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Poly(vinyl alcohol) hydrogel (PVA) is a widely used material for biomedical devices, yet there is a need to
enhance its biological functionality for in vitro and in vivo vascular application. Signiﬁcance of surface
topography in modulating cellular behaviour is increasingly evident. However, hydrogel patterning remains challenging. Using a casting method, planar PVA were patterned with micro-sized features. To
achieve higher patterning resolution, nanoimprint lithography with high pressure and temperature was
used. In vitro experiment showed enhanced human endothelial cell (EC) density and adhesion on
patterned PVA. Additional chemical modiﬁcation via nitrogen gas plasma on patterned PVA further
improved EC density and adhesion. Only EC monolayer grown on plasma modiﬁed PVA with 2 mm
gratings and 1.8 mm concave lens exhibited expression of vascular endothelial cadherin, indicating EC
functionality. Patterning of the luminal surface of tubular hydrogels is not widely explored. The study
presents the ﬁrst method for simultaneous tubular molding and luminal surface patterning of hydrogel.
PVA graft with 2 mm gratings showed patency and endothelialization, while unpatterned grafts were
occluded after 20 days in rat aorta. The reproducible, high yield and high-ﬁdelity methods enable planar
and tubular patterning of PVA and other hydrogels to be used for biomedical applications.
© 2016 Elsevier Ltd. All rights reserved.
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Poly(vinyl alcohol) is a synthetic, non-toxic, non-immunogenic
and biocompatible polymer for a number of biomedical applications [1,2]. Among the various methods of poly(vinyl alcohol)
crosslinking studied, use of food-grade sodium trimetaphosphate
(STMP) [3] in alkaline and ambient conditions creates poly(vinyl
alcohol) hydrogel (heretofore referred to as PVA) with biocompatible, hemocompatible and mechanical properties appropriate
for soft tissue engineering [4e7]. In addition, PVA can also be
modiﬁed with plasma to change surface wetting property and
chemistry without changing its bulk mechanical properties [8].
However, previous studies showed poor cell adhesion on PVA ﬁlms
in vitro [8] and absence of endothelialization on PVA vascular graft
in vivo [5]. The hydrophilicity of PVA is postulated to deter protein
adsorption and cell adhesion, thereby necessitating its modiﬁcation
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to further develop its soft tissue applications [7,8].
Cell behaviors such as adhesion [9], proliferation [10,11], endocytosis [12] and differentiation [10,13] can also be altered in vitro by
surface topography. The ability to direct desired cell behaviors can
be further exploited in hydrogel-based biomedical devices for
enhanced tissue regeneration in vivo. For instance, topography
presented in vascular grafts is proposed to mimic the endothelial
cell (EC) topographical niche and induce self-endothelialization
that will lead to improved efﬁcacy [14,15]. However, the high
aqueous content in crosslinked hydrogel networks is fundamentally incompatible with traditional lithography techniques.
Although there have been efforts to pattern hydrogel through
photolithography, this approach often involves cytotoxic photoinitiators [16,17] and is limited to sub-micron feature size [18e21].
Casting is commonly adopted in biological research due to its
simplicity, low cost and versatility [22] with the potential for nonplanar patterning [23]. However, only micron-size patterns have
been achieved on hydrogels of polyacrylamide [24,25] and poly(vinyl alcohol) [26]; this can be attributed to the poor wetting
properties between hydrogel and mold. On the other hand,
thermal-based nanoimprint lithography (NIL) is a high-resolution
and high-throughput technique used for planar patterning down
to 6 nm [27]. Although NIL has been shown to pattern water-soluble
poly(vinyl alcohol) templates [28,29], patterning of poly(vinyl
alcohol) hydrogel that is insoluble in aqueous environment has not
been explored. Hence, casting and NIL techniques provide complementary techniques to pattern insoluble PVA with topography.
In this study, we hypothesized that topography can enhance
endothelial cell responses on PVA. The study addresses the challenges in hydrogel patterning by presenting reproducible planar
and tubular hydrogel patterning via casting and NIL patterning
techniques. Overall, the study highlights the importance and the
need for surface topography to push forward the use of patterned
hydrogel for research and translational applications such as
vascular and nerve tissue engineering.

on a clean glass coverslip and dried at ambient condition for
approximately 30 min until an opaque ﬁlm was formed. The predried crosslinking PVA were imprinted using patterned PDMS
molds at the temperature of 180  C and pressure of 40 bar for
10 min using the NIL system (Obducat). Planar PVA patterned using
NIL method (NIL PVA) was demolded in dry state and rinsed with
PBS (Fig. 1B). PDMS casted on unpatterned polystyrene petri dish
was used as a mold for unpatterned NIL PVA.

2. Methods and materials

Tapping mode atomic force microscopy (AFM; Bruker Fast Scan
AFM) at a speed of 1 Hz was used to determine height of 250 nm
gratings on PDMS and NIL PVA. Analysis of data was performed
using Gwyddion software (Czech Metrology Institute).

2.1. Preparation of crosslinking PVA solution
An aqueous solution of 10% (w/v) poly(vinyl alcohol) (SigmaAldrich, 85e124 kDa, 87e89% hydrolyzed) was crosslinked with
15% (w/v) sodium trimetaphosphate (SigmaAldrich) and 30% (w/v)
NaOH [7]. The crosslinking PVA solution was centrifuged to remove
bubbles and afterwards immediately used for casting (section 2.2)
or NIL (section 2.3).
2.2. Planar patterning of PVA via casting method
Polydimethylsiloxane (PDMS; Sylgard 184, Dow Corning) molds
with various geometries and dimensions were used for casting
(Table 1). Patterned PDMS molds were fabricated by curing on silicon templates (NIL Technology, Denmark; and, NTT Advanced
Technology, Japan). All PDMS molds were plasma treated with 8 cc/
min oxygen gas and 85 W for 1 min. Crosslinking PVA solution was
poured on top of the freshly plasma-treated PDMS mold, and
centrifuged at 140  g for 1 h before crosslinking at 18  C and
75e80% humidity. Planar PVA patterned through casting method
(casted PVA) were immersed in phosphate buffered saline (PBS) for
demolding (Fig. 1A). PDMS casted on plain tissue-culture polystyrene was used as a mold for casting of unpatterned PVA.
2.3. Planar patterning of PVA via NIL method
Crosslinking PVA solution was spin-coated at 800 rpm for 40 s

