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Monocytes represent a class of immune cells that play a key role in the innate and

adaptive immune response against infections. One mechanism employed by

monocytes for sensing foreign antigens is via toll-like receptors (TLRs)—trans-

membrane proteins that distinguish classes of foreign pathogens, for example, bac-

teria (TLR4, 5, and 9) vs. fungi (TLR2) vs. viruses (TLR3, 7, and 8). Binding of

antigens activates a signaling cascade through TLR receptors that culminate in

secretion of inflammatory cytokines. Detection of these cytokines can provide valu-

able clinical data for drug developers and disease investigations, but this usually

requires a large sample volume and can be technically inefficient with traditional

techniques such as flow cytometry, enzyme-linked immunosorbent assay, or lumi-

nex. This paper describes an approach whereby antibody arrays for capturing cells

and secreted cytokines are encapsulated within a microfluidic device that can be

reconfigured to operate in serial or parallel mode. In serial mode, the device repre-

sents one long channel that may be perfused with a small volume of minimally

processed blood. Once monocytes are captured onto antibody spots imprinted into

the floor of the device, the straight channel is reconfigured to form nine individu-

ally perfusable chambers. To prove this concept, the microfluidic platform was

used to capture monocytes from minimally processed human blood in serial mode

and then to stimulate monocytes with different TLR agonists in parallel mode.

Three cytokines, tumor necrosis factor-a, interleukin (IL)-6, and IL-10, were

detected using anti-cytokine antibody arrays integrated into each of the six cham-

bers. We foresee further use of this device in applications such as pediatric immu-

nology or drug/vaccine testing where it is important to balance small sample

volume with the need for high information content. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4928128]

INTRODUCTION

Upon entry into the human body, a pathogen is met by white blood cells and chemical

messengers collectively known as the innate immune system.1 One of the key players in this

defensive system to limit the spread of infections is the monocyte. Monocytes are leukocytes

that circulate in the blood and can mature into macrophages or dendritic cells and trigger

inflammation via secretion of signaling molecules such as cytokines.2,3 To activate cytokine

secretion pathways, monocytes possess a group of receptors known as toll-like receptors
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(TLRs) that recognize common components of foreign pathogens and induce a variety of

responses including production of cytokines such as interleukin (IL)-6, IL-10, and tumor necro-

sis factor (TNF)-a.4,5

Cytokine responses of monocytes to stimulation with TLR ligands have been utilized in

various biomedical applications such as the testing of contaminants in drugs and treat-

ments.6–8 For instance, as one of the safety requirements for FDA approval, all biological

drugs and treatments in the U.S. must be tested for and meet acceptable levels of endotoxins

and pyrogens.9 Hazardous levels of these toxins can lead to fever, inflammation, hepatotoxic-

ity, and/or septic shock in patients and thus warrant notable concern.10,11 Currently, one of

the methods used to check for contamination with endotoxins and pyrogens is the monocyte

activation test.12 In this assay, monocytes are exposed to the reagent being tested and their

cytokines are captured, measured, and compared to controls to determine the level of endotox-

icity and pyrogenicity present in the sample.7,13 This test is capable of detecting all known

relevant pyrogens to humans and offers a valuable tool to drug developers. In addition, there

has been a growing repertoire of clinical studies also characterizing the monocyte cytokine

secretion response to TLR but in patients with various diseases such as hepatitis C,14,15 endo-

metrial cancer,16 autism,17 and primary biliary cirrhosis.18,19 Altered cytokine release profiles

have been observed in the monocytes of these patients compared to negative healthy controls

and have improved our understanding of the relationships between the innate immune system

and certain diseases. Thus, characterization of the monocyte TLR response offers considerable

clinical value.

