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Abstract

Neutrophil chemotaxis is critical for defense against infections and its alterations could lead to

chronic inflammation and tissue injury. The central role that transient alterations of neutrophil

chemotaxis could have on patient outcomes calls for its quantification in the clinic. However,

current methods for measuring neutrophil chemotaxis require large volumes of blood and are time

consuming. To address the need for rapid and robust assays, we designed a microfluidic device

that measures neutrophil chemotaxis directly from a single droplet of blood. We validated the

assay by comparing neutrophil chemotaxis from finger prick, venous blood and purified neutrophil

samples. We found consistent average velocity of (19 ± 6 μm/min) and directionality (91.1%)

between the three sources. We quantified the variability in neutrophil chemotaxis between healthy

donors and found no significant changes over time. We also validated the device in the clinic and

documented temporary chemotaxis deficiencies after burn injuries.

INNOVATION

Traditional neutrophil chemotaxis assays require careful steps of neutrophil isolation to

avoid artifacts from inappropriate activation of neutrophils. More recently, microfluidic

assays have integrated the neutrophil isolation on the chip, however, the use of adhesion

molecules to selectively capture neutrophils to the migration surfaces is also prone to

activation artifacts. In this assay, we circumvent the need for neutrophil separation by using

whole blood directly in conjunction with microchannels with precise geometry and

neutrophil-specific chemoattractants. Specifically, we implement right angle turns to stop

the granular-flow of blood through migration channels with cross section larger than that of

red blood cells, while allowing active neutrophil migration.
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INTRODUCTION

Neutrophils represent the dominant population of white blood cells in circulation and the

first responders to bacterial and fungal infections. Neutrophils are also involved in various

chronic and acute inflammatory conditions ranging from atherosclerosis1 to burn injury2.

For their major contribution to health and disease conditions, the absolute neutrophil count

(ANC) is part of the standard cell blood analysis in clinical laboratories. Both neutropenia

(less than 1500 neutrophils per microliter of blood) and neutrophilia (> 7000/μL) require

additional clinical investigation whenever detected3. However, despite being one the most

ubiquitous tests, the value of neutrophil count in the diagnosis of infection and sepsis is

increasingly questioned. One issue is the implicit assumption that all neutrophils in the

blood are fully functional4. For the majority of healthy individuals this premise is true.

Permanent neutrophil dysfunctions are extremely rare and only ~20 people/year in the US

are diagnosed with such diseases (e.g. chronic granulomatous disease, Shwachman-

Diamond syndrome, leukocyte adhesion deficiency, myeloperoxidase deficiency etc5–8).

However, temporary alterations of neutrophil functionality are far more frequent and largely

overlooked in the clinic. Neutrophil chemotaxis impairment has been described in various

conditions associated with higher incidence of infections, including burn and trauma

injuries2,9, major surgery10, diabetes when poorly controlled11, periodontal disease12,13,

viral infections e.g. influenza14, cytomegalovirus15, HIV16,17, bacterial infections e.g.

tuberculosis18, cholera19, and tropical diseases e.g. malaria20. Several drugs have been

shown to decrease neutrophil chemotaxis including chemotherapy21, anti-hypertensives22,

anesthetics23,24, antacids25, antifungal agents26 etc. Of all neutrophil functions, chemotaxis,

the ability to move directionally towards a source of chemoattractant appears to be one of

the most sensitive to perturbations. Chemotaxis is the last function acquired by neutrophils

maturing the in bone marrow before release27, and is the first to be significantly altered

during various diseases. Chemotaxis can be altered days before changes could be measured

in the ability of neutrophils to phagocyte, produce reactive oxygen species, or release of

lytic enzymes.

