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Asthma is a chronic inflammatory disorder that affects more than
300 million people worldwide. Asthma management would ben-
efit from additional tools that establish biomarkers to identify
phenotypes of asthma. We present a microfluidic solution that
discriminates asthma from allergic rhinitis based on a patient’s
neutrophil chemotactic function. The handheld diagnostic device
sorts neutrophils from whole blood within 5 min, and generates a
gradient of chemoattractant in the microchannels by placing a lid
with chemoattractant onto the base of the device. This technology
was used in a clinical setting to assay 34 asthmatic (n = 23) and
nonasthmatic, allergic rhinitis (n= 11) patients to establish domains
for asthma diagnosis based on neutrophil chemotaxis. We deter-
mined that neutrophils from asthmatic patients migrate signifi-
cantly more slowly toward the chemoattractant compared with
nonasthmatic patients (P = 0.002). Analysis of the receiver operator
characteristics of the patient data revealed that using a chemotaxis
velocity of 1.55 μm/min for asthma yields a diagnostic sensitivity
and specificity of 96% and 73%, respectively. This study identifies
neutrophil chemotaxis velocity as a potential biomarker for asthma,
andwe demonstrate amicrofluidic technology that was used in a clin-
ical setting to perform these measurements.
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Asthma is a chronic inflammatory disorder of the lungs that
is associated with airway hyperresponsiveness (AHR) and

obstructed airflow (1), affecting more than 300 million people
worldwide (2). Over the past 30 y, asthma prevalence has in-
creased significantly in many populations, with some indications
that prevalence may be reaching a plateau in the developed
world. Significant progress has been made in identifying primary
mediators involved in the pathophysiology of asthma. Several
cell types, such as T helper cells (TH1/TH2), dendritic cells, mast
cells, macrophages, eosinophils, and neutrophils play central
roles in the pathology of asthma (4–7). Additionally, various cyto-
kines that regulate the leukocyte trafficking, such as interleukins,
IFN-γ, and TNF-α, have been identified and targeted in drug
therapies. The recruitment of leukocytes to the lungs, particularly
eosinophils and neutrophils, is central to the pathogenesis of
asthma. Increased numbers of eosinophils are prominently ob-
served in the lung tissue and bronchoalveolar lavage (BAL) fluid
for most asthmatics (5). Neutrophils play a more critical role in
severe asthma, where elevated counts of neutrophils are often
observed in the BAL fluid (7). An overview of the role of neu-
trophils in asthma is shown in Fig. 1A. Although significant
progress has been made in uncovering mediators in the pathology
of asthma, these gains have not yet greatly improved our ability to
define clinically relevant phenotypes of asthma in patients.
Asthma is diagnosed clinically by physicians, informed by the

patient’s medical history, spirometry tests that measure lung
function, reversibility of AHR, and several other potential met-
rics (8). These diagnostic techniques measure the effects of the
inflammatory response in the lung by assessing airway constric-
tion, nitric oxide production, and the resulting clinical symptoms.

However, all of these diagnostic tests require patient compliance,
which can be challenging when diagnosing children or the elderly
(9). Additionally, many asthma diagnostic tests partially rely on
the patient experiencing clinical symptoms that are variable
during or around the visit to the physician. Perhaps these com-
mon characteristics of current diagnostic techniques contribute
to difficulties in diagnosing asthma, particularly in certain sub-
populations. For example, in a recent Canadian study involving
∼500 obese and nonobese subjects, Aaron et al. (10) found that
∼30% of the test subjects had been falsely diagnosed with
asthma by physicians. Additionally, it is well established that the
elderly are consistently underdiagnosed for asthma (11, 12).
Therefore, additional tools are needed to improve the diagnosis
of asthma. Furthermore, current asthma assessments do not in-
form the clinician of disease severity, expected clinical course,
and risk of exacerbations.
To improve characterization of asthma in the clinic, we have

developed a handheld microfluidic chip that can identify func-
tional measures of asthma from a drop of whole blood. Micro-
fluidic systems have several characteristics that make them well-
suited for clinical use, including low sample-volume requirements
(13, 14); simple integration with automated fluid handling sys-
tems (15); and diffusion-dominant laminar fluidic phenomena
that allow for precise control of a cell’s microenvironment (16–
18). Indeed, microfluidic-based tools are increasingly being used
in clinical research for diagnostic purposes (19–26). Neutrophils
have been used to diagnose clinical conditions in human patients