The conventional method of monocyte activation and cytokine profiling is primarily com-

prised of two different immunological techniques: ELISA (enzyme-linked immunosorbent

assay) and detection of cytokines using multiplexed immunoassay (e.g., luminex). These two

conventional (macroscale) approaches require multiple handling steps, several pieces of equip-

ment, and milliliter quantities of blood. Prior to each experiment, monocytes need to be puri-

fied, for example, by using magnetic separation column18 and then transferred into multi-well

plates for cytokine profiling by ELISA or multiplex bead assay. While robust and sensitive,

ELISA and multiplex assays have some drawbacks. In both of these techniques, cells are stimu-

lated for a given period of time (often 24–48 h) after which media is collected for cytokine

profiling. Some of the secreted cytokines have a short half-life due to proteolytic degradation,

or they may be taken up by the cells during incubation period while other secreted cytokines

may become complexed with many different molecules such as autoantibodies.20–22 Combining

short half-life with the fact that certain cytokines are naturally produced at low concentrations

may mean that assessing the concentration of various cytokines at the end of a long incubation

period, as called for by ELISA-type approaches, may not reveal the presence of important but

under-represented cytokines.23 A detection method that continuously captures and protects cyto-

kines may thus be a more efficient and accurate alternative as is demonstrated by reports that

have used this approach.23,24

Microfluidics combined with antibody (Ab) capture microarrays may resolve some of the

challenges noted above while helping minimize the number of processing steps, processing

time, the amount of reagents, and the equipment needed to achieve readout. Examples of recent

studies employing a microfluidic platform include studies demonstrating rapid microfiltration

and trapping of monocytes followed by in situ stimulation for TNF-a detection25 as well as

studies demonstrating SPR-based detection of secreted cytokines from captured monocytes.26

These novel devices, however, did not allow for multiplexed stimulation and cytokine profiling

of monocytes and may not be optimal to clinical researchers who are interested in profiling

cytokines in response to a range of stimulants while using only a small sample volume.

Previously, our laboratory used microarrays of cell- and cytokine-specific Ab spots to capture

T-cells subsets in the proximity of cytokine sensors.27–30 In these past studies, we employed rel-

atively simple microfluidic devices. The goal of the present study was to combine Ab microar-

rays for cell capture and cytokine analysis with reconfigurable microfluidics that can toggle

between parallel and serial flow. Operating in serial mode, our device was used to capture

monocytes from a small volume of (45 ll) of minimally processed blood. Switching the device
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to parallel mode created up to 9 individually perfusable chambers each containing

�1000 monocytes as well as Ab spots for detection of three types of cytokines—IL6, IL10, and

TNF-a. Operating the device in a parallel mode allowed testing of monocyte responses to 5 dif-

ferent TLR ligands while also incorporating a negative control experiment. Our reconfigurable

microfluidic device allows the simplification of monocyte capture and cytokine profiling steps

while requiring only 45 ll of blood. In the future, we intend to leverage the advantages of this

microfluidic device towards assessing the immune response of infants under various stimulation

conditions.

MATERIALS AND METHOD

Materials

Phosphate-buffered saline (PBS, 10�) without Ca2þ and Mg2þ salts, 4% paraformaldehyde

(PFA), TWEEN 20, Triton-X 100, poly(ethyleneglycol) diacrylate (PEG-DA) (MW 700), 2-

hydroxy-2-methyl-propiophenone (photoinitiator), anhydrous toluene (99.9%), and bovine serum

albumin (BSA) were purchased from Sigma-Aldrich (Saint Louis, MO). 3-acryloxypropyl tri-

chlorosilane was purchased from Gelest, Inc. (Morrisville, PA). Purified mouse anti-human

CD14 (322A-1 My4) antibodies were obtained from Beckman-Coulter (Fullerton, CA). Purified

mouse anti-human IL-6 (clone 6708), IL-10 (clone 127107), TNF-a (clone 28401), and goat

anti-human biotinylated polyclonal antibodies for IL-6, IL-10, and TNF-a were purchased from

R&D Systems (Minneapolis, MN). Human recombinant IL-6, IL-10, and TNF-a were also pur-

chased from R&D. The isotype controls mouse IgG2a and biotinylated mouse IgG2a antibodies

were purchased from Serotec Antibodies (Raleigh, NC). Antibodies used for phenotyping of

monocytes were anti-CD36-FITC (CB38) from BD Biosciences and anti-CD14-PE/Cy7 (61D3)

from Abcam (Eugene, OR). The TLR agonists, poly I:C, flagellin, and CpG-B, were purchased

from Invivogen (San Diego, CA). TLR agonists, LPS and LTA, were purchased from Sigma-

