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a b s t r a c t

In this work, well-aligned endothelial cell (EC) layers were prepared by culturing ECs on surfaces con-
taining nanoscale ridges/grooves fabricated by UV-assisted capillary force lithography. Then, the
dynamics of T cells on well-aligned ECs were compared with that on randomly oriented ECs cultured on
flat surfaces. With this experimental setting, we demonstrated for the first time that EC alignment is
important for the regulation of transendothelial migration (TEM) of T cells, a critical step for leukocyte
infiltration; T cells preferentially underwent TEM at the junctions surrounded by more than three ECs
only if ECs surrounding those junctions were poorly aligned. As a result, TEM of T cells occurred more
quickly and frequently on randomly oriented ECs cultured on flat surfaces than on well-aligned ECs
cultured on nanostructured surfaces. This result will suggest a new strategy for the design of synthetic
small diameter vascular grafts and extend our current knowledge of leukocyte dynamics on an inflamed
endothelium.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Leukocytes, or white blood cells, circulating blood vessels
recognize signatures of inflammation in blood vessels and initiate
dynamic interactions with inflamed endothelia to eventually move
out of the blood vessels and enter into inflamed tissues [1e3].
Tissue-infiltrated leukocytes perform various immune functions to
eliminate pathogens, but at the same time they can also destroy our
own tissues to cause autoimmune diseases such as type 1 diabetes,
rheumatoid arthritis, and asthma [3,4]. In addition, accumulation of
endothelia-infiltrated leukocytes in blood vessels can cause
atherosclerosis and vascular graft rejection [5,6]. Therefore, under-
standing the dynamics of leukocytes in inflamed blood vessels is
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critical for the treatment of the aforementioned diseases as well as
for the prevention of rejection of implanted biomaterials [3,7].

Intravital microscopy of live animals has long been used to
directly observe the dynamics of leukocytes in inflamed blood
vessels, and indeed it has provided phenomenological descriptions
of the stunning dynamics of leukocytes so called adhesion cascades
including rolling, adhesion, crawling, and transendothelial migra-
tion (TEM) [1,2]. However, detailed mechanistic study of each
adhesion cascade has not been easy to perform with live animals.
As an alternative in vitro system for the mechanistic study of
leukocyte dynamics on an inflamed endothelium, parallel plate
flow chambers have been widely used [8,9]. In this setting,
a confluent layer of endothelial cells (ECs) grown in vitro is
assembled with a straight flow channel, and suspension of leuko-
cytes is perfused with a defined flow rate in order to mimic the
minimal characteristics of blood vessels [8e10]. While this in vitro
model system has been successfully used in elucidating mecha-
nistic details of leukocyte-EC interactions under shear, it does not
fully recapitulate all the features of blood vessels in vivo. One of the
missing features in the parallel plate flow chambers is the lack of
alignment of ECs along the direction of shear flow, since endothelial
cells cultured on flat surfaces under static environments grow with
random orientation [11,12]. EC alignment in vivo has a close
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relationship with the streamline of the blood flow determined by
Reynolds number and the geometry of the blood vessels; ECs in
straight segments of blood vessels are aligned along the direction of
blood flow due to the straight streamline of that blood flow, while
ECs in more complex-shaped regions of blood vessels, such as
vascular bifurcations and curved segments with high curvatures,
are poorly aligned due to the complicated streamline of blood flow
[13]. Since leukocyte infiltration preferentially occurs at complex-
shaped blood vessels where ECs are poorly aligned [14,15], align-
ment of ECs itself may play an important role in leukocyte infil-
tration; nevertheless, the role of EC alignment in leukocyte
dynamics has not been independently investigated.

ECs can be aligned in vitro by applying mechanical stimulations
relevant to the physiological environment of blood vessels, such as
shear flow or cyclic strain to a confluent layer of ECs [11,16].
However, these methods typically require more than 10 h of
stimulation with specialized devices, and thus may not be suitable
for mass production of well-aligned endothelial layers. In contrast,
when ECs are grown on surfaces containing nanoscale groove/ridge
structures, they spontaneously align with their growth along the
direction of the nanogrooves [17,18], allowing for a large number of
substrates with well-aligned ECs to be formed in a simple and
reproducible manner. Nanostructured surfaces can be readily
fabricated in a typical lab setting via various unconventional lith-
ographic methods, such as capillary force lithography (CFL) [18],
which has been widely used for the control of various cellular
behaviors.

