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Abstract: Chronic obstructive pulmonary disease (COPD) is a persistent and progressive respiratory
disorder characterized by expiratory airflow limitation caused by chronic inflammation. Evidence
has shown that COPD is correlated with neutrophil chemotaxis towards the airways, resulting in
neutrophilic airway inflammation. This study aimed to evaluate neutrophil chemotaxis in bron-
choalveolar lavage fluid (BALF) from COPD patients using a high-throughput nine-unit microfluidic
platform and explore the possible correlations between neutrophil migratory dynamics and COPD
development. The results showed that BALF from COPD patients induced stronger neutrophil
chemotaxis than the Control BALF. Our results also showed that the chemotactic migration of neu-
trophils isolated from the blood of COPD patients was not significantly different from neutrophils
from healthy controls, and neutrophil migration in three known chemoattractants (fMLP, IL-8, and
LTB4) was not affected by glucocorticoid treatment. Moreover, comparison with clinical data showed
a trend of a negative relationship between neutrophil migration chemotactic index (C. I.) in COPD
BALF and patient’s spirometry data, suggesting a potential correlation between neutrophil migration
and the severity of COPD. The present study demonstrated the feasibility of using the microfluidic
platform to assess neutrophil chemotaxis in COPD pathogenesis, and it may serve as a potential
marker for COPD evaluation in the future.

Keywords: microfluidics; cell migration; neutrophil chemotaxis; COPD; bronchoalveolar lavage fluid

1. Introduction

Chronic obstructive pulmonary disease (COPD) is the third leading cause of morbidity
and mortality worldwide, according to the World Health Organization, causing 3.23 million
deaths in 2019 [1]. It is a persistent and progressive respiratory disorder characterized
by expiratory airflow limitation caused by chronic inflammation in peripheral airways
and lung parenchyma and excessive mucus and chemokine secretion, which reduce lung
function and lead to hypoxic respiratory failure [2–6]. Patients with COPD usually suffer
from breathing difficulties, a persistent cough, and phlegm production. Long-term exposure
to harmful gases, particles, dusts, fumes, chemicals, and tobacco smoke are the main
etiological factors in the pathogenesis of COPD [7–9]. At the cellular level, this chronic
inflammation is characterized by an increased number of inflammatory cells, including
alveolar macrophages, T lymphocytes, innate lymphoid cells, and neutrophils traveling
along the circulation [10]. They secrete multiple inflammatory mediators that attract more

Micromachines 2023, 14, 1740. https://doi.org/10.3390/mi14091740 https://www.mdpi.com/journal/micromachines

https://doi.org/10.3390/mi14091740
https://doi.org/10.3390/mi14091740
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/micromachines
https://www.mdpi.com
https://orcid.org/0000-0002-5099-9129
https://orcid.org/0000-0003-1736-193X
https://orcid.org/0000-0003-1153-3120
https://doi.org/10.3390/mi14091740
https://www.mdpi.com/journal/micromachines
https://www.mdpi.com/article/10.3390/mi14091740?type=check_update&version=1


Micromachines 2023, 14, 1740 2 of 14

inflammatory cells from the circulation, thus amplifying the inflammatory response and
inducing structural changes [11].

Neutrophils are the most abundant leukocyte in human circulation, accounting for
approximately 50–70% of total white blood cells. They are crucial for the innate immune
response and are capable of modulating the adaptive immune response [12]. “End-target”
chemoattractants such as N-formyl-methionyl-leucyl-phenylalanine (fMLP) and “inter-
mediate” chemoattractants such as interleukin 8 (IL-8) and leukotriene B4 (LTB4) trigger
hierarchical chemotactic signals that attract neutrophils to the inflammatory sites [13,14]. In
terms of pulmonary inflammation, neutrophils have been shown to promote the clearance
of nuclear debris following tissue injury [15]. The dysregulation of neutrophils contributes
to various chronic lung diseases, such as asthma, COPD, and idiopathic pulmonary fibrosis
(IPF) [16]. Neutrophilic airway inflammation is a predominant feature of COPD [17]. The
increased activity of neutrophils in the bronchial wall lumen of COPD patients was cor-
related with airway obstruction and declined lung function, including decreased forced
expiratory volume in 1 s (FEV1) and reduced gas transfer [18–22]. Evidence has shown that
neutrophils are the most abundant blood cell in the sputum or bronchoalveolar lavage fluid
(BALF) of patients with both stable and exacerbated COPD [23,24], and the increased spu-
tum neutrophilia is correlated to airway obstruction [22,25,26]. Therefore, the measurement
of neutrophil counts or chemotactic factors recruiting neutrophils has become a potential
diagnostic marker for COPD [27,28].