Significance

Asthma is a chronic inflammatory disorder that is notoriously
difficult to diagnose, characterize, and properly treat with tests
that are available to clinicians today. Therefore, clinicians
would benefit from additional tools that objectively charac-
terize asthma in patients. In this work, we describe a handheld
microfluidic device that discriminates asthma from allergic
rhinitis patients based on neutrophil function—an inflamma-
tory cell that has been implicated in the pathogenesis of
asthma. The device can sort neutrophils from a drop of whole
blood within minutes, and was used in a clinical setting to
characterize asthmatic and nonasthmatic patients. This tech-
nology provides a new tool for clinicians to characterize
asthma based on cellular function.

Author contributions: E.K.-H.S., E.B., L.L.D., A.H., S.K.M., and D.J.B. designed research;
E.K.-H.S., E.A.S., and P.S.F. performed research; E.K.-H.S. and M.D.E. analyzed data; and
E.K.-H.S. wrote the paper.

Conflict of interest statement: E.K.-H.S., E.B., and D.J.B. have patent applications pending
on technology cited in this work. D.J.B. has ownership in Ratio, Inc., and Bellbrook Labs,
LLC. E.K.-H.S., E.B., and D.J.B. have ownership in Salus Discovery, LLC.

This article is a PNAS Direct Submission.
1Present address: Pediatric Pulmonary and Allergy, Carilion Clinic, Roanoke, VA 24013.
2To whom correspondence should be addressed. E-mail: djbeebe@wisc.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1324043111/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1324043111 PNAS | April 22, 2014 | vol. 111 | no. 16 | 5813–5818

EN
G
IN
EE

RI
N
G

M
ED

IC
A
L
SC

IE
N
CE

S

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
14

, 2
02

1 

http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1324043111&domain=pdf&date_stamp=2014-04-10
mailto:djbeebe@wisc.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1324043111/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1324043111/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1324043111


www.manaraa.com

based on proteomic and genomic analysis (22) and chemotaxis
behavior (23, 27), demonstrating that assays measuring cell
function can be used for diagnostics. In this work, we assay the
neutrophil chemotactic function in a blind study to identify
quantitative domains that can be used to discriminate asthma
from nonasthmatic allergic rhinitis. This approach of directly
measuring the effector cell in the pathology of asthma differs
from traditional diagnostic tests, which measure the variable ef-
fect of inflammation on airway constriction (Fig. 1 B and C and
Table S1). Importantly, we developed methods to simplify the
sample preparation, assay protocol, and data analysis that offer
significant time savings over traditional macroscale (28–30) and
microscale (18) chemotaxis techniques, allowing for the trans-
lation of the technology into the clinic. We analyzed 34 patients,
and discovered that neutrophil chemotaxis can be used to dis-
criminate asthma from nonasthmatic, allergic rhinitis patients
with sensitivity and specificity of 96% and 73%, respectively. The
results of the clinical application of our microfluidic device rep-
resent a first step demonstration of how asthma can potentially be
diagnosed and managed based on cellular function, rather than
largely by clinical observations.

Results
We adapted a microfluidic neutrophil chemotaxis platform that
we previously developed (31) to assay the neutrophil function of
mildly asthmatic and nonasthmatic patients in a clinical setting.
Briefly, the diagnostic chip has two primary components: (i) a
functionalized migration channel in the base, where the rapid
neutrophil purification and chemotaxis are performed, and (ii)
a multifunction lid that houses all of the reagents required for
the diagnostic test and mitigates evaporation, which can be detri-
mental for long-term open microfluidic experiments (32). The pu-
rification is accomplished using a P-selectin–coated polystyrene