2.4. N2 plasma modiﬁcation of casted PVA
Casted PVA without and with selected topographies were dried
overnight at ambient temperature and subsequently plasma
modiﬁed with 10 cc/min N2 gas at 50 W for 1 min (RIE plasma
SIRIUS, Trion). Immediately after plasma modiﬁcation, N2 plasma
modiﬁed PVA were used for water contact angle measurement
(Section 2.8) and cell culture (Section 2.9).
2.5. Scanning electron microscopy of PVA
Planar PVA made by casting (n ¼ 3) and NIL (n ¼ 3) methods
were air-dried overnight at ambient temperature then coated with
10 nm thick platinum (JEOL-JFC 1600 auto-ﬁne coater). Freeze
fracture using liquid nitrogen was performed on dried PVA samples
for analysis of the cross sectional height of topographies. Patterns
on PVA were visualized using scanning electron microscope (SEM;
JEOL-JSM 6010LV and JEOL-JSM-7600) at high vacuum and accelerating voltage of 5e10 keV. SEM images were used to analyse the
dimensions of topographies (ImageJ 1.46j), where at least 5 measurements were obtained for each sample. Hydrated planar PVA
were observed through environmental SEM (ESEM; Philips XL 30
ESEM-FEG at 15 keV and 3.5 Torr) without prior sample
preparation.
2.6. Atomic force microscopy of nanometer-sized topography

2.7. X-ray photoelectron spectroscopy of planar PVA
X-ray photoelectron spectroscopy (XPS; Kratos Analytical, UK)
was used to study surface elemental composition for unpatterned
PVA made from both casting and NIL methods. A standard monochromated aluminum X-ray source (1486.7 eV, 75 W) at 90 with
respect to the PVA surface was used to capture survey and highresolution spectra. Survey and high-resolution spectra were
analyzed using CasaXPS (Kratos Analytical). Peak assignment on
high-resolution C1s spectrum was performed as previously
described [8,30,31]. Binding energy was reported in electron volts
(eV).
2.8. Static water contact angle of planar PVA
Casted PVA without N2 plasma treatment and NIL PVA were
dried overnight at ambient temperature before static water contact
angle was measured. Static water contact angle on N2 plasma
modiﬁed PVA were immediately measured within 2 h after plasma
treatment. Distilled, deionized water (1 ml) was deposited on the
surface of the planar PVA and contact angle was measured with
VCA AutoFAST (AST Products, Inc). Contact angles on casted and NIL
PVA with gratings were measured perpendicular to the gratings
axis, as described previously [32].
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Table 1
Dimensions of topography on planar patterned PVA using casting and nanoimprint lithography (NIL) method. Multiple measurements were made on scanning electron
microscopy (SEM) images (n ¼ 3). Measurement of height of nanometer sized gratings on PDMS and PVA were made using atomic force microscopy (AFM). Width measurements apply to gratings while diameter measurements apply to pillars and lens.* denotes a statistically signiﬁcant difference in dimensions between PDMS mold and
casted PVA,z denotes a statistically signiﬁcant difference in dimensions between PDMS mold and NIL PVA, ^ denotes statistically signiﬁcant difference in dimensions between
casted and NIL PVA. No statistical differences were observed in dimensions of casted PVA with and without N2 plasma treatment. NA denotes not applicable and indicates no
samples made. ND denotes not determined and indicates no measurements made.
Gratings
250 nm
PDMS mold
0.24 ± 0.04
Width or diameter (mm)
Pitch (mm)
0.54 ± 0.05
Height (mm)
0.22 ± 0.01z
Casted PVA
NA
Width or diameter (mm)
Pitch (mm)
NA
NA
Height (mm)
NIL PVA
Width or diameter (mm)
0.23 ± 0.02
Pitch (mm)
0.51 ± 0.03
Height (mm)
0.08 ± 0.02z
Casted PVA with N2 plasma modiﬁcation
Width or diameter (mm)
NA
Pitch (mm)
NA
Height (mm)
NA