Aldrich. Cell culture medium RPMI 1640 1� with L-glutamine was purchased from VWR

(Radnor, PA). Fetal bovine serum (FBS), penicillin/streptomycin (PS), and 4,6-diamidino-2-phe-

nylindole (DAPI) were purchased from Invitrogen (Carlsbad, CA). Saint-Gobain formula 3350

tygon tubing (1/32 in. ID), BD precision glide needles (20 gauge), butterfly needles (23 gauge),

heparin-coated Vacutainer collection tubes for blood draws, and lymphoprep were purchased

from Fisher Scientific (Waltham, MA). SU-8 negative photoresist and developer were purchased

from Microchem (Newton, MA). 4 in. silicon wafers were purchased from University Wafer

(South Boston, MA). Photomasks were purchased from CAD/Art Services (Bandon, OR).

Sylgard 184 poly-(dimethylsiloxane) (PDMS) and curing agent were purchased from Ellsworth

Adhesives (Concord, CA).

Fabrication of reconfigurable microfluidic devices

Standard soft lithography (SU-8) procedures were used to fabricate the reconfigurable two-

layer microfluidic device using a procedure similar to previously described methods.31 The

design for each layer was drawn in AutoCAD (Autodesk, Inc., San Rafael, CA) and the photo-

mask was printed by CAD/Art services. As shown in Figure 1, the device could be operated in

serial and parallel modes. In serial mode, the device had one straight channel 50 mm in length

and 2.1 mm in width. In parallel mode, upon release of vacuum, the device was converted into

9 parallel chambers: each chamber 1.95 mm in length and 2.1 mm in width. The height of paral-

lel chambers was 50 lm, while the height of a serial chamber was �100 lm. In brief, photore-

sist was spun-coated onto a silicon wafer and UV-patterned with a mask to create a mold with

50 lm height features. The spin speeds and exposure times were selected based on manufac-

turer’s settings. Subsequently, PDMS was mixed in a 1:10 ratio of curing agent to elastomer

and poured into each mold. Approximately 25–30 ml of PDMS mixture was used for the top

layer while roughly 1–2 ml was used for the bottom layer to make it easily lifted. Both pieces

were baked for approximately 1.5 h at 70 �C. After curing, a hole was punched through the con-

trol layer to create a vacuum insert. To prevent solution from leaking in-between layers, PDMS
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layers were irreversibly bound together.32 Each layer was plasma treated with a hand-held co-

rona gun (Rotaloc, Littleton, CO) and manually aligned together by eye. They were then held

together and baked at 70 �C for 10 min to complete the bonding. Holes were punched through

both devices to form inlets and outlets. Prior to experiments, the device was rendered hydro-

philic via oxidation in an oxygen plasma chamber (YES-R3, San Jose, CA) to prevent forma-

tion of air bubbles during channel filling.33

FIG. 1. Microfluidic platform layout and operation. (a) The microfluidic platform consists of a two-layer PDMS device

mounted on top of an antibody imprinted PEG substrate. A top control layer has a vacuum insertable chamber which once

activated lifts up the bottom layer. The two layers work together to permit toggling between serial and parallel flow of solu-

tion. The hydrogel slide contains 6 set of antibody arrays containing IgG towards monocytes and cytokines. They were

spaced based on the dimensions of each channel to allow each set of array to be comfortably enclosed by each respective

PDMS chamber. Anti-CD14 cell capture spots were printed as interlaced spots to form a wide band of antibody spots adhe-

sive to cells. Cytokine capture spots were printed between cell capture bands and consisted of IgG against IL-6, IL-10,

TNF-a, biotinylated, and non-biotinylated isotype controls. (b) Overview of device operation. Step 1: Roof was lifted to

create one channel (serial mode). The device was primed and incubated with BSA. Step 2: Mononuclear cells were infused

into the device, with monocytes becoming captured on anti-CD14 Ab spots. Step 3: Roof was lowered creating individually

addressable compartments. Each compartment contained the same number of cell capture and cytokine detection Ab spots.

