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The novel nanocomposite based on poly(carbonate-urea)urethane and polyhedral
oligomeric silsesquioxanes (POSS) has been used in medicine especially in 
cardiovascular applications. It is also known that the cell affinity towards 

biomaterials can be promoted by immobilization of extracellular matrix proteins onto
these materials surfaces. The inert surface of POSS-PCU nanocomposite is not 
directly suitable for immobilization of such biomolecules and therefore, its biocom-
patibility should be improved. In this study, design of experiment methodology was
used to develop a predictive model to optimize the operating conditions for grafting 
controlled amounts of carboxylic functional groups onto the surface of POSS-PCU,
which may then be used for the coupling of ECM proteins. The grafting of poly(acrylic
acid) was carried out using a two-step plasma treatment. The grafted films were 
characterized by ATR-FTIR spectroscopy, SEM, and water contact angle measure-
ments. The presence of the grafted layers was confirmed by the appearance of a broad
peak of the hydroxyl groups in ATR-FTIR spectrum, decreased in water contact angle,
and morphological changes observed by SEM micrographs. The effects of two 
identified process variables (pretreatment and copolymerization time length) each in
five levels, on the grafting density were investigated and optimized using central 
composite design in the response surface methodology. The accuracy of the model
was verified and found to be high. In process optimization, it was found that the 
maximum value of grafting density was 13.9 (± 28) μg/cm2, by using the appropriate
values of process variables which were achieved through the experimental conditions
of 75 s and 120 s for pretreatment time and copolymerization time, respectively.

INTRODUCTION

The existing polymeric biomateri-
als used for medical applications
such as coronary and vascular
bypass grafts show that they have
poor clinical patency. Expanded
polytetrafluoroethylene (ePTFE)
or polyethylene terephthalate
(Dacron) are the most common
synthetic grafts, as they are not
suitable for small caliber (<5 mm)

arteries where the occlusion rates
are most highly associated with
thrombosis and intimate hyper-
plasia (IH) [1,2]. This phenomenon
is due to the thrombogenic 
surfaces of Dacron and ePTFE.
Furthermore, these polymers are
rigid when compared with the 
viscoelastic host vessel [2]. A vari-
ety of different types of polymers
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were studied for use as alternatives to PTFE and
Dacron in an attempt to improve the patency of 
small-diameter bypass grafts [3]. In order to further
improve bypass graft patency rate, a new nanocom-
posite polymer based on incorporation of polyhedral
oligomeric silsesquioxane (POSS) into poly(carbon-
ate-urea)urethane (PCU) [4,5] was developed under
the name of UCL-NanoTM [6].

It has been proved that UCL-NanoTM or POSS-
PCU nanocomposite possesses various properties,
including anti-thrombogenicity [7], non-biodegrad-
ability [5,8], impressive mechanical properties [5,9]
and biocompatibility as it has been tested in sheep
model for a period of 3 years [9,10]. It is generally
accepted that the surface of a biomaterial is a place
where important interfacial reactions occur between
the host biological tissues and biomaterial. Therefore,
the surface properties of the biomaterials play a 
crucial role in determining their biocompatibility,
influencing strongly the biological response and
determining their in vivo long-term success. The 
surface modification of biomaterials has received
much attention recently. Among the methods of 
biomaterial's modification, grafting is one of the
promising methods.

In principle, graft copolymerization is an 
attractive method to impart a variety of functional
groups to a polymer surface [11,12]. It is known that
a surface that enhances cell-material interaction and
promotes the endothelialization at a shorter time is a
preferred surface for blood contacting biomaterials.
Thereby, various bioengineering research strategies
aspire to induce endothelialization of graft surfaces
either prior to implantation or by accelerating the in
situ graft endothelialization. Based on different 
studies, the particular reason for these strategies is
that a confluent endothelium can address inherent
thrombogenicity of synthetic graft surfaces and improve
the long-term patency of vascular grafts [13,14].

One approach towards this finding is to coat or
incorporate a variety of moieties, such as heparin or
arginine-glycine-aspartate (RGD) onto the polymer.
In contrast, the surface of POSS-PCU nanocomposite
is inert and it is not directly suitable for the 
immobilization of biomolecules. With the ultimate
goal of developing suitable substrate for the 
attachment and proliferation of endothelial cells, our

interest in this research is in modifying the surface of
POSS-PCU nanocomposite having a controlled 
number of functional groups, which may be used for
the coupling of ECM proteins. Some research groups
have tried to incorporate carboxylic groups on poly-
meric surfaces by graft copolymerization of AAc.
This method involves the immersion of the polymer,
before [15] or after the plasma treatment [16] in a
solution of AAc. In both methods, the researchers
have presented evidence for production of PAAc
grafted membranes.