Identifying the alterations of neutrophil chemotaxis early could help estimate the risk for

infections more accurately. However, existing assays to measure neutrophil migration are

often inadequate for routine clinical laboratories, and are confined mostly to research

laboratories. Several factors contribute to this situation, including the requirement for the

assay to be performed quickly, within hours after the blood draw, the use of large volumes

of blood, the time consuming and cumbersome neutrophil isolation techniques. Moreover,

traditional migration assays (transwell assay, Dunn chamber, micropipette assay) lack

accuracy in detecting chemotaxis changes in the absence of pre-disease or pre-treatment

controls. Most microfluidic devices that have the precision and accuracy to measure

neutrophil chemotactic function require specialized training.

To address the need for a neutrophil functional assay that is rapid, robust, user-friendly, and

requiring minimal blood volume, we have developed a microfluidic device that measures

neutrophil chemotaxis directly from a small droplet of whole blood. The device is simple to

operate and allows for highly reproducible measurements of neutrophil speed and
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directionality with no sample processing and neutrophil isolation procedures on or off the

chip.

RESULTS

Platform design, characterization and modeling

In the doughnut shaped device, which is completely submerged in cell culture media,

chemoattractant gradients were established by diffusion in the absence of convection

between an array of 16 chemokine reservoirs (focal chemoattractant chambers - FCCs) and

one central whole blood loading chamber (WBLC) (Fig. 1a,b). To selectively allow

neutrophils to migrate towards the chemotactic gradient inside the device while preventing

red blood cells (RBCs) from blocking the channels, we incorporated an RBC filtration comb

between the WBLC and migration channels. To quantify the directionality, or the ability of

migrating neutrophils to correctly follow a chemoattractant gradient, we incorporated a

bifurcation between a channel leading to the focal chemotactic chamber and a channel

exiting the device. Finally, we quantified the accumulation of neutrophils (blue) in the FCC

by counting the neutrophils arriving over-time.

Biophysical modeling of chemoattractant diffusion shows that chemoattractant gradients

along the migration channel to the FCC decrease by < 5% by the end (200 min) of the

experiment (Fig. 1c). To confirm the dynamics and stability of the chemoattractant gradient

predicted to be found between the FCC and the WBLC, we primed the device with

fluorescein (molecular mass, 376 Da) and measured the fluorescence levels over time.

Linear gradients of chemoattractant were formed along migration channels and lasted for

more than 200 min after priming the FCCs with the chemoattractant, matching the

predictions of a biophysical model (Fig. 1d).

Red blood cell filter optimization

One practical issue related to the use of whole blood in the device was to identify effective

designs to avoid the blocking of the neutrophil migration paths by RBCs. In spite of the

absence of fluid flow, blood cells in the WBLC impinge on each other, pushing some of the

cells through the migration channel. Over the course of experiment, significant numbers of

mostly RBCs could fill a straight channel from the loading chamber to the outer

compartment. This “granular flow” of RBCs can potentially alter the chemokine gradients

from the chemokine reservoirs and obstruct the migration path of the neutrophils. To limit

the entrance of RBCs, one strategy could be to use channels with cross sections smaller than

that of RBCs. However, such channels could be completely obstructed by RBCs at their

entrance, precluding the formation of gradients. Smaller cross sectional areas of the

migration channel could also impede neutrophil migration. Our method for preventing RBCs

from advancing into the migration channels was to block them inside channels with cross

sections larger than the size of RBCs.

To accomplish effective RBC blocking, while allowing large enough spaces for neutrophils

to move without restriction, we used a filtration comb with 90° turns, close to the entrance.

For this, we designed migration channels that have a height (3 μm) less than the diameter of
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the RBC (7 μm), ensuring a side orientation of RBCs entering the channels. The channels

were wider than the RBCs and RBC blocking was achieved at 90° turns in the channels (Fig.

2).

