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a b s t r a c t

Leukocyte infiltration plays critical roles in tissue inflammation for pathogen clearance and tumor
eradication. This process is regulated by complex microenvironments in blood vessels, including
inflamed endothelium, blood flow, and perivascular components. The role of perivascular components in
leukocyte infiltration has not been systematically investigated until recently mostly due to lack of
technology. In this work, we developed a three-dimensional multi-layered blood vessel/tissue model
with a nanofiber membrane, enabling real-time visualization of dynamic leukocyte infiltration and
subsequent interaction with perivascular macrophages. We directly fabricated a highly aligned, free-
standing nanofiber membrane with an ultra-thin thickness of ~1 mm in microfluidic systems. Coating
the nanofiber membrane with matrigel showed synergetic topographical and biochemical effects on the
reconstitution of a well-aligned endothelial monolayer on the membrane. Our 3D multi-layered blood
vessel/tissue model will offer a powerful and versatile tool for investigating the mechanism of leukocyte
tissue infiltration and subsequent immune responses.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Leukocytes circulating in the bloodstream infiltrate inflamed
tissues to mount local immune responses [1e3]. Leukocyte infil-
tration is critical for the clearance of pathogens and eradication of
tumors, but uncontrolled leukocyte infiltration can also cause tis-
sue damage and autoimmune diseases [3,4]. To infiltrate tissues,
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leukocytes must breach blood vessels comprising multiple layers of
cells and extracellular matrices (ECMs). The dynamic interactions
between leukocytes and the various components of blood vessels,
known as the “leukocyte adhesion cascade,” is an active area of
research [5,6]. A parallel-plate flow chamber system comprising a
fluid channel attached on a 2D endothelial cell monolayer has been
widely used as an in vitro model system to study the details of
leukocyte adhesion dynamics in inflamed endothelium in the
presence of shear flow. However, this 2D model system lacks per-
ivascular components, including the basement membrane, peri-
cytes, perivascular macrophages, and mast cells; thus, it may not
fully recapitulate the complex microenvironment of the blood
vessel/tissue interface.

The role of perivascular components in regulating leukocyte
tissue infiltration has not been systematically investigated until
recently due to technical difficulties. A recent intra-vital imaging
technique visualizing perivascular cells revealed their distinct roles
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in regulating leukocyte dynamics within blood vessels. On one
hand, they directly interact with leukocytes by cellecell contact [7].
On the other hand, they indirectly regulate immune
celleendothelium interactions by secreting chemokines or cyto-
kines [7,8]. To systematically investigate the roles of perivascular
cells in regulating leukocyte infiltration and effector functions, 3D
model systemsmimickingmulti-layered blood vessel structures are
needed. In addition, we need to directly observe cellecell in-
teractions in the presence of shear flow.

Diverse microfluidic platforms have been developed to analyze
the dynamic events of tissue infiltration by leukocytes and eluci-
date the underlying mechanisms. Collagen gel-incorporated
microfluidic devices model the dynamic 3D microenvironment
encountered in vivo [9e11]. However, the vertical configuration of
endothelial layers in this model restricts the observation of indi-
vidual leukocytes during tissue infiltration. Incorporating a
microporous membrane into a microfluidic device has been pro-
posed for the in situ observation of leukocyte extravasation and
interstitial migration [12]. Although this assay provides a versatile
tool for studying leukocyte dynamics in 3D blood vessel/tissue in-
terfaces, it mimics native vascular microenvironments poorly
because they use conventional porous membranes with artificial
pores. The artificially designed pores, lower porosity, and greater
thickness (approximately 10 mm) of the membrane compared with
those of the in vivo basement membrane lead to a lack of the
topographical structure known to provide important biophysical
signals to cells [13,14], and limited the intercellular interaction
between the endothelium and perivasculature. Hydrogel-based
membranes, which has physiologically relevant stiffness with
~10 mm of thickness, was developed [15], but it still lacks fibrous
topographical structures and ultrathin thickness of native base-
ment membranes. Thus, it is definitely valuable to develop a more
physiologically relevant membrane for 3D blood vessel/tissue
model.

Electrospinning, which enables the fabrication of nanofibers in a
simple and versatile way, has been widely used to reconstruct
nanofibrous ECM-mimetic microenvironments [16e18]. Electro-
spun nanofibers are generally interconnected and form a two-
dimensional nanofiber membrane that possesses unique advan-
tages, including high porosity, tunable dimension, and selection of
a wide range of materials [16]. Although several researchers have
attempted to develop physiologically relevant, multi-layered
models on randomly oriented, free-standing nanofiber mem-
branes [19,20], these nanofibermembranes are tens of micrometers
thick, resulting in reduced intercellular interaction across the
membrane and low light transmittance, which critically hampered
real-time visualization of cellular dynamics. In addition, electro-
spun nanofiber membranes should possess a free-standing
configuration for the reconstruction of a multi-layered
bloodetissue interface, with an endothelial layer and perivascular
components on both sides of the membrane. However, conven-
tional electrospinning generally produces nanofiber membranes
that adhere strongly to a conductive electrode. Thus, the fabrication
of an ultra-thin and free-standing nanofiber membrane is chal-
lenging because it must be manually detached and transferred,
resulting in low reproducibility or misalignment.