Each compartment was infused with a different TLR agonist to induce cytokine production from cells. Step 4: After incuba-

tion for 24 h, the roof was raised again. A mixture of biotinylated detection Abs and streptavidin conjugate were infused

into the channel for immunostaining of cytokine capture spots. (c) Pictures of the device configured to operate in serial and

parallel mode. Food dye was used to highlight that in serial mode, the device represents one straight channel, whereas in

parallel mode it becomes 6 individually addressable compartments.
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Hydrogel-coated substrates with imprinted Ab arrays

Standard microscope slides were plasma cleaned and modified with an acrylated silane as

previously described.27 A mixture of PEG-diacrylate (700 MW) and 2% photoinitiator was spun

coated at 800 rpm for 4 s onto the functionalized glass substrate, followed by UV exposure

(365 nm, 60 mW/cm2) for 30 s to covalently attach a PEG hydrogel layer. The PEG slide was

then placed in a lyophilizer (Dry Ice Benchtop Freeze Dry System, Labconco, Kansas City,

MO) for 24 h to dehydrate, enhancing the physical adsorption of subsequent protein printing.28

Prior to printing, purified anti-human CD14, IL-6, IL-10, TNF-a, negative control, and biotinyl-

ated positive control IgG were each dissolved in 1� PBS at 0.2 mg/ml supplemented with

0.5% v/v BSA and 0.005% v/v tween20. Ab spots were robotically imprinted into the hydrogel

surface via a Spotbot3 printer (Sunnyvale, CA) to create Ab microarrays with a merged band of

cell capture spots flanking distinct cytokine detection spots (Figure 1(a)). A 150 lm pin was

used to print cell capture and cytokine detection spots with 75 lm and 225 lm center to center

spacing, respectively. There were 19 interlacing spots (per band) used for monocyte capture

and 4 cytokine sensing Ab spots for each cytokine. Interlaced printing of cell capture spots

formed a band rather than distinct spots to increase overall surface area for cell capture. Cell

capture spots were also double-printed to maximize protein adsorption of cell capture antibod-

ies. Cytokine capture antibody spots were printed in quadruplicates for each cytokine.

Capture and stimulation of cells inside a microfluidic device

As a proof of concept, a microfluidic device was used to analyze monocyte production of

IL-6, IL-10, and TNF-a for the various TLR stimuli. Blood was collected from healthy adult

donors through venipuncture under sterile conditions with informed consent and approval of the

Institutional Review Board of the University of California at Davis (Protocol No. 222894–6).

Peripheral blood mononuclear cells (PBMCs) were purified using a ficoll hypaque gradient.

Prior to addition of cells, the microfluidic device was first aligned manually onto an antibody

microarray PEG substrate by eye and held together with an acrylic clamp. Figures 1(b) and

1(c) depict the experimental overview. The top layer was actuated with vacuum to rinse the

channels with PBS in serial. Subsequently, 1% BSA in PBS was incubated inside for 1 h to

block regions surrounding antibody spots from nonspecific attachment of cells and proteins.

Following another PBS rinse, PBMCs at 1 � 106 cells/ml were infused into the flow channel at

3 ll/min for cell capture. After �15 min, unbound cells were washed out and the vacuum was

released to reconfigure the device back to parallel mode. This infusion time was found optimal

in terms of allowing for capture of sufficient number of cells (�500 cells per CD14 capture

band) with limited nonspecific binding. Cell numbers were estimated by observing microfluidic

devices through a microscope. Different stimuli were introduced into each channel. 5 different

TLR agonists: 2.5 lg/ml poly I:C, 50 ng/ml flagellin, 3 lM CpG-B, 500 ng/ml LPS, and 500 ng/

ml LTA dissolved in RPMI 1640 with 10% FBS and 1% PS were tested. Cells were also incu-

bated in the same media inside a different channel without stimulant as a negative control.