In this investigation, we undertook the task of
functionalizing the POSS-PCU nanocomposite 
surface with carboxylic groups of AAc through a 
two-step plasma treatment (TSPT). The TSPT
method, its advantages and possible disadvantages in
comparison with other methods are completely
shown in detail by Karkhaneh et al. [17]. Briefly, the
first step of this method includes: oxygen plasma 
pretreatment of the films, immersion in AAc solution,
removal from the mixtures, and drying. The second
step was carried out by plasma copolymerization of
pre-adsorbed reactive monomers on the surfaces of
dried pre-treated films.

Response surface method (RSM) is a collection of
statistical and mathematical techniques useful for the
modelling and test analysis of in which a relevant
response is influenced by several variables and the
objective is to optimize this response. Second-order
models are widely used in RSM as they have several
advantages. They are very flexible and can be taken
on a wide variety of functional forms thus, they
would work well as an approximation to the true
response surface. Moreover, it is easy to estimate the 
parameters in a second-order model using the method
of least squares. Central composite design (CCD) is
used extensively in building the second order
response surface models. It is one of the most 
important experimental designs used in the 
optimization process studies [18-20].

Very little is currently available in the literature on
the physico-morphological changes that could occur
as a result of POSS-PCU nanocomposite surface
modifications [21]. Furthermore, it is extremely 
interesting to monitor eventual alterations in the 
surface morphology of POSS-PCU nanocomposite,
as they are likely to affect cell growth, considerably.
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We have already found enhanced polar characteristics
and blood compatibility of POSS-PCU nano-
composite by plasma treatment in our previous 
studies [22,23].

Due to the fact that plasma treated surfaces are 
relatively unstable and undergo rapid reorganization
and in order to maintain a surface with high level 
of hydrophilicity and functionality, subsequent 
modification by grafting of PAAc onto plasma treated
POSS-PCU nanocomposite was considered as our
interest in this study. As a matter of fact, in the 
present study we describe the preparation of POSS-
PCU nanocomposite surfaces with various densities
of PAAc grafts through TSPT. In this respect, the
effect of two identified process variables of TSPT
including: (A) pretreatment and (B) copolymerization
time durations on the PAAc graft density were 
investigated and optimized using CCD for RSM.
Finally, the grafted nanocomposite films were 
characterized by ATR-FTIR, SEM, and water contact
angle measurements. Central composite design
(CCD) approach was used to determine significant
factors that affect the graft density and to develop
quadratic mathematical relation for the optimization
of the process. Consequently, the process response
was optimized using the appropriate values of process
variables which maximize the graft density.

EXPERIMENTAL

Materials
Acrylic acid (AAc) was supplied by Fluka
(Switzerland). Toluidine Blue O was supplied by
Aldrich (UK). De-ionized water was used in all 
experiments. The AAc was purified by distillation
under vacuum to remove impurities and stabilizers.

Preparation of POSS-PCU Nanocomposite Film
The synthesis of POSS-PCU nanocomposite has been
described elsewhere in detail [6]. Briefly, polycarbon-
ate polyol and trans-cyclohexanediol isobutyl-POSS
(Hybrid Plastics, USA) were placed into a reaction
vessel equipped with a stirrer and purged with 
nitrogen gas. The mixture was heated to 125°C to 
dissolve POSS and then cooled to 60°C. 4,4'-
Methylenebis(phenyl isocyanate) (MDI) was added

and reacted at 75°C for 90 min to form a prepolymer
with the addition of N,N-dimethylacetamide
(DMAC). Chain extension was carried out by the
addition of ethylenediamine and diethylamine in
DMAC. Then, 4 g of 1-butanol in DMAC was added
to form a 2% (w/w) POSS-PCU solution. All 
chemicals and reagents were purchased from Sigma
Aldrich, UK. Glass Petri dishes (40 mm diameter)
were coated with 4 mL of POSS-PCU (15 %w/w in
DMAC) and cured overnight (18 h) at 55°C. The thin
films were rinsed with sterile 20 mM phosphate
buffered saline (PBS), immersed in 70% (v/v) ethanol
and placed in a vacuum oven to dry at 25°C. Each
film was cut into rectangular shaped samples (20×
40 mm) and used for experimentation. It should be
mentioned that in all investigations air-cured surface
of the POSS-PCU nanocomposite was used.