surface, whereby whole blood is pumped into the microchannels,
allowing neutrophils to bind to the P-selectin, and other com-
ponents of the whole blood (e.g., erythrocytes, plasma, etc.) are
removed using subsequent laminar flow wash steps (33). In our
assay, the blood and reagents are passively pumped through the
microchannels (34), enabling all of the fluid-handling steps using
only a micropipette and requiring no external pumping systems.
Once the purification is complete, a lid containing a hydrogel–
chemoattractant mixture (H-CA) is placed onto the base com-
ponent, contacting the H-CA drop with the migration channel
and initiating the chemotaxis experiment (Fig. 1B, Fig. S1, and
Dataset S1) (31). Following a time-lapse capture of the neutro-
phil chemotaxis, the data are automatically tracked and analyzed
using custom tracking software, dubbed Je’Xperiment (JEX),
eliminating the need for onerous manual cell tracking (Fig. S2;
source code available upon request). Three outputs were mea-
sured to characterize the neutrophil chemotactic function: the
absolute migration speed (independent of the direction the cells
move); the chemotactic index (displacement of the cell through-
out the time lapse divided by its total path length); and chemo-
taxis velocity (speed of the cell in the direction of increasing
concentration of chemoattractant). The microfluidic chip was
used in a clinical setting to assay the neutrophil chemotactic
function of mildly asthmatic and nonasthmatic patients to eluci-
date possible diagnostic domains between the two patient groups.

Characterizing Neutrophil Isolation and Chemotaxis. We sought to
characterize the neutrophil capture technique for blood samples
obtained from the clinic. Using the protein-based neutrophil
sorting procedure, we found that ∼89% of neutrophils remained
on the surface following subsequent wash steps (Fig. 2A). Fur-
thermore, we found that the surface could be enriched with neu-
trophils by simply passing whole blood through the microchannels

Fig. 1. Overview of different diagnostic techniques
and the role of neutrophils in the pathology of
asthma. (A) Summary of the role of neutrophils in
the pathology of asthma, showing neutrophil ad-
hesion and transendothelial migration; chemotaxis
mediated by macrophages and T-helper cells; and
neutrophilia in the lung tissue that leads to airway
remodeling and airflow obstruction. (B) Proposed
microfluidic method (more details in Fig. S1) for
phenotyping asthma patients by measuring upstream
of the asthma pathology with rapid neutrophil sorting
on a P-selectin–coated surface (1); neutrophil chemo-
taxis monitored with high-throughput microscopy
and automatically tracked with software (2); and
asthma characterization on the basis of chemotaxis
outputs (3). (C) Traditional clinical asthma diagnostic
methods occur downstream of the asthma patho-
physiology by measuring the effect of leukocyte in-
flammation on airway obstruction, nitric oxide output,
or clinical symptoms.
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multiple times before the washing procedure (Fig. 2B); this was
advantageous if neutrophil capture was particularly low and more
neutrophils were required to obtain meaningful chemotaxis data.
Following the neutrophil isolation, we characterized the mi-

gration of human neutrophils in a linear chemotactic gradient
using the potent chemoattractants IL-8 and formyl-methionyl-
leucyl-phenylalanine (fMLP; Fig. 2C and Movie S1). For all
control experiments (i.e., gel and media, no chemoattractant),
neutrophils remained inactivated and there was no observable
migration (Movie S1). Additionally, we compared neutrophil
chemotaxis for neutrophils on a P-selectin and E-selectin (Fig.
2D), with no significant differences observed in the chemotaxis
outputs; this result indicated that either protein coating could be
used for the purification and chemotaxis. For the assay of patient
samples, we used 100 μg/mL P-selectin for the substrate coating
and 100 nM fMLP for the source of chemoattractant, as we
observed robust neutrophil capture and chemotaxis using these
experimental conditions. To obtain sufficient neutrophil en-
richment from clinical samples, blood was passed through the
microchannels two times before neutrophil purification.

Measuring Neutrophil Chemotactic Function for Asthmatic and
Nonasthmatic Patients. After we characterized the neutrophil che-
motaxis assay using human blood samples, we used the microfluidic
device in a clinical setting to analyze the neutrophil function for
a cohort of patients that were clinically characterized as asthmatic
or nonasthmatic (Table 1). The absolute migration speed, che-
motactic index, and chemotaxis velocity for all of the patients are
shown in Fig. 3A (see SI Materials and Methods and Movie S2). The
absolute migration speed and chemotactic index of the neutrophils