To optimize our comb design and understand how a group of RBCs move through various

microchannels, we employed a computational 2-D finite-element model, building on our

previous numerical platform28,29. The model is based on strong solid-fluid coupling, which

allows the incorporation of deformable solid bodies (i.e. RBCs) in fluid-filled channels. We

simulated the granular flow of RBCs through small channels and applied a force equivalent

to the apparent weight in media of a stack of 12 RBCs. We focused specifically on how a

group of 10 RBCs that have entered the microchannels from the main reservoir of the

device, traverse a 90° turn in channels with three different widths (9, 12, and 14 μm). The

initial RBC configuration of 10 RBCs (each with a diameter of 7.5 μm) in the entrance

segment of the channel was random and identical for all the simulations (Fig. 2a). The

results show that as soon as one RBC is pushed into the corner, it blocks the advance of all

RBCs behind it by restricting the cross section of the channel to less than one RBC diameter.

This strategy works because the granular flow force pushing cells in the channel is not

enough to deform them through the restricted section. The results show that reaching a

stable configuration is less likely in larger channels when progressively more and more

RBCs traverse the corner as the channel width increases (Fig. 2b–d). Based on the model

simulations, we chose a 12 μm width for the channels and a “comb” design that consists of

multiple channels in parallel and right angle turns, for the entrance to the migration

channels.

The comb design proved more efficient in blocking the entrance of RBCs in the migration

channels compared to the straight channels (Fig. 2e,f). RBC contamination is reduced by

63.4% in the FCC and totally eliminated at the migration channel exit (Fig. 2f). Detailed

time-lapse images of the comb section of the device show that neutrophils are able to

actively migrate past the RBCs in the filtration comb without perturbations in cell motility

speed or directionality (Fig. 2g).

Assay validation with finger prick and venous healthy donor blood sources

We validated the whole blood device assay by loading whole blood from finger prick and

venous sources, as well as isolated neutrophils toward fMLP, a standard chemoattractant.

Neutrophils from the two whole blood sources, as well as isolated neutrophils, began

migrating towards the fMLP [100 nM] gradient within 20 minutes and neutrophil

accumulation numbers from all three sources were consistent around 135 ± 20 cells/device

after 3.5 hours (P-value < 0.001, R2 = 0.98) (Fig. 3a). The rate of neutrophil accumulation

remained constant for the length of the 200 min experiment in all blood sources. We

observed higher variability of neutrophil counts with the finger prick blood source compared

to the venous or isolated neutrophil sources (Fig. 3a), which may reflect higher

heterogeneity of the neutrophil population in the capillaries compared to the whole blood.

We then measured variability between healthy donor neutrophil migration from whole blood

finger source towards fMLP [100 nM]. Of interest, for 5 out of 7 donors neutrophil

migration counts clustered tightly around the average of 92 ± 35 cells after 200 min.
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However, two donors had significantly higher neutrophil migration counts, which may be

representative of the variation in innate immune response in the human population (Fig. 3b).

To determine device-device variation, we loaded whole blood from a finger prick of a

healthy donor into 6 separate devices and quantified neutrophil accumulation to a gradient of

fMLP [100 nM] (Fig. 3c). The device-device variation was 14.1% (83 ± 12 cells after 200

min), over the duration of the experiment. Finally, we established a healthy donor baseline,

measuring neutrophil accumulation from finger prick whole blood from the same healthy

donor at 1 week intervals for a total of 3 weeks. The experiment yielded equivalent

neutrophil accumulation values, thus suggesting high experimental reproducibility as well as

a consistent accumulation baseline for the same volunteer (Fig. 3d). The confirmation of a

consistent baseline of neutrophil recruitment in a healthy volunteer, suggests that

perturbations in this baseline could represent significant clinical changes in the innate

immune response, such as injury, infection or dysfunction that would be useful in diagnosis

or predictions of future clinical outcomes.