In this study, we sought to understand the role of endothelial
cell alignment in leukocyte dynamics by using endothelial layers
aligned by nanostructured surfaces. Highly uniform nanoscale
ridge/groove structures were fabricated by CFL on glass substrates,
and subsequently ECs were aligned by culturing them on the
nanostructured surfaces. The dynamics of T cells on ECs aligned by
nanostructured surfaces were studied by inserting ECs cultured on
nanostructured surfaces into parallel plate flow chambers and
performing flow assays. Differences in T cell dynamics on well-
aligned and randomly oriented ECs were analyzed, and mecha-
nisms for those differences were further assessed by characterizing
the structures of junctions formed among ECs on different types of
substrates.

2. Materials and methods

2.1. Nanostructured surface fabrication

Nanostructured surfaces were fabricated by capillary force lithography as
described in [17,19]. Silicon masters containing various ridge/groove dimensions,
350 nm/350 nm, 350 nm/700 nm, 350 nm/1050 nm, and 800 nm/800 nm, with
height of 500 nm were prepared by standard photolithography and reactive ion
etching. Then, 50 ml of polyurethane acrylate (PUA) precursor solution (Minuta Tech,
Korea) was drop-dispensed on the silicon master, covered with a transparent
poly(ethylene terephthalate) (PET) film of 50 mm thickness, and cured by 30 s of UV
exposure (l ¼ 250e400 nm, 100 mJ/cm2, Minuta Tech., Korea). After UV-curing, the
PUA mold was peeled off from the silicon master using sharp tweezers and further
exposed to UV light for 10 h for complete annihilation of reactive acrylate groups.
Thin circular coverslips with diameter 18 mm (Marienfeld) were spin-coated with
primer (Minuta Tech., Korea) at 3000 rpm for 20 s and baked at 120 �C for 20 min.
Then, 50 ml of PUA precursor solution was drop-dispensed on the primer-coated
coverslip and the PUA mold was placed on it. After 30 s of UV exposure, the PUA
mold was peeled off, resulting in PUA nanostructured surfaces with identical
features and dimensions to the original silicon masters. The PUA-patterned glasses
were further exposed to UV for 3 h to completely cure residual chemicals.

2.2. Cell culture

bEnd.3 cells were purchased from ATTC and cultured in DMEM medium (Invi-
trogen) supplementedwith 10% of FBS and 1% of penicillinestreptomycin. To culture
bEnd.3 cells on PUA surfaces, substrates were treated with air plasma (200e500 W,
Femto Science, Korea) and coated with gelatin by incubating with 0.1% gelatin
(Sigma) in DI water for 30 min at 37 �C. Each gelatin-coated substrate was placed in
a well of 12-well plates and 1 ml of 2 � 105 cells/ml bEnd.3 cells were added on
substrates. Typically, a confluent monolayer of bEnd.3 cells was formed after 2 days
of cell culture. DO11.10 T cell receptor transgenic mice were purchased from Jackson
Laboratories and bred in the animal care facility in the POSTECH Biotech Center
(PBC) under pathogen-free conditions. All experiments involving mice were
approved by the Institutional Animal Care and Use Committee at PBC. DO11.10 blasts
were prepared by stimulating cells from spleen and lymph node of DO11.10 trans-
genic mice with 1 mg/ml of OVA323e339 peptide (ISQAVHAAHAEINEAGR, Peptron,
Inc. Korea). DO11.10 blasts were grown in RPMI 1640 (Invitrogen) containing 10% of
FBS (Gibco), 100 U/ml of penicillin, 100 mg/ml of streptomycin (Invitrogen), and 0.1%
of beta-mercaptoethanol (Sigma). On the 2nd day of stimulation, 1e2 U/ml of IL-2
was added and cells on 5e7th days were used for experiments.

2.3. Fluorescence microscope

A modified Zeiss Axio Observer.Z1 epi-fluorescence microscope with 10X (Plan-
Neofluar, NA ¼ 0.3), 20X (Plan-Neofluar, NA ¼ 0.5) and 40X (Plan-Neofluar,
NA ¼ 1.30) objective lenses and a Roper Scientific CoolSnap HQ CCD camera was
used for imaging. An XBO 75 W/2 Xenon lamp (75 W, Osram) and DAPI (EX. 365, BS
395, EMBP445/50), eGFP (EX BP 470/40, BS 495, EMBP 525/50), Cy3 (EX BP 550/25,
BS 570, EMBP 605/70), Cy5 (EX BP 620/60, BS 660, EMBP 770/75) filter sets were
used for fluorescence imaging. The microscope was automatically controlled by
Axiovision 4.6 (Carl Zeiss), and acquired images were analyzed and processed with
Methamorph (Universal Imaging, Molecular Devices) or Image J.