Pillars

Convex lens

Concave lens

10 mm

2 mm

10 mm

2 mm

10 mm

2 mm

1.8 mm

1.8 mm

10.2 ± 0.62*
19.1 ± 0.39*
6.74 ± 0.41

1.96 ± 0.06*
3.87 ± 0.06z*
2.11 ± 0.76

10.3 ± 0.21*
19.2 ± 0.31*
8.37 ± 0.51

1.45 ± 0.05z
4.04 ± 0.03*
1.80 ± 0.15

10.5 ± 0.23*
19.7 ± 0.21*
ND

1.83 ± 0.05*
3.88 ± 0.08*
ND

1.63 ± 0.06*
2.03 ± 0.07
ND

1.35 ± 0.12
1.98 ± 0.08
ND

7.65 ± 0.03*
14.1 ± 0.26*
3.41 ± 0.46*

1.35 ± 0.09*^
2.86 ± 0.24*^
1.48 ± 0.38

6.35 ± 0.31*
17.5 ± 0.42*
5.52 ± 0.57*

1.6 ± 0.39
3.33 ± 0.26*
1.32 ± 0.53

7.56 ± 0.30*
15.1 ± 0.32*
ND

1.42 ± 0.11*
2.82 ± 0.09*
ND

1.28 ± 0.09*
1.76 ± 0.23
ND

1.28 ± 0.12
1.81 ± 0.20
ND

NA
NA
NA

1.92 ± 0.21^
4.44 ± 0.23z^
1.57 ± 0.23

NA
NA
NA

1.94 ± 0.13z
4.13 ± 0.32
1.84 ± 0.20

NA
NA
NA

NA
NA
NA

1.63 ± 0.06
2.03 ± 0.07
ND

NA
NA
NA

NA
NA
NA

1.37 ± 0.09
3.28 ± 0.62
1.30 ± 0.14

NA
NA
NA

1.60 ± 0.25
3.58 ± 0.40
1.26 ± 0.23

NA
NA
NA

NA
NA
NA

1.34 ± 0.16
2.02 ± 0.11
ND

1.16 ± 0.24
1.71 ± 0.15
ND

2.9. Cell culture on planar PVA
Casted PVA (n ¼ 4) and NIL PVA (n ¼ 4) were placed in a 24-well
plate and held down by Silastic tubing (Dow Corning). The corresponding unpatterned PVA fabricated using the same method as
the tested patterned PVA were used as the controls. Casted and NIL
PVA were rinsed with PBS, sterilized with UV light and immersed in
10% penicillin-streptomycin (PAA) and 1% amphotericin-B solution
(Sigma Aldrich). Casted and NIL PVA were extensively washed in
PBS. N2 plasma modiﬁed PVA (n ¼ 4) were only sterilized with UV
light for 20 min. All PVA were incubated overnight at 4  C with fetal
bovine serum (FBS, Gibco) before human umbilical vein EC line
EA.hy926 (ATCC) were seeded at a total of 50000 cells/cm2 per ﬁlm
in complete culture medium according to the supplier's recommendation. Glass coverslip was included as a positive control.
Cell morphology and cell adhesion were assessed 24 h after cell
seeding. Total cell number on planar PVA was quantiﬁed using
CyQuant assay (LifeTechnologies). For cells morphology study, cells
were ﬁxed using 4% paraformaldehyde in PBS at 4  C and stained
with 40 ,6-Diamidino-2-Phenylindole Dihydrochloride (DAPI, LifeTechnologies) and Alexa Fluor 488-labeled phalloidin (LifeTechnologies, 1:300 dilution) at room temperature. Images of cell
cytoskeleton and nuclei were taken using epiﬂuorescence microscope (Leica DmiRB) for further morphometric analysis (section
2.9).
Endothelial monolayer formation was then characterized on N2
plasma modiﬁed PVA by culturing EA.hy926 cells for 6 days with
complete medium replacement every 2 days. Afterwards, PVA were
ﬁxed with 4% paraformaldehyde and stained using anti-Vascular
Endothelial-Cadherin (VE-cadherin; Cell Signaling Technology;
1:200 dilution) and anti-rabbit IgG Alexa Fluor-488 secondary
antibody (Life Technologies, 1:500 dilution). Actin cytoskeleton and
nuclei were stained as described above. Images of VE-cadherin,
actin cytoskeleton and nuclei were taken using epiﬂuorescence
microscope (Leica DMiRB).
2.10. Cell morphometric analysis
Using images of cell cytoskeleton, individual cell boundaries
were hand-drawn using the free-hand polygon selection tool on
ImageJ (1.49v, National Institutes of Health). Cell area and

circularity measurements were performed on at least 30 cells from
each sample type (n ¼ 2). Quantiﬁcation of VE-cadherin ﬂuorescence intensity at EC boundary was performed as previously
described [11].
2.11. Tubular PVA patterning and characterization
Tubular patterning was performed to obtain topographies on
the luminal surface of PVA (Fig. 1C). A patterned cylindrical mold
was assembled by attaching a thin-ﬁlm of patterned PDMS on rods
with outer diameter of 2 mm. The assembled cylindrical mold was
plasma-treated for 1 min at 85 W and 8 cc/min oxygen gas.
Immediately after plasma treatment, assembled cylindrical molds
were immersed in crosslinking PVA solution (section 2.1) followed
by sonication at 53 kHz without heating (Kudos ultrasonic cleaner)
for 1 h. After sonication, the cylindrical mold was repeatedly dipcasted in freshly-made crosslinking PVA solution. Tubular PVA
were dried at 18  C and 75e80% humidity. SEM characterization
was done on the luminal surface of the tubular PVA as described in
section 2.5. Mechanical properties of tubular patterned PVA grafts
were studied as previously described [33]. Brieﬂy, uniaxial tensile
strength and suture retention were measured using INSTRON 3345.
Burst pressure and radial compliance were measured on closeended grafts. Digital images of graft cross sections taken with optical microscope (Nikon) were used to measure internal diameter
and wall thickness.
2.12. In vivo implantation of tubular patterned PVA
Animal study was done in accordance with Principles of Laboratory Animal Care and with approval of the Animal Care and Use
Committee of the Claude Bernard Institute (Paris, France). Adult
male Wistar rats (450e600 g) were administered with sodium
pentobarbital intraperitoneally (50 mg/kg). Under an operating
stereomicroscope, the infrarenal aorta was exposed and ligated. A
1 cm segment of the infrarenal aorta was resected and replaced
with PVA grafts with 2 mm gratings (n ¼ 2), 2 mm pillars (n ¼ 1),
1.8 mm convex lens (n ¼ 1), 1.8 mm concave lens (n ¼ 1) or without
pattern (n ¼ 1), using end-to-end anastomosis with Prolene sutures
(10/0). No anticoagulants or antiplatelets were administered postsurgery. Upon explant, grafts were cryosectioned for standard
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Fig. 1. Schematic diagram of patterning of poly(vinyl alcohol) (PVA). Patterning of planar PVA using (A) casting and (B) thermal-based nanoimprint lithography (NIL) methods.
Unpatterned PVA ﬁlms were made with either method and was used as an appropriate control to PVA ﬁlms fabricated using the same method. (C) Dip-casting method for luminal
patterning of PVA vascular graft. Blue denotes polydimethylsiloxane (PDMS) mold, green denotes PVA. (For interpretation of the references to colour in this ﬁgure legend, the reader
is referred to the web version of this article.)

