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Cell migration is essential to various biological 
processes, including wound healing, angio-
genesis, cancer metastasis, and immune 
responses. In particular, the migration of 
immune cells out of the circulatory system 
toward damaged or inflamed tissue is 
a vital step in both innate and adaptive 
immune responses. Neutrophils are the first 
responders of the immune system, migrating 
to sites of infection before any other cells. 
Neutrophil migration involves at least four 
major steps: reversible rolling, triggering 
by activation of integrins, stable adhesion, 
and diapedesis across the endothelium 
monolayer (1–3). Diapedesis is the final step 

in the transmigration process, during which 
neutrophils must change shape dramatically 
to pass through the endothelium monolayer. 
After transmigration, the neutrophils also 
continue migrating through the extracellular 
matrix (ECM), a three-dimensional (3-D) 
fiber mesh, until they reach the damaged 
or inflamed tissue (4). Mimicking such 3-D 
migration conditions in vitro is problematic 
because migration assays, such as those 
using a Boyden chamber, do not provide 
an appropriate 3-D microenvironment (5,6).

Cell migration assays using hydrogels, 
networks of entangled polymer chains, 
are an alternative to 2-D migration assays. 

A hydrogel-coated Boyden chamber 
membrane has been used to study migration 
(7–10), and hydrogel-based microfluidic 
devices also have been developed (11–14). 
Microfluidic devices can generate stable 
and controllable chemokine gradients by 
taking advantage of the diffusional mixing of 
laminar flow. Another advantage is that they 
can apply shear stress to cells, increasing 
their physiological relevance. Although these 
methods are promising and have produced 
interesting results, hydrogels and microfluidic 
devices are difficult to work with.

Nanofibrous membranes have a structure 
similar to the ECM of human tissue (15–18), 
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The study of immune cell migration is important for understanding the immune system network, which is 
associated with the response to foreign cells. Neutrophils act against foreign cells before any other im-
mune cell, and they must be able to change shape and squeeze through narrow spaces in the extracellu-
lar matrix (ECM) during migration to sites of infection. Conventional in vitro migration assays are typically 
performed on two-dimensional substrates that fail to reproduce the three-dimensional (3-D) nature of the 
ECM. Here we present an in vitro method to simulate the 3-D migration of neutrophils using an electros-
pun nanofibrous membrane, which is similar to the ECM in terms of morphology. We examined the prop-
erties of neutrophil movement and the effects of gravity and the presence of IL-8, which has been widely 
used as a chemotactic attractant for neutrophils. The number of neutrophils passing through the nano-
fibrous membrane were higher, and their movement was more active in the presence of IL-8. Also, we 
confirmed that neutrophils could migrate against gravity toward IL-8 through a nanofibrous membrane.

Reports

METHOD SUMMARY
Here we describe the use of electrospun nanofibrous membranes to study vertical migration of neutrophils. Neutro-
phils are first seeded and incubated on the surface of the nanofibrous membrane and then chemotactic responses 
are induced via addition of IL-8 blended agarose gel on the opposite side of the seeded surface. Samples can be 
kept in either the initial vertical arrangement, or flipped upside-down to change the direction of the gravitational force.
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making them potentially valuable for studies 
of 3-D cell migration. Electrospinning is one of 
the most effective methods for manufacturing 
nanofibrous membranes; however, controlling 
the morphology and geometry of electrospun 
membranes and patterns remains a major 
challenge (19,20). Recently, we presented a 
direct-write electrospinning (DWES) process 
and apparatus with improved focusing and 
scanning functionalities for generating various 
nanofibrous membranes with high geometric 
fidelity (19–22). As a result, we were able 
to fabricate nanofibrous membranes with 
uniform thicknesses of up to 150 µm (20). The 
fabrication of such nanofibrous membranes 
with uniform thickness and structure is 
important for reproducibility of cell migration 
experiments.