Cell migration plays an important role in the development and maintenance of multi-
cellular organisms, and cell migration studies are well-known for assisting in the diagnosis
of various diseases [29,30]. The traditional cell migration assays (e.g., transwell assay and
under-agarose assay) were limited by their inability to control gradient, making it difficult
to obtain reliable chemotaxis results [31,32]. The Boyden chamber, developed in 1962, was
considered the gold standard technique for studying cell chemotaxis [33]; however, the
concentration gradient generated is steep and unstable, and it is difficult to distinguish
between cell chemotaxis and migration. Later, the Dunn chamber, developed from the
Boyden chamber, was widely used to study cell chemotaxis [34]. However, the concentra-
tion gradient in the Dunn chamber is generated by flow-free diffusion, which disappears
quickly, making it unable to maintain a stable concentration gradient for cell chemotaxis.
In recent decades, the development of microfluidics has revolutionized research in cell
migration with its low research cost, high throughput and portability, and the capability
of precise manipulation of various parameters that influence cell migration [35–39]. The
function of cell migration in chronic respiratory diseases such as asthma and COPD has
been previously tested using microfluidic technology, which validated the feasibility of
using this platform as a new characterization tool for these diseases [27,40]. Sackmann et al.
utilized a microfluidic chip to study neutrophil migration in asthma patients and concluded
that neutrophil chemotaxis velocity could be a potential biomarker for asthma [40]. Wu
et al. utilized a microfluidic platform to study neutrophil chemotaxis induced by COPD
sputum samples and found increased neutrophil chemotaxis in COPD sputum compared
to control sputum [27]. Compared to sputum, the BALF sample is more representative of
the internal lung microenvironment. Evidence suggests increased neutrophils in COPD
BALF, and neutrophils from COPD patients have an elevated velocity [21,24,41]. However,
the migratory behaviors of neutrophils in COPD BALF are not well characterized. In the
present study, we used a radial nine-unit microfluidic platform to evaluate neutrophil
chemotaxis in BALF samples from COPD patients (Figure 1) and compared the migration
behaviors of neutrophils isolated from COPD patients and controls. We hypothesized
that BALF samples from COPD patients would promote neutrophil migration and might
become a potential clinical assessment for COPD.
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Figure 1. Illustration of the process of using a microfluidic device for testing neutrophil chemotaxis
in the BALF gradient. (A) BALF collection and preparation. (B) Blood collection and neutrophil
isolation. (C) The nine-unit radial microfluidic cell migration device. (D) The single detection unit
of the nine-unit device. (E) A representative image of neutrophils in a COPD BALF gradient in the
microfluidic channel at the end of the 30 min chemotaxis experiment. BALF: bronchoalveolar lavage
fluid.

2. Methods
2.1. Bronchoalveolar Lavage Fluid (BALF) Sample Collection and Preparation

Fifteen participants (8 COPD patients and 7 control subjects) were recruited from the
Shenzhen University General Hospital (Table 1). The COPD patients were diagnosed based
on the spirometry data and physician evaluation according to the 2022 Global Initiative for
Chronic Lung Disease (GOLD) criteria. In brief, patients with clinically stable COPD with
pulmonary function showing post-bronchodilator FEV1/FVC < 70% were recruited. And
patients with a history of asthma, allergies, positive RAST tests for common allergens in
the blood, or alpha-1 antitrypsin deficiency were excluded from the cohort. The detailed
clinical information of the COPD participants can be found in Supplementary Table S1.
The protocol (KYLL-20221212A) was approved by the Ethics Board at Shenzhen University
General Hospital, and researchers adhered to the principles of the Helsinki Declaration
over the course of the study.