2.4. Immunostaining

A monolayer of bEnd.3 cells was fixed with 4% paraformaldehyde for 10 min at
room temperature, rinsed with PBS, stained with fluorophore-conjugated anti-
bodies, and examined with fluorescence microscope. For the visualization of
adherens junctions, VE-cadherin was stained with anti-VE-cadherin-FITC (clone:
eBioBV13, eBioscience). For the quantification of adhesion molecule expression of
ECs, bEnd.3 cells were stimulated with TNF-a (10 ng/ml) for 4 h and fixed. Fixed cells
were rinsed with PBS and stained with primary and secondary antibodies as follows:
for P-selectin and VCAM-1 staining, anti-P-selectin-PE (clone: Psel.KO2.3, eBio-
science) and anti-VCAM-1-FITC (clone: 429, eBioscience) were used, respectively.
For ICAM-1 staining, anti-ICAM-1 (clone: YN1/1.7.4, eBioscience) and donkey anti-
rat-FITC (Jackson ImmunoResearch Laboratories) were used. For E-selectin stain-
ing, anti-mouse-E-selectin-biotin (clone: 10E9.6, BD Biosciences) and streptavidin-
PE (eBioscience) were used. Fluorescence images of fixed and stained bEnd.3 cells
were acquired by optical z-sectioning (5 individual planes, 0.5 mmapart) using a 40X
objective lens. Integrated intensities of each molecule along the z-axis were ob-
tained with Image J and Metamorph (Molecular Devices).

2.5. Flow-induced alignment of ECs

To align the confluent layers of ECs by flow, a peristaltic pump (MP-1000, Tokyo
Rikakikai), two bottles filled with 10 ml of bEnd.3 culturemedium, and a rectangular
shear chamber (Chamlide CF, Live Cell Instrument, Korea) with channel dimensions
of 0.2 mm (height), 2 mm (width) and 17 mm (length) were serially connected with
silicon tubes (inner diameter/outer diameter ¼ 1.15 mm/3.2 mm, Korea Ace) as
schematically shown in supplementary Fig. S1. To maintain standard tissue culture
conditions (37 �C, 5% CO2) for ECs in the shear chamber, all the components except
the peristaltic pump were kept in a tissue culture incubator, and a small hole was
made at the lid of a reservoir bottle for air exchange. For alignment of ECs,
a monolayer of bEnd.3 cells was mounted on the shear chamber and 15 dyne/cm2 of
shear stress was applied continuously for 40 h.

2.6. Parallel plate chamber assay

The monolayer of bEnd.3 cells was treated with TNF-a (10 ng/ml) for 4 h,
overlaid with a chemokine, either SDF-1 (100 ng/ml, PeproTech) or CCL-21 (5 mg/ml,
PeproTech), for 10 min, and mounted on a rectangular shear chamber (Chamlide CF,
Live Cell Instrument, Korea) with channel dimensions of 0.2 mm (height), 2 mm
(width) and 17 mm (length). DO11.10 T cells harvested from the culture flasks were
resuspended into binding medium (cation-free Hank’s balanced salt solution con-
tacting 10 mM HEPES at pH 7.4 and 2 mg/ml of bovine serum albumin supplemented
with Ca2þ and Mg2þ at 1 mM each) [9] with concentration of 1.5 � 106 cells/ml after
removing dead cells with histopaque (Sigma). DO11.10 T cells in binding medium
were perfused over the bEnd.3 cell monolayer 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,
Korea) were used. Initially, DO11.10 blasts in binding medium were injected at
0.25 dyne/cm2 for 10 min to accumulate DO11.10 blasts on endothelium. Then, shear
stress was elevated to 2 dyne/cm2 for 20 min by perfusing binding medium alone.
The dynamics of T cells in the flow chamber were observed using a 20� objective
lens by performing time-lapse microscopy with 15 s of interval for 20 min.
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3. Results and discussion