Plasma Pre-treatment: Step I
POSS-PCU sheets (0.015 mm in thickness) were each
cleaned with 70% (v/v) ethanol and de-ionized water
in an ultrasonic water bath for 5 min just before 
plasma treatment, in order to clean the surface. Low
pressure plasma system (Nano-RF, Diener Electronic
GmbH, Germany) was utilized for both plasma 
pre-treatment and copolymerization of POSS-PCU
films. Plasma excitation and ionization were achieved
by using a LF at 40 kHz. The POSS-PCU films were
placed on the bottom of reaction chamber which was
evacuated to 0.2 mbar, and pretreated with 60 W of
oxygen plasma for maximum 120 s. Then, the films
were immersed in a solution containing 30% AAc in
de-ionized water, for 30 min at room temperature.
Finally the films were removed from the solution and
dried at 40°C for 5 min.

Plasma Graft Copolymerization: Step II
The dried plasma pretreated films with a pre-adsorbed
layer of reactive monomer on their surfaces were
placed into the reaction chamber for plasma graft
copolymerization for maximum 210 s to produce
PAAc grafted nanocomposites. To remove the
monomer and possible homopolymer from the surface
of the films, samples were removed and washed twice
with warm de-ionized water in an ultrasonic water
bath, and then extracted the remaining homopolymers
by Soxhlet extraction in distilled water for 24 h.
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Finally the films were dried under reduced pressure
for 24 h at room temperature and then stored in a 
desiccator [17].

Characterization of PAAc Grafted POSS-PCU
Nanocomposite Films
Determination of Grafting Density
The carboxyl group density on the PAAc-grafted
nanocomposite surface was measured by a colori-
metric method using Toluidine Blue O staining [24].
We used a modified method which was useful for a
large number of samples using microplate assay [25].
In brief, the grafted substrate was put into copious
Toluidine Blue O (TBO) (0.5 mM) in 0.1 mM NaOH
solution and agitated for 5 h at room temperature.
After rinsing the sample with 0.1 mM NaOH solution
for 10 min, TBO (generally assumed to combine with
carboxyl groups at 1/1 ratio) was desorbed from the
surface by incubation of the sample in 300 μL 50%
(v/v) acetic acid aqueous solution in a multi-well
microplate with constant shaking for 20 min. The
absorbance of the resulting solution at 595 nm was
measured with a Bio-Rad microplate reader (Model
550, ICN, Switzerland).

Experimental Design
Central composite design (CCD) is a method that can
be competently applied to develop the second-order
response model with few numbers of factors n
(2≤ n ≤6). In this study, the effect of two identified
process variables of TSPT such as: pretreatment (A)
and copolymerization (B) time durations on the GD
were investigated and optimized using CCD for RSM.
The control factors and their levels were selected in
the light of the earlier experiments [17,22,23,26].
Based on the previous research [17], it was shown
that factors such as, pretreatment time, monomer
solution concentration, copolymerization time, 

plasma power, type of gas and its pressure, 
temperature and duration of sample immersing in the
monomer solution are predominant factors which
influence GD. Among these factors, pretreatment (A)
and copolymerization (B) time durations were 
considered as the most important factors and their
variations were studied in 5 levels. The operating
range and coded levels of experimental variables are
shown in Table 1. The CCD design is summarized in
Table 2. All other test parameters in this study
remained constant. The experiments were run in 
random order to give randomly distributed variables.
A quadratic approximation shown in eqn(1) was used
for developing a response surface model (Y) of 
second order based on CCD methodology as follows:

(1)

where Y is the response (GD), β0, β1, β2, β12, β11, 
and β22 are coefficients or parameters for their 
corresponding terms, and ε represents the noise or
random error in the response yield (Y) which is
assumed to follow a normal distribution with mean
zero and variance (σ2) across all values of Y [27, 28]. 

Contact Angle Measurements
The static contact angles of the untreated and PAAc-
grafted POSS-PCU films were measured with the
sessile drop method using Kruss G10 goniometer
(Krüss GmbH, Germany) contact-angle measurement
equipment. A 5 μL double distilled water droplet was
used for each point and the contact angle was 
recorded after 1 min. The average values of three
measurements on different points of each sample
were recorded [29].