Here we describe a nanofibrous 
membrane, fabricated using the DWES 
technique, for observing the 3-D migration 
of neutrophils. We demonstrated chemo-
tactic migration against gravity, which is not 
observed in conventional migration assays. 
The migration assay consists of vertically 
arranged compartments separated by a 
nanofibrous membrane. Two migration condi-
tions were tested: one was with gravity, in 
which the chemotactic gradient and the gravi-
tational force have the same direction; and 
the other was against gravity, in which the 
chemotactic gradient and gravitational force 
have opposite directions. We demonstrated 
the 3-D vertical migration of neutrophils, 
including migration against gravity through 
the nanofibrous membrane. These results 
suggest that the nanofibrous membrane can 
substitute for the conventional membrane of 
the Boyden chamber to better mimic the 3-D 
in vivo migration environment.

Materials and methods
Fabrication of electrospun 
nanofibrous membranes
A nanofibrous membrane with uniform 
thickness and nanofiber density was fabri-
cated using a direct-write electrospinning 
(DWES) method, which we reported previ-
ously (19,20). The polymer for electrospinning 
was polycaprolactone (PCL) with a number-
average molecular weight of 80,000 (440744, 
Sigma-Aldrich, St Louis, MO), dissolved in 
chloroform (C0584, 99.5%, Samchun Pure 
Chemical Co., Ltd., Seoul, South Korea) at 
a concentration of 8.8% by weight. During 
electrospinning, the temperature and relative 
humidity were 20°–21°C and 50%–55%, 
respectively, and the flow rate of the solution, 
voltage, and tip-to-collector-distance (TCD) 
were maintained at 0.1 mL/hour, 24–25 kV, 
and 65 mm, respectively. With the DWES 
method, the fiber jet flowed directly from 
the nozzle to the collector. To fabricate the 
large electrospun nanofibrous membrane, 
the collector was translated through X and Y, 
as well as axially (i.e., in the direction perpen-
dicular to the plane), using the nozzle shaft. 
Nanofibrous membrane samples were 
composed of 30 sublayers, which were 
electrospun iteratively at a scanning speed of 
30 mm/s along a raster scan path with a pitch 
between scan lines of 125 µm. The fabricated 
nanofibrous membrane samples were 70 ± 
10-mm-thick. The manufactured membranes 
were placed in a fume hood at room temper-
ature for 24 h, followed by baking in an oven 
at 60°C for 10 s to crosslink the fibers and 
evaporate the remaining chloroform. The 
membranes were soaked in 70% ethanol for 
12 h for sterilization, washed 3 times using 

PBS, and finally washed with fresh culture 
medium to minimize cytotoxicity due to any 
remaining ethanol or chloroform.

Neutrophil isolation
For the isolation of peritoneal neutrophils, 
mice were injected intraperitoneally with 3 
mL 3% thioglycollate broth to recruit neutro-
phils (23). Six hours later, primary neutrophils 
were collected from euthanized animals by 
peritoneal lavage using 10 mL ice-cold EDTA-
balanced salt solution (BSS) buffer. Cells were 
washed using ice-cold EDTA-BSS buffer. 
Red blood cells were lysed with RBC lysis 
buffer. Positive isolation of neutrophils was 
achieved with anti-Ly6G and Ly6C magnetic 
particles (MACS, Miltenyi, Bergisch Gladbach, 
Germany) in combination with the related 
cell separation system from Milteny iBiotec, 
following the manufacturer’s protocol.

Migration assays
The migration assay chamber consisted 
of two vertically arranged compartments 
filled with HyClone RPMI 1640 medium (GE 
Healthcare Life Sciences, Logan, UT) supple-
mented with 10% HyClone fetal bovine serum 
(FBS) (GE Healthcare Life Sciences) and the 
electrospun nanofibrous membrane. The 
nanofibrous membrane was sandwiched 
between the two compartments. We 
named the upper compartment the “seeding 
chamber” and the lower compartment the 
“migration chamber.” Thus, the top surface 
of the nanofibrous membrane was the floor of 
the seeding chamber, and the bottom surface 
was the ceiling of the migration chamber. The 
chambers were composed of polydimeth-
ylsiloxane (PDMS) (Dow Corning, Midland, 
MI) and bonded via corona treatment (24). 