3.1. Endothelial cell alignment on nanoscale ridge/groove surfaces

Various sizes of nanoscale ridge/groove surfaces were fabricated
by UV-assisted CFL using UV-curable polyurethane acrylate (PUA)
[19]. Flat PUA surfaces were also prepared for control experiments.
Nanostructured surfaces were formed over the entire coverslips
with high fidelity and physical integrity. Representative scanning
electron microscope (SEM) images of a nanoscale ridge/groove
surfacewith a 350 nm ridge, 700 nm groove, and 500 nm height are
shown in Fig. 1A. Topographical features with four different ridge/
groove dimensions, 350 nm/350 nm, 350 nm/700 nm, 350 nm/
1050 nm, and 800 nm/800 nm,with constant height (500 nm)were
fabricated on the surfaces. bEnd.3 cell, a murine brain endothelial
cell line, was used as a model EC. ECs were seeded onto the gelatin-
coated nanostructured or flat PUA surfaces, and grown until they
formed confluent monolayers. Then, differential interference
contrast (DIC) images were acquired with a 10� objective lens and
their orientations along the axis of the nanogrooves were
Fig. 1. Alignment of Endothelial cells (ECs) on nanoscale ridge/groove surfaces. (A) SEM i
nanostructured (B) and flat surfaces (C). Scale bar: 50 mm. (D) Angular distribution of ECs c
cadherin (green) stained ECs on nanostructured surfaces. Scale bar: 20 mm. (F) Fluorescence
20 mm. (For interpretation of the references to colour in this figure legend, the reader is re
examined. ECs cultured on the nanostructured surfaces were
aligned well along the direction of the nanogrooves (Fig. 1B), while
ECs cultured on the flat surfaces were randomly oriented (Fig. 1C).
Endothelial cell alignment was further quantified by measuring the
angles between the direction of the nanogrooves and the cell
elongation axis, as shown in the cartoon in Fig. 1D. Angles of w200
cells per each type of surface were measured and angular distri-
butions were plotted in Fig. 1D. As expected, ECs on the flat surfaces
exhibited uniform angular distribution, suggesting that they were
randomly oriented on the surfaces. In contrast, the majority (>80%)
of ECs on the nanostructured surfaces had values between 0〫 and
10〫 regardless of the ridge/groove dimensions. Degrees of align-
ment among different nanostructures used in the experiments
were almost identical, and thus only one type of nanoscale ridge/
groove structure (350 nm/700 nm) was used for the rest of the
experiments. When ECs contact each other, they form adherens
junctions mediated by homotypic interactions of VE-cadherin
between neighboring ECs, which junctions play a critical role in
the integrity of the endothelium [20]. To test whether adherens
junction formation is normal for both types of surfaces, we fixed
mage of 350 nm/700 nm ridge/groove surface. (BeC) DIC images of ECs cultured on
ultured on various types of surfaces. (E) Fluorescence image of nucleus (blue) and VE-
image of nucleus (blue) and VE-cadherin (green) stained ECs on flat surfaces. Scale bar:
ferred to the web version of this article.)
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ECs and stained them with fluorophore-conjugated antibody
against VE-cadherin. As shown in Fig. 1EeF, clear VE-cadherin
staining along the junctions was observed for ECs on both types
of surfaces, suggesting that the adherens junction formation was
not affected by the surface nanotopography.

3.2. Effect of surface nanotopography on TNF-a responses of ECs

Inflammatory cytokines such as TNF-a and IL-1 trigger upre-
gulation of the many adhesion molecules on ECs involved in
leukocyte adhesion cascades such as rolling, adhesion, crawling,
and transendothelial migration (TEM) [1e3]. For T cells, P-selectin,
E-selectin and vascular cell adhesion molecule 1 (VCAM-1) are
important for rolling; VCAM-1 and intercellular adhesion molecule
1 (ICAM-1) are critical for adhesion and crawling; and ICAM-1 is
important for TEM [2]. First, we characterized the effect of TNF-
a stimulation on adhesion molecule expression of ECs on flat
surfaces. ECs cultured on flat PUA surfaces were stimulated with
10 ng/ml of TNF-a for 4 h and expression levels of ICAM-1, VCAM-1,
P-selectin, and E-selectin were quantified by immunofluorescence
microscopy. Fluorescence images of five z-sections (0.5 mm in
distance) near the apical layer of the ECs were acquired from TNF-
a-stimulated ECs and unstimulated ECs, and fluorescence intensi-
ties over the five z-section images were integrated. Integrated
fluorescence intensities were normalized with the values of the
unstimulated ECs and plotted in Fig. 2A. As shown, all four mole-
cules were significantly upregulated when ECs were stimulated
with TNF-a, as described previously [21].