ATR-FTIR Spectroscopy
To confirm the formation of grafted AAc on the 
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1112210 BAABBAY

Variable
(Range and Level)

Low axial
(-α = -1.41)

Low factorial 
(-1)

Centre
(0)

High factorial 
(+1)

High axial 
(+α = +1.41)

Factor A:
Pretreatment time (s)
Factor B:
Polymerization time (s)

30

30

43

56

75

120

107

184

120

210

Table 1. Variables used in the experimental design.



surface of the POSS-PCU nanocomposite, a Bruker
(IFS-48) attenuated total reflection Fourier transform
infrared (ATR-FTIR) spectrophotometer with a KRS-
5 prism (Bruker Optik GmbH, Germany) was used.
The incident angle was 45° and progressive scanning
measurements for untreated and grafted samples
ranged between 4000-650 cm-1[17].

Surface Morphology
Surface morphology of plasma treated and PAAc-
grafted POSS-PCU films were evaluated using a
scanning electron microscope (SEM), Vega-II XMU
(Tescan Inc, USA). The films were mounted on SEM
stubs and coated by vapour deposition using a sputter
coater with a gold (Au) target for conductance 
and high resolution imaging. The optimum 
parameters for SEM imaging included an electron
accelerating voltage of 20 kV with a working 
distance of about 15 mm.

Statistical Analysis
Experimental design and statistical analysis was 
performed using Design-Expert 7 computer software
(trial version, Stat-Ease Inc., USA). The coefficients
of regression (R2) were determined to check the 
quality of fit of experimental data into the model. R2

is a measure of variability by experimental factors and
their interactions. When R2 approaches unity the
empirical model fits the actual data. The smaller value

of R2 is an indication of the relevance of dependent
variables in the model. The mean values and standard
deviation of measurements were used to determine
the statistical significance between the untreated and
PAAc-grafted POSS-PCU nanocomposites. Statistical
examinations of the sets of data were estimated by
analysis of variance (ANOVA), quality of fit of the
model (F-test), and significance of the regression
coefficient (T-test) used in this study. A probability
(P) value of less than 0.1 (P < 0.1) was taken as the
level of significance [18,27,28].

RESULTS AND DISCUSSION

Determination of Grafting Density
The AAc grafting onto POSS-PCU nanocomposite
films was carried out to develop a surface which is
carrying a high density of carboxyl groups. In our 
laboratory, we have shown that polymers bearing
appropriate chemical functional groups such as 
carboxylic groups can modulate the cell attachment
and spreading onto their surfaces [30-34]. The 
distribution of these functional groups along the
macromolecular chains creates active sites which can
interact with ECM proteins, such as fibronectin, 
collagen, and RGD (arginine-glycine-aspartic acid)
implicated in cell response [35].

The overall process of AAc grafting through TSPT
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Table 2. Run conditions for CCD design.

Run 
order

Randomized 
order

Factor A
Pretreatment time (s)

Factor B
Copolymerization time (s)

1
2
3
4
5
6
7
8
9

10
11
12

1
4
2
3

12
9

11
5
6
8

10
7

75
43
43
75

107
107

75
75

120
75
75
30

120
56

184
120
184

56
30

120
120
210
120
120



involved the pretreatment of POSS-PCU film with
oxygen plasma and subsequent exposure to AAc 
solution. The produced polar groups (hydroperoxide
groups) on the surface of chemically inert POSS-PCU
due to plasma pretreatment help it out to physically
react with hydrophilic monomer (i.e., AAc) via 
hydrogen bonding and the produced peroxide groups
may act as initiators in copolymerization step. We
chose different pretreatment time of plasma to acquire
the optimum condition for introducing maximum 
peroxides on the surface which results in maximum
amount of GD. Peroxides are known to be the species
responsible for initiating the graft copolymerization
when POSS-PCU nanocomposite reacts with AAc
[17,16,36]. In the next step, the dried plasma 
pretreated POSS-PCU films with a pre-adsorbed layer
of AAc monomer on their surfaces were placed into
the plasma reaction chamber for plasma graft 
copolymerization. As a matter of fact, during 
propagation step of the plasma copolymerization, the
pre-adsorbed AAc react with radicals created as a
result of plasma treatment and grafted onto the 
surface of film until the copolymerization reaction
terminates.