In this work, we attempted to overcome the difficulty of fabri-
cation of an ultra-thin (1-mm thick), free-standing nanofiber
membrane using electrolyte-assisted electrospinning with site-
selective surface modification (ELES-S2M) [21,22]. ELES-S2M,
which uses an electrolyte solution to collect electrospun nanofibers
instead of a metal collector, directly fabricates a spatially aligned
nanofiber membrane on an insulator substrate without manual
manipulation. Further optimization of the ELES-S2M process facil-
itated the fabrication of an ultra-thin, free-standing, highly aligned
nanofiber membrane in a microfluidic system. Given that endo-
thelial cells in blood vessels are uniaxially oriented, highly aligned
nanofiber membranes have been used to provide an instructive
topographical cue for the alignment of the endothelium [18]. To
impart an in vivo mimetic biochemical composition, the nanofiber
membrane was coated with matrigel, thereby promoting the
reconstruction of a well-aligned endothelial monolayer. We
tailored the thickness of the nanofiber membrane by controlling
the electrospinning time to achieve fine transparency, allowing for
direct visualization of T cells migrating across endothelial layers
and interacting with perivascular macrophages beneath the
nanofiber membrane in real time. In our system, perivascular
macrophages promoted T cell infiltration and triggered the migra-
tion of activated T cells across endothelial layers, recapitulating the
role of perivascular macrophages observed in vivo [8,23]. Our
in vitro 3D blood vessel/tissue model based on the nanofiber
membrane can be an ideal platform to investigate roles of peri-
vascular cells on leukocyte tissue infiltration and subsequent im-
mune responses in 3D microenvironments.

2. Results

2.1. Fabrication of a highly aligned, free-standing nanofiber
membrane

Polycaprolactone (PCL) was used to fabricate a nanofiber
membrane because of its wide use in electrospinning and excellent
biocompatibility. Fig. 1a schematically shows the fabrication of a
highly aligned, free-standing nanofiber membrane on a through
hole in a polymer substrate using ELES-S2M. Recently, it has been
reported by our group that ELES-S2M enables the production of
spatially aligned nanofiber membranes on a polymer surface
without the use of a metal collector [22]. The nanofiber membrane
fabricated by ELES-S2M strongly adhered to the polymer surface
and lacked the free-standing nature that is a prerequisite for a 3D
multi-layered blood vessel/tissue model. To achieve a free-
standing, spatially aligned nanofiber membrane, a through hole
was introduced at the center of a polymethylmethacrylate (PMMA)
substrate. Next, two separated hydrophilic regions at opposite sides
of the through hole were prepared by selective oxygen plasma
treatment on the PMMA substrate using a polyethylene tere-
phthalate (PET) tape mask placed at the center of the PMMA sub-
strate. A potassium chloride (KCl) electrolyte solution serving as a
temporal collector for electrospinning was selectively positioned
on the two hydrophilic regions, forming an insulating gap between
them over the through hole. ELES-S2M was then performed using a
PCL solution, resulting in a highly aligned PCL nanofiber membrane
on the insulating gap over the through hole and randomly oriented
PCL nanofiber membranes on the two regions of the electrolyte
solution. The center section of the highly aligned nanofiber mem-
brane located on the through hole was naturally floating, although
the two sections of randomly oriented nanofiber membranes
adhered to the substrate, which stably supported the entire nano-
fiber membrane. Cross-sectional scanning electron microscopy
(SEM) examination confirmed the free-standing nanofiber mem-
brane and the highly aligned nanofibers over the through hole, as
shown in Fig. 1bei and b-ii, respectively. The side wall of the hole
was also observed through the free-standing nanofiber membrane
in the SEM image in Fig. 1bei, revealing the transparency of the
membrane. The average diameter of the highly aligned nanofibers
was ~360 nm, with most in the range of 200e500 nm (Fig. 1c). In
addition, the porosity of the nanofiber membrane was character-
ized bymeasuring pore size distribution (Fig. 1d). Previous research
based on collagen matrixes demonstrated that >4 mm2 are required
for leukocyte migration through fibrous matrixes [24]. Given that
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the nanofiber membrane has the average pore size of 4.6 mm2, and
more than 35% of its pores have an area over 4 mm2, the nanofiber
membrane should allow leukocyte transmigration across it. We
evaluated the level of nanofiber alignment using fast Fourier
transform (FFT). Fig. 1e shows FFT results of the highly aligned
nanofiber membrane shown in Fig. 1beii and that of a randomly
oriented nanofiber membrane used as the control. A sharp peak of
FFT intensity at 90� was observed in case of the aligned nanofiber
membrane, whereas a wide distribution of FFT intensity was ob-
tained for the random nanofiber case, confirming a high level of
nanofiber alignment in the membrane shown in Fig. 1beii.

2.2. Ultra-thin nanofiber membrane with semi-transparency

The optical property of the highly aligned, free-standing nano-
fiber membranes fabricated using electrospinning times of 7, 9, and
11min was evaluated (Fig. 2). Of the 3 samples, the nanofiber
membrane with an electrospinning time of 7min was found to be
semi-transparent such that the university emblem underneath the
nanofiber membrane was clearly visible (Fig. 2a, ieii). The magni-
fied SEM image indicated that the nanofibers were well-aligned
regardless of the electrospinning time (Fig. 2a, ivevi). Many
Fig. 1. Schematic of electrolyte-assisted electrospinning via site-selective surface modifica
Experimental setup of ELES-S2M for in situ fabrication of the nanofiber membrane on a
nanofiber membrane, and (b-ii) its magnified image. (c) Fiber diameter distribution with
distribution vs. detection angle (0e180�) for aligned (blue dashed line) and randomly orien
aligned (left inset) and randomly oriented (right inset) nanofibers. Scale bars: (bei) 500 mm
reader is referred to the Web version of this article.)
nano-to micrometer-sized pores were observed through the well-
aligned nanofibers in the nanofiber membranes fabricated using
7 and 9min electrospinning times (Fig. 2a, ivev). The light trans-
mittance was impeded with an increased electrospinning time,
which is attributed to the increase in the thickness of the nanofiber
membrane (Fig. 2b and c). The nanofiber membrane with 7min
electrospinning time showed a minimum thickness of 1.3 mm and a
maximum light transmittance of 40%e70% in the range of
300e850 nm, where most of the excitation and emission wave-
lengths of the fluorescent dyes are located. Light transmittance
above 40% allowed for the observation of cells adhered to both the
top and bottom faces of the membrane using fluorescence micro-
scopy. In contrast, the randomly oriented nanofiber membrane has
a light transmittance below 30% even with electrospinning time of
30 s as shown in Fig. S1 in Supplementary Information (SI), which
hindered the real-time visualization of leukocyte dynamics. Thus,
the enhanced light transmittance is another important benefit of
aligning nanofibers. Furthermore, the ultra-thin 1.3-mm nanofiber
membrane allowed for the investigation of in situ cells on the top
and bottom surfaces of themembrane, withminimal changes in the
focal plane of the microscope, for optical z-sectioning. The size of
the nanofiber membrane could be readily controlled by changing
tion (ELES-S2M) to fabricate a highly aligned, free-standing nanofiber membrane. (a)
PMMA substrate. (bei) Cross-sectional SEM image of a highly aligned, free-standing
a fitting curve by Gaussian distribution. (d) Pore are distribution. (e) Radial intensity
ted (red dotted line) nanofibers. Insets: two-dimensional FFT images generated from
and (b-ii) 20 mm. (For interpretation of the references to color in this figure legend, the