Neutrophil chemotaxis towards standard chemoattractants

Neutrophil recruitment toward both fMLP and LTB4 demonstrated dose-dependent

chemotactic responses. Neutrophil migration at three different chemoattractant

concentrations (10 nM, 50 nM, or 100 nM) was examined. Overall, increased cell migration

was observed at higher concentration. Maximal cell recruitment was observed at the 100 nM

concentration in the FCC (Fig. 4a). A concentration of 100 nM was therefore used for all

burn patient samples in subsequent experiments. A gradient of fMLP [100 nM] recruited

neutrophils from finger pick whole blood at a two-fold higher count (86 ± 7 cells/device

after 200 min) than LTB4 (39 ± 12 cells/device after 200 min) (Fig. 4a). This trend differs

from our previous studies on isolated neutrophils30, where LTB4 was shown to be a more

potent chemoattractant for neutrophils than fMLP (25% increase in neutrophil recruitment).

This discrepancy between isolated neutrophils and neutrophils in whole blood indicates that

factors in healthy whole blood serum can suppress the migration of neutrophils towards

LTB4, an important mediator in inflammation. It also indicates that for accurate

measurements of neutrophil function reflecting the situation in the body, assays should

include serum31,32. Neutrophil velocity from finger prick whole blood was comparable for

both fMLP (19 ± 6 μm/min) and LTB4 (20 ± 7 μm/min) (Fig. 4b). Neutrophil velocities were

also consistent between venous whole blood and finger prick whole blood for both fMLP

and LTB4 chemoattractants (Fig. 4b). The bifurcation in the device design allows for the

quantification of neutrophils directionality by comparing the number of cells that migrated

towards the chemoattractant gradient from the FCC to the number of cells that become

“lost” and exit the device. This directional index is clinically relevant as it provides a

quantitative measurement for correct neutrophil response to a site of injury or infection. The

“lost” or non-directional neutrophils would potentially migrate and cause unnecessary

damage to healthy tissue or organs. Neutrophils from finger prick and venous healthy donor

whole blood sources have a directionality index greater than 0.9 for both fMLP and LTB4

(Fig. 4c). In our assay, the inclusion of fibronectin promotes neutrophil adherence33 and acts

as a blocking agent (in addition to 0.2% human serum albumin) for the glass surface of the

device and does not appear to change final neutrophil counts migrating towards fMLP (Fig.

4d).
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Dysfunction in neutrophil recruitment after burn in human patient

We utilized the novel whole blood device to monitor neutrophil chemotaxis function in a

patient with 24% total body surface area (TBSA) burns over a 3 week treatment period at

Shriners Hospital for Children (Boston). During week 1 after the burn injury, there was an

order of magnitude decrease in neutrophil cell count compared with the average range

(shown with red dotted line) of a healthy volunteer (Fig. 5a). Moreover, we observed a 75%

reduction in neutrophil velocity and a 50% reduction in directionality in neutrophils

migrating toward a fMLP [100 nM] gradient (Fig. 5b,c). Data for LTB4 was not available

for this time-point. The number of cells accumulating towards fMLP spiked from below

normal values to 15% above the normal healthy volunteer range at 2 weeks post-burn, which

corresponded to a period when the patient was observed to have a fever. At 2 weeks post-

burn, neutrophil velocity remained impaired in both fMLP and LTB4 conditions (60% and

40% reduction respectively), but neutrophil directionality had been restored to the range of

healthy volunteers (Fig. 5b,c). Three weeks post-burn, neutrophil cell counts to fMLP were

lower than the average healthy volunteer count, whereas LTB4 accumulation counts were in

the normal range. Velocity and directionality were both restored to the normal range 3

weeks post-burn.

DISCUSSION

The first critical step in neutrophil function is the ability to correctly navigate to the site of

injury or inflammation. If the neutrophil is lacking the ability to migrate to the area of

infection, most subsequent markers of function are irrelevant and in some situation might

even be detrimental to healthy surrounding tissues or organs. An assay to measure

neutrophil chemotactic function is therefore the most important functional assay required in

the clinical setting. To meet this need, we developed a novel microfluidic platform to

measure neutrophil chemotaxis from a droplet of blood (2 μL) reducing the time from blood

collection to neutrophil migration assay from hours using traditional techniques, to just

minutes.