Radiological imaging was performed prior to the collection of BALF to localize the
focus of the disease. Then, the bronchoscope was guided to the specific region identified by
the radiological imaging and wedged into the subsegment, ideally with visualization of the
distal airway in the center of the image. In the case of diffuse lesions, the most preferred
location for lavage would be the right middle lobe, or the lingula.

Bronchoalveolar lavage was performed under anesthesia. 20–50 mL of sterile normal
saline at room temperature was injected through a hand-held syringe, then gradually
drawn back into the syringe. This process was repeated 3–5 times for a total perfusion of
up to 300 mL. 30% or more of the refluxed sample is considered adequate reflux, of which
at least 10–20 mL is required for cellular, cytokine, and infectious analyses.

The collected BALF sample was then transferred to a sterile 15 mL centrifuge tube and
centrifuged at 1000× g for 20 min at 4 ◦C to completely remove debris. The supernatant
was collected and stored at −80 ◦C prior to the migration experiment.
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Table 1. The basic information and clinical data of the participants.

No. Gender Age FEV1 (L) FEV1 (%) FVC (L) FVC (%) FEV1/FVC (%)

COPD

1 M 61 0.82 29.60 2.18 60.30 37.63

2 M 72 1.53 52.41 3.37 87.59 45.35

3 M 59 1.76 54.92 2.85 70.45 61.74

4 M 71 0.89 35.11 2.08 60.87 43.01

5 M 68 0.79 40.51 1.75 70.23 45.32

6 M 65 1.38 45.80 2.78 71.70 49.80

7 M 67 1.55 59.07 2.87 85.13 54.01

8 M 63 1.98 69.00 2.99 79.19 66.00

Control

1 F 53 2.13 91.80 2.8 102.20 76.16

2 M 46 3.37 97.78 4.69 110.52 71.88

3 M 40 3.72 97.63 4.5 97.37 82.80

4 M 46 3.74 116.49 4.46 114.40 83.84

5 M 36 3.69 99.14 4.45 99.79 82.96

6 F 57 2.48 111.48 2.88 105.65 86.14

7 M 38 3.65 95.65 4.49 97.87 81.16

2.2. Neutrophil Preparation

Neutrophils were collected from both healthy control blood donors and COPD blood
donors. Ethics approval (KYLL-20221212A) was granted by the Ethics Board at Shen-
zhen University General Hospital. Neutrophils were isolated from 1 mL of blood using
EasySep™ Direct Human Neutrophil Isolation Kit combined with EasySep™ Magnet
(STEMCELL Technologies, Vancouver, BC, Canada) following the protocol provided by the
company, which allows direct isolation of neutrophils from the whole blood within 30 min.
A 2–2.5 mL sample was collected after isolation; the migration medium (RPMI-1640 with
0.4% BSA) was then added to the sample, followed by centrifugation at 300× g for 8 min.
The supernatant was removed, and neutrophils were re-suspended in 1 mL of migration
medium, resulting in a cell count of 7.25 × 105 cell mL−1. Neutrophil viability was tested
with Trypan Blue, which showed that >99% of cells were viable. Neutrophils were used for
experiments within 2 h after isolation.

2.3. Microfluidic Device Preparation

The microfluidic device was fabricated in polydimethylsiloxane (PDMS) (Sylgard
184; Dow Corning, Midland, MI, USA) using the standard photolithography and soft-
lithography procedures [37,42]. The device contained nine individual units oriented in
a radial shape; each unit has a chemoattractant loading inlet, a medium loading inlet,
a cell loading inlet, an outlet, and a fluid channel network (285 µm in width for the
gradient channel, 100 µm in width for the branched flow channel) (Figure 1C,D). The
equilibrated flow from the chemoattractant loading inlet and medium loading inlet allowed
the generation of a stable gradient in the migration channel using passive pumping and
pressure-balancing strategies.