Next, we compared the expression levels of adhesion molecules
of ECs cultured on nanostructured surfaces with those of ECs on flat
surfaces. In this case, normalized fluorescence intensity is defined
as the relative fluorescence intensity to the fluorescence intensity
of flat surfaces, such that all the values for the flat surfaces would be
one, and relative differences between nanostructured and flat
Fig. 2. Effect of surface nanotopography on adhesion molecule expression of ECs. (A) Effect o
Effect of nanotopography on adhesion molecule expression of ECs in the absence of TNF-a s
presence of TNF-a stimulation. (*p < 0.05, **p < 0.01, ***p < 0.001).
surfaces could be directly compared. The normalized fluorescence
intensity values of all molecules of unstimulated ECs and TNF-
a stimulated ECs are plotted in Fig. 2B and C, respectively. Overall,
the effect of nanotopography on adhesion molecule expression of
ECs was marginal. Without TNF-a treatment, the expression levels
of all four molecules of ECs on nanostructured surfaces were
identical to those of ECs on flat surfaces (Fig. 2B). When ECs were
stimulated with TNF-a, only the expression level of E-selectin of
ECs on nanostructured surfaces was slightly higher than that of ECs
on flat surfaces (w8%) and expression levels of all the other
molecules were comparable. Together, TNF-a treatment signifi-
cantly increased the adhesion molecule expression of ECs cultured
on both flat and nanostructured surfaces while surface nano-
topography exhibitedminimal effect on the expression level of each
adhesion molecule.

3.3. T cell dynamics on inflamed endothelium

As shown in Fig. 3A, T cell adhesion dynamics on an inflamed
endothelium are commonly classified into rolling, adhesion,
crawling and transendothelial migration (TEM) [1,2,9]. Detachment
of T cells can occur in any region of adhesion dynamics when the
adhesion force is weaker than the shear force applied by the flow.
ECs cultured either on nanostructured or flat surfaces were stim-
ulated with TNF-a for 4 h. As shown above, the expression levels of
ICAM-1, VCAM-1, and P-selectin on ECs were not affected by the
surface nanotopography, and only E-selectin expression was
slightly different depending on the surface nanotopography. Since
the major focus of this study is the role of EC alignment on
lymphocyte dynamics, the identical expression level of adhesion
molecules, which is independent of surface nanotopography, is
desirable. Therefore, we decided to focus on later phases of adhe-
sion cascades, crawling and TEM, in which E-selectin expression
level on ECs would not play any role. CCL-21 or SDF-1a, chemokines
f TNF-a stimulation on adhesion molecule expression of ECs cultured on flat surfaces (B)
timulation. (C) Effect of nanotopography on adhesion molecule expression of ECs in the



Fig. 3. Dynamics of T cells on ECs. (A) Schematic illustration of experimental procedures and expected dynamics of T cells in each phase of experiment. (B) Time-lapse images of
representative states of T cell dynamics. (Experiments were performed on ECs cultured on flat surfaces): detachment (upper row), crawling (middle row) and transendothelial
migration (TEM, lower row). Yellow arrows: T cells undergoing each state of dynamics. Elapsed time: mm:ss. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

K.H. Song et al. / Biomaterials 33 (2012) 2007e2015 2011
promoting TEM under shear by activating T cell integrins [9,22]
were overlaid on TNF-a stimulated ECs, and a rectangular shear
chamber (Chamlide CF, Live Cell Instrument, Korea) with channel
dimensions of 0.2 mm (height), 2 mm (width) and 17 mm (length)
was assembled on the substrates containing a monolayer of ECs.
ECs grown on nanostructured surfaces were inserted into the flow
chamber with the direction of the EC alignment either parallel or
perpendicular to the direction of the flow. Flow assays were per-
formed as schematically shown in Fig. 3A. First, suspension of
DO11.10 T cell blasts (1.5 � 106 cells/ml) in binding media (cation-
free Hank’s balanced salt solution contacting 10mMHEPES at pH 7.4
and 2 mg/ml of bovine serum albumin supplemented with Ca2þ