In this study the effect of two identified process
variables of TSPT: pretreatment (A) and copolymer-

ization (B) time durations on the GD were investigat-
ed and optimized using DOE. The main goals of DOE
are how to design an experiment in order to obtain 
definitely significant conclusions easily and precisely,
or extracting more information with less effort and
lower number of experiments. In other words, doing
fewer experiments means saving time and money
especially in biomaterial field which the row 
materials, their production process and most parts of
the investigation are costly. Furthermore, by using
DOE, the relationship between the process variables
and responses can be firmly established.

Another important advantage of DOE in com-
parison with other conventional methods is that, in
fact, in the conventional methods, for example, the
effect of A and B factors on AAc grafting density
response is studied [16,37-39], Obviously, the B 
factor must be taken constant in order to conclude 
the relationship between the factor A and the AAc
grafting density as response and vice-versa.
Furthermore, in the DOE method, there is a 
simultaneous investigating possibility for the impacts
of A and B factors on the response. 

Table 3 shows the results of GD measurements of
POSS-PCU nanocomposite films under certain 
experimental conditions. As it is shown in the 
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Run 
order

Randomized 
order

Factor A
Pretreatment Time (s)

Factor B
Copolymerization Time (s)

Carboxylic group grafting
density* (μg/cm2)

1
2
3
4
5
6
7
8
9

10
11
12

1
4
2
3

12
9

11
5
6
8

10
7

75
43
43
75

107
107

75
75

120
75
75
30

120
56

184
120
184

56
30

120
120
210
120
120

13.5 ± 2.0
7.1 ± 0.8
7.5 ± 2.8

12.3 ± 3.0
7.3 ± 0.4
6.3 ± 1.5
9.1 ± 3.5

12.9 ± 2.2
5.3 ± 0.6

11.9 ± 3.4
13.9 ± 2.8

4.7 ± 1.2

Table 3. Experimental results from TBO method for CCD designed experiments (Table 2) to determine the effect of
plasma pretreatment and copolymerization time length on carboxylic grafting density of POSS-PCU nanocomposite
films, (n = 3). 

(*) mean±SD, CPP = control POSS-PCU films. (for pretreatment time 75 s and copolymerization time 120 s grafting density is 
considered 13.15 (±2.5), i.e., mean of runs (# 1, 4, 8, and 11).



resulting outcomes of Table 3, the GD minimum
quantity is 4.7 (± 1.2) μg/cm2 in run # 12, and its
maximum quantity is about 13.9 (± 2.8) μg/cm2 in
run # 11. It is obviously seen that at the beginning,
GD is actually increased as long as pretreatment time
is increased. For example, when copolymerization
time is 120 s, by changing pretreatment time from 30 s
to 70 s, the GD's quantity increases from 4.7 (± 1.2)
to 13.1 (± 2.5) μg/cm2. In reverse when pretreatment
time reaches 120 s the GD quantity decreases to 
5.3 (± 0.6) μg/cm2. In fact, the GD's quantity reaches
its maximum amount at 75 s of pretreatment time and

then decreases. Indeed, the graph curve is decreasing
severely after a maximum increase and this 
observation is also shown in Figures 1a and 1c.

It is known that reactive gas plasma which can be
considered as a collection of active components such
as electrons, charged ions, neutral atoms, excited 
particles, radicals, electromagnetic radiation, 
molecules and molecular fragments are able to gener-
ate free radicals on the surface through a hydrogen
abstraction reaction; these free radicals react with
oxygen and result in peroxide radicals, which 
eventually form hydroperoxides (ROOH, R=alkyl
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(c)

(a) (b)

Figure 1. The graphs of variables generated using the statistical model from the quadratic equation, carboxylic
GD (μg/cm2) vs. (a) pretreatment time while copolymerization time is 120 s. (b) copolymerization time while 
pretreatment time is 75 s, and (c) pretreatment time and copolymerization time (3D).



group) or alkylperoxides (ROOR) by chain transfer or
coupling reactions [41,42]. As stated before, those
hydroperoxides or alkylperoxides groups act as 
initiators in plasma-induced graft copolymerization
[16,17]. Therefore, the GD variances in relation to
pretreatment time can be explained by considering the
created peroxide groups densities over the sample at
plasma activation period (Step I). In other words, it
can be said that there is a direct relationship between
the created peroxide group's quantity over the surface
at the first stage of plasma activation and GD 
quantity. At the beginning of plasma surface 
activation period, the quantity of active species
(hydroperoxides) which are involved in grafting 
reaction increases by increasing plasma treatment
duration but after a certain time such as 75 s in this
study, there is no place to create any new  peroxide
groups over the surface. This is in line with the earli-
er results, where it was observed that the concentra-
tion of oxygen-containing species showed similar
behaviour with increasing plasma treatment duration
[16,17,37,39,42]. In conclusion, when the pretreat-
ment time increases (t > 75 s) it makes the quantity of
peroxide groups as well as GD quantity to decrease.

