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Abstract

Neutrophils play an essential role in protection against infections and their numbers in the blood are frequently measured in the clinic. Higher
neutrophil counts in the blood are usually an indicator of ongoing infections, while low neutrophil counts are a warning sign for higher risks for
infections. To accomplish their functions, neutrophils also have to be able to move effectively from the blood where they spend most of their
life, into tissues, where infections occur. Consequently, any defects in the ability of neutrophils to migrate can increase the risks for infections,
even when neutrophils are present in appropriate numbers in the blood. However, measuring neutrophil migration ability in the clinic is a
challenging task, which is time consuming, requires large volume of blood, and expert knowledge. To address these limitations, we designed a
robust microfluidic assays for neutrophil migration, which requires a single droplet of unprocessed blood, circumvents the need for neutrophil
separation, and is easy to quantify on a simple microscope. In this assay, neutrophils migrate directly from the blood droplet, through small
channels, towards the source of chemoattractant. To prevent the granular flow of red blood cells through the same channels, we implemented
mechanical filters with right angle turns that selectively block the advance of red blood cells. We validated the assay by comparing neutrophil
migration from blood droplets collected from finger prick and venous blood. We also compared these whole blood (WB) sources with neutrophil
migration from samples of purified neutrophils and found consistent speed and directionality between the three sources. This microfluidic
platform will enable the study of human neutrophil migration in the clinic and the research setting to help advance our understanding of neutrophil
functions in health and disease.

Video Link

The video component of this article can be found at https://www.jove.com/video/51215/

Introduction

Neutrophil trafficking plays a critical role in determining the progress and resolution of many inflammatory conditions, including atherosclerosis1,
bacterial infection or sepsis2, and burn injury3. For their major contribution to health and disease conditions, neutrophil count is part of the
standard blood analysis often considered in clinical and research laboratories. However, despite being one of the most ubiquitous tests, the
value of neutrophil count in the diagnosis of infection and sepsis has been frequently questioned4. For example, one study of neutrophils in burn
patients revealed that neutrophil count and neutrophil migration function do not correlate; signifying that neutrophil count alone is not an accurate
indicator of immune status3. Although more difficult to measure, neutrophil functional competence has been proposed as more valuable in a
broad range of conditions.

Importantly, many of the neutrophil defects are transient and are not triggered by permanent genetic defects, a distinction that has been
largely overlooked in the clinic until recently. In the context of burn injuries, neutrophil migration could be monitored during the course of a
patient's treatment as an indicator of inflammatory status or infection3. Traditional migration assays currently used in the laboratory (Boyden
chamber, Dunn chamber, micropipette assay) cannot be translated into a clinical setting because they require large volumes of blood and
cumbersome time-consuming neutrophil isolation techniques (Table 1). These assays also cannot be used to monitor transient changes in
neutrophil chemotaxis in small laboratory animals, such as mice, because the volume of blood needed for neutrophil isolation allows for only
one sample and often even requires pooling of blood from multiple animals for a single assay. For instance, a study involving multiple conditions
and treatments over multiple time-points could potentially require thousands of mice using current chemotaxis assays. This restricts the basic
biological research that can be done to understand the complex dynamics of immune function in the context of injury, infection or burn often
studied in the murine models5.
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To address the need for a neutrophil functional assay that is rapid, robust, while requiring minimal blood volume, we have developed a
microfluidic device that measures neutrophil chemotaxis directly from a small droplet of whole blood. It is known that many factors in whole
blood, including serum6 and platelets7, affect neutrophil function. It is therefore beneficial that the whole blood microfluidic assay minimizes
sample processing to maintain the in vivo microenvironment of the neutrophil when measuring variations in chemotaxis with an in vitro assay8.
This approach reduces the time from blood collection to neutrophil migration assays from hours using traditional techniques, to just minutes
(Table 1). The whole blood microfluidic platform produces a stable linear chemoattractant gradient for the length of the experiment, has no
moving parts, and does not require an external pressure source (i.e. syringe pump). The key feature in the design of the whole blood microfluidic
device is the incorporation of a red blood cell (RBC) filtration comb that mechanically filters RBCs from entering the migration channel of the
device. The right turns of this filtration comb prevent the need for size exclusion filtration, which would likely be clogged by RBCs and therefore
block the chemoattractant gradient from reaching the actively migrating neutrophils in the WB. The incorporation of the whole blood microfluidic
device in a 12 or 24-well plate facilitates the screening of multiple mediators of human or murine neutrophil chemotaxis simultaneously.