and Mg2þ at 1 mM each) [9] was perfused with low shear stress
(0.25 dyn/cm2) on amonolayer of TNF-a stimulated and chemokine
overlaid ECs for 10 min. The majority of T cells under this low shear
stress were in either ‘rolling’ or ‘adhesion’ states, and only fractions
of them underwent further adhesion cascades such as ‘crawling’
and ‘TEM’. As a result, a substantial number of T cells were accu-
mulated on ECs during this ‘accumulation phase’, as described
previously [9]. Subsequently, shear stress was elevated to 2 dyne/
cm2, a typical shear stress value at post-capillary venules used for
the assessment of T cell dynamics on ECs [8,9], and dynamics of T
cells on ECs were observed by time-lapse microscopy for 20 min.
During this ‘high-shear phase’, weakly adhering T cells were
detached, and themajority of Tcells began active crawling on ECs in
search of sites for TEM. Behaviors of crawling T cells can be divided
into three categories: (1) detached from ECs during crawling by
flow (upper row of Fig. 3B, the yellow arrowed T cell was dis-
appeared at 4:30, or Video 1 in Supplementary data), (2) continu-
ously crawled on ECs with characteristic hand-mirror shapes over
20 min (middle row of Fig. 3B or Video 2 in Supplementary data),
and (3) successfully underwent TEM within given time (lower row
of Fig. 3B, the yellow arrowed T cells was slightly under focused at
0:00 and in-focus for the rest of time points, or Video 3 in
Supplementary data).

Supplementary data related to this article can be found online at
doi:10.1016/j.biomaterials.2011.12.002.

With this experimental scheme, we investigated the role of EC
alignment on T cell dynamics. The dynamics of T cells on ECs
cultured either on nanostructured or flat surfaces were divided into
the three categories described above by analyzing time-lapse
images (Fig. 4A). In the case of the T cells on well-aligned ECs by
nanostructured surfaces, flow was either applied parallel (nano-
structured/parallel) or perpendicular (nanostructured/perpendic-
ular) to the direction of EC alignment; in this case, w20% of T cells
underwent TEM, while w35% of T cells continuously crawled over
20min andw45% of T cells were detached during crawling (slightly
higher detachment of T cells was occurred for nanostructured/
perpendicular than nanostructured/parallel). In sharp contrast,
more than 60% of T cells on randomly oriented ECs cultured on flat
surfaces underwent TEM and substantially lower percentage of T
cells were either continuously crawling on ECs (w20%) or detached
(w15%). Increased detachment of T cells on well-aligned ECs may
be mainly due to the fact that they did not undergo TEM as much as

http://dx.doi.org/10.1016/j.biomaterials.2011.12.002


Fig. 4. Effect of EC alignment on T cell dynamics. (A) Percentage of each state of T cell dynamics on ECs cultured on nanostructured and flat surfaces. Parallel and perpendicular,
respectively, denote the direction of flow relative to the direction of nanogrooves. (B) Average crawling duration of T cells detached from ECs. (C) Average crawling duration of T cells
underwent TEM. (50e60 T cells per each case were evaluated for Fig. 4AeC) (D) Frequency of TEM of T cells per area on EC layers prepared by various methods. (*p < 0.05, **p < 0.01,
***p < 0.001).
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did the T cells on randomly oriented ECs; thus, the majority of T
cells on well-aligned ECs were exposed to shear flow for a longer
period of time than were the T cells on randomly oriented ECs.
Indeed, whenwemeasured the crawling duration until detachment
of T cells on ECs cultured on either nanostructured or flat surfaces,
average crawling durations were not significantly different from
each other (8e9.5 min, Fig. 4B), supporting this possibility. In
contrast, average crawling duration until TEM of T cells was
significantly longer for T cells on well-aligned ECs (8.1 �1.1 min for
nanostructured/parallel and 9.5 � 1.8 min for nanostructured/
perpendicular) than for T cells on randomly oriented ECs
(5.8� 0.5min, Fig. 4C). Taken together, T cells on randomly oriented
ECs cultured on flat surfaces underwent TEM much more
frequently and quickly than T cells on well-aligned ECs cultured on
nanostructured surfaces. Finally, to test the physiological relevance
of the finding that EC alignment itself can inhibit TEM of T cells, ECs
were aligned by flow and the T cell dynamics on flow-aligned ECs
were examined. The frequency of TEM of T cells per area on ECs
prepared by four different methods, ECs on nanostructured
surfaces exposed to the identical amount of shear stress to flow-
aligned ECs on flat surfaces (flow/nanostructured), ECs on flat
surfaces aligned by flow (flow/flat), ECs aligned by nanostructured
surfaces (nanostructured), and ECs randomly oriented on flat
surfaces (flat), were measured and data are plotted in Fig. 4D.
Regardless of the methods for EC alignment, frequencies of TEM of
T cells on well-aligned ECs (flow/nanostructured, flow/flat, and
nanostructured) were significantly lower than those of T cells on
randomly oriented EC (flat), further supporting the idea that EC
alignment is a critical factor regulating TEM of T cells.
3.4. Characteristics of preferential sites for TEM

