.21,22 In order to enhance the sensor detection sensitivity,
the majority of previous effort has been focused on the sensor
materials and sensing mechanisms. Optimization of transportation and mixing of target molecules in a confined microenvironment is largely overlooked. Indeed, it has been shown that biomolecule transportation also plays a critical role in governing
binding kinetics and ultimately sensor performance.26 Yet, most
of the current sensing systems rely upon pure analyte diffusion,
which limits both the detection sensitivity and speed (hours to
days).27 Therefore, new methods that can shift the analyte binding mechanism from passive diffusion to an active, hydrodynamic biomolecule transportation and condensing process will
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break the current system limits and further enhance the sensing performance. Although many passive,28 continuous-flow
micromixers29 such as flow-focusing30 and microstructured
channel walls31 have been developed to reduce the characteristic mixing length by disturbing the laminar flow in a confined
space, mixing of different reagents in an extremely small sample volume (micro- to nano-liter level) and a precise volume ratio for immunoassays remains challenging.13
Active mixing with a spatial-periodic alternating flow within
a confined microchannel or microchamber offers a consistent
and precise volume ratio of reagents, which can fulfill the high
efficiency and repeatability requirements for immunoassays.
For example, Chou et al. invented an active mixing scheme
along an isolated rotary microchannel based on Taylor dispersion32 driven by pneumatic micropumps33 and demonstrated a
nearly two orders of magnitude enhancement of surfacebinding assay. Recently, Junkin et al. applied an active mixing
scheme and determined the dynamics of single immune cells
in an automated high-throughput microfluidic chip.34 However, the reported mixing period was >1 h for a stable fluorescence intensity, which may limit the real-time profiling of cytokine dynamics. Using a diaphragm actuator and integrating
micro-pillar structures in their microfluidic device, Lam and Li
could achieve a high-throughput and rapid fluid mixing (5 s for
liquid outflow >1 mL min−1) for biological assays.35 Further, a
rotating impeller has been developed recently to effectively mix
a wide range of yield stress fluids with a gap size on the order
of hundreds of micrometers, demonstrating microfluidic active
mixers for mixing complex fluids at the microscale.36 Our recent study also demonstrated an active micromixer by generating circulation flows in an enclosed microchamber to shorten
the mixing time by ∼10 times.37 These active micromixers provide rational frameworks to design on-chip mixing units for efficient and accurate cytokine detection.38
In the past decade, a number of microfluidic techniques
have been developed for the quantitative measurements of cytokine secretions.39,40 These microfluidic detection methods include immunofluorescence staining,41 chemiluminescence,42
nanoparticle deposition,43 localized surface plasmon resonance,44 quartz crystal microbalance,45 and magnetoelectronic
detection46 which show the capabilities of high-throughput
analysis, low reagent consumption, automated fluid handling,
and process integration. Among these microfluidic sensing
techniques, optical detection schemes are widely adopted due
to the ease of integration of many existing fluorescently-labeled
bio-reagents and optical microscopy with transparent microfluidic systems for optical imaging. In particular, a multiplexed
bead-based immunoassay with its increased surface-to-volume
ratio, convenient fluid transporting, and enhanced flexibility
for detecting cytokine subpopulations39,47,48 is an attractive
technique to be used for an on-chip multiplex detection of cytokine secretion dynamics48,49 for medical diagnosis.
Here, we report an integrated microfluidic immunoassay device that allows on-chip immune cell isolation, culture, biochemical stimulation, and biosample processing, as well as
downstream dynamic profiling of multiple cytokine secretions
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using a micro-liter volume of samples. The immunoassay device contains three main components: a cell culture chamber,
an array of cytokine detection units and an array of active peristaltic mixers for on-chip sample mixing. The cell culture
chamber supports cell isolation, culture, and biochemical stimulation in the microfluidic environment. The detection microchambers loaded with clinically adopted50,51 cytometric fluorescent beads are designed for a multiplex and dynamic cytokine
measurement. Each detection chamber is integrated with an
active circulating flow micro-mixer with precisely defined
mixing ratios, such that the required volume of biosamples
(e.g. blood extracts) per detection is significantly reduced (from
∼3 ml to 0.5 μl) and the detection period can be shortened to
less than 30 minutes. As a demonstration, we applied this im-
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munoassay device to characterize peripheral blood mononuclear cells (PBMCs) for their dynamic immunoresponses upon
inflammatory phytohaemagglutinin (PHA) stimulation. This
integrated immunoassay platform can be potentially applied
for an accurate immunophenotyping of the pathologic immune
status of patients, unveiling biological mechanisms of
immune-related diseases, and facilitating personalized immunotherapy for immune diseases and cancer.52,53

