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Polyurethanes (PUs) are well-known for their biocompatibility but their intrinsic inert property hampers cell-matrix interac-
tions. Surface modifications are thus necessary to widen their use for biomedical applications. In this work, surface modifica-
tions of PU were achieved first by incorporating polyhedral oligomeric silsesquioxane (POSS), followed by alteration of the 
surface topography via the breath figures method. Subsequently, surface chemistry was also modified by immobilization of 
gelatin molecules through grafting, for the enhancement of the surface cytocompatibility. Scanning electron microscopy (SEM) 
was used to verify the formation of highly ordered microstructures while static contact angle, FTIR and XPS confirmed the 
successful grafting of gelatin molecules onto the surfaces. In vitro culture of human umbilical vein endothelial cells (HUVECs) 
revealed that endothelial cell adhesion and proliferation were significantly enhanced on the gelatin-modified surfaces, as 
shown by live/dead staining and WST-1 proliferation assay. The results indicated that the combination of the strategies yielded 
an interface that improves cell attachment and subsequent growth. This enhancement is important for the development of 
higher quality biomedical implants such as vascular grafts. 
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1  Introduction 

Cardiovascular diseases (CVDs) have resulted in over mil-
lions of vascular procedures, including bypass graftings 
performed annually [1]. The most common approach for 
these procedures is to use autologous blood vessels har-
vested from patients for transplantation. However, limited 
availability of healthy autologous blood vessels for grafting 
has necessitated the use of various synthetic vascular grafts 
[2, 3]. Some of the more commonly used polymeric materi-
als for this purpose are polyurethane (PU) [4, 5], polyeth-
ylene terephthalate (PET), polytetrafluoroethylene (PTFE)  

[6], polyvinyl chloride (PVC), silicon rubber, and so on [7]. 
Among them, PU remains one of the most popularly used 
materials for the construction of vascular grafts due to its 
excellent mechanical and physical properties [8]. However, 
as with other synthetic vascular grafts, PU-based vascular 
grafts have been associated with poor long-term anti- 
thrombogenicity [9, 10]. This is presumably caused by in-
adequate endothelization [11]. In order to overcome this 
problem, a monolayer of functional endothelial cells can be 
created on the graft surface to improve endothelization [12]. 
In recent years, researchers have developed a new class of 
silica nanocomposites using polyhedral oligomeric silse-          
squioxane (POSS). POSS has been recognized as a na-
nosized silica particle with great potential for use in cardio-
vascular interventional devices [13]. Some studies have  
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shown that POSS molecules are able to act as amphiphiles 
at water-air interface, thus their incorporation into a poly-
mer would enhance the amphilicity of a surface. This would 
in turn improve endothelization. In fact, there are many re-
ports that have shown the high biocompatibility, nontoxicity 
and good cytocompatibility of POSS nanocomposites, indi-
cating that the combination of the unique POSS molecules 
and polymers holds great promise, especially as biomaterials 
used for biomedical applications [14]. 

Besides selecting suitable biomaterials for the construc-
tion of vascular grafts, surface modifications are also essen-
tial to enhancing the viability of endothelial cells on the 
graft surfaces [15, 16]. Recently, a bottom-up approach 
known as the breath-figure (BF) technique has become an 
important alternative to the conventional top-down tem-
plating strategy such as photolithography to produce mi-
croporous polymer films with highly ordered structures. 
This technique was first introduced by Francois et al. [17, 
18] and is based on the in situ condensation of water drop-
lets onto a drying polymer solution surface. It is a relatively 
simple templating method where the films are produced 
from simple casting of a volatile solvent onto a flat surface 
in a highly humid environment. The cooling effect from 
rapid solvent evaporation will then cause condensation and 
the formation of water droplets to occur. These water drop-
lets are capable of self-assembling into hexagonally packed 
arrays, forming highly ordered honeycomb-structured films. 
The popularity of this method comes from the fact that it is 
easily manipulated, low-cost, applicable to large area fabri-
cation, and most importantly, the consistency of the array of 
holes formed and the average pore size of the porous films 
produced by this method are tunable. To date, various block 
copolymers and homopolymers, either with or without the 
use of surfactants, have been utilized for the fabrication of 
exquisite arrays of holes [18]. 