did not differ significantly by asthma status (P = 0.33 and P = 0.49,
respectively). However, the chemotaxis velocity for asthmatic
patients was significantly reduced compared with nonasthmatic
patients (P = 0.002). To the authors’ knowledge, this is the first
report of reduced neutrophil chemotaxis in mildly asthmatic
patients compared with nonasthmatic patients. Furthermore, to
eliminate the possibility of medications such as corticosteroids
from influencing the chemotaxis results among asthmatic patients
(35–40), we measured the chemotaxis velocity of the mildly asth-
matic patients that did not report taking these medications to treat
their asthma (n = 6; Table S2). The average neutrophil chemotaxis
velocity for this group was 1.15 μm/min, in line with the chemo-
taxis velocity of 1.09 μm/min for all asthmatic patients. Thus, the
reduced neutrophil chemotaxis velocity was the manifestation of
altered neutrophil physiology for asthmatic patients.
In addition to determining the patients’ neutrophil chemotaxis

function, patients were characterized using several other mea-
sures commonly used in the clinic, such as the one second force
expiratory volume (FEV1) % predicted, the ratio of FEV1 to the
forced vital capacity (FEV1/FVC), eosinophil count (EOS#),
%Reversibility, and fraction of exhaled nitric oxide (FeNO).
Comparisons between our neutrophil chemotaxis outputs and
spirometry measurements did not reveal any correlations that
could be used to confirm or invalidate our test (Figs. S3–S6).
However, the comparison of neutrophil chemotaxis velocity with
FeNO measurements—an emerging clinical marker that posi-
tively correlates with the number of inflammatory cells present in
the lungs—revealed an increase in neutrophil velocity at lower
values of FeNO (Fig. 3B); the absolute neutrophil migration
speed and chemotactic index did not show similar correlations
(Fig. S7). Importantly, patients with increased neutrophil che-
motaxis velocity had measures of FeNO below the typical di-
agnostic cutoff point (20–40 ppb) that clinicians often use to
diagnose asthma (41–44).

Determining Chemotaxis Domains for Asthmatic from Nonasthmatic
Patients. Following the identification of the neutrophil chemo-
taxis velocity as a potential biomarker for asthma, we examined
the receiver operator characteristics (ROCs) of the chemotaxis
velocity data to determine the optimal domains to discriminate
the patient groups (Fig. 4A). We observed that using a chemo-
taxis velocity of 1.545 μm/min as the threshold for diagnosis
of asthma, this biomarker correctly identified 22 of 23 asthma
subjects (sensitivity 95.7%, 95% confidence interval 87.0–100.0)
and 8 of 11 nonasthma subjects (specificity 72.7%, 95% confi-
dence interval 45.5–100.0). The other chemotaxis measures—
chemotactic index and migration speed—had poor sensitivity
and specificity due to the nonsignificance in these outputs be-
tween asthmatic and nonasthmatic patients (Fig. 3 A and B).
Finally, we compared the sensitivity and specificity (45) of our
test to other quantitative tests reported in the literature (Fig. 4B
and Table S1). We found that our neutrophil chemotaxis di-
agnostic marker is among the most sensitive measures reported,
although not as specific as other diagnostic methods.

Discussion
Asthma is a complex and heterogeneous disease with multiple
phenotypes, and accurately diagnosing the severity and/or phe-
notype of asthma continues to present difficulties for physicians
(10–12). In current clinical practice, there is no single test that
physicians rely on to diagnose asthma, but rather a series of tools
that are both qualitative and quantitative in nature (Fig. 1C). Most
quantitative diagnostic tests currently in use measure the physio-
logical effects of inflammatory cells, such as neutrophils and
eosinophils, on the lungs, which is in contrast to our direct mea-
surement of neutrophil function (46). One method that has been
proposed for defining the different phenotypes of asthma is by
the predominant inflammatory cell type involved—eosinophilic