Finally, the device was transferred to a 37 �C and 5% CO2 controlled humidified incubator.

After 24 h, the device was taken out and washed in parallel with PBS to prevent down-

stream contamination of cytokines. The device was switched to serial mode to begin detection

of captured cytokines. First, biotinylated anti-cytokine antibodies (5lg/ml) were incubated

inside for 60 min. Second, channels were rinsed with PBS and incubated with streptavidin con-

jugated to Alexa 546 for 30 min. The device was rinsed with PBS to complete the immuno-

staining. The whole apparatus was then taken apart in PBS and rinsed with de-ionized water to

remove any salt crystals. Fluorescence of captured cytokines was measured using a microarray

scanner (GenePix 4000B, Molecular Devices, Sunnyvale, CA) and analyzed with GenePix Pro

software as described previously.27 To assess the limit of detection and linear range, we chal-

lenged Ab arrays with varying concentrations of recombinant, IL-6, IL-10, and TNF-a.

Recombinant cytokines were diluted to concentrations ranging from 0.01 ng–100 ng/ml and

were infused into the microfluidic device arranged in a parallel mode. After 30 min, the
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chambers of the microfluidic device were thoroughly washed and then incubated with biotinyl-

ated Ab followed by streptavidin-Alexa546. After rinsing, the microfluidic devices were disas-

sembled and glass substrates containing fluorescent Ab spots were analyzed using commercial

microarray scanner (Genepix 4000B, Molecular Devices, Sunnyvale, CA). For cell capture pu-

rity confirmation experiments, captured monocytes were incubated with anti-CD36-FITC (1:5)

and anti-CD14-PE/Cy7 (1:5) for 2 h. Cells were subsequently rinsed with PBS and fixed with

4% PFA in PBS for 15 min. Finally, the cells were permeabilized with 0.05% Triton-X for

5 min and incubated with DAPI for 10 min. Brightfield and fluorescence images of labeled cells

were taken on a Zeiss LSM 510 confocal microscope.

RESULTS AND DISCUSSION

This paper describes the integration of reconfigurable microfluidics with Ab arrays for in
situ capture of monocytes, treatment with multiple TLR ligands followed by detection of

secreted cytokines. Reconfiguring the device between parallel and serial flow allowed exposure

of cells to multiple stimulants and detection of multiple secreted cytokines based on the infu-

sion of a small volume of minimally processed blood.

Design and operation of reconfigurable microfluidic device

The microfluidic platform consists of a thick control layer mounted on top of a thin flow

layer (Figure 1(a)). The two layers work together to allow toggling of solution flow between se-

rial and parallel directions. The bottom layer functions as the flow layer and contains 6 chan-

nels (2100 lm� 1950 lm� 50 lm each) and a set of inlet and outlet flowing perpendicularly.

When placed on top of an Ab imprinted hydrogel surface, each channel forms a cup enclosing

a volume of �204 nl and a set of Ab array spots. When left non-altered (no vacuum), the bot-

tom layer is in its “parallel” configuration with each chamber being disconnected from the

other. Inlets and outlets were punched at the ends of each channel to allow each channel to be

individually addressable (Figure 1(c)). During incubation of channels with different stimulants,

this configuration seals off any convective mixing between channels. After incubation, this con-

figuration also allows each chamber to be washed simultaneously and independently, preventing

any downstream contamination of cytokines that may occur once serial flow is reactivated.

The top layer functions as the layer that controls the direction of reagent flow through the

device and contains a vacuum insert. When a vacuum is applied, it pulls up the roof of the bot-

tom layer via negative pressure to connect all neighboring anterior channels to each other and

to a perpendicular set of inlet and outlet. In this “serial” configuration, solution can be flown

through all chambers perpendicularly to allow uniform treatment of channels with a sample or

reagent source (Figure 1(c)). As shown by Cheng et al., shear stress is one of the most impor-

tant parameters in the panning of monocytes from blood suspensions for high specificity,

reduced pre-activation, and density of capture.34 A serial arrangement, thus, ensures that uni-

form shear stress occurs across all chambers during monocyte panning and that antibody cell

capture spots are exposed to a shared sample source and homogenous seeding conditions. To

revert back to parallel mode, vacuum was removed.