The design pattern was printed on a chrome photomask at high resolution. The design
was then patterned in SU-8 photoresist on a 4-inch silicon wafer by two-layer contact
photolithography. The first layer was the cell docking structure, which is used to align
the neutrophils to one side of the gradient channel before migration. The height of the
channel was ~2.6 µm. The second layer (~55 µm) defines the gradient generation and cell
migration channel. The photoresist pattern was then used as a positive mold to generate
PDMS replicas using soft lithography. Specifically, PDMS and curing agent were mixed



Micromachines 2023, 14, 1740 5 of 14

in a 10:1 ratio by weight and poured onto the master mold in a Petri dish to replicate the
feature. The PDMS replica were placed in a vacuum desiccator to remove air bubbles,
followed by baking at 80 ◦C for 1.5 h, which were then peeled off from the silicon master
mold. The inlets (6 mm diameter), outlets (4 mm diameter), and cell loading port (2 mm
diameter) were punched on the PDMS devices. The channel surface of the PDMS replica
was cleaned with adhesive scotch tape to remove dust and PDMS residual fragments. The
PDMS replica and a glass slide were then placed inside a plasma cleaner chamber for air
plasma treatment for 2 min. After the treatment, the PDMS replica was bonded to the glass
slide to seal the microfluidic channel. The microfluidic devices were coated using rat tail
collagen type I (2 µg mL−1; 354236; Corning, Corning, NY, USA) for 1 h and then blocked
with 0.4% BSA (Solarbio, Beijing, China) in RPMI 1640 medium for another hour at room
temperature before the migration experiment.

2.4. Microfluidic Chemotaxis Experiment

N-Formylmethionine-leucyl-phenylalanine (fMLP; F3506; Sigma-Aldrich, Burlington,
MA, USA), recombinant human Interleukin-8 (IL-8; 200-08M; PeproTech, Thermo Fisher
Scientific, Waltham, MA, USA), and Leukotriene B4 (LTB4, L0517; Sigma-Aldrich, USA)
diluted with the migration medium (RPMI-1640 with 0.4% BSA) to a final concentration of
100 nM were included as chemoattractants for positive controls in neutrophil migration
experiments. The procedure for cell and solution addition onto the microfluidic chip was
previously described [37]. Briefly, the neutrophil suspension was added to fill the cell
loading port of each unit of the pre-treated device, and cell movement toward the docking
area was observed under a microscope. When adequate neutrophils were collected at the
docking area, ~70 µL test solution (fMLP, IL-8, LTB4, or BALF samples) and migration
medium were added to the corresponding inlets. The inlet that is closer to the cell loading
port was filled with migration medium, and the other inlet was filled with test solutions
(chemoattractant or BALF samples). Each set of conditions was replicated at least 3 times.
The inlets of each unit were then connected using silicone oil (146153; Sigma-Aldrich, USA)
to balance the pressure difference [37]. FITC-dextran (10 kDa; FD-10S; Sigma-Aldrich, USA)
was added to the chemoattractant solutions and BALF to characterize proper gradient
generation.

The microfluidic device was then placed on a microscope stage enclosed by an environ-
mental control chamber, which maintained the temperature at 37 ◦C. The humidity was also
maintained by adding deionized water to the water channel surrounding the microscope
stage inside the environmental chamber. The chemotactic migration of neutrophils was
observed using an inverted fluorescence microscope (Nikon ECLIPSE Ti2-E, Tokyo, Japan).
The time-lapse differential interference contrast (DIC) and fluorescent images of neutrophil
migration for each of the 9 units were captured every 30 s for 30 min.

2.5. Drug Response Experiment

Dexamethasone sodium phosphate injection (100 µg mL−1) was used for the drug
response experiment. There were two parts to the experiment. For the first part, dexam-
ethasone was added to the prepared fMLP (100 nM), IL-8 (100 nM), and LTB4 (100 nM)
solutions, and neutrophil migration was tested in the microfluidic device as previously
described. For the second part of the drug response experiment, the isolated neutrophils
were treated with dexamethasone (100 µg mL−1) for 1 h prior, and their migration in IL-8,
fMLP, and LTB4 gradient fields was tested, respectively, as previously described.