Protocol

1. Microfluidic Device Fabrication

1. Using standard photolithographic techniques, fabricate the master mold wafer in a class 1,000 clean room. Pattern the first 3-µm-thin epoxy-
based negative photoresist layer to define the migration channels according to the instructions from the manufacturer. Pattern the second 50-
µm-thick layer to define the cell-loading and chemokine chambers.

2. Use the patterned wafer to cast polydimethylsiloxane (PDMS) devices. Vigorously mix PDMS (20 g) with initiator (2 g) for 5 min using plastic
fork in large plastic weighing tray.

3. Carefully pour PDMS onto mold.
4. Degas the PDMS by placing mold with poured PDMS in a vacuum desiccator for 1 hr.
5. Bake and cure PDMS microfluidic devices for at least 3 hr in an oven set to 65 °C.
6. Punch out the central WBLCs using a puncher with a tip diameter of 1.5 mm.
7. Punch out whole donut-shaped devices using a puncher with a tip diameter of 5.0 mm.
8. Remove particles from donut devices using adhesive tape.
9. Rinse a 12-well plate with deionized water and then dry with nitrogen. Place plate in 60 °C oven for 5 min.
10. Oxygen plasma treat the 12-well plate twice; once alone for 35 sec and then again with the donut devices for another 35 sec.
11. Carefully place devices in the wells of the plate using tweezers.
12. Bake plate with bonded devices on a hot plate set to 80 °C for 10 min.

2. Microfluidic Assay Preparation

1. Prime microfluidic devices immediately after oxygen plasma treatment, when the device is hydrophilic and capillary effects can promote the
priming of the small channels in the device.

2. Create chemoattractant solution by mixing 5 µl fMLP [stock solution 10 µM] with 5 µl fibronectin [stock solution 1 mg/ml] and 490 µl HBSS.
3. Slowly pipet chemoattractant solution into WBLC, using a gel loading tip (Figure 1A). Pipet an additional 20 µl of the chemoattractant around

the outside of the device.
4. Place plate in a desiccator for 15 min. By applying a vacuum to the device, the solution is instilled into the side-channels of the device and the

displaced air diffused out through the PDMS.
5. Remove plate from desiccator and confirm wetting of device channel under microscope. Watch as bubble becomes smaller as

chemoattractant solution enters the chamber. No bubble should be present within the device after vacuum treatment.
6. Wash the WBLC and outside of the device thoroughly to remove excess chemoattractant solution. This step generates a gradient of

chemoattractant from each of the focal chemotactic chambers (FCCs) to the device center.
1. Fill a 1-ml syringe with PBS, add a 30 G blunt needle tip to syringe. Gently, insert the needle tip of the syringe into the center of the

donut hole. Gently push 100 µl of PBS into the hole so that a droplet of PBS forms on top of the device.
2. Tilt plate and pipette 1 ml of PBS around device so that the liquid collects at the bottom of the well. Aspirate the liquid and repeat

process for total of 3x using fresh buffer solution (use media instead of buffer if the separated neutrophils will be loaded in media)9.

7. Fill each well with media until the tops of the devices are submerged under liquid. Let the devices sit for 15 min to allow gradient to stabilize.
Experimental results and theoretical data from finite element simulations show that the gradients in these devices are stable up to 24 hr for
small molecules (e.g., fMLP) and up to a several days for larger molecular weight (e.g., IL8).

8. Using gel loading tips, slowly pipette 2 µl of blood (or isolated neutrophils) into each whole blood loading chamber (WBLC) (Figure 1A).

3. Sample Preparation

Human Neutrophils From Capillary Blood

1. Collect capillary blood from finger prick of healthy volunteer, who is on no immunosuppressants. All patient samples were obtained with
written informed consent, and through procedures approved by the MGH and Shriners Institutional Review Boards.

1. For finger prick blood collection, wash hands with water and soap and dry the skin. Prepare anti-coagulant/stain stock solution by
adding 1 ml HBSS + 0.2% HSA and 10 µl Hoechst stain (32.4 μM) to heparin blood collection tube (1.65 USP/50 µl blood). Prick the
finger using a SurgiLance safety lancet (2.2-mm depth, 22 G), wipe away first drop of blood and collect 50 µl of blood in Eppendorf tube
containing the stock anti-coagulant and Hoechst fluorescent stain solution (10 µl) and gently mix.