Capture of pure monocytes in reconfigurable microfluidic device

PBMC solution consists of a heterogenous mixture of mononuclear leukocytes purified

from whole blood. Monocytes represent only �5%–10% of the total leukocyte population and

are typically purified via a negative selection kit with the formation of antibodies tetramers tar-

geted against markers on undesired cells or a positive selection kit with magnetic beads targeted

against CD14 antigens of desired cells. Purity ratios using the negative selection method, how-

ever, typically only reach up to �75%–85%.18 Studies examining TLR-activated cytokine

secretion in monocytes have found that the presence of these other cells left over from negative

selection can sharply skew cytokine release profiles.18 This is likely due to common pattern rec-

ognition systems found among other mononuclear cells that can react to similar TLR agonists.
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Thus, to attain representative cytokine release profiles, a high purity isolation method is

required. As for positive magnetic bead isolation, this method has been reported to achieve

>95% monocyte purity but requires the usage of an expensive magnetic bead separator or sepa-

ration columns and like negative selection, contains additional long incubations steps.

Microfluidic devices combined with capture of cells on Ab-modified surfaces require only

a small sample volume and allow precise shear stress control in the process of isolating desired

leukocyte subsets.34–38 In our study, monocyte-specific CD14 Abs were printed onto a dehy-

drated PEG hydrogel surface and then integrated to enable precise control of washing condi-

tions. We chose to use CD14 clone My4 because of previous reports in the literature suggesting

superior performance of this clone compared to other CD14 and CD36 clones.34 CD14 My4

was reported as most suitable for capturing monocytes while minimizing contamination of

CD14þ/C36– neutrophils. Using a flow rate of 3 ll/min and a shear stress of 0.3 dyne/cm2, we

observed a cell capture density of 0.529 cells/mm2 within �15 min on the cell capture sites.

To confirm purity, captured cells were stained with both anti-CD36 FITC and anti-CD14

PE/Cy7 IgG and counted under the microscope. Among the leukocytes in PBMC, only mono-

cytes (significantly), B-cells (weakly), and neutrophils (weakly) express CD14.39,40 Monocytes

express CD36, while B-cells and neutrophils do not,41 therefore, immunostaining with anti-

CD36 FITC, was used to identify captured cells as monocytes. Depending on the user’s tech-

nique and patient’s sample, neutrophils represent a contaminating fraction of up to 20% of the

total cells in PBMC solution.42 Fluorescent images were obtained at 10� magnification using

DAPI, fluorescein, and Cy7 excitation/emission filters. As shown in Figure 2, using our method,

monocytes were purified on well-defined spotted arrays with �97% of captured cells staining

for both CD14 PE/CY7 and CD36 FITC. A close-up image of DAPI staining as shown in

FIG. 2. Confirming purity of captured cells by immunofluorescent staining. (a) Brightfield image of cells captured on anti-

CD14. (b) Cells’ nuclei were stained with DAPI. (c) CD14 surface antigens were stained with an antibody conjugated to a

PE/Cy7 fluorophore. (d) CD36 surface antigens were stained with anti-CD36 FITC. Overall staining reveals high pheno-

typic purities of �97% CD14þ/CD36þ monocyte cell capture.
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Figure 2(b) reveals the characteristic lobed shaped monocyte nuclei. Furthermore, CD14þ/

CD36� cells were not observed on the spots, suggesting that neutrophil and B-cell contamina-

tion did not present a problem.

Overall, our microfluidic monocyte isolation method provides purity similar to that of a

standard positive selection protocol for monocytes (97% and 95% for microfluidic and macro-

scale separation, respectively). However, the microfluidic device described herein decreases the

time for cell isolation, allows to the user to minimize the amount of reagents used, and elimi-

nates the need for several different pieces of equipment. Furthermore, purified cells are captured

directly inside cytokine profiling chambers and thus will remain at baseline until targeted

stimulation.