H&E and immunoﬂuorescence staining against nucleus (DAPI) and
RECA-1 antigen (AbD Serotec MCA970, 1:100). Low magniﬁcation
hematoxylin and eosin (H&E) images were used to measure total
luminal area and total patent area of each patent PVA graft. Patent
luminal area was reported as total patent area normalized to total
luminal area of each PVA graft.

compare water contact angle, cell density, cell area and VEcadherin expression. Two-way ANOVA with Sidak's post-hoc test
was used to compare water contact angle and cell morphology
between unmodiﬁed and N2 plasma modiﬁed PVA. Statistical signiﬁcance was considered at p < 0.05. All data are presented as
mean ± standard deviation.

2.13. Statistical analysis

3. Results

Student's t-test was used to compare dimensions of topography
between patterned planar PVA and PDMS mold, and mechanical
properties between unpatterned and patterned tubular PVA. Oneway ANOVA with Dunnett's post-hoc test was performed to

3.1. Patterning of planar PVA using casting and NIL methods
Periodic arrays of topographies on PVA were achieved via
casting on PDMS molds (Fig. 2). The additional process of oxygen

188

M.F.A. Cutiongco et al. / Biomaterials 84 (2016) 184e195

plasma treatment of the PDMS mold and centrifugation force
enhanced the ﬁlling of aqueous PVA solution into various structures
on PDMS mold, showing 100% patterning yield of PVA (Figure S1).
Diffraction of the ﬁlms veriﬁed that the total patterned area on the
PVA (approximately 1 cm2) equalled the mold area (Figure S1) and
high magniﬁcation SEM images showed that all topographies on
casted PVA were well replicated with good shape ﬁdelity (Fig. 2A,
Figure S2). In addition, ESEM images veriﬁed that the topographies
on casted PVA were still present in hydrated state of PVA without
shape distortion (Fig. 2B). Furthermore, the topography on casted
PVA were still present after 1 year of storage in PBS, attesting to the
permanence and stability of the patterned PVA using casting
method (Fig. 2C).
However, the geometrical dimensions of PVA topographies were
different from those on the PDMS mold (Table 1). The differences
observed between casted PVA and PDMS molds were most marked
for large topographies such as 10 mm gratings, 10 mm pillars and
10 mm convex lens. Measurements made using ESEM images also
showed a consistent reduction in topography size on casted PVA
compared with those on the PDMS molds (Table S1). Despite the
discrepancy in dimensions, excellent ﬁdelity in shape and high
yield of patterning of micron-sized features were observed on
casted PVA. In contrast, nano-size features such as 250 nm gratings
replicated via casting showed shape distortion and poor yield
(Figure S3). To improve nano-size replication, NIL was performed
on PVA.
Successful patterning of micon-size topography and nano-size
topography was achieved with NIL (Fig. 2D). The micro-sized topographies fabricated using NIL had comparable dimensions with
the PDMS mold (Table 1). In addition, NIL also improved the
replication of nano-sized topography on PVA. Patterning of 250 nm
gratings on PVA was achieved with ﬁdelity in both shape and dimensions of the topography, which was not feasible with the
casting method. ESEM also showed the presence of the topography
on NIL PVA hydrogel after hydration, thus indicating stability of the
patterned NIL PVA (Fig. 2E).
XPS veriﬁed that unpatterned PVA samples made through
casting (C1s: 68.8 ± 0.40%, O1s: 30.8 ± 0.42%) and NIL (C1s:
64.3 ± 0.46%, O1s: 32.5 ± 0.26%) shared similar surface elemental
composition. High-resolution C1s spectrum analysis also showed
minute differences between unpatterned casted and NIL PVA in the
methyl, hydroxyl, carbonyl and carboxyl group distribution (Fig. 3A
and B). The results indicated that there were no substantial

differences between the surface chemical composition of casted
and NIL PVA. This further implied that no substantial changes
occurred with the increased pressure and temperature used in NIL
method.
Water contact angle analysis showed differences in water contact angle between the patterned and unpatterned PVA (Fig. 3C).
Water contact angle on casted PVA with 2 mm gratings showed
signiﬁcant increase compared with unpatterned casted PVA.
Meanwhile, casted PVA with 2 mm pillars, and 2 mm convex lens had
markedly decreased water contact angle. Similar trends were
observed in water contact angle values for NIL PVA samples
(Fig. 3D). NIL PVA with 250 nm gratings showed a signiﬁcant twofold increase in water contact angle when compared with unpatterned NIL PVA.
3.2. Modiﬁcation of casted PVA with N2 plasma treatment
While topography inﬂuenced EC adhesion on casted PVA (section 3.3), N2 plasma treatment was applied to casted PVA with
selected topographies to further investigate EC adhesion and
morphology. Notably, there was no signiﬁcant change in the shape
or dimensions of topographies between casted and N2 plasma
modiﬁed PVA (Fig. 4A, Table 1). XPS analysis of unpatterned PVA
with N2 plasma modiﬁcation showed the presence of nitrogen
content on the surface (Fig. 4B; C1s: 63.1%, O1s: 31.2%, N1s: 0.36%).
Notably, N2 plasma modiﬁed PVA with 2 mm gratings, 1.8 mm convex
and concave lens showed signiﬁcant increase in water contact
angle compared with N2 plasma modiﬁed PVA without pattern.
Meanwhile, N2 plasma modiﬁed PVA with 2 mm pillars showed
signiﬁcantly decreased water contact angle compared with
unpatterned PVA with N2 plasma modiﬁcation. Two-way ANOVA
analysis showed a signiﬁcant increase in water contact angle in
casted PVA (Fig. 3C) after N2 plasma modiﬁcation (Fig. 4C). Nonetheless, similar trends in water contact angle between patterned
and unpatterned PVA were present in both casted and N2 plasma
modiﬁed PVA.
3.3. EC adhesion on patterned casted and NIL PVA
Adhesion of human ECs was investigated on casted and NIL PVA
without and with different topographies (Fig. 5). Unpatterned PVA
(obtained from both casting and NIL methods) showed low cell
attachment with rounded cell morphology (Fig. 5A and B). In