Materials and methods
Fabrication
The microfluidic device fabrication was based on replica
molding of polydimethylsiloxane (PDMS; Sylgard-184, Dow

Fig. 1 Design and operation of the microfluidic immunoassay device. (a) Layout (left) and photograph (right) of the device. Scale bar: 4 mm. (b)
Cell culture, stimulation and cytokine detection procedures: 1) load and incubate immune cells in the device placed in the microscope incubator
at 37 °C and 5% CO2; 2) load detection beads sequentially into each of the detection chambers, 2) stimulate immune cells with the culture
chamber closed (green cross) afterward; 4) extract a small portion of the cytokine-containing culture media to a detection chamber; and 5) mix,
incubate and wash the cytokine-sensitive beads and quantifying the fluorescence intensities under a microscope.
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Corning) as described in Fig. S1.† Three molds were first fabricated by photolithography of SU-8 photoresist (SU-8100,
Microchem) on silicon wafers for the microchannels in the
upper control layer (height: 20 μm), the lower control layer
(height: 20 μm for the gas channels and 100 μm for the viaholes) and the chamber layer (height: 500 μm) contained in
the microfluidic device (Fig. 1a). The flow layer of the microfluidic device (Fig. 1a) was photolithographically patterned
with the SU-8 photoresist (SU-8 2005 Microchem) for the cell
culture region (height: ∼1 μm) and the AZ50XT photoresist
(AZ Electronic Materials) with reflow at 120 °C for 1 min for
the remaining flow microchannels (thickness: 20 μm). After
these molds were fabricated, the mold surfaces were salinized
with
trichloroĲ1H,1H,2H,2H-perfluoro-octyl)silane
(Sigma-Aldrich) for facilitating the release of the molded
PDMS layers in the later procedures.
The microfluidic device was then fabricated by replica
molding of PDMS with a 10 : 1 ratio between the prepolymer
and hardener, with procedures based on the standard multilayer soft lithography.33 The thicknesses of the PDMS substrates were: 5 mm for the upper control-layer, 120 μm for
the lower control layer, 35 μm for the flow layer and 1 mm
for the chamber-layer. In particular, the lower control layer
containing via holes was fabricated by curing the PDMS
sandwiched between the mold and an overhead polyester surface that can squeeze away the PDMS above the via-hole regions, as we reported previously.54 After the all the PDMS
structure layers were fabricated, the four PDMS layers were
then aligned under a stereomicroscope and bonded in sequence after surface air plasma treatments (energy 10 kJ;
Harrick plasma cleaner PDC-002). Hole punchers were applied on the PDMS layers for the culture chamber (diameter:
6 mm; WHAWB100082, Sigma-Aldrich) and the gas/liquid inlets and outlets (diameter: 1 mm; WHAWB100073, Sigma-Aldrich). The chamber cover was fabricated in another PDMS
layer (thickness: 5 mm) with two holes punched for the biosample inlet and outlet. Using the oxygen plasma treatment,
the chamber cover was bonded to the microchamber region;
and then the entire stacked PDMS device was bonded to a
glass slide (Cytoglass, Nanjing, China) for physical support.
Cell culture
Peripheral blood mononuclear cells (PBMCs; PCS-800-011,
ATCC) were cultured in complete RPMI-1640 culture medium
supplemented with 10% fetal bovine serum and 1% penicillin in a 37 °C incubator (HERA cell 150, Hereaus, Langenese,
Germany) with a humidified and 5% CO2 environment.
PBMCs were thawed and incubated for 2–3 days before experiments in order to ensure the proper cell viability and
behaviors.
Flow cytometry-based immunoassay
A commercial human inflammatory cytokine kit (Catalog No.
551811, BD Biosciences) was chosen to quantify cytokine concentrations in the cell samples. Multiple fluorescent micro-
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beads (emission wavelength: 647 nm) specifically captured
different cytokines. Notably, ∼1000 detection beads were
used in each test. After mixing the microbeads with the cytokine samples, the mixture was incubated with a phycoerythrin (PE)-conjugated (emission wavelength: 488 nm) detection antibody reagent for 3 h at room temperature; and the
PE fluorescence intensities on the microbeads could then reflect the concentrations of the bound cytokines. Phosphate
buffered saline (PBS) was applied as a wash buffer to remove
the unbind PE molecules for improving the signal-tobackground ratio. Afterward, through the analysis of flow cytometry (Accuri C6 Plus, BD Biosciences, CA, USA), the APC
(647 nm) and PE (488 nm) channels were utilized to distinguish different cytokine types and measure the fluorescence
intensity of a targeted cytokine, which then was converted to
the cytokine level by using a calibration curve between the
bead fluorescence intensities and known concentrations of
each selected cytokine (5–5000 pg ml−1).