Our device produces a stable linear chemoattractant gradient for the length of our

experiment without the need for peripherals like an outside pressure source (i.e. syringe

pump). Integration of an on-chip mechanical filtration comb in the novel platform presented,

removes RBCs from actively migrating neutrophils and circumvents the need for

cumbersome cell separation methods such as density gradients34, positive selection35, or

negative selection36, which are prone to introduce artifacts by activating neutrophils. For

instance, previous work from our lab37 and Sackmann et al.38 utilized selections on the chip,

for separating neutrophils from the whole blood sample, prior to the chemotaxis assay. After

separation on selection surfaces, neutrophil migration occurred in buffer solution. Each of

the selections (E, P, and L) are known to activate the neutrophils by engaging specific

counterparts and therefore may alter in vitro chemotaxis measurements39–41. In these

conditions, any effect of serum on neutrophil chemotaxis was also removed. It is known that

many factors in whole blood, including serum42 and platelets43, affect neutrophil function. It

is therefore advantageous to minimize sample processing to maintain the in vivo
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microenvironment of the neutrophil when measuring variations in chemotaxis in vitro for

clinical diagnostic purposes.

Critical for the performance of our assay, are the integrated microfluidic features which

favor neutrophil migration through channels and selectively block the entrance of other

blood cells based on size, deformability, or motility. The dimensions of the migration

channels are optimized to selectively allow neutrophil chemotaxis and are generally too

small for the migration of other leukocytes. For example, monocytes and lymphocytes, the

next most frequent leukocytes in blood after neutrophils, are larger than the 3 μm height of

the channels, and earlier studies in our lab have shown that these cells require channels that

are at least 10 × 10 μm for migration30,44. The second selection mechanism to prevent other

leukocytes from entering the migration channel of the device is the choice of

chemoattractant. For example, fMLP is a neutrophil-specific chemoattractant and will not

attract other leukocytes. In the case of chemokines shared by various types of leukocyte, e.g.

LTB4, neutrophils are two or more orders of magnitude more frequent in blood than other

responsive cells e.g. monocytes or eosinophils. The combination of multiple selection

mechanisms in the same device assures the device selectivity for chemotaxing neutrophils.

We validated the whole blood microfluidic platform by measuring neutrophil accumulation

number, velocity and directionality in healthy donor samples. We established a healthy

range of functional values for neutrophils migrating to both fMLP and LTB4. We showed

that there was minimal device-device variation and we were able to establish a consistent

patient baseline for neutrophil functional variations over time. We also showed that

neutrophils isolated from healthy donors have a high directional index and consistently

follow the chemoattractant gradient towards the FCC. One interesting observation was the

larger heterogeneity of capillary vs. venous blood neutrophils. One explanation for this

situation may be that a significant fraction of the neutrophils obtained from a finger prick

come from the marginated poll inside capillaries45, while the neutrophil population sampled

from large veins is more homogenous. This possibility is supported by earlier observations

of the higher neutrophil count (up to 12% higher) reported in capillary blood compared with

venous blood sources29,46. Other potential explanations include the transient activation of

neutrophils by tissue factors released from the small injury inflicted by the lancet during

blood collection, or activation after the brief contact with other cell types, such as

endothelial cells47 and pericytes48 during blood collection. It is also important to note that

the sample heterogeneity is smaller than the variations we measured between healthy

volunteers, further conforming that our new approach is a robust and practical assay for

human neutrophil chemotaxis studies.