Leukocytes, including T cells, can across endothelial layers by
passing through junctions formed among ECs (paracellular migra-
tion), or directly passing through cell bodies of ECs (transcellular
migration) [1,2]. In our experimental settings, we mainly observed
paracellular migration, and thus we hypothesized that certain
characteristic of EC junctions important for TEM of T cells were
different between ECs cultured on flat surfaces and ECs cultured on
nanostructured surfaces. One of the important factors of EC junc-
tions for leukocyte TEM is the number of ECs surrounding junc-
tions: it was reported that leukocytes preferentially undergo TEM
on junctions formed by three adjacent endothelial cells (Tri-EC
junctions) compared with junctions formed by two adjacent
endothelial cells (Bi-EC junction) [14,23]. As can be seen in Fig. 5A,
EC junctions in our experimental settings can be classified into Bi-
EC junctions (blue arrows in Fig. 5A) or Multi-EC junctions (junc-
tions formed bymore than three adjacent EC cells, yellow arrows in
Fig. 5A) depending on the number of ECs surrounding the junctions.
To find a correlation between the type of EC junction and the TEM
of T cells, immunostaining of VE-cadherin was performed imme-
diately after performing parallel plate chamber assays while flow
chambers were mounted on a microscope stage such that fluores-
cence images of identical field of view to differential interference
contrast (DIC) images acquired during flow assays could be
acquired. By combining information on DIC and fluorescence
images of VE-cadherin, we were able to draw lines depicting EC
junctions on the original DIC image and identify the types of
junctions, as shown in supplementary Fig. S2. Then, the numbers of



Fig. 5. Characteristics of preferential sites for TEM. (A) Examples of Bi-EC junctions (Blue arrows) and Multi-EC junctions (Yellow arrows) of ECs cultured on flat surfaces. Scale bar:
20 mm. (B) frequency of TEM of T cells per area. (C) Density of Bi-EC junctions and Multi-EC junctions. (D) Schematic illustration of how degree of misalignment (dM) of ECs
surrounding Multi-EC junctions is defined. (E) Correlation between dM value and frequency of TEM of T cells. (F) Distribution of dM values of ECs cultured on nanostructured and flat
surfaces. (*p < 0.05, **p < 0.01, ***p < 0.001). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