Besides introducing microstructures onto the polymer 
surfaces to modify the surface topology, surfaces can also 
be modified or functionalized by immobilizing biomacro-
molecules. Some studies have described the immobilization 
of different biomacromolecules such as gelatin, biotin or 
RGD peptides onto the polymeric material surfaces to im-
prove cell-material interactions [1925]. In particular, gela-
tin has been shown to be effective in the enhancement of 
cell attachment properties on a PU surface [26].  

In this study, we report the development of gelatin- 
grafted PU/POSS membranes with highly ordered, self- 
organized honeycomb microstructures and enhanced cyto-
compatibility using the simple but effective breath figures 
(BF) method. It is a culmination of a two-pronged strategy, 
which employs the BF method to modify the surface topog-
raphy of PU (Figure 1) and the incorporation of POSS and 
gelatin molecules to enhance the endothelization of PU so 
as to improve its long-term anti-thrombogenicity (Figure 2). 
A variety of surface characterization techniques were used 
to verify the formation of highly ordered microstructures 
and the successful grafting of gelatin molecules onto the 
surfaces. Additionally, this study also verified previous 
findings that detailed the possibility of fine-tuning these 
microstructures by controlling the various parameters such 
as solvent type and polymer concentration during synthesis 
[27]. Furthermore, the effectiveness of these surface modi-
fications on improving the endothelization of PU was also 
confirmed by the culturing of human umbilical vein endo-
thelial cells (HUVECs) on films and accessing their viabil-
ity and proliferation through Live/Dead staining and WST-1 
proliferation assay. The effect of pore size on cell attach-
ment and growth was also probed. 

2  Experimental 

2.1  Materials 

PU, with a molecular weight of Mw = 106500, is an aromatic 
polyester-based thermoplastic polyurethane purchased from  

 

Figure 1  Schematic diagram showing the preparation of a honeycomb- 
structured gelatin-grafted PU/POSS film via the BF method. 

 
Figure 2  Gelatin grafting reactions in the pores of PU/POSS films. 
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Noveon. The aminopropyl isobutyl polyoligomeric silsesqui-
oxane (POSS–trademark of hybrid plastics, AM0265) was 
purchased from Hybrid Plastics. The chloroform was ob-
tained from Fisher Scientific and used without further puri-
fication. Furthermore, the cross-linking agent, N-(3-dimethyl-    
aminopropyl)-N′-ethylacarbodiimide hydrochloride (EDC. 
HCl) and gelatin were purchased from Sigma-Aldrich and 
used as received. Dulbecco’s phosphate buffered saline 
(DPBS, 1 x) was obtained from Invitrogen and water used 
throughout this study was purified by a millipore system 
(Milli-Q, millipore). 

2.2  PU/POSS microporous film preparation 

The microporous films of PU and POSS molecules were 
prepared by using the static BF method, which is relatively 
simpler as compared to the typical dynamic BF process [28]. 
The POSS concentration was fixed at 1 mg/mL. Briefly, a 
predetermined amount of PU and POSS were weighed and 
added into chloroform, and mixed to achieve homogeneous 
mixture solution in an ultrasonic field for 10 hours. Then, 
40 L of the homogenously-mixed solution was cast onto a 
glass coverslip using a pipette in a self-made humidified 
chamber at room temperature (23 °C) and a preset relative 
humidity of 90% RH, and left inside for at least 45 minutes. 
When the organic solvent and water have fully evaporated, 
the polymer films on the glass coverslip were retrieved for 
additional treatment. A number of uniform circular sections, 
each measuring 16 mm in diameter, were cut out and placed 
into the wells of a 24-well cell culture plate. Each well con-
taining the films was later filled with 1 mL of PBS contain-
ing 10 wt% of EDC and the plate was kept in the refrigera-
tor at 4 °C for 3 hours. Subsequently, a gelatin solution (4 
mg/mL) was used to replace the EDC solution and kept for 
another 16 hours in the refrigerator at 4 °C. In parallel, other 
spin-coated flat-surface films were also prepared to be used 
as the control.  