Fig. 2. (a) Photographs showing (ieii) the highly aligned nanofiber membrane and (ivevi) the relevant magnified SEM image with 7, 9, and 11min electrospinning time. Scale bar:
(ieii) 500 mm and (ivevi) 20 mm. (b) Optical transmittance of the membrane according to the electrospinning time. (c) Plot of membrane thickness versus electrospinning time.
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the dimension of the through hole (Fig. S2 in SI). With ELES-S2M
process, we could produce an ultra-thin, aligned, free-standing
nanofiber membrane up to a size of 5� 1 cm2, which is sufficient
for many tissues/organs on chips applications.

2.3. Aligned endothelial layer formation on the aligned nanofiber
membranes

In blood vessels, endothelial cells attached to the thin, fibrous
basement membranes form monolayers with junctions to regulate
material transfer across blood vessels. Typically, endothelial cells
are aligned to the direction of blood flow in native blood vessels
[25]. Endothelial cell alignment is important in modulating leuko-
cyte trans-migration across the endothelium [26,27]. Because
endothelial cell alignment can be achieved by surface nano-
topography [26,28], aligned nanofiber membranes with 1.3-mm
thickness can serve as an ideal platform for artificial basement
membranes of blood vessels that support both endothelial cell
monolayer formation and direct alignment. To implement this
possibility, we first coated them with matrigel, which contains key
biochemical components of basement membranes [29]. The mu-
rine brain endothelial cell line bEnd.3 was then cultured on the
matrigel-coated or bare nanofiber membranes for 2 days, and
viability and proliferation of endothelial cells were assessed by
microscopy. No detectable cell death was observed, meaning our
nanofiber membranes are cyto-compatible. Overall, endothelial
cells cultured on matrigel-coated nanofiber membranes grow
better than endothelial cells cultured on uncoated bare nanofiber
membranes (Fig. 3a). To visualize intercellular junction formation,
endothelial cells were grown on nanofiber membranes and stained
with VE-cadherin antibody to visualize intercellular junction for-
mation. Endothelial cells cultured on matrigel-coated, aligned
nanofiber membranes were aligned in the direction of the nano-
fibers and formed a confluent monolayer, with high VE-cadherin
staining at intercellular junctions (Fig. 3bei). In contrast,
confluent layers of randomly oriented endothelial cells formed on
matrigel-coated, randomly oriented nanofiber membranes
(Fig. 3beii). In the absence of matrigel coating, endothelial cells
partially covered the nanofiber membranes and failed to form
intercellular junctions (Fig. 3beiii). These results suggest that the
synergetic biophysical and biochemical effects induced by nano-
fibers and matrigel, respectively, were essential to the formation of
an aligned, confluent monolayer of endothelial cells. Endothelial
cell alignment was quantified bymeasuring the angles between the
direction of the nanofiber and the cell elongation axis (Fig. 3c, left).
Cell elongation axis of the ECs was defined by connecting both ends
of a cell border using VE-cadherin immunofluorescence images
(Fig. S3 in SI). The angles of about 50 cells on highly aligned or
randomly oriented nanofiber membranes were measured, and the
angular distributions were plotted (Fig. 3c, right). As expected,
more than 80% of the endothelial cells on the highly aligned
nanofiber membranes had angles between 0 and 10�. In contrast,
endothelial cells on the randomly oriented nanofiber membranes
exhibited uniform angular distribution, indicating that the cells
were randomly oriented (Fig. 3c, right). In addition, aligned actin
stress fibers were formed in EC monolayers on matrigel-coated
aligned nanofiber membranes along the direction of nanofiber
alignment (Fig. S4 in SI), similar to the case of cells grown on rigid
substrates with nanogroove structures [30,31]. Lastly, we assessed
the integrity of endothelial monolayers formed on matrigel-coated
nanofiber membranes by measuring trans-endothelial electrical
resistance (TEER). Endothelial cells cultured on commercially
available transwell membranes were used as a positive control.
TEER value of endothelial cell monolayer cultured on matrigel-
coated nanofiber membranes was comparable to that of endothe-
lial cell monolayer cultured on transwell membranes (Fig. 3d),
meaning matrigel-coated nanofiber membranes supported full
endothelialization. In addition, when endothelial cells on matrigel-
coated nanofiber membranes were treated with EDTA, TNF-a, and
hydrogen peroxide, which are known to weaken adherens junc-
tions [32e34], TEER values were significantly decreased, further
confirming functional intercellular junction formation (Fig. 3e).