2. Incubate the blood and Hoechst stain for 10 min to allow for nucleus fluorescent staining. Run sample within 1 hr of blood collection.
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Human Neutrophils From Venous Blood

3. Draw 10 ml of peripheral, venous blood into tubes containing 33 USP heparin.
4. Add 50 µl of venous blood to media and Hoechst stain as previously described. Incubate the blood and Hoechst stain for 10 min to allow for

nucleus fluorescent staining. Run sample within 1 hr of blood collection.

Neutrophil Separation From Whole Blood - Positive Control

5. To separate neutrophils, use sterile techniques to isolate neutrophils from the 10 ml venous whole blood sample using Hetastarch (6% w/v)
density gradient followed by a negative selection magnetic bead isolation kit following the manufacturers protocol.

6. Resuspended the final aliquot of neutrophils at a concentration of 4,000 cells/µl in 1X HBSS + 0.2% human serum albumin. Keep cells at 37
°C until ready to run the experiment.

4. Microscopy and Image Analysis for Neutrophil Chemotaxis Measurements

1. Set up biochamber temperature to 37 °C, humidity at 80%, and CO2 at 5%.
2. Start imaging immediately using time-lapse imaging on a microscope (10X or higher magnification).

5. Statistical Analysis

1. Manually track at least 50 neutrophils in each sample.
2. Count the cells entering the FCC over time (Figure 2).
3. Calculate neutrophil velocities in the channel between WBLC and FCC using ImageJ (NIH) (Figure 2).
4. Quantify directionality of neutrophils by counting the number of cells that pass the bifurcation and calculating the ratio between the number of

cells that turn toward the FCC and cells that exit the device. Cells that are not directional do not follow the chemotactic gradient and therefore
migrate in equal numbers toward the FCC and the exit channel (Figure 2).

Representative Results

The whole blood (WB) neutrophil chemotaxis assay was validated by measuring the accumulation of neutrophils towards a fMLP gradient
(Movie S1). Results confirm that RBCs are trapped by the filtration comb while neutrophils (blue) are able to actively migrate out of whole blood
(Figure 3A and Movie S1). The stable linear chemoattractant gradient (green) formed by the whole blood microfluidic device was confirmed
using FITC-labeled dextran (Figure 3A inset) and measured the fluorescence levels over time. The gradients produced in these devices were
stable up to 24 hr for small molecules and up to a week for larger molecular weight. The efficiency of the washing protocol was verified by
imaging localized fluorescent signal in the FCC with no signal in the WBLC or surrounding the device. The devices were next employed to
assess the differences in neutrophil migration from different blood sources.

Results obtained using the novel WB chemotaxis platform reveal that neutrophils from a finger prick droplet of WB, from venous WB, or isolated
from venous blood migrate with consistent velocity (20 ± 2 mm/min, blue line) and with similar total migratory cells (38 ± 10 cells/hr, shaded
bars) from all blood sources (Figure 3B). We were also able to quantify the directionality or the ability of the neutrophil to correctly follow the
chemotactic gradient. The bifurcation incorporated into the design of the whole blood device allowed us to quantify neutrophils that migrated
directionally along chemoattractant gradient toward the FCC compared with neutrophils that migrated randomly under chemokinesis and exited
the device. Neutrophils migrating from all three blood sources migrated with a directionality index of 0.9 (9 cells toward FCC for every cell that
exited the device).

 

Figure 1. Schematic of donut-shaped device. A) Chemoattractant is primed into the device and a gradient is formed along the migration
channel toward the focal chemotaxis chambers (FCCs). Sixteen FCCs surround each WBLC. After washing, the chemoattractant only remains in
the FCC, and a linear gradient is formed along the migration channel. The red blood cell (RBC) filtration comb prevents RBCs from clogging the
channel and blocking neutrophil active migration. See Movie S1. B) Neutrophils actively migrate out of whole blood and accumulate in the FCC,
and their velocity, directionality and numbers can be accurately quantified. Please click here to view a larger version of this figure.
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Figure 2. Schematic and overview of cell counting scheme for WB device. Neutrophils actively migrate out of 2 µl whole blood (WB) loaded
into whole blood loading chamber (WBLC) past the red blood cell filtration comb and into entrance of the device. Directionality of the cell is
measured based on the cell's decision at the bifurcation. Directional neutrophils will follow the chemotactic gradient leading towards the focal
chemotaxis chamber and non-directional cells will not follow the gradient and will randomly migrate either towards the exit channel or FCC with
an equal distribution. Final cell count is calculated at each time point by counting cells in the FCC. Please click here to view a larger version of
this figure.