2.3  Stability of POSS in PU 

To examine the stability of the POSS additives in PU films, 
polymer films were cut into 16 mm diameter circular sec-
tions and weighed (Wdry) before being immersed in phos-
phate buffer solution (PBS) under pH 7.4 at 37 °C for 20 
days. After aging, the test samples were thoroughly cleaned 
with ethanol and subsequently rinsed with deionised water. 
The samples were then left in the vacuum oven to dry for 12 
hours at 80 °C before being weighed again (Wdry, final). The 
extraction of the additives in terms of weight loss from the 
films was determined by the following equation [29]: 

dry dry, final

dry

Weight loss (%) 100.
W W

W


   

2.4  Polymer characterization 

The honeycomb films were characterized and observed us-
ing an optical microscope (BX-90, Olympus). Attenuated 
total reflectance-Fourier transform infrared (ATR-IR) spec-
tra were obtained on a Nicolet Magna- IR9300 FTIR spec-
trometer. The morphology of the honeycomb films was ob-
served and images were taken on a scanning electron mi-
croscope (JSM6700F, JOEL, Japan). The contact angles of 
pure water on the surface of the films were measured at 
room temperature on a KH-0601 optical contact an-
gle-testing instrument (Kangsente, Beijing, China) and 
evaluated using the Dropshape software (Kruess, Germany). 
NMR spectra of the compounds were recorded on a Bruker 
400 MHz NMR Spectrometer using DMSO-d6 as solvent. 
The surface chemical composition of the films was analyzed 
with X-ray photoelectron spectroscopy (XPS) (Kratos, 
Manchester, UK). 

2.5  Cell culture  

Human umbilical vein endothelial cells (HUVECs) were 
purchased from American Type Culture Collection (ATCC). 
HUVECs were cultured in MCDB 131 medium supple-
mented with 10% fetal bovine serum (Hyclone), 20 units/mL 
heparin, 1 mM sodium pyruvate, 100 units/mL penicillin, 
and 100 mg/mL streptomycin. Cells were maintained at 
37 °C in a humidified atmosphere of 5% CO2 in air and 
were subcultured until approximately 80% confluent before 
they were trypsinized for further use. HUVECs below pas-
sage 10 were used for this study.   

2.6  In vitro cytocompatibility  

For in vitro cytocompatibility studies, the PU/POSS films 
were cut into 16 mm diameter circular sections. The circular 
scaffolds were sterilized by being immersed in Penicil-
lin/Streptomycin (10x) (PAA) overnight and then washed 
thoroughly by phosphate buffered saline (PBS) (Invitrogen). 

HUVECs cultured in 175 cm2 cell culture flasks were tryp-
sinized, counted, and seeded at a density of 1 × 104 cells/cm2 
onto the surface of the pre-prepared scaffolds that were 
placed in 24-well cell culture plates. Cell-seeded scaffolds 
were incubated at 37 °C for 2 hours to allow HUVECs to 
attach to the scaffolds before the topping up each well with 1 
mL of culture medium. After culturing for a week, the 
PU/POSS scaffolds were harvested, washed with PBS to 
remove the non-adherent cells and then Live/Dead fluores-
cent staining (Invitrogen) was performed. The live (stained 
green) and dead (stained red) cells were observed under a 
fluorescent microscope after 30 minutes of incubation with 
the fluorescent dyes and thorough wash with PBS.  

Besides that, cell proliferation on both gelatin-grafted 
PU/POSS films and control films was also evaluated using 
WST-1 proliferation assay (4-[3-(4-lodophenyl)-2-(4-nitro-          
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phenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate assay, 
Roche Diagnostics, Germany). HUVEC-seeded films in 
uniform circular sections (16 mm in diameter) were col-
lected on day 1, 3 and 7. The samples were washed twice in 
PBS solution, followed by incubation in 300 L serum-free 
medium containing 30 L of WST-1 reagent for 2 hours. 
The absorbance at 450 nm with 690 nm as reference was 
measured using a microplate reader (Multiskan spectrum, 
Thermo). 

3  Results and discussion 

3.1  Development and characterization of PU/POSS films 

In the first part of this work, the synthesis and characteriza-
tion of gelatin-grafted PU/POSS with highly ordered  
honeycomb-structured porous films was done. Stability of 
POSS in PU was tested in PBS. SEM was used to observe 
and examine the morphology of the honeycomb films while 
static contact angle measurements, ATR-FTIR, and XPS 
indicated that the gelatin immobilization onto the surface of 
the films was successful.  

Stability of POSS in PU  

The incorporation of POSS into the polyurethane matrix 
will affect the surface and bulk properties of the PUs. It is 
important that the POSS molecules are retained in the PU 
matrix to ensure the integrity of the material. The stability 
of POSS in PU can be examined by immersing the films in 
PBS and measuring their weight change at selected time- 
points over a period of 20 days (as shown in Figure 3). 
PU/POSS films were shown to experience very minimal 
weight loss (not exceeding 1%) over the first 12 days of 
study before becoming stabilized over the remaining 8 days. 
The weight loss from the PU/POSS films confirms that 
some of the POSS molecules have leached out of the PU 
matrix into the bulk media. However, since the loss is very 
minimal, this indicates that the POSS molecules are rea-
sonably stable in PU when exposed to PBS due to their hy-
drophobic nature [29].  