The novel platform described will enable the study of neutrophil chemotaxis in infants or

small mammals, where sample volume is limited, and is particularly useful for measuring

transient neutrophil chemotactic deficiencies by facilitating repeated sampling over multiple

time-points. We utilized the platform in the clinical setting to monitor a patient’s neutrophil

chemotactic function following a large surface area burn. We discovered a decrease in

neutrophil chemotaxis velocity and directionality a week post-burn, which was restored to

normal values 3 weeks after treatment. We also observed a spike in neutrophil counts when

the patient had elevated temperature and was suspected to have an infection. These findings
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demonstrate the potential of the whole blood device to be a useful tool for measuring

transient deficiencies in neutrophil function in clinical settings. It can be utilized for patients

with other conditions known to compromise immune function and where infection is

prevalent, such as following major surgery. In the future, the migration channel cross-

sectional area of the device could be optimized to measure chemotaxis of other leukocytes

directly from whole blood, such as monocytes or lymphocytes. The incorporation of our

device in a 12- or 24-wellplate facilitates the screening of multiple conditions

simultaneously. This device also has the potential to facilitate the development of mediators

of inflammation-resolution in order to treat burn and other inflammatory conditions.

METHODS

Microfluidic device fabrication

The microfluidic device to study neutrophil chemotaxis from a single droplet of whole blood

is designed with three main components: Chemokine side chambers (200 × 200 μm), a

central whole-blood loading chamber, and migration channels containing RBC filtering

regions (Fig. 1a). The filter for each migration channel consists of 10 short channels (length

~75 μm) connected horizontally through an approximately 200-μm-long channel to create

90° bending sections capable of trapping the RBCs in order to prevent them from dispersing

into the rest of the migration channel (Fig. 1b). A gradient of the chemoattractant is

established along the migration channels by diffusion between the chemoattractant chambers

and the central loading chamber. All migration channels were designed to be 12 μm wide

and 3 μm high to establish only a single column of RBCs for efficient trapping while

allowing human neutrophils to easily penetrate through.

Microfluidic devices were produced by replica molding poly-dimethylsiloxane (Sylgard

184, Elsworth Adhesives, Wilmington, MA) on a master wafer fabricated using standard

photolithographic technologies with Mylar photomasks (FineLine Imaging, Colorado

Springs, CO). After curing for at least 3 hours in an oven set to 65° C, the PDMS layer

covering the master was peeled off and holes were punched. First, the central loading

chamber was punched using a 1.5 mm puncher and then a 5 mm puncher was used to cut out

the entire donut-shaped device (Harris Uni-Core, Ted Pella Inc., Reading, Ca). A 12-well

plate was then plasma treated along with the PDMS donut-shaped devices and bonded on a

hot plate set to 85° C for 10 minutes.

Whole blood handling

Capillary blood (50 μL) was collected by pricking a finger of healthy volunteers. The blood

was then pipetted into an eppendorf tube containing a mixed solution of HBSS media,

heparin anti-coagulant (1.65 USP/50 μL of blood), and Hoescht stain (10 μL, 32.4 μM). The

eppendorf tube was then incubated for 10 minutes at 37°C and 5% CO2 to allow for proper

staining of the nuclei. For venous blood samples, 10 mL of peripheral blood was drawn from

a health volunteer into tubes containing 33 US Pherparin (Vacutainer, Becton Dickinson,

Franklin Lakes, NJ). Afterwards, 50 μL of the blood was pipetted into media containing the

same Hoescht stain concentration as previously described and incubated for 10 minutes at

37°C and 5% CO2. To compare out whole blood results with previous work, we also
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isolated human neutrophils were isolated from whole blood using HetaSep followed by the

EasySep Human Neutrophil Enrichment Kits (STEMCELL Technologies Inc. Vancouver,

Canada) following the manufacturer’s protocol. The final aliquots of neutrophils were re-

suspended in 1X HBSS +0.2% human serum albumin (Sigma-Aldrich, St. Louis, MO) at a

density of ~40,000 cells/μL and kept at 37°C cell until devices were properly primed.

Additionally, blood samples of 1 mL were collected from one burn patient admitted to

Shriners’ burn unit for children. The patient was a 16 y.o. male suffering from 24% total

body surface area (TBSA) burn caused by a flame and flash gasoline accident. All patient

samples were obtained with written informed consent, and through procedures approved by

the Shriners Hospitals for Children and Massachusetts General Hospital Institutional Review

Boards.