2.6. Data Analysis

The neutrophil migratory behaviors in different experimental conditions were quanti-
fied by previously established manual tracking methods [39]. Briefly, the representative
neutrophil trajectories were tracked using the Manual Tracking plugin for the ImageJ
software (https://imagej.nih.gov/ij/download.html (accessed on 23 March 2022). The
manually tracked results were then input into the Chemotaxis & Migration Tool version

https://imagej.nih.gov/ij/download.html


Micromachines 2023, 14, 1740 6 of 14

2.0 to calculate (1) the chemotactic index (C. I.), which is the ratio of cell displacement
toward the chemoattractant gradient to the total migration distance; and (2) the average
migration velocity, calculated as the ratio of total migration distance to the experiment
period. Data were expressed as means ± standard error of the mean (SEM). Statistical
analyses were performed with an unpaired Student’s two-tailed t-test (for 2 groups) and a
one-way ANOVA with post hoc Tukey’s multiple comparisons test (for more than 2 groups)
if the data were normally distributed, and a Kruskal–Wallis test with post hoc Dunn’s
multiple comparisons test if the data were not normally distributed. Linear regression
analyses were performed to assess the relationship between neutrophil migration data and
clinical data. p ≤ 0.05 (*) was considered statistically significant.

3. Results
3.1. Neutrophil Chemotaxis in COPD BALF, Control BALF, and Known
Recombinant Chemoattractants

We first used neutrophils isolated from the blood of healthy controls and evaluated
their migratory dynamics in different chemical gradients, including the known neutrophil
chemoattractants (fMLP, IL-8, and LTB4), COPD BALF, and Control BALF (Figure 2).
As expected, the neutrophils showed strong chemotaxis in gradients of all three known
chemoattractants. The C. I. was significantly higher in fMLP, IL-8, and LTB4 gradients
compared to COPD and Control BALF gradients (Figure 3A). We then compared the
migratory dynamics of neutrophils in different BALF samples and found there was a
significantly higher C. I. in COPD BALF gradients compared to Control BALF gradients
(Figure 3A). When comparing the neutrophil migration velocity, we did not observe any
significant difference between groups (Figure 3B).
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in the microfluidic device. Neutrophil migration C. I. (A) and velocity (B) in different fMLP, IL-8,
LTB4, and BALF sample gradient fields. Data presented as mean ± SEM. ‘*’ indicates p < 0.05; ‘***’
indicates p < 0.001; ‘****’ indicates p < 0.0001.

Next, we used neutrophils isolated from the blood of both COPD patients and healthy
controls and compared their migratory dynamics in different BALF samples, fMLP, and
IL-8 gradients. The results showed no significant difference in both C. I. and migration
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velocity between neutrophils from COPD patients and healthy controls for all conditions
(Figure 4).
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Figure 4. The migratory dynamics of peripheral neutrophils isolated from patients with COPD
and healthy controls in different BALF samples and chemoattractants in the microfluidic device.
Differential neutrophil migration C. I. (A) and velocity (B) in different BALF samples, fMLP, and IL-8
gradient fields. Data presented as mean ± SEM.

3.2. Effect of Dexamethasone on Neutrophil Chemotaxis

For the first set of experiments, where dexamethasone was diluted with the chemoat-
tractant, the result showed that there was no significant difference in the neutrophil migra-
tion C. I. between the drug-added chemoattractant group and the chemoattractant alone
group (without drug addition) (Figure 5A). There was a significantly higher neutrophil
migration velocity in the LTB4 + drug group compared to the LTB4 alone group. No signifi-
cant difference was observed in the neutrophil migration velocity between the drug-added
chemoattractant group and the chemoattractant alone group for fMLP and IL-8 (Figure 5B).

For the second set of experiments, we pre-treated the neutrophils with dexamethasone,
then examined their migration in different chemoattractant gradient fields. There was no
significant difference in neutrophil migration C. I. or velocity between the drug-treated and
untreated neutrophils in all chemoattractant gradients (Figure 5C,D).