 

Figure 3  Weight loss of the PU/POSS films at selected time points over a 
period of 20 days of immersion in PBS at 37 °C. 

Morphology of the honeycomb-structured PU/POSS films 

The preparation of ordered microporous films using the BF 
templating strategy has been extensively studied [3034]. 
During this procedure, it has been known that the condensa-
tion of water vapor resulted in the formation of water drop-
lets that acted as the template for the ordered array of holes. 
This phenomenon is basically caused by the cooling effect 
resulting from the evaporation of volatile solvents. The 
polymers surrounding the water droplets eventually precip-
itate, forming highly ordered structures. Some of the im-
portant parameters that affect the precipitation rate of the 
polymers are polymer concentration, choice of solvent and 
the type of polymer used [35]. The use of the various types 
of volatile solvents in mediating the formation of porous 
films has been investigated by a number of studies [36, 37]. 
Different solvents are normally required for the different 
polymers used. It is well established that the formation of 
porous structures is very much related to the rate of evapo-
ration of the solvent. A highly evaporative solvent would 
increase the cooling rate on the surfaces of the polymer so-
lution and thus induce rapid condensation of water vapor 
[27]. In this work, three different solvents with different 
vapor pressures were used to probe the effect of solvent 
types on the microstructures of the PU/POSS porous films, 
while the PU concentration was kept at 10 mg/mL. This is 
to determine the optimal solvent type for the synthesis of 
PU/POSS films with highly ordered structures via the BF 
route so that these films can be potentially used for bio-
medical applications.  

Figure 4(bd) shows the SEM pictures of the PU/POSS 
films formed by using different solvent types at 25 °C. The 
three different solvents used for the dissolution of PU were 
toluene, tetrahydrofuran (THF), and chloroform. It is ap-
parent that regardless of the solvent used for film prepara-
tion, all the films showed a honeycomb porous structure. 
However, it was observed that the pore distribution, uni-
formity in shape and size were affected by the choice of 
solvent. When toluene was used as a solvent, PU/POSS 
films with uneven distribution of pores were obtained (Fig-
ure 4(b)). Furthermore, the pores formed were not uniform-
ly shaped, where some pores assumed rounded shapes while 
the rest did not. The pores formed have an average pore size 
of 7.25 m. As toluene was replaced with tetrahydrofuran 
(THF) as a solvent, the films produced were shown to have 
more evenly distributed pores with more regular shapes and 
a smaller average pore size (2.27 m) although the porous 
structures were still not well-defined (Figure 4(c)). Among 
these solvents, the PU/POSS films produced using chloro-
form yielded the most ordered honeycomb structures as 
evidenced by the regularly shaped and evenly distributed 
pores (Figure 4(d)). The pore diameters were measured to 
be in the range of 1.83 to 3.36 m. The difference in pore 
distribution, shape and size due to the different solvents can 
be explained by the difference in their vapor pressure.  



600 Hou LX, et al.   Sci China Chem   April (2014) Vol.57 No.4 

 

Figure 4  (a) A sample consists of a circular section with a diameter of 
16 mm that is cut out from a PU/POSS film. SEM images of the PU/POSS 
microporous films prepared at room temperature (25 °C) using (b) toluene, 
(c) THF, (d) chloroform as a solvent. The PU and POSS concentration was 
kept at 10 and 1 mg/mL, respectively. 

Generally, higher vapor pressure causes the solvent to 
evaporate at a higher rate [27]. The vapor pressure of tolu-
ene is comparable to water at room temperature, while the 
other two solvents have comparatively much higher vapor 
pressure. Thus, when toluene was used as a solvent, water 
condensation occurred at a much lower rate, allowing the 
self-assembling water droplets to coalesce with one another, 
partly aided by the presence of the polar amino groups in 
the POSS molecules. Ultimately, this caused the formation 
of bigger pores with irregular patterns. Since chloroform 
has the highest vapor pressure, this would undoubtedly re-
sult in the fastest growth of the nucleated water droplets. 
Therefore, the pores formed were seen to be more 
well-arranged and smaller in size.  