Fig. 2. Characterization of diagnostic chip for performing neutrophil chemo-
taxis from a drop of blood. (A) Capture of neutrophils, or polymorphonuclear
leukocytes (PMNs), from clinical blood samples before and after laminar flow
wash steps; capture efficiency was 89% (n = 4). (B) Increase in neutrophil capture
on P-selectin–coated microchannels with additional passes of blood across the
microchannel substrate (n = 3). (C) Chemoattractant (CA) dose–response for
neutrophils obtained from healthy human patients, measuring the absolute
migration speed (a), chemotactic index (b), and chemotaxis velocity (c); time-
lapse imaging for 120 min (n = 3). Note: no observable neutrophil migration in
controls (gel without CA). (D) Neutrophil chemotaxis in a linear gradient of fMLP
with a source concentration of 100 nM; time-lapse imaging for 90 min (n = 3). All
chemotaxis data tracked and analyzed with JEX. Error bars show SEM.
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(elevated eosinophil counts), neutrophilic (elevated neutrophil
counts), and paucigranulocytic (normal neutrophil and eo-
sinophil counts) (4, 5, 47). However, this method of categorizing
the patient groups does not take into account the functional
status of these inflammatory cells. Mild asthma has been linked
most strongly with eosinophils, and neutrophils have been im-
plicated in the pathology of severe asthma. Interestingly, we
observed that neutrophils obtained from mild asthmatic patients
exhibit impaired chemotactic responses in a linear gradient of
chemoattractant compared with neutrophils from nonasthmatic
patients (Fig. 3A). To our knowledge, this is the first time reduced
neutrophil chemotaxis velocity has been linked to mild asthma.
One possible explanation for the decrease we observed in

neutrophil chemotaxis velocity for asthmatic patients is an
increase in adhesion between asthmatic neutrophils and the
P-selectin substrate coating the microchannels in our diagnostic
chip. Dang et al. (48) have reported that leukocytes from aller-
gic-asthmatic patients exhibit higher surface expression of P-selectin
glycoprotein ligand-1, which mediates neutrophil binding to
P-selectin (49). Therefore, our diagnostic assay may be detecting
an increase in neutrophil adhesion to the substrate, resulting
in reduced neutrophil chemotaxis velocity toward the chemoat-
tractant. Importantly, this result could not easily be observed by
performing a cell count of leukocytes in the peripheral blood or
BAL, as has largely been done in past studies (44, 50, 51). We show

that our microfluidic chip and automated readout method is sen-
sitive enough to detect these differences in neutrophil function,
which can then be used as a basis for classifying asthma. Given this
capability of our microfluidic device to measure functional activities
of inflammatory cells that correspond to clinical features of disease,
we propose that analyses of neutrophils on alternate substrates or
the analysis of other inflammatory cells, such as eosinophils, using
our method will provide a composite measure for enhanced iden-
tification of clinically relevant phenotyping of asthma.
Our proposed method has several features that enabled its

translation into a clinical setting. First, a focus on user-friendly
operation; transportability; scalable thermoplastic fabrication;
and rapid sample processing and data analysis were central to the
design of the assay. The fluid handling in our system does not
require any external pumps or tubing, and the lid-based method
of generating a gradient of chemoattractant enables the robust
and repeatable implementation of the technique. Once the
sample processing is completed in the clinic, the device can easily
be transported to a microscopy facility to conduct the automated
imaging and analysis. An important distinction between our ap-
proach and other clinical diagnostic methods, such as spirometry
or questionnaires, is that our technique does not rely on patient
compliance. Our method objectively probes the chemotactic
function using neutrophils obtained from a drop of blood, rather
than testing clinical symptoms that may or may not be present

Table 1. Characteristics of study subjects

Characteristics Asthma (n = 23) No asthma (n = 11)

Age* (range), y 36 (20–52) 33 (20–48)
Men, no. 13 8
Blood EOS count, no. per mm3 293 (60) 242 (73)
FEV1 % predicted 91.2 (18.6) 104.2 (31.4)
FEV1/FVC, ratio 0.772 (0.161) 0.802 (0.242)
Reversibility, % 7.66 (0.951) 3.60 (0.945)
FeNO, ppb 47.0 (9.79) 24.5 (7.34)
Allergic, no. (%) 22 (95.6) 10 (90.9)
Current asthma symptoms, no. “Yes” 1 0

Average value shown with SEM in parentheses, unless otherwise indicated.
*Age reported for patient’s baseline characterization.