 

Figure 3. Measuring neutrophil chemotaxis from a droplet of whole blood (WB). A) WB (1 µl) is loaded into the whole blood loading
chamber (WBLC). Neutrophils (blue) migrate along the fMLP chemotactic gradient formed in the migration channel towards the FCC. B)
Neutrophils from a finger prick droplet of WB, from venous WB, or isolated from venous blood migrate with consistent numbers (bars) and
velocity (blue line). Please click here to view a larger version of this figure.
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Table 1. Comparison of protocols for neutrophil chemotaxis using the whole blood microfluidic platform vs. a side-channel
microfluidic device and the traditional Boyden chamber. The amount of time and reagents to complete each protocol step are compared
between different methods to measure neutrophil chemotaxis. The whole blood microfluidic platform reduces the total time required to run the
assay by 95% and the required volume of blood >99%.

Discussion

In this work, we developed a microfluidic platform to measure neutrophil chemotaxis from a droplet of blood (2 µl). The on-chip mechanical
filtration of RBCs from actively migrating neutrophils circumvents the need for cumbersome cell separation methods such as density gradients10,
positive selection11, or negative selection12, which are prone to introduce artifacts by activating neutrophils. The mechanical filtration of
RBCs distinguishes our technology from other microfluidic chips for probing neutrophil migration. For instance, previous works from our
lab13 and Beebe et al. 8 utilized selectins on the chip, for separating neutrophils from the whole blood sample, prior to the chemotaxis assay.
After separation on selectin surfaces, neutrophil migration occurred in buffer solution. In these conditions, any effect of serum on neutrophil
chemotaxis was removed. Moreover, selectins are known to activate the cells by engaging specific receptors and therefore may alter in vitro
chemotaxis measurements. The mechanical separation by the RBC filtration comb in our device does not alter the state of neutrophils measured
by our device. Our device facilitates the robust measurements of velocity and cell accumulation number as well as cell directionality.

In this study, we have shown that neutrophils from healthy volunteers migrating from capillary whole blood, a drop of venous blood, and
separated from venous blood migrate with similar velocity and directionality14. The measurement of neutrophil directionality is important in
inflammatory conditions, such as burns3,15 and trauma16, where directionality is known to be impaired. Impaired and over stimulated neutrophils
may migrate away from the site of injury and potentially cause injury to healthy tissues. A limitation of the device presented in this paper is that
cell enrichment on the device is not possible and therefore cell counts are dependent on the proportion that they are found in the native whole
blood. This may present problems in acquiring chemotaxis measurements from a significant number of cells in conditions such as neutropenia,
where the neutrophil count is low. Another potential problem in our device is the steric hindrance of migrating cells by RBCs or other cells
migrating simultaneously. In our experiments, neutrophils can squeeze past RBCs trapped in the turns of the RBC filtration comb without
changing their migration speed. In addition, the chemoattractant concentration and potency is extremely important in inducing cell migration.
To troubleshoot the assay with other conditions it may be important to run dose-response curves with varying magnitudes of chemoattractant.
Handling and processing more unstable chemoattractants such as lipid mediators is also crucial, so it is important to prime devices immediately
prior to WB loading. Finally, it is also critical that the whole blood does not clot before priming the WB device. If it is not possible to run the assay
immediately following blood collection blood must be stored on a rocker in heparin. Loading of sample should be done slowly, with care as not to
introduce excessive pressure into the WB device.

In the future, our device can be used to measure perturbations in neutrophil function in burn or trauma patients without removing the neutrophil
from the patient's native serum, which likely plays a key role in neutrophil dysfunction17. This device can also be utilized in the future to screen
potential pro-resolution therapeutics to restore normal neutrophil function in these patients. Finally, this device may be further engineered to
measure chemotaxis from other migratory cells such as monocytes, macrophages, and t-cells.

In conclusion, we have developed a novel method for measuring neutrophil chemotaxis directly from a droplet of whole blood. The incorporation
of the whole blood microfluidic device in a 12 or 24-well plate facilitates the screening of multiple conditions simultaneously. This device will
facilitate the development of mediators of inflammation resolution to treat burn and other inflammatory conditions. In the future, this device will
be utilized to measure perturbations in neutrophil chemotactic function over time in patient samples and murine models where sample volume is
limited.
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