Fig. 3. (a) Proliferation of endothelial cells seeded on nanofiber membranes. (b) Representative fluorescence images of endothelial cells (ECs) on matrigel-coated aligned nanofiber
membranes (i), matrigel-coated, randomly oriented nanofiber membranes (ii), and bare aligned nanofiber membranes (iii). Intercellular junctions were stained with anti-VE
cadherin (red), and nuclei were stained with Hoechst (blue). Scale bar: 30 mm. (c) Definition of endothelial cell orientation angle (q) with respect to the nanofiber orientation
direction (left) and angular distribution of ECs cultured on matrigel-coated aligned or randomly oriented nanofiber membrane (right). In each case, N¼ 50. (d) TEER values of
endothelial cells cultured on various types of membranes. (e) Effect of EDTA, TNF-a, and ROS (H2O2) treatment on TEER values of endothelial cells cultured on matrigel-coated
nanofiber membranes. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Together, these data indicate that we successfully constructed an
aligned endothelium model mimicking the endothelial/basement
membrane layers of blood vessels using matrigel-coated aligned
nanofiber membranes.
2.4. Visualizing T cell tissue infiltration dynamics in 3D blood
vessel/inflamed tissue model

Next, we constructed 3D blood vessel/tissue models using the
aligned endothelium models (Fig. 4a, left). Gels of collagen I, a
major component of connective tissue [35], were formed below the
Fig. 4. (a) Experiment settings for T cell tissue infiltration assay using a 3D blood vessel/infla
inflamed blood vessels for T cell tissue infiltration (right). (b) Representative time-lapse
adhesion/crawling/detachment transitions (lower). Elapsed time: mm:ss. (c, d) Quantifica
of TNF-a (c), and under the stimulation of 100 nM of TNF-a with the addition of various co
ultra-thin, aligned nanofiber membrane beneath the aligned
endothelium. A flow channel was attached on top of the aligned
endothelium to apply a medium containing T cells, the subset of
leukocytes responsible for antigen-specific cellular immune re-
sponses. To mimic tissue inflammation, various concentrations of
inflammatory cytokine TNF-a were added to the collagen I gels
beneath the nanofiber membranes. During tissue inflammation,
inflammatory cytokines produced by tissue-resident stromal cells
diffuse to the endothelium, where they stimulate endothelial cells
[3]. Stimulated endothelial cells induce leukocytes in the blood-
stream to undergo a series of adhesion cascades that result in
med tissue model based on nanofiber membranes (left), and T cell adhesion cascade on
images showing crawling/TEM/sub-endothelial migration transitions (top), and
tion of T cells in each adhesion cascade under the stimulation of various concentrations
ncentrations of anti-LFA-1 (d).
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rolling, firm adhesion, intraluminal crawling, transendothelial
migration (TEM), and subendothelial migration, eventually infil-
trating the inflamed tissue (Fig. 4a, right) [5,6]. Medium containing
DO11.10 T cell blasts, a line of activated primary murine CD4þ T
cells, was perfused into the flow channel, and the dynamics of
DO11.10 cells were observed in real time. The transparency of the
ultra-thin (1.3-mm thick) nanofiber membrane allowed full visual-
ization of the entire leukocyte adhesion cascade. In some cases,
cells crawling on inflamed endothelial layers exhibited successful
TEM (Fig. 4b, top and Movie S1 in supplementary information [SI]).
In other cases, crawling cells were detached by shear flow (Fig. 4c,
bottom and Movie S2 in SI). The fraction of cells that exhibited
successful TEM over 30min of time-lapse imaging gradually
increased as the concentration of TNF-a increased (Fig. 4c), similar
to previous observation [36,37], indicating that the degree of
leukocyte infiltration is modulated in a concentration-dependent
manner by cytokines produced in inflamed tissues. When we
added antibodies blocking lymphocyte function-associated antigen
1 (LFA-1), a key integrin regulating leukocyte adhesion cascades
[1,3], T cell crawling and TEM were decreased dose-dependent
manners (Fig. 4d). This result means that our blood vessel/tissue
model system can be used to screen anti-inflammatory drugs tar-
geting leukocyte adhesion cascades [3].

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.biomaterials.2018.03.053.

2.5. Roles of perivascular macrophages on T cell tissue infiltration
and activation

In native blood vessels, the endothelial layers are wrapped with
perivascular cells, including pericytes, perivascular macrophages
(PVMs), and smooth muscle cells embedded in the basement
membrane [5,38]. Perivascular cells communicate with endothelial
cells to modulate blood vessel functions [8,39]. Our nanofiber
membrane-based systemmay be an ideal platform for investigating
the function of perivascular cells because the ultra-thin, highly
porous structure of these membranes allows active cellecell
communication between endothelial and perivascular cells. In
this study, we extended our system to include PVMs. The role of
PVMs in regulating leukocyte infiltration is not fully understood. In
skin bacterial infections, PVMs recruit neutrophils in venules into
inflamed tissue by secreting various soluble factors [8]. In brain
autoimmune diseases, PVMs serve as antigen presenting cells
(APCs), further activating T cells to increase inflammatory infiltra-
tion. We attached RAW264.7 cells, a murine macrophage cell line,
to the bottom surface of the nanofiber membranes (opposite the
side bearing endothelial cell layers) and assembled the 3D flow
chamber shown in Fig. 5a. Projected cross-sectional images
reconstituted from confocal images clearly show that
RAW264.7 cells were sparsely adhered to the surface opposite the
endothelial cell layer (2.1%± 0.7% surface coverage). The final
construct was a multi-layered blood vessel mimetic structure
comprising an aligned endothelial monolayer, a matrigel-coated,
aligned nanofiber membrane, PVMs, and collagen gel (Fig. 5a).
Using this multi-layered blood vessel mimetic system, we first
investigated the influence of the perivascular macrophages on tis-
sue infiltration by leukocytes. Macrophages were stimulated with
various concentrations of lipopolysaccharides (LPSs), and attached
to the bottom side of the nanofiber membranes. LPS-stimulated
macrophages were extensively washed prior to attaching to
nanofiber membranes to prevent ECs being activated by residual
LPS. LPS-stimulated macrophages produced a variety of inflam-
matory cytokines, including TNF-a [40], and reactive oxygen spe-
cies (Fig. S5 in SI). Cytokines and small molecules produced by LPS-
stimulated PVMs attached beneath the nanofiber membranes are
likely to diffuse through them to activate endothelial cells attached
to themembranes, thereby promoting leukocyte adhesion and TEM
by upregulating adhesion molecules [26]. To test this possibility,
endothelial cells were co-cultured with underlying LPS-stimulated
PVMs for 12 h, and expression levels of adhesion molecules,
including vascular cell adhesion molecule 1 (VCAM-1) and E-
selectin, on endothelial cells were examined as markers for endo-
thelial cell activation (Fig. S6 in SI). LPS-stimulated PVMs under-
neath nanofiber membranes triggered substantial upregulation of
VCAM-1 and E-selectin on endothelial cells, suggesting TNF-a and
ROS secreted by PVMs were transmitted through nanofiber mem-
branes and activated endothelial cells. DO11.10 cells were then
perfused through the flow channel, and the number of adhered
cells and TEM per unit area was measured by time-lapse micro-
scopy for 30min (Fig. 5b). The LPS-stimulated PVM increased T cell
adhesion and TEM per area in a dose-dependent manner, indicating
that inflammatory cytokines produced by PVMs passed through the
nanofiber membranes to activate endothelial cells.