Fig. 3. Neutrophil chemotaxis for blood samples
obtained from the clinic and comparison with FeNO
measurements. (A) No statistically significant dif-
ference in neutrophil migration speed (i) and che-
motactic index (ii) for asthmatic and nonasthmatic
patients; neutrophil chemotaxis velocity (iii) is sig-
nificantly lower for asthmatic patients (n = 23)
compared with nonasthmatic patients (n = 11). *P =
0.002; dark line shows median; boxes show 25th and
75th percentile; endlines show minimum and maxi-
mum. (B) Comparison of neutrophil chemotaxis
velocity and an emerging clinical diagnostic test
(FeNO) showing higher neutrophil chemotaxis ve-
locity for nonasthmatic patients correlating with
lower FeNO values. (C) Diagnosis based on multiple
chemotaxis outputs, as shown in Fig. 1B; other che-
motaxis outputs (chemotactic index and absolute
migration speed) do not improve diagnostic per-
formance. All chemotaxis data tracked and analyzed
with JEX. Error bars show SEM.
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during the patient’s visit. Indeed, nearly all patients in this study
were not experiencing symptoms of asthma during their baseline
characterization (Table 1). ROC analysis indicated that using an
optimal neutrophil chemotaxis velocity of ∼1.55 μm/min, our
method achieved sensitivity and specificity of 96% and 73%, re-
spectively. This performance compares favorably to other di-
agnostic tests reported in the literature (Fig. 4B and Table S1).
Additionally, we observed a correlation between higher neutro-
phil chemotaxis velocity and lower FeNO values for patients in
our study (Fig. 3B), further validating the efficacy of the micro-
fluidic diagnostic test. Note that the sensitivity of our assay is
significantly higher than diagnosing asthma based on the spi-
rometry and FeNO measurements of these patients (Fig. 3B and
Figs. S3–S6). For example, if a cutoff value of 30 ppb is chosen for
diagnosis on the basis of FeNO measurements, 40% (6/15) of
asthmatic patients would be characterized as nonasthmatic. These
results are a first demonstration of how neutrophil chemotaxis—
and more generally, a readout based on effector cell function—
can potentially be used to classify asthma, rather than relying solely
on clinical symptoms. Furthermore, because our tool provides a
quantitative readout, it is interesting to consider the possibility that
this tool can also serve as a measure for disease severity. Thus,
another potential clinical application is the routine measurement
of neutrophil chemotaxis velocity in asthma patients to determine
the level of asthma control, or, more importantly, risk for future
exacerbations of asthma.
To further validate our method, additional studies are re-

quired to determine how much the specificity of our test is
influenced by other inflammatory diseases. Chronic obstructive
pulmonary disease (COPD) is an example of a disease driven by
neutrophil inflammation (52). In general, COPD is difficult to
distinguish from severe asthma using existing quantitative clinical
tests because the symptoms closely resemble each other; in our
study, COPD was an exclusion criterion, so the study subjects
were asthmatic, nonasthmatic, allergic, or some combination
(Table 1). In practice, our diagnostic technique would likely be
used in combination with existing clinical protocols to make the
diagnosis, rather than exist as a standalone test. Furthermore,
the information-rich readout provided by cell migration analysis
allows for the comprehensive study of neutrophil dysfunction
that occurs for other inflammatory diseases. For example, we
have previously used a similar chemotaxis technology to analyze
neutrophils obtained from an arthritic mouse model (53), a dis-
ease where neutrophil inflammation is known to regulate dys-
function (54). In this study we observed a ∼10-fold increase in
neutrophils from arthritic mice adhering to the substrate, a sig-
nificant decrease in neutrophil directionality, and no significant
difference in chemotaxis velocity compared with wild-type mice
(31). Importantly, the neutrophil defect observed in this prior

study differs significantly from the asthmatic neutrophil pheno-
type characterized in this work, suggesting that differences in
neutrophil function could be observed to differentiate other in-
flammatory disorders from asthma. Our method minimizes the
training, equipment, and labor requirements necessary to per-
form these assessments, making the characterization of other
inflammatory diseases possible.
Other considerations need to be addressed before widespread