Besides the choice of solvent, the effect of polymer con-
centration on the porous microstructures was also investi-
gated. The morphology of the PU/POSS microporous films 
produced with different PU concentrations is shown in Fig-
ure 5(ad). Chloroform was selected as the solvent since it 
mediated the formation of the most highly ordered struc-
tured films. The results show that when the polymer con-
centration increased from 5 mg/mL (Figure 5(a)), 10 
mg/mL (Figure 5(b)), 15 mg/mL (Figure 5(c)) to 20 mg/mL 
(Figure 5(d)), the average pore size decreased from 3.36 m 
to 1.87 m. This correlation between polymer concentration 
and pore size is in line with literature [27, 31, 38, 39]. The 
most ordered array of pores was obtained when the film was 
prepared at a PU concentration of 10 mg/mL (Figure 5(b)) 
where the pores are seen to be in an ordered hexagonal ar-
rangement with an average pore size of 2.29 m. The ob-
served morphological difference between films produced at 
different PU concentrations can be discussed in terms of 
difference in the growth rate of water droplets. At higher 
polymer concentrations, the temperature difference between  

 
Figure 5  SEM images of the PU/POSS microporous films prepared with 
a PU concentration of (a) 5, (b) 10, (c) 15, and (d) 20 mg/mL. Chloroform 
was used as a solvent and the concentration of POSS was fixed at 1mg/mL. 

the atmosphere and the solution surface (ΔT) is smaller due 
to the lower vapor pressure at the surface of the polymer 
solution and also the lower rate of evaporation of the sol-
vent. A previous study has shown that the growth rate of 
water droplets measured by the increase in radius as a func-
tion of time (dR/dt) in BF method is affected by ΔT, which 
is described by dR/dt~ΔT0.8 [40]. Therefore, an increase in 
polymer concentration from 5 mg/mL to 20 mg/mL coin-
cided with a decrease in the growth rate of water droplets. 
This then led to the formation of water droplets that were 
smaller in size and ultimately resulted in smaller average 
pore sizes. In addition to the difference in growth rate, the 
difference in precipitation rate of PU could have been the 
cause for the observed morphological differences [27]. At 
higher polymer concentrations, PU is expected to precipitate 
at a higher rate, which in turn leads to more efficient en-
capsulation of the water droplets. This means that solidifi-
cation occurs almost immediately, leaving insufficient time 
for the water droplets to grow. Thus, smaller water droplets 
were formed producing smaller pores such as those films 
produced at a concentration of 10 mg/mL and 15 mg/mL. 
Moreover, a higher polymer concentration also corresponds 
to a higher viscosity, which delays the droplets’ growth but 
promotes and facilitates the encapsulation of condensed 
water droplets. Consequently, this prevents the water drop-
lets from coalescing, forming a more ordered pattern with 
smaller average pore sizes [27, 41]. By comparing the re-
sults, it was determined that the porous structure produced 
at a concentration of 10mg/mL is the most ordered which 
can be due to the right balance among the various contrib-
uting parameters such as the vapor pressure, polymer pre-
cipitation rate and viscosity.  

Physical properties analysis of gelatin-grafted PU/POSS 
nanocomposites 

Contact angle analysis gives important information regard-
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ing the surface hydrophilicity of a polymer film, which 
could serve as an indication of the level of molecular mobil-
ity at the surface [29]. A number of studies have shown that 
surface protein absorption and biocompatibility of a materi-
al are affected by surface wettability [42, 43]. As shown in 
Table 1, the incorporation of POSS molecules into PU has 
reduced its hydrophilicity as evidenced by an increase in the 
measured static water contact angle. This is attributed to the 
presence of the POSS molecules at the surface of the films 
and more importantly it is related to the hydrophobic nature 
of POSS. However, after gelatin grafting, the average static 
water contact angle decreased from a value of 84.6° to 46.6°, 
indicating an increase in the surface hydrophilicity. This is 
expected because the surface content is modified by gelatin 
that contributes a large number of hydroxyl and amino 
groups to the surface, causing the grafted surface to be more 
hydrophilic. 