Automated microscope platform
In order to perform the required microfluidic manipulation,
cell seeding, stimulation and bead fluorescence intensity detection, we established an automated platform with an
inverted microscope (TE300, Nikon, Tokyo, Japan) installed
with a microscope camera (Zyla 4.2, Andor, Belfast, UK).54
The microfluidic device was placed in a confining shield
mounted on the microscope stage offering cell incubation
with stable temperature (37 °C), humidity and gas (5% CO2)
conditions.

Device preparation and cell seeding
Sterilization of the microfluidic device was achieved by baking at 100 °C for >10 h and applying UV exposure for >2 h.
Syringe tubing (Tygon® tubing, US Plastics, Lima, OH) was
then connected to the device and filled with distilled water
(Fig. 1a) and the computer-controlled pressure supplies (pressure: 0 or 12 psi). Distilled water was then filled into all the
control channels, and culture media into all the flow channels and microchambers. Similarly, syringe tubing was also
connected to the liquid inlets and filled with the corresponding inlet solutions: phycoerythrin-labeled antibody, detection
beads, and a wash buffer (Fig. 1a) with the pressure supplies
(pressure: 0 or 0.2 psi). All the control valves except ‘Mixer 1’
were maintained with a pressure of 12 psi such that all the
flow channels and detection chambers were gated by the
microvalves. The device then located in the automated microscope platform throughout experimental processes. After a
pre-incubation for 30 min at 37 °C and 5% CO2 under stabilized culture medium conditions, PBMCs (cell density: 3 ×
105 cells per ml) were then seeded into the culture chamber
through the chamber inlet, followed by maintaining an inlet
pressure of 0.2 psi and closing the chamber outlet tubing
with a paper clip.
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Quantification of single bead intensity for on-chip cytokine
detection
A custom Matlab program (Mathworks, Natick, MA) was used
to quantify the fluorescence intensity of each microbead for
cytokine detection in the microfluidic device. In each measurement, two fluorescence microscopic images were captured by the microscope camera to help label the bead body
(647 nm) and quantify the cytokine concentration (488 nm).
The bead boundary image was extracted based on the
intensity-thresholding and boundary extraction. Next, the average cytokine-representing intensity over the bead regions
for each detection bead was quantified in the cytokine microscopic image. Subsequently, such average intensity could
then be converted to the concentration of a targeted cytokine
based on a calibration curve predetermined by experiments.

Statistics
All experiments were conducted with at least 3 independent
experiments. p-Values were calculated using Student's t-test
in Excel (Microsoft), with p < 0.05 considered as statistically
significant.