Fig. 2. Characterization of planar PVA with topography. Scanning electron microscopy (SEM) and environmental SEM (ESEM) images of PVA patterned ﬁlms with various
topography via casting (A, B, C) and NIL (D, E). (A) SEM showed successful patterning of topographies using casting method. Unpatterned casted PVA was also fabricated. Scale
bar ¼ 5 mm. (B) ESEM performed on selected casted PVA ﬁlms showed the stability of patterning and the presence of topography in the hydrated state of the PVA hydrogel. Scale
bar ¼ 5 mm. (C) Casted PVA ﬁlms stored in sterile phosphate buffered saline (PBS) for up to one year in ambient conditions retained its topography with shape and size similar to
freshly patterned ﬁlms. Scale bar ¼ 5 mm. (D) SEM showed successful patterning of topographies using NIL method. Scale bar ¼ 5 mm. (E) ESEM imaging on selected NIL PVA ﬁlm
showed stability of topography in the hydrated state of the NIL PVA in both low and high magniﬁcation. Scale bar ¼ 2 mm.
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Fig. 3. Surface characterization of PVA ﬁlms. X-ray photoelectron spectroscopy (XPS) characterization of unpatterned PVA ﬁlms formed via (A) casting and (B) NIL. Binding energy
is given in electron Volts (eV). (C) Static water contact angle measurement on casted PVA with different surface topography. (D) Static water contact angle measurement on NIL PVA
with different surface topography. * denotes statistical signiﬁcance using one-way ANOVA with p < 0.001.

Fig. 4. Surface characterization of casted PVA ﬁlm with topography and nitrogen gas (N2) plasma modiﬁcation. (A) SEM images of casted PVA ﬁlms after N2 plasma modiﬁcation. N2 plasma modiﬁcation of casted PVA did not show distortion in shape of topography. Scale bar ¼ 5 mm. (B) XPS showed presence of nitrogen on surface of casted PVA after
N2 plasma modiﬁcation. Binding energy is given in eV. (C) Water contact angle analysis of casted PVA with N2 plasma modiﬁcation showed signiﬁcant changes compared with N2
plasma modiﬁed PVA without pattern. All casted PVA ﬁlms with N2 plasma modiﬁcation showed signiﬁcant increase in water contact angle when compared with the same
patterned casted PVA ﬁlms without N2 plasma modiﬁcation. * denotes statistical signiﬁcance using one-way ANOVA with p < 0.0001.

general, casted PVA with topography showed increased cell
attachment with more spread morphology after 24 h (Fig. 5A). ECs
cultured on casted PVA with gratings exhibited some elongation
while ECs grown on casted PVA with pillars and lens topographies
retained a circular shape. Casted PVA with 10 mm gratings, 2 mm
gratings, 1.8 mm convex and 1.8 mm concave lens promoted a
signiﬁcantly higher EC attachment as compared with unpatterned
casted PVA (Fig. 5C). In contrast, casted PVA with 10 mm convex lens
and 2 mm pillars negatively modulated cell adhesion. A similar

trend of cell adhesion was observed on NIL PVA, where 2 mm
gratings on PVA showed a more spread morphology (Fig. 5B) and a
signiﬁcant increase in cell attachment (Fig. 5D). While EC adhesion
on NIL PVA with 250 nm gratings or 1.8 mm convex lens was unchanged from the unpatterned NIL PVA, the spread EC morphology
on these ﬁlms were notable. NIL PVA with 2 mm pillars also showed
no change in EC adhesion compared to unpatterned NIL PVA, but EC
morphology on these ﬁlms were similar to casted PVA with 2 mm
pillars.
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Fig. 5. Endothelial cell (EC) adhesion on planar PVA ﬁlms patterned through casting and NIL methods. (A) Fluorescence images of cells on casted PVA ﬁlms showed cell
morphology. Unpatterned casted PVA was used as a control. Blue denotes nuclei while green denotes actin. White arrows denote gratings axis. Scale bar ¼ 50 mm. (B) Fluorescence
images of cells on NIL PVA ﬁlms showed cell morphology. Unpatterned NIL PVA was included as control. Blue denotes nuclei while green denotes actin. White arrow denotes
gratings axis. Scale bar ¼ 50 mm. (C) Average cell density on casted PVA ﬁlms with different topography. * denotes statistical signiﬁcance using one-way ANOVA with p < 0.05. (D)
Average cells density on NIL PVA ﬁlms with different topography. * denotes statistical signiﬁcance using one-way ANOVA with p < 0.01. (E) Analysis of EC area on selected casted
PVA. * denotes statistical signiﬁcance using one-way ANOVA. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this
article.)

Morphometric analysis of cell area and cell circularity was
performed on casted PVA that signiﬁcantly improved (2 mm gratings, 1.8 mm convex lens and 1.8 mm concave lens) or reduced (2 mm
pillar) EC density. Cell area was signiﬁcantly increased on casted
PVA with topography as compared with unpatterned casted PVA
(Fig. 5E). Notably, even EC grown on casted PVA with 2 mm pillars
showed a signiﬁcantly larger cell area in contrast to unpatterned
casted PVA. Similarly, EC circularity was signiﬁcantly changed on
casted PVA (Figure S4A). EC grown on casted PVA with 2 mm gratings, 1.8 mm convex lens and 1.8 mm concave lens decreased in cell
circularity compared with EC grown on unpatterned casted PVA.
Meanwhile, cells grown on casted PVA with 2 mm pillars did not
show any signiﬁcant change in cell circularity.