Figure 1. Experimental procedure for studying neutrophil migration through a nanofibrous membrane.
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Both chambers were sealed after seeding 
the neutrophils to prevent leakage of culture 
medium. Freshly harvested neutrophils (7.5 
× 104 cells) were seeded in the seeding 
chamber initially and incubated 1 h in an 
incubator (37°C, 5% CO2) for settling. After 
settling, 5 ng/mL and 50 ng/mL of Interleukin 
8 (IL-8) (PeproTech, Rocky Hill, NJ) was added 
to the migration chamber to induce a chemo-
tactic response in the neutrophils (25,26). We 
added an IL-8 blended agarose gel block 
(2% in distilled water) instead of adding IL-8 
solution directly to prevent rapid diffusion 
of IL-8. The diffusion of IL-8 was estimated 
by measuring the intensity of 10-kDa FITC-
dextran (Sigma Aldrich, St Louis, MO), which 
has a similar molecular weight to IL-8 (8.4 
kDa). The fluorescence intensity increased 
constantly over more than 12 h, and we 
expected that the gradient of chemoattractant 
and the chemotactic response of the neutro-
phils would be maintained over a 12 h period 
(see Supplementary Figure S1).

We examined two migration conditions 
in terms of the direction of the gravitational 
force: with gravity and against gravity (Figure 
1). For experiments with gravity, both the 
seeding and migration chambers were kept 
in the initial vertical arrangement with the 
direction of the gravitational force the same 
as the direction of migration. For experiments 
against gravity, samples were flipped upside 
down from the initial vertical orientation after 

settling so that the direction of the gravita-
tional force was opposite the direction of 
migration. The Boyden chamber assay with 3 
µm pores was used in the same experiments 
for comparison. Neutrophils migrated for 4 h, 
and experiments were performed in triplicate. 

Results and discussion
Characteristics of fabricated 
nanofibrous membranes
Figure 2A shows field-emission scanning 
electron microscope (FE-SEM) (Nova Nano 
200; FEI Co., Hillsboro, OR) images of a 
fabricated nanofibrous membrane. The 
membranes had an almost flat, uniform 
surface, although fibers with varying 
diameters were electrospun. We also inves-
tigated the distribution of fiber diameter 
(Figure 2B), finding that most of the fibers had 
diameters of 200–500 nm. In detail, the fiber 
diameter at peak frequency was ~350 nm, 
while the maximum diameter was ~2000 nm. 
Cell migration is influenced by the pore size of 
a membrane, so we investigated the pore size 
using a mercury porosimeter (AutoPore IV 
9500; Micromeritics Instrument Co, Norcross, 
GA) with a penetrometer (s/n-14, 3 bulb, 0.412 
stem, powder). The pressure for mercury filling 
was 1.23 psi, and the equilibrium time was 10 
s. Figure 2C shows the measured distribution 
of the pore size (i.e., equivalent diameter) of 
the nanofibrous membrane. The membrane 

had varying pore sizes of up to several tens 
of micrometers, with the dominant pore size 
diameter of the membrane being between 3 
and 4 mm. In addition, pores with diameters 
of 1–10 mm comprised approximately 77% 
of the total area.

PCL is known to exhibit good cell 
adhesion, and electrospun PCL membranes 
have greater adhesion ability when compared 
with smooth surfaces (27). In addition, 
adhesion of neutrophils on electrospun 
nanofibrous membranes was observed with 
or without serum in the culture media, but the 
neutrophils cultured with serum-containing 
medium showed better adhesion than those 
cultured with serum-free medium (Supple-
mentary Figure S2).

Neutrophil migration
Migration of neutrophils through the 
membrane was evaluated by counting the 
number of neutrophils in each chamber. For 
all experimental conditions, neutrophils in the 
medium were collected from each chamber 
after 4 h of migration and were counted by 
fluorescence-activated cell sorting (FACS) by 
a Japan-made sorter, analyzer (JSAN) (Bay 
Bioscience, Kobe, Japan). We gently pipetted 
up and down 3–4 times before collecting 
media from each chamber to collect floating 
neutrophils. Figure 3A shows the migration of 
neutrophils tested using a Boyden chamber 
assay; the pore size was 3 µm, and the pore 