Projected cross-sectional images revealed that the number of T
cells successfully crossing the endothelial layers increased with
time, and the majority of T cells trans-migrated to sub-endothelial
compartments within 4 h (Fig. 6a) and contacted PVMs. Next, we
directly visualized interactions between T cells and PVMs to
examine whether PVMs could serve as APCs to activate T cells. The
DO11.10 T cells used in the present study are T cell receptor (TCR)
transgenic T cells that express TCR specificity for an ovalbumin
peptide fragment (OVA-peptide) presented on the H2d class II
major histocompatibility complex (MHC). Because RAW264.7 cells
express H2d on their surface, we can directly load OVA-peptide for
antigen presentation. When Tcells encounter APCs presenting their
cognate antigens, they make prolonged contact, with elevated
intracellular calcium levels serving as the signal downstream of TCR
[41,42]. To visualize interactions among T cells, the cytoplasm of
PVMs was labeled with CMTMR (red fluorescent dye) and T cells
were labeled with the fluorescence calcium indicator Fluo-3.
Cytoplasmic calcium levels were visualized by normalized Fluo-3
fluorescence intensity, the ratio of the Fluo-3 fluorescence in-
tensities of T cells contacting PVMs, and the average Fluo-3 fluo-
rescence intensity of T cells away from PVMs. Representative time-
lapse images of T cells interacting with PVMs with and without
OVA-peptide loading are shown in Fig. 6b and c. T cells interacting
with OVA-peptide-loaded PVMs (OVA-PVMs) made prolonged
contact, and high cytoplasmic Ca2þ levels were observed (Fig. 6b;
Movie S3 in SI). In contrast, T cells interacting with PVMs without
OVA-peptide loading made transient contact, and basal cyto-
plasmic Ca2þ levels were observed (Fig. 6c and Movie S4 in SI). The
average duration of T cellePVM contact increased by approximately
3 times by OVA-peptide loading on PVMs (8.4± 4.2min without
OVA-peptide vs. 24.8± 8.4min with OVA-peptide) as shown in
Fig. 6d. Importantly, the duration of contact between cells and OVA-
PVMs was underestimated in our 30min of live cell imaging
because ~60% of the T cells made stable contact with OVA-PVMs
throughout the imaging experiments, indicating that the duration
of contact would have increased if we had observed for a longer
period of time. The normalized Fluo-3 fluorescence intensities of T
cells contacting PVMs without OVA-peptide presentationwas close
to 1.0, indicating that their cytoplasmic calcium level was similar to
that of those not contacting PVMs. In contrast, the normalized Fluo-
3 fluorescence intensity of T cells contacting OVA-PVMs was
1.22± 0.13, indicating that the cytoplasmic calcium level of T cells
contacting OVA-PVMs was ~15% higher than that of T cells con-
tacting PVMs without OVA-peptide (Fig. 6e). Cytoplasmic calcium
levels of T cells contacting OVA-PVMs were comparable to those of
T cells stimulated with 1 mg/mL of surface-bound anti-CD3/28
(Fig. S7 in SI), which triggers sufficient signals for full T cell

https://doi.org/10.1016/j.biomaterials.2018.03.053


Fig. 5. (a) Schematic illustration of nanofiber membranes with endothelial cells attached to the top side, macrophages attached to the bottom side, and projected cross-sectional
image of endothelial cells and macrophages attached on both sides. Projected cross-sectional image was obtained by integrating x-z cross-sectional images reconstituted from
confocal z-section images onto a single x-z plane. (Green, VE-cadherin in endothelial cells; Red, macrophages) (b) Effects of PVMs on adhesion and TEM of T cells. Number of
adhered T cells or TEM per unit area (mm2) was measured and plotted. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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activation [43]. Taken together, these results suggest that OVA-
PVMs served as APCs, triggering TCR-mediated activation signals
in DO11.10 T cells, recapitulating the role of PVMs in brain auto-
immune diseases [23]. This result is the first on-chip demonstration
of perivascular cell-mediated regulation of leukocyte infiltration.
Previous 3D model systems for the study of leukocyte infiltration
lacked perivascular cells and primarily focused on
leukocyteeendothelial cell interactions [9,10,12]. Ultra-thin nano-
fiber membranes enabled the assembly of perivascular cells in close
proximity to endothelial layers, thus facilitating endothelial cell
activation by inflammatory cytokines secreted by PVMs. In addi-
tion, T cells that successfully underwent TEM were subsequently
activated by PVMs presenting antigens. This system emulates two
key features of PVMs: endothelial cell activation by soluble factors
and T cell activation by antigen presentation. Thus, our multi-layer
blood vessel/tissue model based on ultra-thin nanofiber mem-
branes would be an ideal platform to reconstruct multi-layered
blood vessels for investigating the role of perivascular cells in
blood vessel functions, including leukocyte infiltration, under
various physiological and pathological circumstances.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.biomaterials.2018.03.053.
3. Discussion