Results and discussion
Device design and operation
An integrated microfluidic immunoassay device (Fig. 1) was
designed for parallel monitoring of immune cell secretory cytokines under a fluorescence microscope. As shown in
Fig. 1a, the immunoassay device contains three main components: a cell culture chamber (purple), an array (4 rows × 4
columns) of cytokine detection units (green) and an array of
active peristaltic mixers. The cell culture chamber (volume:
0.39 ml) supports cell culture and biochemical stimulation in
the microfluidic environment. It is surrounded by multiple
valve-controlled microchannels connected to the downstream
cytokine detection units. Since the height of the microchannel (∼1 μm) is designed to be smaller than the diameter
of blood cells,55 these connecting microchannels allow liquid
sample transportation while simultaneously trapping the
cells in the culture chamber. Each cytokine detection unit
consists of a detection chamber (volume: 160 nl) and a bypass channel (volume: 30 nl) containing three peristaltic
microvalves54,56 for active pumping and mixing. The detection chamber stores extracted samples, detection microbeads
and other reagents. The peristaltic microvalves can then create a recirculating flow along the detection unit and mix reagents based on the Taylor dispersion effect.57
When in operation (Fig. 1b), immune cells are first loaded
into the cell culture chamber with open ‘Culture Inlet’ and
‘Culture Outlet’ (step 1), while fluorescent detection microbeads are loaded into each detection chamber by releasing
the ‘Reagent’ valve and the inlet control valve for the selected
microbead and the pair of ‘Chamber Row’ and ‘Column’
valves for the target detection chamber (step 2). Next, cell
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stimulation molecules are loaded into the culture chamber
and the whole device is incubated in the microscopeassociated incubator at a stabilized temperature at 37 °C for
2 h to let the immune cells secrete cytokines. During this incubation period, the culture chamber outlet is clamped while
the inlet is connected to tubes filled with fresh culture media
under a switchable compressed air source (pressure: 0.2 psi)
(step 3).
At defined time points during the stimulation period, the
compressed air source is switched on and the device microvalves (‘Extraction’, a selected one of ‘Chamber Row’ and a
selected one of ‘Column’) are released for 14 s in order to
drive a small portion (∼0.5 μl) of the sample from the culture
chamber to the microbead-containing cytokine detection
microchamber (volume: 0.16 μl) for cytokine detection (step
4). Notably, we have arranged the connecting microchannel
layout as we previously reported54,58 such that the channel
length from the culture chamber to any of the detection
chambers and the corresponding flow condition is identical.
Once the detection chamber is filled, all the microvalves
should return to the original states to continue the immune
cell incubation.
For each cytokine detection, a phycoerythrin-conjugated
antibody (PE) solution is loaded along the bypass channels
next to the identified detection chamber by controlling the
microvalves ‘Reagents’, ‘PE’, a selected ‘Bypass Row’ and a
selected ‘Column’. Next, the PE solution, the microbeads,
and the biosample extract are actively mixed by the peristaltic
mixer (step 5). The detection chamber is then flushed with a
wash buffer (PBS) for 2 min; and a fluorescence image (488
nm) is captured at the detection chamber for quantification
of the cytokine concentration (see Materials and methods for
details).

Cell trapping and viability in the culture chamber
The immune cells incubated in the culture chamber of the
microfluidic immunoassay device should be maintained under suitable environmental conditions (e.g. a sufficiently low
hydrostatic pressure59) for the functional immune cell cytokine secretion analysis. To examine cell viability in the device, we loaded PBMCs (∼3 × 105 cells, occupying about 90%
of the culture chamber area) and applied a low pressure (0.2
psi) in the cell culture chamber, to support flow in the media
extraction step. Another device without applied pressure in
the cell culture chamber was considered as control. We incubated the cells in the devices for 24 h and then performed a
cell viability staining assay (cat# L3244, Thermo Fisher Scientific) to examine the cell viability under a fluorescence microscope (TE300, Nikon, Tokyo, Japan). Our results (Fig. 2a)
demonstrated comparable cell viability (89% ± SE 1.1% without pressure versus 88% ± SE 0.9% with pressure obtained
from >5 repeated tests). This proves that cell viability is not
compromised by the driving pressure applied in our devices.
It is reported that immune cells with a diameter of 5–10
μm can deform and penetrate into microchannels with
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bance caused by changes in molecular concentrations in the
cell culture.
We characterized the mixing performance in a detection
unit following the procedures described previously, except
that a known concentration (625 pg ml−1) of cytokine solution instead of a cell culture was loaded into the culture
chamber. Fig. 3a demonstrates the liquid/microbead loading
and mixing procedures during device operation, with fluorescent microbeads, green and purple dye solutions as substitutes for cytokine-sensitive detection microbeads, media extracts and the PE solution, respectively. A higher bead
concentration (6 × 106 beads per ml) was applied here for visualizing better the spatial distribution of microbead