Microfluidic assay preparation

Immediately after bonding to the well plate, donut-shaped devices were filled with the

chemoattractant solution of N-formyl-methionyl-leucyl-phenylalanine (fMLP) [100 nM]

(Sigma-Aldrich, St. Louis, MO) or Leukotriene B4 (LTB4) (Caymen Chemicals, Ann Arbor,

MI) [100 nM]. The chemoattractant solution also contained fibronectin [25 nM] (Sigma-

Aldrich, St. Louis, MO) to promote neutrophil surface adhesion. The chemoattractant was

pipetted into the whole blood loading chamber (WBLC) and directly around the

circumference of the device. The glass bottom 12-well plate was then placed in a desiccator

to de-gas for 15 minutes to ensure proper filling of the chambers while the PDMS surface

was still hydrophilic from plasma treatment. Afterwards, the central whole-blood loading

chamber and the outside region surrounding the donut were washed thoroughly with

Phosphate Buffered Saline (PBS) in each well to wash away excess chemoattractant. The

wells of the plate were then filled with RPMI 1640 media and allowed to sit for a period of

15 minutes to generate stable chemoattractant gradients. Finally, using a gel-loading tip, 2

uL of whole blood was slowly pipetted into the central whole-blood loading chamber (Fig.

1a).

Chemotaxis imaging and measurements

Time-lapse imaging was performed on a Nikon Eclipse Ti microscope with 10–15X

magnification and a biochamber heated to 37°C with 5% CO2 and 80% humidity. Separate

experiments to characterize the formation of gradients along the migration channels in the

absence of cells were performed under similar temperature and gas conditions with

Fluorescein sodium salt (molecular mass 376 Da) (Sigma-Aldrich, St. Louis, MO). For each

experiment, at least 50 neutrophils were manually tracked. Directionality of primed

neutrophils was quantified by counting the number of cells that followed the chemotactic

gradient and turned at the bifurcation toward the chemoattractant chamber as opposed to the

number of cells that exited the device to the peripheral region. Cell velocities were

calculated using Image J (NIH) and data analysis with GraphPad Prism.

Biophysical simulations of RBC interactions

The channel geometries and initial RBC positions were then input into our custom-built

finite-element software package PAK49 and run on a desktop supercomputer consisting of
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32 cores (Supermicro Super Server: 4× Eight-Core Intel Xeon Processor 2.70 GHz; 512 GB

total memory). Biophysical modeling of chemoattractant diffusion in the device was

performed using COMSOL Multiphysics software. We simulated the granular flow of RBCs

through small channels and focused specifically on how a group of 10 RBCs that have

entered the microchannels from the main reservoir of the device, traverse a 90° turn (Fig.

2a–d). This movement is a result of the mutual interaction of many RBCs in the whole blood

loading chamber, pushing the RBCs at the periphery to enter the connected microchannels.

To simulate this force, we have assumed that the top-most RBC (marked with a red outline

experiences an external force (equal to 1/50 g, the equivalent of a stack of twelve RBCs with

5% higher density than that of media pushing one RBC into the channels) in the y-direction,

whereas the other RBCs below it have no externally applied forces.
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Figure 1.
Characterization of whole blood (WB) microfluidic device. (a) Diagram of chemotaxis

assay setup. 1. Chemoattractant is pipetted into whole blood loading chamber and around the

perimeter of the device. Device is placed in desiccator under vacuum and the focal

chemotactic chamber is primed. 2. Device is washed and submerged in media. The gradient

is formed between the focal chemotactic chamber and the whole blood loading chamber

along the migration channel. 3. 2 μL of whole blood is loaded into the device. 4. Neutrophils

migrate out of whole blood along chemoattractant gradient and accumulate in the focal

chemotactic chamber. (b) A three-dimensional schematic of donut-shaped whole blood