In this study, we demonstrated blood vessel/inflamed tissue
model for leukocyte infiltration study using ultra-thin, aligned,
free-standing nanofiber membranes fabricated by ELES-S2M. One
of the most significant advantages of using ELES-S2M is that it can
directly fabricate and integrate an ultra-thin, aligned, and optically
transparent electrospun nanofiber membrane onto the desired
polymer platform. The rotating-collector-based method has been
widely utilized to produce an aligned nanofiber mat [44,45].
However, to integrate the aligned nanofiber mat fabricated by the
rotating-collector-based method with a microfluidic-based co-
culture platform, the nanofiber mat should be detached from the
rotating collector and transferred to the platform. During detach-
ment or transfer steps, the nanofibermembrane of ~1 mm-thickness
can be damaged due to the ultra-thin feature, which is essential for
optical transparency. Given that ELES-S2M enabled simultaneous
fabrication and integration of the nanofiber membrane on a desired
substrate without detachment or transfer, ELES-S2M provided an
effective method to integrate an ultra-thin, aligned, free-standing
nanofiber membrane with a fluidic channel. The electrolyte solu-
tion played a role as a sacrificial collector, i.e., a collector used
during electrospinning, and was removed thereafter. Thus, the

https://doi.org/10.1016/j.biomaterials.2018.03.053


Fig. 6. (a) Projected cross-sectional images of T cells migrating across endothelial layer/nanofiber membrane/collagen gels at two different time points (30min and 4 h). (b, c)
Representative time-lapse images of perivascular macrophages (PVMs, white/gray dotted lines) interacting with T cells (rainbow pseudocolor/arrows) in the presence (b) or absence
(c) of OVA-peptide. Rainbow pseudo color in T cells indicates cytoplasmic calcium levels. (d) T cellePVM contact duration. In each case, N¼ 32. (e) Normalized Fluo-3 intensity of T
cells contacting perivascular macrophages. In each case, N¼ 273. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this
article.)
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nanofiber membrane could be directly integrated with the polymer
substrate without any residual metal or electrolyte solution col-
lector. As previously reported, the ELES-S2M process produces
randomly oriented nanofibers on the electrolyte solution due to the
bending instability [22]. Aligned nanofibers are fabricated on the
insulating gap between the two separated regions of the electrolyte
solution by the electrostatic force [46]. Furthermore, creating a
through hole between the hydrophilically modified regions facili-
tates the direct fabrication of a highly aligned, free-standing, ultra-
thin nanofiber membrane (thickness, 1.3 mm) without damage or
misalignment. Considering ELES-S2M is compatible with a variety
of polymer substrates, including not only rigid polymers but also
elastomers such as poly(dimethylsiloxane) (PDMS) [21], nanofiber
membranes fabricated by ELES-S2M would be widely used to
recapitulate in vivo dynamic mechanical environments in organ-
on-a-chip.

Blood vessels are composed of multiple types of cells, including
endothelial cells, mesenchymal cells such as smooth muscle cells
(SMCs) and pericytes, and immune cells such as PVMs and mast
cells. Fabrication of multilayered artificial blood vessels composed
of multiple types of cells is an active area of research. So far, most
study fabricated endothelial cells enwrapped with mesenchymal
cells, either SMCs [47] or pericytes [48,49], depending on the types
of blood vessels that they wanted to mimic, but incorporation of
immune cells such as PVMs or mast cells has not been reported to
our knowledge. In this study, we fabricated multilayered blood
vessel mimetic system composed of endothelial cells and PVMs,
and recapitulated EC-PVM interactions via ultra-thin nanofiber
membranes. ECs activated by PVMs induced TEM of T cells in blood
stream, which subsequently interacted with PVMs for further
activation. While addition of pericytes, which is a major mesen-
chymal cell in postcapillary venules where leukocyte infiltration
mostly occurs, into our system would be an interesting future
study, this is the first in vitro demonstration of complex tri-cellular
interactions among ECs, PVMs, and T cells.

Given that blood vessels in vivo typically have tubular structures,
a tubular-shaped model may be more physiologically relevant
compared to a rectangular-shaped channel with a flat substrate
covered with an EC monolayer used in this study. However, EC
monolayers on flat substrates covered with the rectangular chan-
nels have beenwidely utilized to investigate the role of shear stress
on leukocyte adhesion dynamics due to the facile fabrication and
precise modulation of the flow rate and shear stress induced by the
flow [26,50,51]. More importantly, ECmonolayers on flat substrates
enabled effective visualization of T cell dynamics on and under EC
layers. In our flat system, T cell-EC interactions, including adhesion,
crawling, and TEM, occur at the same imaging plane slightly above
EC monolayers, whereas T cell-PVM interactions occur several
micrometer below EC monolayers, thus two distinct events can be
separately monitored by changing imaging planes using a normal
wide-field fluorescence microscope. In contrast, visualization of
these complex and dynamic cellular interactions would require
sophisticated imagingmodality with complicated image processing
for tubular shaped blood vessels. Considering the primary purpose
of this work is the development of multilayered blood vessel/tissue
model for leukocyte infiltration study that requires real-time
monitoring of leukocyte dynamics across blood vessel/tissue, the
planar vascular structure used in our study may have clear ad-
vantages compared with the tubular native vascular structure.