3.4. EC adhesion on N2 plasma modiﬁed PVA
Topographical modiﬁcation improved EC adhesion on casted
and NIL PVA but was insufﬁcient to change the rounded
morphology of cells to a more adherent shape. Thus, N2 plasma
modiﬁcation was utilized to further improve EC adhesion and
morphology on the selected casted PVA (2 mm gratings, 2 mm

pillars, 1.8 mm concave lens, 1.8 mm convex lens and unpatterned).
Modiﬁcation of N2 plasma modiﬁed PVA with topography
improved EC adhesion (Fig. 6A). EC grown on N2 plasma modiﬁed
PVA with 2 mm gratings, 1.8 mm concave lens and unpatterned
showed cells with spread morphology. In contrast, EC on N2 plasma
modiﬁed PVA with 2 mm pillars and 1.8 mm convex lens still
retained the circular morphology that was observed on casted PVA
(without plasma treatment). Overall EC density on N2 plasma
modiﬁed PVA signiﬁcantly improved (with at least 10 times higher
EC density, p < 0.0001) from casted PVA. Signiﬁcant increase in EC
adhesion was observed on N2 plasma modiﬁed PVA with 2 mm
gratings, 2 mm pillars and 1.8 mm concave lens when compared to
the unpatterned PVA with N2 plasma modiﬁcation (Fig. 6B). In
contrast, N2 plasma modiﬁed PVA with 1.8 mm convex lens showed
signiﬁcant decrease in cell density when compared to unpatterned
PVA with N2 plasma modiﬁcation.
VE-cadherin expression was detected in EC monolayer on N2
plasma modiﬁed PVA with 2 mm gratings and 1.8 mm concave lens,
similar to the expression when grown on glass coverslip (Fig. 6C). In
contrast, EC monolayer on N2 plasma modiﬁed PVA with 2 mm
pillars, 1.8 mm convex lens or without pattern lacked VE-cadherin

M.F.A. Cutiongco et al. / Biomaterials 84 (2016) 184e195

191

Fig. 6. EC adhesion and area on selected casted PVA with N2 plasma modiﬁcation. Unpatterned PVA modiﬁed with N2 plasma were used as controls. (A) Fluorescence images of
cells grown on casted PVA ﬁlms modiﬁed with N2 plasma for 24 h. Blue denotes nuclei, green denotes actin. Scale bar ¼ 50 mm. (B) Average cell density on casted PVA ﬁlms modiﬁed
with N2 plasma after 24 h culture. * denotes statistical signiﬁcance using one-way ANOVA with p < 0.01. Two-way ANOVA indicated that EC density on PVA ﬁlms modiﬁed with N2
plasma signiﬁcantly improved from unmodiﬁed PVA ﬁlms with the same topography. (C) EC monolayer function on casted PVA with N2 plasma modiﬁcation after 6 days culture.
Immunoﬂuorescence staining showed EC monolayer formed on N2 plasma modiﬁed ﬁlms after 6 days culture. Green denotes vascular endothelial-cadherin (VE-cadherin), red
shows actin cytoskeleton and blue denotes nuclei. Scale bar ¼ 50 mm. (D) Quantiﬁcation of VE-cadherin expression on EC monolayer grown on N2 modiﬁed PVA. *denotes statistical
signiﬁcance using one-way ANOVA with p < 0.0001. (E) Analysis of EC area on casted PVA with and without N2 plasma modiﬁcation. Values of EC area after 24 h culture on casted
PVA ﬁlms without plasma modiﬁcation from Fig. 5E were included for comparison. Black and blue lines show statistically signiﬁcant comparisons of EC area using one-way ANOVA
with p  0.05. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

expression. Quantitative analysis similarly showed a signiﬁcant
improvement in ﬂuorescence intensity of VE-cadherin detected on
EC boundary after culture on N2 plasma modiﬁed PVA with 2 mm
gratings or 1.8 concave lens compared to unpatterned (Fig. 6D).
Cell area and circularity were compared between 1 day and 6
day growth period on N2 plasma treated PVA (Fig. 6E). EC area after
1 day on N2 plasma modiﬁed PVA with 2 mm gratings, 2 mm pillars,
and 1.8 mm convex lens signiﬁcantly decreased as compared to
unpatterned PVA with N2 plasma modiﬁcation (Fig. 6E, black lines).
EC showed a trend of increasing cell area with topography on all N2
plasma modiﬁed PVA, as opposed to cells grown on casted PVA