From the ATR-FTIR spectrum of the unmodified PU 
film (Figure 6(c)), the stretching band at 1719 cm1 at-
tributed to the C=O group and the two characteristic absorp-
tion peaks at 3330 and 1540 cm1, belonging to the NH 
group in the urethane groups were observed. Furthermore, 
the benzene and methylene group in PU also display ab-
sorption at 1596 and 1462 cm1, respectively. Another sig-
nificant absorption peak is also seen at 1699 cm1, which is 
contributed by the association of ester and amide groups. 
Upon mixing with POSS molecules, the presence of these 
nanostructured molecules at the surface has depressed the 
absorption of PU. By referring to Figure 6(b), it can be ob-
served that the absorption at 1540, 1596 and 1699 cm1 was 
clearly depressed. Also, the absorption peak at 3330 cm1 
was depressed greatly after the incorporation of POSS mol-
ecules. After the PUPOSS films were further modified with 
gelatin through grafting, the presence of the gelatin mole 
cules can be confirmed by the presence of the various amide  
bands contributed by the different amino acid residues in 
gelatin (Figure 6(a)). Firstly, the previously diminishing 
peak at 3330 cm1, which is also known as the amide A 
band is observed to increase in both its intensity and width. 
This is due to the NH stretching vibrations in gelatin. Ad-
ditionally, the amide II absorption (δ N–H) between 
1520–1560 cm−1 also increased upon grafting with gelatin 
due to the coupling of the bending of the NH bond and the  

stretching of the CN bond. Furthermore, a number of 
peaks appeared in the 14001200 cm1 region, which cor-
responds to the amide III region. The presence of these 
peaks is caused by NH bending in gelatin [44, 45].  

For further verification of the successful grafting of gela-
tin molecules onto the PUPOSS film surfaces, X-ray photo-
electron spectroscopy (XPS) was also employed to analyze 
the chemical composition differences between unmodified 
and surface-modified films. The results are shown in Figure 
7, where the peaks at 284, 398 and 532 eV in the spectra 
were assigned to Carbon (C 1s), Nitrogen (N 1s) and oxy-
gen (O 1s), respectively. The elemental composition of the 
films is summarized in Table 2. It can be seen that upon 
mixing with POSS molecules, which are rich in SiO 
groups, the O/C ratio increased significantly as compared to 
the unmodified PU films. After the PUPOSS films were 
grafted with gelatin, the percentage of nitrogen increased 
from 1.03% to 2.57%. This increase in nitrogen is more 
apparent when comparing the N/C ratio before and after 
grafting, where the ratio increased more than double from 
0.015 to 0.035. It is hypothesized that the low percentage of 
nitrogen recorded in the surface of the films is attributed to 
the minute amount of POSS used in the experiment, which  

 

Figure 6 ATR-FTIR spectra of (a) a gelatin-grafted PU/POSS film 
(PUPOSSg), (b) a POSS-modified PU film (PUPOSS), and (c) an unmodi-
fied PU film (PU). 

Table 1  Static water contact angle on an unmodified PU film (PU), a POSS-modified PU film (PUPOSS), and a gelatin-grafted PU/POSS (PUPOSSg) film 

Samples PU PUPOSS PUPOSSg 

Static water contact angle (°) 64.3 ± 1.9 84.6 ± 1.2 46.6 ± 0.9 

Table 2  XPS analysis of PU, PU/POSS and gelatin-grafted PU/POSS films 

Samples O N C O/C N/C 
PU 23.9 0.76 75.34 0.317 0.010 

PUPOSS 27.99 1.03 70.98 0.394 0.015 
PUPOSSg 24.86 2.57 72.57 0.343 0.035 
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Figure 7  XPS spectra of (a) a gelatin-grafted PU/POSS film (PUPOSSg), 
(b) a POSS-modified PU film (PUPOSS), and (c) an unmodified PU film 
(PU). 

is as low as 1 mg/mL. It can also be due to the thickness of 
the grafted gelatin layer that is lower than the sampling 
depth of XPS.  