Fig. 2 Trapping and viability of cells in the culture chamber. (a)
Bright-field micrographs of stained live (green) and dead (red) cells
growing in the culture chamber for 24 h with and without a pressure
of 0.2 psi. Scale bar: 50 μm. (b) Drawing (left) and micrograph (right)
showing cells maintained in the culture chamber when the sample extraction channel is opened. Blue arrows indicate the media flow directions. Scale bar: 100 μm.

smaller sizes, driven by a hydraulic pressure.60 In order to
prevent such unwanted cell penetration, we designed the
heights of the microchannels surrounding the cell culture
chamber to be as small as 1 μm. We performed experiments
to confirm the cell trapping in the culture chamber under
the selected driving pressure of 0.2 psi for 10 min and observed that all cells were maintained in the culture chamber
without squeezing into the surrounding microchannels
(Fig. 2b).

Sample extraction and mixing
First, we quantified the consistency of the sample extraction
flow rate of the reported device as a function of the driving
pressure, ranging from 0–0.3 psi, visualized by applying
fluorescent-microbeads (diameter: 0.52 μm) flowing along
the ‘Extraction’ microchannel (Fig. S2a†). The flow rates for
different driving pressures can then be measured along the
extraction microchannel in the device. Considering that a
driving pressure of 0.2 psi would induce a flow rate of 27.72
nl s−1, we configured the extraction valve to open for 14 s
such that the extracted media would be sufficient to fill up
the detection microchamber (volume: 160 nl) in every cytokine measurement. In addition, the total volume used for the
array of 4 × 4 chambers from the cell culture chamber was
<7.5 μL, which is <2% of the volume of the cell culture
chamber. This indicates that there is no significant distur-
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Fig. 3 Characterization of mixing in a cytokine detection region. (a)
Demonstration of the mixing operation. The mixing is based on a
recirculating flow along the detection microchamber and the
recirculating region by peristaltic pumping with the 3 mixer
microvalves (left). The cytokine measurement includes four major
procedures (right): 1) loading of detection microbeads, 2) insertion of a
media extract (green), 3) loading of the PE fluorescent dye along the
bypass channel, and 4) mixing of all components such that the PE
molecules can stain cytokines bound on the bead surfaces. Scale bar:
400 μm. (b) Standard deviations of fluorescence intensities in the
detection chamber region, normalized with the initial deviation before
mixing as ‘1’. The mixing time is defined as the moment when the
intensity deviation reached 0.1 for each switching frequency. (c) Mixing
time versus microvalve switching frequency during mixing. Error bars
are standard deviations from 5 repeated experiments of the same
frequency. (d) Fluorescence micrographs at the detection chamber
after mixing for 10 min with switching times of 1 Hz, 2 Hz, 5 Hz and 20
Hz. Scale bar: 400 μm.
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intensities. The device mixed all the components in the detection microchamber and the recirculating channel region
by peristaltic pumping using the three mixer microvalves
followed by flushing the detection chamber with PBS for 2
min to remove the unbound PE solution.
We then studied if the valve switching frequency would affect the mixing efficiency. In the experiments, the mixing procedures were repeated with different mixer valve switching
frequencies (1 Hz, 2 Hz, 5 Hz and 20 Hz) during the mixing
process. We defined the mixing efficiency as the standard deviations of the fluorescence intensity37 over the detection
microchamber and the recirculation region: a smaller deviation corresponds to more consistent intensities and a better
mixing performance. We further defined the ‘mixing time’ as
the moment when the intensity deviation was reduced
to 10% of the maximum value during mixing. The results
(Fig. 3b–d) indicate that while all the mixing can achieve sufficient mixing performance after 20 min, the 5 Hz valve
switching frequency induced the fastest (mixing time: 6 ± SD
1 min) and most efficient mixing. Therefore, we adopted the
switching frequency of 5 Hz and the duration of 10 min for
the actual mixing operation in our experiments.
Cytokine measurements in the microfluidic immunoassay
device
We calibrated the detection of different concentrations of
three key pro-inflammatory cytokines that are related to immune diseases and cancer: IL-6, IL-8 and TNF. In these experiments, cytokine solutions were prepared with eight different
concentrations (5000 pg ml−1, 2500 pg ml−1, 1250 pg ml−1,
625 pg ml−1, 312.5 pg ml−1, 156 pg ml−1, 40 pg ml−1, and 20
pg ml−1) by diluting a standard solution (concentration: 5 ng
ml−1) with PBS for each of the selected cytokines. About 100
microbeads was loaded in each detection microchamber for
targeted cytokine detection. Fluorescence micrographs were
taken for the bead bodies (647 nm) and cytokine-sensitive
intensities (488 nm) as shown in Fig. 4a, and used to quantify
cytokine concentrations based on the fluorescence intensities
of microbeads as mentioned in Materials and methods. The
calibration curves (Fig. 4b) of IL-6, IL-8 and TNF ranging
from 20 pg ml−1 to 5000 pg ml−1 indicate a good linearity between the bead fluorescence intensity and the cytokine concentration (R 2 > 0.95). Our calibration curve further indicates
that our fluorescent bead-based cytokine detection can
achieve a sensitivity of 20 pg ml−1, which is comparable to
the gold standard methods ELISA and flow cytometry.
Profiling cytokine dynamics of PBMCs
We then demonstrate the capability of the microfluidic immunoassay device for functional cytokine dynamics profiling
of PBMCs stimulated by phytohaemagglutinin (PHA; cat#
L11270, Thermo fisher). PHA is a well-known signaling molecule that is used to induce immune cell inflammation responses. In the live cell experiments, we profiled cytokine dynamics for the inflammation response of PBMCs (cell
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Fig. 4 Cytokine measurement using the microfluidic immunoassay
device. (a) Fluorescence micrographs of microbead bodies (647 nm)
and cytokine-sensitive intensities (488 nm). Scale bar: 10 μm. (b) Calibration curves for IL-6, IL-8 and TNF measured in the detection microchambers. Note that an intensity below the level of 20 pg ml−1 should
be considered as negligible for the corresponding cytokine. N > 100
from 3 repeated experiments. Error bars represent the standard errors.