without plasma treatment for 24 h (Fig. 6E, blue lines). A signiﬁcant
enhancement of cell area was also observed when comparing EC
cultured for 6 days on N2 plasma modiﬁed PVA with 2 mm gratings.
N2 plasma modiﬁed PVA with 2 mm gratings, 2 mm pillars or 1.8 mm
concave lens also exhibited a signiﬁcant difference in EC area when
comparing between 24-h and 6-day culture periods. EC area on all
N2 plasma modiﬁed PVA, regardless of culture duration or topographical modiﬁcation, signiﬁcantly increased from EC area on
unpatterned casted PVA.
A similar but opposite, decreasing trend in EC circularity was
observed (Figure S4A). However, EC on all PVA substrates still
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showed statistically higher circularity compared with those on
glass. After 6 days culture, drastic changes were observed between
EC on N2 plasma modiﬁed PVA with patterns and without pattern
(Figure S4B). EC on N2 plasma modiﬁed PVA with 2 mm gratings
exhibited signiﬁcantly lower cell circularity than EC on N2 plasma
modiﬁed PVA without pattern, matching the elongated
morphology observed. EC on N2 plasma modiﬁed PVA with 2 mm
pillars and 1.8 mm convex lens also showed lower circularity due to
the increase in ﬁlopodia formation. EC on N2 plasma modiﬁed PVA
with 1.8 mm concave lens exhibited higher circularity compared
with that on N2 plasma modiﬁed without pattern, which is
consistent with the observed cobblestone EC morphology. Signiﬁcantly, only EC circularity on N2 plasma modiﬁed PVA with 1.8 mm
concave lens did not show any signiﬁcant difference from that on
glass control.
3.5. Fabrication of tubular PVA with luminal topography via dipcasting method
Successful patterning of the lumen of PVA tubular scaffolds with
both anisotropic and isotropic patterns on its luminal surface was
observed (Fig. 7A). Macroscopic evaluation of the lumen showed a
uniform surface, with high-ﬁdelity shape replication evident in
high magniﬁcation. Notably, topographies were observed
throughout the length of the PVA tubular scaffold. Furthermore, the
mechanical properties of patterned PVA tubular scaffolds such as
internal diameter, wall thickness, radial compliance, burst pressure,
suture retention and Young's modulus were not signiﬁcantly
altered from unpatterned PVA tubular scaffolds (Table S2). To
demonstrate the effect of the luminal topographical modiﬁcation
on improving self-endothelialisation and patency of PVA graft, PVA
tubular scaffolds were implanted in a rat abdominal aorta. In the
proof-of-concept study, PVA grafts were implanted without anticoagulant or antiplatelets regime (Fig. 7B). H&E-stained sections
showed some nucleate cells in the lumen of PVA grafts with 2 mm
gratings, indicative of intimal hyperplasia. Additionally, 2 mm
gratings structures on PVA grafts were clearly visible on sections
stained with H&E, thus afﬁrming robust patterning that can withstand high shear stress in the aorta. H&E images showed formation
of thrombus at the luminal wall of PVA grafts with 2 mm pillars and
1.8 mm concave lens. PVA grafts with 1.8 mm convex lens or without
pattern were completely occluded with thrombus at 2 days and 20
days post-implantation, respectively. Meanwhile, partial patency of
PVA grafts with 2 mm pillars (3% patent luminal area), 1.8 mm
concave lens (24% patent luminal area) and 2 mm gratings (37%
patent luminal area) topographies were observed at 20 days
(Fig. 7C). Most signiﬁcantly, EC attachment on the luminal surface
of PVA grafts with 2 mm gratings were observed using immunoﬂuorescence (Fig. 7D).
4. Discussion
4.1. Facile and reproducible technique for planar and tubular
patterning of PVA
Poly(vinyl alcohol) is widely used for biomedical applications
yet there is a need to enhance its biological functionality. Signiﬁcance of topography on material surfaces in inﬂuencing cell
behaviour is increasingly exploited in tissue engineering. Yet current techniques for hydrogel patterning are limited to micron-size
resolution and require cytotoxic organic solvents.
The ease of modifying PVA hydrogel with faithfully replicated
topographies was demonstrated in this study. A challenge in using
PDMS stamp for patterning of hydrogel is the lack of wetting due to
the hydrophobic surface of PDMS. The introduction of oxygen

plasma treated PDMS mold to improve interface wetting and a
centrifugation step to remove air bubbles trapped in the topography features were demonstrated to achieve well replicated patterns on PVA via casting.
Both SEM and ESEM revealed that micro-size topography dimensions on casted PVA were consistently smaller from the PDMS
mold. Since ESEM operates in a low vacuum and high humidity
environment, the size reduction observed cannot be attributed to
the dehydration of ﬁlms during observation. Rather, the loss of
water during crosslinking may have caused smaller topography
dimensions. As the crosslinking was carried out in a controlled
environment, the size reduction was consistently observed for all
the patterns. Thus, patterning of PVA via casting method is a wellcontrolled and repeatable process. For future applications, the
reduction in topography dimensions on casted PVA could be
accounted for in experimental analysis as the effective dimensions
exposed to cells and other biological materials.
However, the combination of the loss of water during the
crosslinking process and the incomplete ﬁlling resulted in poor
replication of nano-size features on casted PVA. Higher resistance
of PDMS with nano-size features to capillary force may have hindered complete ﬁlling of the PDMS mold [34]. Hence, the added
pressure during the imprint system achieved complete ﬁlling
before crosslinking and greatly improved the ﬁdelity in both shape
and size of topographies.
Non-planar patterning is very challenging and limited to nonperiodic patterns on non-hydrogel materials. Although previous
reports show rolled-up patterned ﬂat ﬁlms [35,36] and casting on
electrospun polyurethane [37], these methods are limited to
organic-based polymeric materials. Gadegaard et al. also described
a technique that allowed patterning of tubular structures through
polymer demixing technique with limitations in uniformity [38].
In order to fabricate topography on non-planar forms, a dipcasting method for simultaneous luminal patterning and macromolding of a tubular hydrogel achieved high-ﬁdelity and uniform
patterning. To the best of our knowledge, this is the ﬁrst demonstration of a hydrogel-based tubular scaffold with periodic array of
topographies less than 10 mm in size to be presented in the lumen.
The dip-casting technique was shown to be limited to topographies
in the sub-micron range and fabrication of tubular scaffolds with
inner diameter of at least 2 mm. In future studies, a uniform cylindrical mold made of materials that have better wetting interaction could permit a wide variety of topographies to be incorporated
into the luminal surface for applications in vascular [35] and nerve
tissue engineering [36].
4.2. Topographical and N2 plasma modiﬁcation of PVA improved EC
adhesion and function
Mimicking the biophysical niche on synthetic substrates by
using structural cues is a widely used strategy to inﬂuence cell
behavior in vitro. The study supports the notion that mimicking the
pits, ﬁbers and bumps [39] found on the EC basement membrane
can recapitulate the physiological behaviour and function of EC.
Notably, PVA with 2 mm gratings, 1.8 mm convex lens or 1.8 mm
concave lens signiﬁcantly improved EC density, area, morphology,
and decreased cell circularity after 1 day. Increase in cell area and
decrease in cell circularity are strongly correlated with enhanced
cell attachment and cellesubstrate interaction via integrin
engagement [40], and reduced apoptotic rate [41], respectively. The
results in this study aligned with previous reports wherein photocrosslinked polyethylene glycol hydrogel with gratings with less
than 10 mm dimensions enhanced cell-material compared with
non-cell adhesive, unpatterned hydrogel [42].
The effect of topography on cell adhesion is widely postulated to
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Fig. 7. Fabrication and in vivo implantation of tubular PVA grafts with luminal topography. (A) SEM of PVA grafts either unpatterned or patterned with different topographies.
(i) The macroscopic view of the tubular patterned PVA grafts. Scale bar ¼ 500 mm. (ii) High magniﬁcation of the tubular patterned PVA grafts showed luminal topography. Scale
bar ¼ 5 mm. (B) Histological analysis of frozen sections of PVA grafts after explantation from rat abdominal aorta. (i) Standard hematoxylin and eosin (H&E) staining showed partial
patency of PVA grafts with 2 mm gratings, 2 mm pillars and 1.8 mm concave lens with apparent luminal tissue narrowing the lumen of the grafts. Scale bar ¼ 500 mm. (ii) Gratings
structures on PVA grafts (black arrow) with 2 mm gratings were easily observed through H&E. Scale bar ¼ 50 mm. (iii) H&E shows occlusion of PVA grafts without pattern and with
1.8 mm convex lens. Scale bar ¼ 500 mm. (C) Patent luminal area as a percentage of the total luminal area in partially patent PVA grafts after 20 days. (D) Immunoﬂuorescence
staining of explanted PVA graft with 2 mm gratings showed RECA-1 positive endothelial cells (in red) attached to the lumen. Blue denotes nuclei of the cells. Scale bar ¼ 50 mm. (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