Table 3 shows the effects of the copolymerization
time on GD. It can be seen in the results given in
Table 3 that at first, the quantity of the GD increases
by increasing copolymerization time.  For example,
when the pretreatment time is 75 s, by changing 
the copolymerization time from 30 s to 120 s, the
GD's quantity changes from 9.1 (± 3.5) to 13.15 
(± 2.5) μg/cm2. In fact, this increase is not permanent
and GD decreases to 11.9 (± 3.4) μg/cm2 due to the
fact that the copolymerization time reaches 210 s.
Figures 1b and 1c represent the GD increase, as long
as the copolymerization time increases to a certain 
value, e.g., 134 s. It is seen that right after, the GD 
decreases slowly.

This finding may be explained in terms of both
copolymerization process and etching rate of plasma,
which can affect the amount of grafted polymer 
onto the POSS-PCU nanocomposite films. During 
propagation step of the plasma copolymerization, the
pre-adsorbed monomers react with radicals and graft
onto the surface of nanocomposite until the poly-
merization reaction terminates. In this step, the 
etching rate of plasma is less than the increase in the

grafting level, which is the consequence of the poly-
merization process, and then the curve would go to a
maximum up to 134 s. Afterwards, the polymerization
terminates, and the curve falls slowly because plasma
etching is the predominant phenomenon [41].

Contact Angle Measurements
The change in water contact angle of the control
POSS-PCU nanocomposite films and PAAc-grafted
POSS-PCU nanocomposite with different grafting
densities, stored in wet conditions and after 48 h was
determined by a statistical contact angle measurement
instrument (Figure 2). Based on previous studies, we
were aware here that the storage of grafted films
under ambient conditions would lead to a significant
increase in contact angle in comparison with samples
which were stored in distilled water (wet condition)
[43,44]. This is attributed to the surface contamina-
tion and the reorganization of the modified layer on
the surface. Hence, in order to investigate the 
influence of GD on water wettability of PAAc grafted
POSS-PCU nanocomposite, the water contact angles
of the prepared samples was measured according to
designed conditions (Table 2) and after 48 h storage in
double distilled water.

Grafting led to a considerable decrease in water
contact angle of the POSS-PCU films as it is shown in
Figure 2. The virgin film showed water contact angle

Figure 2. Water contact angle measurements of untreated
and PAAc grafted POSS-PCU nanocomposite samples with
different grafting densities (Table 3). The graft density of
untreated sample is considered as zero. (*) means P value
< 0.05 in comparison with untreated sample, and (**) means
P value > 0.05 in comparison with run # 10 but significant
compared with untreated sample.
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of 99.7° (± 9) which decreased with increase in the
grafting level of up to 33.4° (± 3) for run # 10 (GD =
11.9 (± 3.4) μg/cm2) and thereafter leveled off. These
observations reveal the magnitude of the surface
changes on POSS-PCU nanocomposite films due to
the PAAc grafted chains. Comparison between 
water contact angles data of runs # 10 (33.4° ± 3), 
# 8 (33.6° ± 2), and # 11 (33.4° ± 2.5) with grafting
densities of 11.9 (± 3.4), 12.9 (± 2.2), and 13.9 
(± 2.8) μg/cm2, respectively revealed that further
increase in GD (above 11.9 μg/cm2) no longer
changed the water contact angle. It seemed that a 
confluent layer of PAAc which had covered the 
surface of nanocomposite was created in run # 10.
Accordingly, the P value of runs # 8 and # 11 were
insignificant in comparison with run # 10.

ATR-FTIR Spectroscopy
Figure 3 represents the ATR-FTIR spectra of 
untreated POSS-PCU nanocomposite films and
PAAc-grafted POSS-PCU nanocomposites with 
different grafting densities. ATR-FTIR spectra of
untreated POSS-PCU nanocomposite correlate with
the vibration modes of individual functional groups of
the nanocomposite polymer backbone (Figure 3a).
For example, the peak at 3321 cm-1 could be 

identified as -NH vibrations, presumably from urea
and urethane components of the polymer. Larger peak
at 2953 cm-1 corresponds to -CH vibrations from the
methylene segments within the polymer chain, and
the side peak at 2868 cm-1 to -CH vibrations from 
-NH groups. Peaks at 1738 cm-1 was identified as 
-C=O vibration arising from carbonate and urethane
segments. The -C=C bonds of MDI (hard crystalline
segment) were evident at 1529 cm-1. Peaks at 
1244 cm-1 were assigned to O-CO-O vibrations 
from the long chain polymer backbone. The peak at
1110 cm-1 could be assigned to POSS containing
siloxane bonding (Si-O-Si) [21,45].