device. Sixteen FCCs surround each WBLC. Chemoattractant (green) is primed into the

device and after washing, the chemoattractant only remains in the FCC, and a linear gradient

is formed along the migration channel toward the FCC. A RBC filtration comb, upstream of

the migration channel, blocks RBC contamination of device while allowing the active

migration on neutrophils out of whole blood. The bifurcation in the device allows

quantification of directionality in neutrophils by comparing cells that correctly follow the

chemoattractant gradient to the FCC with those that exit the device. (c) COMSOL finite

element modeling of chemoattractant gradient over the duration of the experiment. The

gradient is reduced by 5% after 210 min. (d) Image of experimental chemoattractant

gradient (green) with FITC-conjugated dextran with a similar MW of a standard

chemoattractant (fMLP) (left). Bright field (BF) image of neutrophils migrating along

chemoattractant gradient and cell accumulation in the FCC (right).
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Figure 2.
Red blood cell filtration. Numerical modeling of RBC arrest in various channel geometries.

Displayed are internal stresses for each of the 10 RBCs. The RBC with the red outline

represents the RBC on which an external force (equal to 1/50 g in the y-direction) is applied

in order to move the RBCs in front of it. (a) Initial configuration of 10 RBCs in a 9-micron

wide channel (RBC diameter is 7.5 microns). Scale bar indicates stress values. (b) Final,

steady-state configuration inside the 9-micron channel showing only two RBCs have

successfully passed the corner. (c) 12-micron channel showing three RBCs have moved

through the corner (initial RBC configuration same as in A). (d) 14-micron channel showing

most RBCs have passed the corner (initial RBC configuration same as in A). (e) BF image

of a device without a RBC filtration comb. RBCs are seen to clog the migration channel and

contaminate the FCC and exit (see arrows). (f) The incorporation of a RBC filtration comb

upstream of the migration channel significantly reduces RBC contamination in the FCC by

63% and eliminates RBCs at the channel exit. (g) Few RBCs are seen in the migration

channel and neutrophils are able to actively migrate past these RBCs (see Movie 1).
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Figure 3.
Validation of whole blood platform. (a) Neutrophil migration counts are compared between

venous and finger prick blood sources and isolated neutrophils. A similar delay time,

accumulation rate and final cell count are observed in all three conditions migrating to fMLP

[100 nM]. Graphs correspond to average cell counts in all FCCs (n = 16). (b) Neutrophil

migration counts per chamber are compared for 7 healthy volunteers. (c) Average neutrophil

migration counts to fMLP [100 nM] in 6 separate whole blood devices. (d) Baseline for

neutrophil migration in healthy donor to fMLP [100 nM] over a 3 week time course.
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Figure 4.
Comparison of LTB4 and fMLP. (a) Dose–response of LTB4 and fMLP as a chemoattractant

to neutrophils migrating out of whole blood. Graphs correspond to average cell counts in all

FCCs (n = 16). Cells do not migrate in absence of chemoattractant gradient. (b) Velocity

[μm/min] of neutrophils migrating to LTB4 compared with fMLP. (c) Directionality of

neutrophils migrating to LTB4 compared with fMLP. (d) Neutrophil counts migrating to

fMLP are compared with and without the extracellular matrix protein fibronectin [100 nM]

added to the chemoattractant solution.
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Figure 5.
Burn patient neutrophil chemotactic impairment. Whole blood samples from a 16 y.o.

patient with 24% TBSA burns were taken over a 3 week treatment period. (a) Neutrophil

migration counts in FCC of neutrophils migrating in the absence of a chemoattractant

gradient (media only), to fMLP [100 nM] and LTB4 [100 nM]. (b) Velocity [μm/min] of

neutrophils migrating to LTB4 compared with fMLP. (c) Directionality of neutrophils

migrating to LTB4 compared with fMLP. All graphs correspond to average cell counts in all

FCCs (n = 16).
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