3.3. Linear Regression Analyses of Neutrophil migration in COPD BALF against Patients’
Clinical Data

We compared the migratory dynamic data of neutrophil chemotaxis in COPD BALF
with conventional COPD diagnosis parameters (i.e., the spirometry data). Although there
was no significant relationship between the two sets of data, we noticed a trend of negative
correlation between neutrophil migration C. I. in COPD BALF and FEV1/FVC (Figure 6A).
Such a trend was not observed with neutrophil migration velocity (Figure 6B). We also
compared the migratory dynamic data of neutrophil chemotaxis in COPD BALF with
other clinical COPD diagnosis parameters (Supplementary Table S2). We found a negative
correlation between neutrophil migration velocity and the COPD Assessment Test (CAT)
score; however, such a relationship was not observed with neutrophil migration C. I.
(Supplementary Table S2). Other than that, the migratory dynamic data of neutrophil
chemotaxis in COPD BALF was not correlated with any clinical diagnosis parameters
(Supplementary Table S2).
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Figure 5. Effects of dexamethasone on neutrophil migration. Neutrophil migration C. I. (A) and
velocity (B) of neutrophils in fMLP, IL-8, and LTB4 gradients with or without dexamethasone ad-
dition. Neutrophil migration C. I. (C) and velocity (D) in fMLP, IL-8, and LTB4 gradients using
dexamethasone-treated and untreated neutrophils. The p-value for the two-group comparison was
analyzed by an unpaired Student’s two-tailed t-test. p ≤ 0.05 (*) was considered statistically signifi-
cant. Data presented as mean ± SEM. W/O, without; W/, with.

Micromachines 2023, 14, x FOR PEER REVIEW 10 of 15 
 

 

3.3. Linear Regression Analyses of Neutrophil migration in COPD BALF against Patients’  
Clinical Data 

We compared the migratory dynamic data of neutrophil chemotaxis in COPD BALF 
with conventional COPD diagnosis parameters (i.e., the spirometry data). Although there 
was no significant relationship between the two sets of data, we noticed a trend of nega-
tive correlation between neutrophil migration C. I. in COPD BALF and FEV1/FVC (Figure 
6A). Such a trend was not observed with neutrophil migration velocity (Figure 6B). We 
also compared the migratory dynamic data of neutrophil chemotaxis in COPD BALF with 
other clinical COPD diagnosis parameters (Supplementary Table S2). We found a negative 
correlation between neutrophil migration velocity and the COPD Assessment Test (CAT) 
score; however, such a relationship was not observed with neutrophil migration C. I. (Sup-
plementary Table S2). Other than that, the migratory dynamic data of neutrophil chemo-
taxis in COPD BALF was not correlated with any clinical diagnosis parameters (Supple-
mentary Table S2). 

 
Figure 6. Linear regressions of neutrophil migration in COPD BALF samples against patients’ spi-
rometry data. Linear regression of neutrophil migration C. I. (A) and velocity (B) in COPD BALF 
samples with FEV1/FVC (%). Data are presented as individual data points. 

4. Discussion 
In this study, we utilized a high-throughput microfluidic platform to investigate neu-

trophil chemotaxis in BALF samples and evaluated the feasibility of using this technique 
as a characterization tool for COPD. The significantly higher C. I. level generated in re-
sponse to the COPD BALF gradient indicated that neutrophils had stronger chemotaxis 
in the COPD BALF compared to the Control BALF, suggesting that COPD BALF might 
have some chemoattractants that attract neutrophils to the lung from circulation. This re-
sult was consistent with the finding from a previous study, where it was found that spu-
tum samples from COPD patients induce neutrophil chemotaxis on a microfluidic device 
[27]. Compared to sputum samples, BALF was collected directly from the lung, so it is 
more representative of the microenvironment within the lung tissue. The neutrophil mi-
gration C. I. values were lower in BALF samples compared to positive controls, including 
fMLP, IL-8, and LTB4, which were known as strong chemoattractants for neutrophils. This 
might be due to the relatively diluted concentration of chemoattractants in the BALF sam-
ples. Moreover, BALF samples might be composed of a multitude of chemoattractants 
that function differentially. IL-8 is secreted by macrophages and epithelial cells; its level 
was elevated in COPD BALF, and it is a major inflammatory factor in the BALF of COPD 
patients [43,44]. LTB4 is also involved in airway inflammation in COPD; it is released by 
macrophages and is another major neutrophil chemotactic agent in the airways of COPD 
patients [45]. Studies have shown that LTB4 concentrations are elevated in the BALF of 

Figure 6. Linear regressions of neutrophil migration in COPD BALF samples against patients’
spirometry data. Linear regression of neutrophil migration C. I. (A) and velocity (B) in COPD BALF
samples with FEV1/FVC (%). Data are presented as individual data points.