Comparison between spectra b and c with a in
Figure 3 shows that the ATR-FTIR spectrum of
PAAc-grafted nanocomposite film containing 
carboxyl group is not significantly different from
untreated film (spectrum a in Figure 3). As it is noted
in literature, a typical carbonyl absorption band of
PAAc in grafted copolymers is usually found between
1710 and 1730 cm-1 [16,37]. Therefore, there is a 
possibility that the intense carbonyl group signal of
the polyurethane group in the backbone of POSS-
PCU nanocomposite overlaps with the much lower
intensity peak of the correspondent PAAc group [16].
Hence, the carbonyl peak at 1730 cm-1 from PAA is
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Figure 3. ATR-FTIR Spectra of (a) untreated POSS-PCU nanocomposite and PAAc grafted POSS-PCU nanocomposite
film with GD of (b) 4.7 (± 1.2) μg/cm2 (min), (c) 9.1 (± 3.5) μg/cm2 (med), and (d) 13.9 (± 2.8) μg/cm2 (max).



masked with inherent vibration of carbonyl 
functional groups in POSS-PCU. The only additional
feature in film with maximum amount of GD 
(spectrum d in Figure 3) was that the characteristic
absorptions of both the grafted and the substrate poly-
mer are evident. For instance, a broad peak which is
located at 3000-3600 cm-1 can be ascribed to the
stretching of the hydroxyl groups (-OH) from grafted
layers of PAAc [16,46].

Surface Morphology
The SEM micrographs of untreated, oxygen plasma
treated, and PAAc-grafted POSS-PCU nanocomposite
films are shown in Figure 4. The morphological
micrograph of untreated in Figure 4a, showed an 
integration of crystalline hard segments (bright
colour) composed of POSS embedded in amorphous
softer segments substrate of PCU containing polyols
(darker colour) [4]. The surface structures appeared
abraded with tiny surface pores ranging from 0.25 to
1 μm in diameter and exposing the underlying surface
features embedded within POSS-PCU due to the
interaction of reactive O2 gas with the nanocomposite
surface (Figure 4b). Indeed it is well known that 
plasma etching creates surface micro- and nano-metre
scale features effecting the surface profile and 
topography [47,48]. Furthermore, plasma clears the
contamination of the surface as it can be seen in
Figure 4b in comparison with Figure 4a.

Figure 4c showed a confluent grafted layer of
PAAc over the surface of POSS-PCU nanocomposite.
The thickness of the grafted layers is also observed 
by cross-sectional SEM micrographs as shown in
Figure 5. These micrographs indicated that the 
grafted layer was restricted to the surface region of the
film with a thickness of about 11 μm, and more
important Figure 5 clearly shows that the grafted 
layers cover both sides of POSS-PCU nano-
composite. Since the samples were suspended in the
plasma chamber then their both sides were activated
during plasma pretreatment step (step 1). Therefore,
subsequent immersion in AAc solution of the next
step resulted in grafted layers on both sides of the
modified films. It is worth mentioning that the SEM
micrographs like other investigatory examinations
(grafting density determinations, contact angle 
measurements, and ATR-FTIR spectroscopy) were 

Figure 4. SEM Micrographs (magnification ×5000) of 
(a) untreated POSS-PCU nanocomposite, (b) oxygen 
plasma pretreated POSS-PCU nanocomposite (75 s, 60 W,
2 × 10-1 mbar), and (c) PAAc grafted POSS-PCU nano-
composite film with 13.9 (± 2.8) μg/cm2 GD (max).
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Figure 5. PAAc grafted POSS-PCU nanocomposite 
film with 13.9 (± 2.8) μg/cm2 GD (max), cross section 
(magnification ×500). Note that the grafted layers are 
created in both sides with thickness of about 11 μm.

taken from grafted samples after Soxhlet extraction
in distilled water for 24 h. Therefore, the possibility
of physical absorption of AAc on the surface is very
low and the observed layer should be chemically
attached PAAc layers onto the substrate through
covalent bands.