Figure 2. Structural properties of an electrospun nanofibrous membrane. (A) Scanning electron microscope (SEM) images of the fabricated nanofibrous mem-
brane. (B) The fiber diameter distribution and (C) the equivalent pore size distribution and differential intrusion. The thickness of the membrane was 70 ± 10 µm. 
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density was 2 × 106 pores/cm2. In experi-
ments with gravity and a conventional 
Boyden chamber membrane, the chemo-
tactic effect of IL-8 resulted in ~60% of total 
neutrophils migrating from the seeding 
chamber to the migration chamber. Indeed, 
even in the absence of chemotactic stimu-
lation, ~30% of total neutrophils migrated 
to the migration chamber. However, it was 
unclear whether the neutrophils migrated or 
simply fell through the pores due to gravity. 
In addition, this phenomenon was more 
intense for membranes with larger pores (i.e., 
8 µm) (Supplementary Figure S3). In experi-
ments against gravity, most of the seeding 
neutrophils (>70%) were found in the seeding 
chamber; fewer than 5% migrated to the 
migration chamber, even in the presence of 
IL-8. Thus, the attachment force of neutro-
phils on the conventional membrane was 
not sufficient to withstand gravity, and the 
neutrophils simply fell off the membrane. 
The results of migration experiments using 

conventional membranes could be due to 
a mix of chemotactic migration and falling 
due to gravity; isolating the true extent of 
chemotactic migration from these results is 
problematic.

Figure 3C shows an FE-SEM photograph 
of neutrophils on a conventional membrane 
of a Boyden chamber. The surface of the 
conventional membrane, including the 
sidewalls of pores, is very smooth, and there 
are no anchors that could be used by a cell 
to migrate against gravity. This could be 
more important for cells that have amoeboid 
motility, such as neutrophils, because 
adhesive forces in amoeboid migration are 
lower than those of mesenchymal migration 
(28). In contrast, the nanofibrous membrane 
has a 3-D random structure consisting of 
entangled nanofibers; neutrophils cultured 
on the nanofibrous membrane attach along 
the nanofibers, as shown in Figure 3-D. 
Therefore only ~5% of total neutrophils 
were found to have migrated in the control 

experiment; most got stuck between the 
nanofibers (Figure 3B). In the presence of 
5 ng/mL and 50 ng/mL of IL-8, 12 ± 2.6% 
and 20.8 ± 3.5% of the neutrophils migrated 
across the nanofibrous membrane to the 
migration chamber, respectively. Although 
the percentage of migrated neutrophils was 
much lower than seen with a conventional 
membrane, this result can be considered 
evidence of chemotactic migration through 
the nanofibrous membrane. In the case of 
experiments against gravity without IL-8, more 
neutrophils (~45%) were found in the seeding 
chamber, and fewer than 2% migrated to the 
migration chamber. The ratio of migrated 
neutrophils increased to only 3.5% with 5 
ng/mL of IL-8; however, this ratio increased 
to 15% with 50 ng/mL of IL-8. It has been 
shown that the activation rate of neutrophils 
with a concentration of 50 ng/mL of IL-8 is 
approximately twice that of 5 ng/mL of IL-8 
(29), which explains the increased migration 
of neutrophils.

Neutrophils inside the 
nanofibrous membrane
We examined the distribution of neutro-
phils inside the nanofibrous membrane 
by taking cryosections (Figure 4). Prior 
to cryosectioning, the nanofibrous 
membrane collected from the migration 
assay chambers was washed twice with 
PBS and stained with 4,6-diamidino-
2-phenyl indole (DAPI) ( Invitrogen, 
Carlsbad, CA) to locate the neutro-
phils. The cryosection thickness was 
12 µm, and ~100 sections were made 
per membrane.