Micromachines 2023, 14, 1740 10 of 14

4. Discussion

In this study, we utilized a high-throughput microfluidic platform to investigate
neutrophil chemotaxis in BALF samples and evaluated the feasibility of using this technique
as a characterization tool for COPD. The significantly higher C. I. level generated in response
to the COPD BALF gradient indicated that neutrophils had stronger chemotaxis in the
COPD BALF compared to the Control BALF, suggesting that COPD BALF might have
some chemoattractants that attract neutrophils to the lung from circulation. This result
was consistent with the finding from a previous study, where it was found that sputum
samples from COPD patients induce neutrophil chemotaxis on a microfluidic device [27].
Compared to sputum samples, BALF was collected directly from the lung, so it is more
representative of the microenvironment within the lung tissue. The neutrophil migration
C. I. values were lower in BALF samples compared to positive controls, including fMLP,
IL-8, and LTB4, which were known as strong chemoattractants for neutrophils. This might
be due to the relatively diluted concentration of chemoattractants in the BALF samples.
Moreover, BALF samples might be composed of a multitude of chemoattractants that
function differentially. IL-8 is secreted by macrophages and epithelial cells; its level was
elevated in COPD BALF, and it is a major inflammatory factor in the BALF of COPD
patients [43,44]. LTB4 is also involved in airway inflammation in COPD; it is released
by macrophages and is another major neutrophil chemotactic agent in the airways of
COPD patients [45]. Studies have shown that LTB4 concentrations are elevated in the
BALF of COPD rats and in the sputum of COPD patients, suggesting that it may work
synergistically with IL-8 to promote neutrophil chemotaxis [46–48]. Thus, they might be
the main chemoattractants in COPD patients’ BALF that attract neutrophils; however, the
exact chemoattractants involved in the pathophysiological mechanisms of COPD need to
be further investigated.

There was no significant difference in the migratory dynamics of neutrophils isolated
from the blood of patients with COPD and healthy controls in different BALF samples and
chemoattractants. This result was in conflict with the previous study, where they studied
neutrophil migration using the Dunn chamber and concluded peripheral neutrophils
from COPD patients are intrinsically different than neutrophils isolated from healthy
controls in terms of chemotactic behavior and migratory structure, with no difference in
the surface expression of chemoattractant receptors [21]. The discrepancy between the
findings of these two studies may be explained by the different chemotaxis platforms
used. The Dunn chamber used in the previous study was not capable of establishing
and maintaining a stable chemoattractant gradient, and neutrophils were added onto
the coverslip, where they started to migrate from random spots. On the other hand, the
microfluidic device used in this study has been well-validated for the feasibility of use in the
chemotaxis experiments [37]. It contained a cell docking structure to align the cells at the
low concentration area prior to the chemotactic migration and was capable of generating
and maintaining an accurate and stable gradient in the migration channel using passive
pumping and pressure-balancing strategies. Thus, the neutrophil migration trajectories
were visualized more clearly for interpretation, and the chemotactic behaviors were more
reliable in a stable gradient than using the Dunn chamber.

The trend of a negative relationship between neutrophil migration C. I. in COPD BALF
and spirometry data suggested a potential correlation between the neutrophil migration and
the severity of COPD, which was an expected result. The pathogenesis of COPD is mainly
related to the overexpression of inflammatory mediators and cytokines and the activation
of inflammatory signaling pathways that amplify the inflammatory response by recruiting
inflammatory cells from the circulation to the lung. Thus, as the severity of COPD increases,
there will be an elevated inflammatory response that results in neutrophil chemotaxis
toward the lung tissue. This result was consistent with the findings from a previous study,
where BALF levels of neutrophil-derived microvesicles are correlated with various key
functional and clinically relevant COPD severity indexes [49]. As more neutrophils traveled
to the lungs from the circulation, neutrophil levels in the BALF increased, which then led
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to airway inflammation and declining lung function. We also compared the chemotaxis
results with other clinical diagnosis parameters and found that neutrophil chemotaxis
velocity data was negatively correlated with CAT scores, but no other relationships were
observed. CAT is a self-evaluation questionnaire on the impact of COPD on health status,
with higher scores denoting a more severe impact on a patient’s life [50]. However, this
result needs further validation due to the potentially subjective nature of the assessment of
CAT scores and the relatively small number of subjects. We hope to recruit more subjects in
the future to better understand the correlation between neutrophil chemotactic behaviors
and clinical markers of COPD severity.