Stimulation of monocytes with TLR agonists and detection of cytokine release in the

microdevice

Prior to carrying out cytokine secretion studies, we wanted to characterize responses of Ab

microarrays to our cytokines of interest—IL-6, IL-10, and TNF-a. Microfluidic chambers with

imprinted Ab arrays were challenged with different cytokine concentration and then stained

with fluorescently labeled secondary Abs (Figure 3(a)). Limit of detection, calculated as 3�
standard deviation of zero concentration of cytokine, was determined to be 143 pg/ml, 177 pg/

ml, and 109 pg/ml for IL-6, IL-10, and TNF-a, respectively. How do these detection limits com-

pare to the levels of cytokines expected to be present in the microchambers? Our team has pre-

viously characterized release of TNF-a and IL-6 from monocytes stimulated with LPS.17 Based

on these previous results, the sensitivity of Ab arrays described here is sufficient for detecting

cytokine production from stimulated monocytes. As noted previously, the microfluidic device

may be toggled between serial and parallel perfusion modes. The perfusion of blood and cap-

ture of monocytes occurred in serial mode after which the device was reconfigured to create

multiple separate compartments for TLR stimulation studies. The TLR agonists tested were

LPS (TLR4), LTA (TLR2), CpG-B (TLR9), Flagellin (TLR5), and poly I:C (TLR3). One addi-

tional chamber was infused with media without stimulants and served as negative control.

To quantify cytokine secretions, the microfluidic device was reconfigured once again creat-

ing one straight channel that was perfused with solution of biotinylated Abs followed by fluo-

rescent streptavidin. The data presented in Figure 3(b) show that, as expected, cells in the

FIG. 3. Quantification of captured cytokines from calibration curves. Fluorescently labeled captured cytokines were

scanned with a microarray scanner and analyzed with Genepix Pro 6.0 to attain relative fluorescence intensity units (RFU).

(a) A calibration curve was constructed, plotting relative fluorescence intensity against ng/ml. These curves were attained

by incubating known concentrations of recombinant cytokines and immunostaining them in the same microfluidic platform.

(b) Captured RFU signal in each channel was normalized by cell number to attain a cytokine release profile of 3 different

cytokines from monocytes in 6 different cell conditions.
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negative control group did not produce appreciable quantities of cytokines. CpG-B stimulated

cells (11.71 6 1.646 RFU/cell) and LTA stimulated cells (6.016 6 0.731 RFU/cell) produced

highest level of of IL-6. Cells stimulated with CpG-B, also, released the most IL-10 (1.220

6 0.164 RFU/cell). As for TNF-a secretion, the highest levels of this cytokine were observed

from monocytes stimulated with flagellin (22.70 6 3.275 RFU/cell). The results in Figure 3(b)

highlight the fact that the microfluidic platform described here may be used to detect several

cytokines from purified monocytes stimulated with several different TLR ligands. While there

are other platforms with which to measure cytokine levels as well as platforms such as ELISpot

that measures single cell secretion of a particular cytokine, the device described herein allows

the measurement of cellular immune function from whatever population of cells are of interest

in a systematic way, while incorporating multiple simultaneous exposures/perturbations using a

very small blood sample.

CONCLUSION

We have developed a robust microfluidic device that facilitates the capture of a specific

leukocyte subset (monocytes in our case) using a small volume of minimally processed blood.

Further, the design of this device allows the functional assessment of cytokine production fol-

lowing simultaneous exposure to multiple stimulants in parallel. We envision this device to be

utilized in future clinical applications to assess immune competency such as monocyte-specific

cytokine signatures following interaction with TLR agonists in a pediatric population where

only a small volume of blood is available. This device could also be adapted for studies involv-

ing small animals where sample volume is limited allowing the animals to remain alive for

longitudinal studies. In the future, we propose to enhance this platform to directly capture

monocytes from small volume samples of whole blood for early testing of innate immune func-

tion. Further, this strategy would extend beyond monocytes and could be adapted to analyze

whatever cell population is desired.
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