For all experimental conditions, the 
largest proportion of neutrophils was 
found at a shallow depth (0–10 mm) 
beneath the seeding surface. Especially 
in the case of experiments with gravity, 
~60% (100 cells) of the neutrophils 
were found 0–10 mm from the seeding 
surface. However, in the presence of 
IL-8, many of the neutrophils migrated 
toward the migration chamber, and 
the number of neutrophils at depths 
of 0–20 µm significantly decreased. 
For the control sample against gravity, 
only ~45% of neutrophils were found 
near the seeding surface (0–10 mm), 
and the number of neutrophils found in 
that band was much smaller (33 cells) 
than that of the control with gravity 
(100 cells). This indicates that although 
neutrophil attachment to the nanofi-
brous membrane was higher than to 

Figure 3. Migration of neutrophils measured using a Boyden chamber assay and a nanofibrous mem-
brane assay. (A and B) Numbers of neutrophils in chambers containing either a conventional Boyden 
chamber membrane with 3-mm pores (A) or a nanofibrous membrane (B). The error bars in the fig-
ures indicate the standard deviation (*P < 0.04). Note that sum of the numbers of neutrophils in the 
seeding and migration chamber was <100%. This was due to neutrophils becoming stuck between 
the membrane nanofibers. (C and D) Scanning electron microscope (SEM) images of neutrophils on 
a conventional Boyden chamber membrane with 3-mm pores (C) or a nanofibrous membrane (D).
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a conventional membrane, some of 
the neutrophils dropped down due 
to gravity. In the presence of IL-8, 
many cells in experiments with gravity 
migrated toward the IL-8-containing 
chamber; these findings agree with the 
cell counting results.

The neutrophils cultured on the 
nanofibrous membrane were analyzed 
with confocal microscopy (FV1200; 
Olympus, Tokyo, Japan) to compare 
the ef fect of IL-8 on their morpho-
logical characteristics. Cells were 
fixed and stained with DAPI, carboxy-
fluorescein diacetate succinimidyl ester 
(CFSE) (Invitrogen, Carlsbad, CA), and 
a monoclonal anti-b-actin antibody 
(mouse IgG2a isotype; Sigma Aldrich, 
St Louis, MO) to show the nucleus, 
membrane, and actin filaments, respec-
tively. Images were taken after 4 h of 
incubation with IL-8 using the same 
assay as previously described. Figure 
4C shows that the neutrophils exposed 
to IL-8 displayed a more irregular shape 
with protrusions (white arrows). In 
addition to the morphological changes, 
the distribution of actin (in red) showed 
marked changes. Actin was distributed 
peripherally in unstimulated control cells 
(see Figure 4C); however, IL-8 induced 
polarization of the neutrophils, as well 
as localized accumulation of actin at 
lamellipodia in the cells (see Figure 
4D). Figure 4E shows the proportion of 
polarized neutrophils for  the control and 
with 50 ng/mL of IL-8. Three samples 
were used for each set of conditions, 
and the samples were fixed and stained 
using DAPI and F-actin. We acquired 
nine images per sample at random 
positions, and the number of polarized 
neutrophils was counted manually (see 
Supplementary Figure S4). As shown 
in Figure 4E, 70% of the neutrophils 
were polarized with in the presence of 
50 ng/mL IL-8, whereas only 21% were 
polarized in the absence of IL-8.

In conclusion, we have demonstrated 
3-D chemotactic migration of neutro-
phils using an electrospun nanofibrous 
membrane. The nanofibrous membrane 
consists of randomly entangled 
nanofibers and provides a 3-D micro-
environment similar to the ECM. We 
confirmed that neutrophils are able to 
migrate against gravity through a nanofi-
brous membrane,  even though many of 
the seeded neutrophils were captured 

inside of the membrane. Actin local-
ization and morphological changes in 
the neutrophils stimulated by IL-8 were 
visualized using confocal microscopy. 
Natural directions for future research 
include using the assay to study the 
migration of various cell types and the 
effects of dif ferent types of cell-cell 
interactions.
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Figure 4. Neutrophils inside the nanofibrous 
membranes. (A) Distribution of neutrophils 
with gravity. (B) Distribution of neutrophils 
against gravity. (C and D) Confocal microscopy 
images of neutrophil morphology in a nanofi-
brous membrane under control conditions (C) 
or in the presence of 50 ng/mL IL-8 (D). White 
arrows indicate lamellipodia. (E) Proportion of 
polarized neutrophils under control conditions 
or in the presence of 50 ng/mL (*P < 0.04).
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