density: 3 × 105 cells per ml) following the protocols to incubate and stimulate cells with 1 μl of PHA at a defined concentration (1 μg ml−1, 3 μg ml−1 or 5 μg ml−1) as described in the
previous sections (Fig. 1b and 3a). Right before the stimulation, one detection microchamber was first used to measure
the fluorescence level of the microbead bodies (647 nm) as a
reference to determine the optimized exposure time for the
following imaging actions. After the PHA stimulation, immune cell secretory cytokine samples were extracted from the
culture chamber into three detection microchambers at each
of the five selected time points (0 h, 2 h, 4 h, 16 h and 24 h)
for the three target cytokines, i.e. IL-6, IL-8 and TNF. These
time points were chosen carefully based on the typical shortterm and long-term cytokine responses as previously reported
by other researchers. Kern et al. discovered that IL-6 secreted
from immune cells in obese patients upon stimulation
should increase significantly within 3 h, whereas the TNF
level could continue to rise for 24 h. Fong et al. reported that
IL-8 release of immune cells after stimulation by TGF-β1
could reach a peak level after 16 h.61 In addition, we also
performed the cytokine profiling of PBMCs without PHA
stimulation as control. The sample fluorescence micrographs
are available in Fig. S3.†
Our results (Fig. 5) show that PHA can stimulate PBMCs
to secrete IL-6 and IL-8. However the secretion of TNF was
very low as compared to the cytokine secretion without the
stimulations. For example, a higher concentration of PHA
would induce a more rapid IL-8 secretion, which then stabilized after 24 h at a level ∼2.4–2.7 × 103 pg ml−1. It is likely
that different PHA concentrations might trigger different
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Fig. 5 Dynamic cytokine secretions of IL-6, IL-8 and TNF from PBMCs
stimulated by different levels of PHA. The TNF levels are considered to be
insignificant as they are below the microbead sensitivity. N > 100 from
three repeated experiments. Error bars represent the standard errors.