4. Conclusion

We have developed a highly aligned, free-standing nanofiber
membrane with an ultra-thin thickness of about 1.3 mmon a PMMA
channel using ELES-S2M. In addition, we developed an in vitro 3D
multi-layered blood vessel/tissue model using the matrigel-coated
nanofiber membrane, enabling full visualization of the entire
leukocyte adhesion cascade. This construct may provide a new
application of free-standing nanofiber membranes as a basement
membrane template for in vitro blood vessel chips. Therefore, we
suggest that such devices be used to extend our current knowledge
of leukocyte dynamics in an inflamed endothelium and to estimate
the effect of experimental drugs on blood vessels.

5. Experimental section

5.1. Preparation of PMMA substrates

A 40� 30mm PMMA substrate (Goodfellow Co. Coraopolis, PA,
USA) of 175-mm thickness was prepared, and a 2� 2mm through
hole was created at the center of the substrate using a laser cutter
(IS350, INNOSTA). PET adhesive tape was used for the tape mask
fabrication that was previously reported [22]. A 5-mm wide PET
adhesive tape was prepared by laser cutting and transferred to the
center of the PMMA substrate covering the through hole. The tape-
masked PMMA substrate was treated by oxygen plasma (VITA1,
Femto Science). The plasma parameters were as follows: plasma
power, 50W; plasma treatment time, 60 s; and flow rates of oxygen
and argon, 100 and 10 sccm, respectively.

5.2. Electrolyte-assisted electrospinning with site-selective surface
modification

For electrolyte-assisted electrospinning, PCL (80 000 g/mol),
chloroform, and KCl were purchased from Sigma-Aldrich (St. Louis,
MO, USA), and methanol was supplied by Samchun Pure Chemical.
A 7.5wt% PCL solution was prepared with a mixture of chloroform
and methanol in a 3:1 vol ratio, followed by magnetic stirring for
12 h at room temperature. The PCL solution was loaded into a glass
syringe and delivered through a 23-G metal capillary at a flow rate
of 0.5mL/h using a syringe pump (KDS200, KD Scientific Inc. Hol-
liston, MA, USA). A 0.5M KCl solution was selectively placed on the
hydrophilically modified regions of the PMMA substrate. An elec-
trical potential of 19 kV was applied between the electrolyte solu-
tion and the metal capillary using a power supply (HV30, NanoNC,
Seoul, South Korea). The substratewas placed 20 cm from themetal
capillary.

5.3. Evaluation of electrospun nanofiber membrane

The diameter and alignment of electrospun nanofibers were
quantified from 9 sample images captured by SEM. To obtain the
average fiber diameter, more than 25 fibers were randomly
selected, and the diameters were measured from SEM images
(6000�magnification). To evaluate the pore size distribution, we
randomly selected more than 50 pores in three samples of the
nanofiber membrane, and obtained the pore area of the nanofiber
membrane from the binarized SEM images (6000�magnification)
by Image J software (http://rsbweb.nih.gov/ij/). The alignment of
nanofibers was analyzed using an image-processing technique re-
ported elsewhere [52]. Fast Fourier transform (FFT) was performed
on a square region of 1024� 1024 pixels in the binarized SEM
image. The radial sum of the resulting FFT output was plotted to
check for the presence of a peak, which could be used to evaluate
the alignment of electrospun nanofibers. To measure the thickness
of the electrospun nanofiber membrane, a previously developed
method was employed [21]. Before measurement, an additional
procedure was conducted to maintain the morphology of the ultra-
thin nanofiber membrane after cutting. The prepared membrane
was immersed in an uncured PDMS mixture (PDMS: curing agent,

http://rsbweb.nih.gov/ij/
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10:1) and baked for 24 h on a 50 �C hot plate. The thickness of the
membrane was obtained using averaged measurements of 10
equally spaced locations in the cross-section image of the PDMS-
immersed nanofiber membrane. To quantify the influence of elec-
trospinning time, the thickness of the membrane fabricated with 7,
9, and 11min electrospinning time was evaluated. The optical
transmittance of a highly aligned nanofiber membrane was
measured at room temperature using a UVevis spectrophotometer
(Cary 5000, Agilent Technologies, Santa Clara, CA, USA) in the
wavelength range of 300e1100 nm. Measured transmittance was
normalized with respect to air after baseline subtraction.

5.4. Cell culture

bEnd.3 and RAW264.7 cells were cultured in DMEM (Capricorn
Scientific, Ebsdorfergrund, Germany) supplemented with 10% FBS
(Capricorn Scientific) and 1% penicillin/streptomycin (Gibco, Wal-
tham, MA, USA). DO11.10 T cell receptor transgenic mice were
purchased from Jackson Laboratories and bred in the Animal Care
and Use Facility at POSTECH Biotech Center (PBC). DO11.10 T cell
blasts were prepared by stimulating cells from the spleens and
lymph nodes of DO11.10 transgenic mice with 1 mg/mL of OVA323-
339 peptide (ISQAVHAAHAEINEAGR) (Peptron, Inc. Daejeon, Ko-
rea). DO11.10 blasts were grown in RPMI 1640 (Capricorn Scientific)
containing 10% FBS (Capricorn Scientific), 1% penicillin/strepto-
mycin (Gibco), and 0.1% beta-mercaptoethanol (Sigma). On day 2 of
stimulation, 5 ng/mL murine IL-2 (Peprotech, Rocky Hill, NJ, USA)
was added, and cells on day 5 were used for experiments.