Dexamethasone is a synthetic glucocorticoid that is routinely used as a key inter-
vention for COPD exacerbations by controlling airway inflammation [51–53]. We chose
to perform two sets of dexamethasone drug response experiments as they represented
different therapeutic approaches, both of which are currently being used to treat COPD
patients. The direct dilution of dexamethasone with the chemoattractants IL-8, fMLP, and
LTB4 simulated the inhalation drug treatment, whereas the dexamethasone-treated drug
experiments simulated injections of the drug into patients, with the drug acting directly on
cells. The only difference we found was that the neutrophil migration velocity was signif-
icantly higher in the LTB4 + drug group compared to the LTB4 alone group. Other than
that, the result showed there was no significant difference in neutrophil migration C. I. and
velocity between the treatment group and the control group for both sets of experiments.
This suggested that neither the addition of dexamethasone to the chemoattractant nor the
direct cell treatment had a significant effect on the migratory behaviors of neutrophils.
The COPD patients recruited for this study had long-term clinically stable COPD, and
therefore most of them had taken glucocorticoid medication. The result of this experiment
demonstrated that increased neutrophil migration C. I. in COPD patients’ BALF was not
related to the glucocorticoids medication. The neutrophils were pre-treated for 1 h in this
experiment because we wanted to use them quickly after they were isolated from the blood
to maintain their motility. In the future, we could pre-treat neutrophils for different time
periods and see if there are any differences in their migratory behaviors.

We acknowledge that there are several limitations to our study. The first tube of BALF
sample collected following PBS infusion was not used in this study because it was highly
concentrated with mucus, which affected the establishment of the gradient field. Instead,
we utilized relatively diluted BALF samples, and as a result, the level of chemoattractant
might have been lower than it was supposed to be and might have influenced the result of
neutrophil chemotaxis. To address this issue, we can collect the first draw of BALF samples
and filter them through a microporous membrane after centrifugation to completely remove
the mucus in the future. In addition, due to the difficulties in recruiting COPD patients,
the subject size in this study was not very large, and the gender of COPD subjects was all
male. We hope to recruit more COPD patients in the future to expand the subject size and
be able to compare the differences in neutrophil migration in COPD BALF with different
basic and clinical profiles. Although the result suggested increased neutrophil chemotaxis
in COPD BALF, we were currently unable to identify the exact chemoattractant that causes
neutrophil migration, and it would be of particular interest in the future to send COPD
and Control BALF samples to specialized laboratories to identify different chemoattractant
profiles.

5. Conclusions

In conclusion, this study demonstrated the feasibility of using a microfluidic platform
to assess neutrophil chemotaxis in COPD BALF samples, and the directional neutrophil
migration in COPD BALF was higher than that in Control BALF. This study also showed
that the migratory behavior of neutrophils in three known chemoattractants (fMLP, IL-8,
and LTB4) was not affected by glucocorticoid treatment, suggesting that this platform has
the potential to be used to test drug responses and aid in the development of the targeted
drug. In addition, the microfluidic device provided a useful technique that was capable of
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real-time observation of chemotactic migration, enabling accurate subsequent cell migration
analysis, and could also be used for examining the migration of other cell types, such as lung
cancer tumor cells and inflammatory cells involved in other airway inflammatory diseases
(e.g., asthma). This fast, easy-to-use microfluidic platform may become a valuable tool for
examining cellular function in COPD pathogenesis and assessing disease development.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/mi14091740/s1, Table S1. The clinical data of COPD participants.
Table S2. Linear regression analyses of neutrophil migration in COPD BALF samples against patients’
clinical data.
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