K.H. Song et al. / Biomaterials 33 (2012) 2007e2015 2013
TEM per area of each type of junction over 20 min were measured
and the data are plotted in Fig. 5B. Notably, the frequency of TEM at
Bi-EC junctions was not affected by the type of surfaces used for EC
culture, while the frequency of TEM at Multi-EC junctions of ECs
cultured on flat surfaces was approximately seven times higher
than that of ECs cultured on nanostructured surfaces. Since the
density of Multi-EC junctions of ECs on flat surfaces was not
significantly different from that of ECs on nanostructured surfaces
(Fig. 5), it is likely that Multi-EC junctions of ECs on flat surfaces
have certain characteristics for preferential sites of TEM. With
careful observation, it was found that TEM of T cells frequently
occurred at Multi-EC junctions where the ECs surrounding the
junctions were poorly aligned.
Based on our observations, we defined a new parameter dM for
ECs surrounding Multi-EC junctions, as schematically shown in
Fig. 5C. This parameter represents the degree of misalignment of
junctions relative to each other; we attempted to find a correla-
tion between dM and TEM for T cells. The orientation of an EC was
defined by drawing a line through its long axis, and an acute
angle between the lines representing the orientations of two
neighboring ECs was measured. The average acute angle of ECs
surrounding a Multi-EC junction was designated as dM; the
smaller this dM value is, the better the local alignment of ECs is,
and for the perfectly aligned ECs, dM ¼ 0. Measurement error of
this dM value, estimated by the standard deviation of three
independent measurements, was 1.87�. Then, the dM value of the
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Multi-EC junctions where TEM occurred vs. the number of TEM
that occurred at those junctions over the experimental time
period (20 min) from a representative experimental set was
measured and the data are plotted in Fig. 5D to demonstrate
a correlation between dM value and frequency of TEM of T cells.
Interestingly, the majority of junctions (higher than 80%) with
a dM value smaller than 40� had only one TEM of T cells per
junction. In sharp contrast, the majority of junctions (higher than
80%) with a dM value higher than 40� had more than three TEM of
T cells per junction, implying that Multi-EC junctions surrounded
by poorly aligned ECs form ‘preferential sites for TEM’. When we
examined dM values of Multi-EC junctions, approximately 15% of
Multi-EC junctions on flat surfaces had dM values higher than 40�,
while all Multi-EC junctions on nanostructured surfaces had dM
values smaller than 40� (Fig. 5F). This suggests that a higher
frequency of TEM of T cells occurred on ECs cultured on flat
surfaces because ECs on such surfaces contained many more
‘preferential sites for TEM’. The exact mechanism that determines
why TEM of T cells preferentially occurred at Multi-EC junctions
with dM values higher than 40� remains to be determined. One
possibility is that the distribution of key molecules for TEM of T
cells at the Multi-EC junctions might depend on the alignment of
ECs surrounding the junctions. While the molecular mechanism
of TEM of T cells has not been completely understood [24], we
used immunofluorescence microscopy to examine the distribu-
tion of ICAM-1 and CD99, which were suggested to be important
for TEM of T cells [14,25], but did not notice any distinct distri-
bution of these molecules near the Multi-EC junctions with dM
values higher than 40� (data not shown). Alternatively, poorly
aligned Multi-EC junctions might provide better structural
support for force transduction of T cells to squeeze them into the
junctions, and thus to facilitate the TEM of T cells.

Disruption of EC alignment and increase of dM values may occur
during inflammation. Various inflammatory mediators trigger
vascular widening so called vasodilation, which significantly
increases the diameter of vessels [26]. As a result, the acute angle
increases between adjacent ECs and the dM values are also likely to
increase. Increased dM values would significantly increase the
number of ‘preferential sites for TEM’ for leukocytes, and would
thus enhance TEM and tissue infiltration of leukocytes. This may
provide new insights into the mechanism of extravasation of
leukocytes in inflamed vessels.

The result that aligned ECs allowed less TEM than did randomly
oriented ECs may suggest a new strategy for the design of small
diameter synthetic vascular grafts. Massive clot formation is one
of the major causes of small diameter synthetic vascular graft
failure. To minimize thrombosis in such synthetic vessels, the
luminal surfaces of synthetic vessels have often been coated with
a monolayer of ECs [6]. However, detachment of ECs by
endothelia-infiltrated leukocytes, particularly at early stages of
implantation, is one of the serious issues to be resolved for the
success of this strategy [27,28]. Here, we demonstrated that
aligned ECs cultured on nanostructured surfaces could substan-
tially reduce TEM of T cells, suggesting leukocyte infiltration of
synthetic grafts coated with ECs could be minimized by intro-
ducing nanotopography to the inner wall of synthetic vessels so
that ECs could be elongated and aligned to the direction of flow
from the beginning of implantation. In addition, our previous
research demonstrated that EC detachment by shear flow could be
minimized by modulating the dimensions of nanoscale ridges and
grooves [17], and thus that the introduction of well-aligned
nanostructures to the inner surfaces of small diameter vascular
grafts for the attachment of ECs would be an attractive strategy
that could minimize leukocyte infiltration as well as improve EC
adhesion.
4. Conclusions

In summary, we have investigated the role of endothelial cell
alignment on T cell dynamics by integrating nanostructured
surfaces inside a fluidic chamber. By comparing T cell dynamics on
well-aligned ECs cultured on nanostructured surfaces with those
on randomly oriented ECs cultured on flat surfaces, we demon-
strated that EC alignment is important for the regulation of TEM of
T cells; T cells preferentially underwent TEM at junctions sur-
rounded by more than three ECs only if ECs surrounding those
junctions were poorly aligned along the junctions. This result will
suggest a new strategy for the design of synthetic small diameter
vascular grafts and extend our current knowledge of leukocyte
dynamics on an inflamed endothelium.
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