modes of the cytokine secretion profile. Taking the IL-6 response as an example, 1 μg ml−1 PHA caused only a short
term cytokine secretion up to a level of ∼25 pg ml−1 within
the first 4 h of stimulation, whereas a higher PHA concentration of 3 μg ml−1 could induce a longer-term response with a
continuous increment of the IL-6 level up to 112 pg ml−1 over
the 24 h monitoring period. More interestingly, for the PHA
concentration of 5 μg ml−1, other than the even higher level
of IL-6 secretion than that from the 3 μg ml−1 PHA stimulation, we observed a rapid IL-6 secretion (143 pg ml−1) within
the first 2 h of stimulation, which might implicate an additional short-term mechanism in the inflammatory response
of PBMCs. Moreover, it seems that PHA cannot stimulate
TNF secretion of PBMCs (the measured TNF levels are below
the 20 pg ml−1 sensitivity of the microbeads).
We performed additional experiments to verify the accuracy of the cytokine profiling using the microfluidic immunoassay device by comparing with the conventional flow cytometry. We cultured five wells of PBMCs (3 × 105 cells per ml)
with 3 ml of media and applied PHA stimulation (3 μg ml−1)
with different durations (0 h, 2 h, 4 h, 16 h and 24 h) before
the cytokine quantification. In each measurement, we
extracted ∼0.1 of the culture media for IL-6 quantification
using the microfluidic device, whereas the rest of the media
were measured with standard protocols of cytometric fluorescent microbeads with flow cytometry. Results (Fig. S4†) show
good agreements between the cytokine levels obtained from
the two different detection methods, confirming that the
reported microfluidic approach can offer promising cytokine
measurements as well as the dynamic cytokine responses of
blood cells.
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The feasibility of further profiling with more cytokine
types and time points is greatly limited by the allowable
blood extraction from a human subject, whereas the microfluidic device design can be reconfigured with more detection
microchambers without inducing a significant increase in
the required biosample volume. Such a sample-sparing approach will enable rapid, on-chip blood assays with a short
assay time and small-volume blood collection via finger
prick. This device may even be implemented for clinical prognosis and diagnosis applications in the near future, considering that some products of the cytometric fluorescent beads
were submitted for the Food and Drug Authority (FDA) approval years ago62 . In addition, there are other detection
beads covering a comprehensive collection of cytokines (IL1β, IL-10, and IL-12p70) available in the market;12 and hence
this device can be applied to unveil characteristics of cytokine secretion dynamics for a broad range of cell and cytokine types for extended cell studies, e.g. immune diseases,
cancer and stem cell research.63 Further optimizing the spatiotemporal cytokine measurement technique for multiple
cell subpopulation communities or even single immune cells
would provide a new set of scientific data for advancing immunology knowledge on intercellular communications as
well as cancer immunotherapies.
Further development of this microfluidic technique
should include elimination of the microscope in order to induce a standalone system. One potential approach is to adopt
a highly sensitive photo-detector for acquiring the average
fluorescence level at the detection microchamber. We have
studied its feasibility by performing a pilot test for the calibration curve of IL-6-sensitive microbeads (Fig. S5†) based on
the average intensity over the microchamber (density: 5 × 103
beads per μl), instead of the individual beads. With the rapid,
low-volume, high-sensitivity, and multiplex assay capability
and clinical compatibility, the technique holds great promise
to advance a medical technology for immune disease control,
monitoring, and prevention.

Conclusion
In summary, we developed an integrated microfluidic biosensing platform that can synthesize all the necessary processes for functional cellular immunophenotyping by coupling microfluidic technology with optical biosensing
imaging. These include on-chip cell processing, microfluidic
multiplexing, active mixing of components and a computerbased control interface for automatic, rapid, and sensitive
fluorescent microbead-based cytokine detection from human
PBMCs. The new platform will permit high-dimensional immune phenotype profiling (up to 16 tests from one sample)
with a much shorter assay time (15–30 min), a smaller
amount of sample volume (∼0.16 μl for each cytokine test),
and a higher sensitivity (20 pg ml−1), which provides a unique
advantage over the traditional ELISA-related techniques. The
resulting detection system enables both spatial and temporal
mapping of cell-secreted cytokine profiles of immune cells at
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high throughput and sensitivity. Combining both the spatial
and temporal secretion patterns detected with the new
microfluidics-based optical biosensing platform would provide a significant signature that quantitatively characterizes
the immunophenotypes of patients and would therefore allow for more precise diagnosis and stratification of immunerelated diseases.
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