clinical use. For example, it has been shown in a modified Boyden
chamber that changes in ambient temperature do not significantly
alter neutrophil motility; however, deviations in pH can impact
motility (55). Other studies have confirmed that in vitro assay
conditions can alter neutrophil migration (55–58). Thus, robust
operation of the test is sensitive to the proper execution of the
protocol, and the design should be optimized based on feedback
from more user operation. The method was designed to mitigate
user error by using a simplified all-in-one kit design (Dataset S1),
and by creating a local cell microenvironment. Furthermore, the
use of an “open” microfluidic pumping scheme makes the tech-
nology amendable to integration with automation systems (15),
which could further reduce variance in the workflow and further
standardize the test. However, user operation across multiple
clinics would likely reveal changes that could improve the design
of the device and protocol. Considerations like these should be
addressed in the subsequent development of the technology to vet
the method for mainstream clinical practice. In this work, we
provide a first demonstration that illustrates the potential of our
neutrophil chemotaxis method for the characterization of asthma.
In conclusion, we report a comprehensive microfluidic solu-

tion for discriminating asthma from nonasthmatic, allergic rhi-
nitis patients based on the chemotactic function of patients’
neutrophils. The technology is handheld and easily transport-
able; can purify neutrophils from whole blood obtained from
a lancet puncture within 5 min; and reports whether a patient is
asthmatic or nonasthmatic with sensitivity of 96% and specificity
of 73%. Importantly, the user-friendly design features of the
assay enabled the application of the technology in a clinical set-
ting, and we identified a previously unknown correlation between
reduced neutrophil chemotaxis velocity and asthmatic patients.
This work suggests that neutrophil chemotaxis may be a potential
biomarker for asthma, although additional studies are required
to investigate whether the specificity is reduced in broader
populations.

Materials and Methods
Please refer to SI Materials and Methods for additional details on spirometry
measurements; the fabrication and associated methods for the microfluidic
assay; the calculation of the chemotaxis outputs; and statistical analysis.

Study Subjects. Peripheral blood and related clinical data were obtained from
normal or asthmatic donors ranging in age from 18 to 55 y. Informed consent
was obtained before participation, and the study was approved by the
University of Wisconsin Health Sciences Institutional Review Board, protocol
nos. H 2008-0096 and 2010-3071.

Clinical Diagnosis of Asthma and Allergy. Allergic individuals are defined as
having a skin test positive to at least one of 12 aeroallergens. Asthmatic
individuals are defined as having at least a 6-mo history of asthma based on
clinical findings such as cough, wheeze, and shortness of breath. Additionally,
asthmatics may be currently taking the following medications; inhaled short-
acting B-agonist (as needed and <6 puffs per day during an acute cold), low-
dose inhaled corticoid steroids, Advair, and/or a daily nonsteroidal controller
medication.

Neutrophil Sorting from Whole Blood and Chemotaxis Assay. The human
subject protocol was approved by the University of Wisconsin Center for
Health Sciences Human Subjects Committee. Themicrofluidic chip was coated
with human recombinant P-selectin (R&D Biosystems) at 4 °C for at least
30 min. After obtaining ∼150 μL from the asthma clinic (see SI Materials and
Methods), 3 μL of the whole blood was pipetted into a reservoir containing

Fig. 4. Performance of microfluidic assay compared with traditional meth-
ods. (A) ROC curve for the neutrophil chemotaxis velocity patient data,
showing the optimal sensitivity and specificity at a diagnostic cutoff of 1.545
μm/min. (B) Comparison of our method to techniques reported in the litera-
ture (see Table S1 for additional details).
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18 μL of PBS and mixed gently. Neutrophils were captured out of dilute
whole blood in preparation of performing the chemotaxis assay by pumping
1 μL of dilute whole blood through each microchannel two times, with each
pass 30 s apart. After allowing neutrophils to capture for 4 min, erythrocytes
were removed by performing three washes with 3 μL of PBS, alternating the
aspiration of PBS–blood mixture between the input and output ports. The
PBS was replaced twice with 3 μL of EGM BulletKit media (CC-3124; Lonza)
with 20 mM Hepes (25-060-CI; Mediatech). The lid containing the CA and the
microchannels were placed in a humidified container at 37 °C for 5 min

before placing the lid onto the base and initiating the chemotaxis assay. For
all chemotaxis experiments in the microfluidic assay, 100 nM fMLP and 0 nM
fMLP (gel only control) were used.
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