3.2  Cytocompatibility 

The cytocompability of the gelatin-grafted PU/POSS mi-
croporous films was investigated by seeding human umbil-
ical vein endothelial cells (HUVECs) onto the films and 
subsequently examining their adhesion and growth on the 
films, both qualitatively and quantitatively. The qualitative 
results from Live/Dead staining on day 7 (Figure 8) re-
vealed that almost no cell adhesion was observed on the 
surface of the control sample, which is made up of spin- 
coated PUPOSS films (Figure 8(e)) whereas all the modi-
fied surfaces showed enhanced cell adhesion and cell 
growth properties as evidenced by the attachment and pro-
liferation of the cells over several days. This observation 
corresponds to the results obtained from the quantitative 
WST-1 proliferation assay (Figure 9) where all modified 
groups consistently showed significantly higher cellular 
proliferative activity as compared to the control group 
throughout a week of culture.  Also, HUVECs seeded on 
the control surfaces did not show any detectable increase in 
their proliferative activity after being cultured for a week 
whereas cells in all other groups remain viable and prolifer-
ate well as indicated by the increase in the absorbance val-
ues from day 1 to day 7. Additionally, it was observed from 
the staining images that the cells on modified surfaces 
mostly showed the typical spread morphology of healthy 
cells. This is in line with previous studies that have shown 
that modifications on PU are necessary for the enhancement 
of cell-material interactions [15, 16, 26, 4649]. This is 
because it has long been known that certain topographic 
features greatly affect the morphological appearance and 
functional behaviors of cells, which enable them to thrive 
better [50].  

 

Figure 8  Cytocompatibility of the gelatin-grafted microporous PU/POSS 
films shown by Live/Dead staining of HUVEC cells at different PU con-
centration: (a) 5, (b) 10, (c) 15, (d) 20 mg/mL, (f) PU-Pluronic films, while 
(e) represents the control surface of PU films formed by spin-coating. 

 

Figure 9  Assessment of cell proliferative activity via WST-1 assay.    
* indicates p < 0.05, significantly different from the control group at day 1, 
3 and day 7, respectively; # indicates p < 0.05, significantly different from 
each of the respective group on day 1. 

Additionally, it has also been suggested that pore size af-
fects cell adhesion and cell growth [51, 52]. In order to de-
termine the effect of pore size on cellular behaviors, HU-
VECs were seeded on films with different pore sizes. The 
pore size of the films was tuned by using different PU con-
centrations as described in the previous section. When the 
polymer concentration was reduced to 5 mg/mL, relatively 
fewer cells were found to be growing on the film (Figure 
8(a)), and all the attached cells did not assume their normal 
spread morphology. When the polymer concentration was 
increased to 10 mg/mL, cell attachment was enhanced and 
cells started to take on the expected morphology (Figure 
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8(b)). At 15 mg/mL, the highest number of cells was found 
and they showed extensive spreading on the films (Figure 
8(c)). However, this trend did not continue when the poly-
mer concentration was increased to 20 mg/mL, as the num-
ber of cells attached decreased (Figure 8(d)). The results 
from WST-1 proliferation assay support these observations. 
Generally, the cellular proliferative activity of HUVECs 
increased with increasing PU concentration from 5 mg/mL 
to 15 mg/mL, as evidenced by the approximately two-fold 
increase in the absorbance values as compared to the 
5mg/mL group. A reversal of trend was observed when PU 
concentration was increased to 20 mg/mL, where the cell 
proliferative activity decreased, as evidenced by the con-
sistently lower absorbance values as compared to the 
PU-POSS-15% group from day 1 to day 7. Interestingly, the 
PU-POSS-15% group also consistently showed a compara-
ble level of cellular proliferative activity to that of the posi-
tive control group, which consists of polystyrene (PS) films. 
PS is a common material used to make the various cell cul-
ture vessels. This finding of the effect of pore size on cellu-
lar behaviors is in agreement with the results of a previous 
study [51]. An increasing polymer concentration corre-
sponds to a smaller average pore size, which in turn en-
hances endothelial cell growth, albeit up to a certain limit. In 
addition, to contrast the good cytocompability of POSS 
molecules as an additive, another stabilizer known as plu-
ronic F127 was used to produce PU-pluronic films at a PU 
concentration of 15 mg/mL (Figure 8(f)) via the BF method 
[53]. Upon the seeding of HUVECs, the cells were shown to 
attach and proliferate better on PU/POSS films as compared 
to PU-pluronic films. 

4  Conclusions 

This study describes the synthesis of highly ordered, hon-
eycomb microstructured gelatin-grafted PU/POSS films. 
The incorporation of POSS nanostructured molecules and 
surface modifications through BF method and the subse-
quent biomacromolecule immobilization were shown to 
have a positive effect on improving the endothelium regen-
eration in vitro as evidenced by the presence of viable 
HUVECs on the film surface. Hence, it can be concluded that 
this is a promising way to enhance cell–material interaction 
on PU-based vascular grafts, ensuring a higher efficiency 
for endothelizations. 
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