5.5. 3D multi-layered blood vessel/inflamed tissue model
fabrication

Both sides of nanofiber membranes were sequentially treated
with air plasma (100W, Femto Science) for 12 s to enhance cell
adhesion (for the top side) and matrigel coating (for the bottom
side), and 4 ml of matrigel solution (11.2mg/mL, Corning, used as
received) was applied on the bottom side of nanofiber membranes
and incubated for 30min at 37 �C. Both plasma treatment time and
the matrigel volume for coating were optimized to have matrigel
minimally coat the top side of nanofiber membranes so that the
topographical structures on the top side of the membrane will be
preserved. In this condition, relatively uniform coating was ach-
ieved except edge regions. Each matrigel-coated membrane was
placed into a well of a 12-well plate, and bEnd.3 cells were seeded
onto the membrane and cultured for 36 h to form confluent
monolayers. RAW264.7 cells stimulated with various concentra-
tions of LPSs (Invitrogen, Carlsbad, CA, USA) for 1 h were added
onto the backside of the membrane and cultured for 12 h. For
peptide loading, 10 mg/mL of OVA323-339 peptide was added along
with LPSs. Type I collagen gel solution (1.6mg/mL, pH¼ 7.0) pre-
pared according to the manufacturer's instructions (Gibco) was
casted in a PMMA ring (thickness, ~175 mm) attached on 18-mm
coverslips and incubated at 37 �C for 30min to form firm gels.
Finally, nanofiber membranes with attached cells were placed on
the collagen gels for 4 h and mounted on a rectangular magnetic
shear chamber (Chamlide CF, Live Cell Instrument, Korea) for live
imaging. To avoid any artifact caused by relatively thick matrigel
coating near edge regions, the edge regions were excluded for
microscopy study.

5.6. TEER measurement

We integrated a nanofiber membrane with a custom-made side
wall, which could be inserted in a 12-well plate. A commercially
available TEER measurement device (EVOM2, Would Precision
Instruments) and the Chopstick Electrode Set (STX3, Would Preci-
sion Instruments) were utilized to measure TEER. The TEER value
was obtained by subtracting the resistance value of the nanofiber
membrane in the absence of bEnd.3 from that of an endothelial
cell-cultured nanofiber membrane, and dividing the subtracted
value by the area of the membrane. Endothelial cells cultured for
48 h were used for TEER measurement, and EDTA (5mM, 37�,
15min), TNF-a (100 ng/mL, 37�, 4 h), and H2O2 (600 mM, 37�, 4 h)
were treated to observe the loss of the integrity of endothelium.

5.7. Wide-field fluorescence microscope

A modified Zeiss Axio Observer. Z1 epi-fluorescence microscope
with a 20 objective lens (Plan-Neofluar, NA¼ 0.5) and a Roper
Scientific CoolSnap HQ CCD camera was used for imaging. An XBO
75W/2 Xenon lamp (75W, Osram) and DAPI (EX 365, BS 395, EM/
BP 445/50), eGFP (EX BP470/40, BS 495, EM/BP 525/50), Cy3 (EX/BP
550/25, BS 570, EM/BP 605/70), and Cy5 (EX/BP 620/60, BS 660, EM/
BP 770/75) filter sets were used for fluorescence imaging. The mi-
croscope was automatically controlled by Axiovision 4.6 (Carl Zeiss,
Oberkocken, Germany), and acquired images were analyzed and
processed using Image J.

5.8. Live-cell imaging of T cell transendothelial migration

DO11.10 T cells harvested from culture flasks were resuspended
into medium with 2� 106 cells/mL after removing dead cells with
histopaque (Sigma). DO11.10 T cells in mediumwere perfused using
a syringe pump (New Era Pump Systems, US) directly connected to
the inlet of the shear chamber. To maintain a constant temperature
of 37 �C, inline and stage heaters (Live Cell Instrument) were used.
Initially, DO11.10 T cells in mediumwere injected at 0.25 dyne/cm2
(20 ml/min for a flow channel with rectangular cross-section of
2mm� 0.2mm) for 5min to accumulate DO11.10 blasts on the
endothelium. Shear stress was then elevated to 2 dyne/cm2 (160 ml/
min for a flow channel with rectangular cross-section of
2mm� 0.2mm) for 30min by perfusing medium alone. The dy-
namics of T cells in the flow chamber were observed by time-lapse
microscopy using a 20�objective lens at 20-s intervals for 30min.

5.9. Fluorescence staining

Alexa Fluor 488-conjugated anti-CD144 (clone, BV13) (eBio-
science, Waltham, MA, USA) and Alexa Fluor 488 conjugated anti-
rat IgG (BD) were used sequentially for VE-cadherin staining.
Hoechst stain (Invitrogen) was used to stain the nuclei of endo-
thelial cells. To visualize PVM-T cell interactions, RAW264.7 cells
were stained with CMTMR (Invitrogen) for 15min at 37 �C before
seeding, and DO11.10 T cells were stained with fluo-3 (Invitrogen)
for 30min at 37 �C.

5.10. Confocal laser scanning microscopy

Confocal laser scanning microscopy (CLSM) with various
continuous-wave (CW) lasers (405, 458, 476, 488, 496, 514, 561,
594, and 633 nm) for excitation light source was used (TCS SP5 II,
Leica, Wetzlar, Germany). Z-stack imaging was performed using a
25�objective lens (HCX IRAPO L25� , 0.95 NA, water immersion,
Leica) with a stepwise increment of 2 mm in a total of 200-mmdepth
in the z direction. The field of view was 560� 560 mm comprising
512� 512 pixels. Fluorescent signals were spectrally resolved in 3
internal photomultiplier tubes for Cell trace violet (blue,
422e482 nm), Alexa488 (green, 501e561 nm), and Cell trace far red
(red, 645e722 nm) at 405 nm, 488 nm, and 633 nm excitation,
respectively. CLSM images were acquired and processed using LAS
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AF (Leica) and Image J plug-in software for 3D reconstruction.
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