stem from changes in surface energy and hydrophobicity [43,44].
Our observations with some substrates such as 2 mm gratings PVA
provide evidence that hydrophobicity is modiﬁed by topography,
and that this change in hydrophobicity from the introduction of
topography may improve cell adhesion. Indeed, measurement of
protein adsorption on the patterned PVA may be performed to
further explore the relationship between different types of topography and changes in surface energy and biological response.
N2 plasma treatment is commonly used for reproducible,
controlled and uniform surface modiﬁcation of biomaterials to
enhance material functionality [8,45]. The low-powered N2 gas
plasma treatment employed in this study increased the nitrogen
surface content of PVA without distortion of shape or dimension of
topographies, similar to what was reported previously [46].
Topography and N2 plasma modiﬁcation of PVA resulted in
improved EC adhesion, circularity and function. Thus, the synergistic effect of chemical and structural surface modiﬁcation of PVA
aided the formation of a conﬂuent EC monolayer putatively
through enhancement of proliferation and inhibition of apoptosis.

In addition, the results imply that N2 plasma modiﬁcation and
concomitant ECM adsorption is more important than topography at
an early time point. It may be caused by the necessity for cells to
ﬁrst engage a minimum integrin density to attach and spread [47].
After the initial attachment event (beyond 1 day culture), the effect
of topography in cell spreading, proliferation and phenotype was
more pronounced.
In fact, the EC monolayer on N2 plasma modiﬁed PVA with 2 mm
gratings and 1.8 mm concave lens showed signiﬁcant improvement
in EC function, as shown by VE-cadherin expression. VE-cadherin is
critical for preventing endothelial monolayer permeability and
decreasing neutrophil transendothelial migration [48]. Despite
similar VE-cadherin expression, EC morphology on N2 plasma
modiﬁed PVA with these topographies are vastly different. EC
morphology on PVA with 1.8 mm concave lens showed high circularity and resembled the cobblestone EC morphology normally
observed under static culture in vitro [49], on substrates with nanosized circular protrusions [50] or on ﬁbronectin-rich and atheroprone vessel areas experiencing turbulent ﬂow in vivo [51]. Notably,
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the EC morphology on PVA with 2 mm gratings showed signiﬁcantly
low circularity and elongation along the gratings axis that resembles the physiological morphology of EC under laminar steady
state ﬂow [49], which promotes an anti-thrombogenic [52] and
anti-inﬂammatory phenotype [53]. The 2 mm gratings structures on
EC density, area and function may also enhance EC secretion of
collagen type IV over ﬁbronectin, which is preferentially secreted
by cobblestone EC [54]. Our results consistently demonstrates the
beneﬁcial effects of PVA with 2 mm gratings not only for improved
EC adhesion, but also for enhanced EC function.
4.3. Tubular patterned PVA grafts as small diameter vascular graft
Many topographies known to direct EC behavior have not yet
been applied to vascular grafts due to limitations in tubular
patterning. In this study, a surgically implantable and suturable
tubular PVA with luminal topography was created. Both in vitro and
in vivo results indicated that the PVA patterned with 2 mm gratings
topography would be most beneﬁcial in creating a functioning and
intact endothelium in the long-term. In contrast, occlusion was
observed in PVA grafts with both 1.8 mm convex and 1.8 mm concave
lens. The results may be attributed to increased platelet adhesion
on lens topographies in vitro [7]. Considering that the animals did
not receive any antiplatelet or anticoagulant drugs, it is most
plausible that thrombosis of PVA grafts with 1.8 mm convex and
1.8 mm concave lens occurred earlier than endothelial attachment.
5. Conclusion
In summary, we presented casting and NIL as simple and
reproducible methods for planar patterning of hydrogel with high
yield and patterning integrity. The casting technique presented has
high-yield and shape ﬁdelity and can be performed in ambient and
aqueous conditions. On the other hand, patterning of nano-sized
features with high yield was achieved using NIL. The aid of pressure during the imprint process helped to overcome the capillary
force in ﬁlling up nano-size structure. PVA with 2 mm gratings,
1.8 mm convex and concave lens signiﬁcantly improved EC adhesion. Additional plasma treatment of PVA to incorporate amide
groups enhanced cell adhesion without altering topographical
modiﬁcation. Notably, PVA with 2 mm gratings and 1.8 mm concave
lens topography enhanced EC adhesion and function compared
with unpatterned PVA. To aid the integration of topography into
useful three-dimensional platforms, a novel non-planar patterning
method was developed to achieve luminal micron-size patterns on
tubular PVA graft. To our knowledge, this is the ﬁrst demonstration
of hydrogel patterning of a luminal surface with a periodic array of
patterns. In a preliminary rat study without anticoagulant and
antiplatelet regimen, PVA grafts with 2 mm gratings showed
enhanced patency and endothelialisation after 20 days.
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