Optimization by RSM and CCD
The objective of response surface optimization is to
find a desirable location in the design space. This
position could be a maximum, a minimum, or an area
where the response is stable over a range of factors.
The main goal of this study was to develop a model
process for optimizing the experimental parameters
through TSPT to obtain a surface of POSS-PCU
nanocomposite with the controlled amounts of 
carboxylic groups. The grafted carboxylic functional

groups may be used for future immobilization of 
biological entities on the POSS-PCU nanocomposite
surface to improve its biocompatibility. In this
research, to exemplify, a simultaneous optimization
technique was used (by DX7 software) to determine
the maximum amount of carboxylic groups using the
appropriate values of process variables. Based on the
CCD method using the quadratic model of eqn (1)
and approximation methods yield a final expression
as eqn (2) in terms of Coded Factors as follows:

(2)

The statistical significance of the quadratic model
shown in eqn (2) was used for experimental design
and evaluation using the F test (Table 4). The 
coefficient of regression (R2) analysis and their 
corresponding P values were determined to check the
fitting quality of the experimental data to the 
quadratic model described previously (Table 5).
Values of P < 0.1 indicate that the model terms are 
significant. Therefore, B, B2 and A2 factors are
insignificant terms in eqn (2) as shown in Table 5. 

The significance of the model was measured
using the “lack of fit” test to measure the failure of
the model at data points that are not included in the
regression analysis. The “lack of fit”, F, values of
1.51 imply that the quadratic model is valid and can
be used to calculate GD measurements from eqn (2)
for pretreatment time ranging from 30 to 120 s and
copolymerization times between 30 to 210 s. There is
a 37.07% chance that “lack of fit” could occur due to
experimental error arising from variations which are
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Source Sum of squares Degrees of freedom Mean square F P

Model
Residual
Lack of fit
Pure error

122.10
3.70
2.23
1.47

5
6
3
3

24.42
0.62
0.74
0.49

39.64
-

1.51
-

0.0002
-

0.3707
-

Table 4. ANOVA Results from the model quadratic equation for carboxylic grafting density of 
POSS-PCU nano-composite films (eqn (2)). SD = 0.78, R2: 0.9706, adjusted R2 = 0.9461, predicted 
R2 = 0.8534, and CV = 8.42%.
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unavoidable. The coefficient of determination (R2 =
0.9706) estimated for eqn (2) implies that 97.1% of
the variability in response could be explained by the
model. The adjusted R2 value of 0.9461was found to
be similar to the original R2 value. Therefore, the 
non-significant P value of “lack of fit” (P = 0.3707)
implies that the quadratic model is valid for the 
present study. 

The importance of the factors and their effects
(either positive or negative) can be explained by the
magnitude and sign of the coefficients, accordingly.
The model coefficient of factor B (0.67) is bigger
than coefficient of factor A (0.019) which shows the
importance of copolymerization time rather than the
pretreatment time in grafting process. According to
the results of Karkhaneh et al. [17] when in TSPT
process the plasma graft copolymerization time is
zero, the grafting quantity is zero, as well. In other
words, the graft copolymerization was not carried out 
without second plasma exposure and it is a 
confirmation that during the drying stage (40°C for 
5 min) graft polymer is not created on the surface of
the films. Therefore, plasma copolymerization period
is necessary to graft AAc over the nanocomposite 
surfaces. Therefore, it is concluded that the effect of

copolymerization time (lower P value and higher
model coefficient) is more efficient.

To improve the model, we used model reduction.
The insignificant terms of eqn (2) include factor A
and interaction of both factors were omitted which 
resulted in the modified mathematical relation as
given in eqn (3) as follows:

(3)

The statistical significance of eqn (3) is shown in
Tables 6 and 7. Comparison between the statistical
data of eqns (2) and (3) showed that model P value
and other related statistical parameters such as 
“residuals” (adjusted and predicted), C.V. and “lack
of fit” model have been improved due to the model 
reduction. Furthermore, it was shown that all the
terms of eqn (3) are significant and have the P value
less than 0.1 (Table 7).  Therefore, this predictive
model was used to obtain an optimum condition. 

Table 8 shows the range of input parameters and
that of response with the weighting assigned to each
parameter. Table 9 shows the optimum conditions for
maximizing the GD of AAc on the nanocomposite
surface meanwhile the appropriate values of 
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Table 5. Estimated regression coefficient and corresponding P values for carboxylic
grafting density of POSS-PCU nanocomposite films for eqn (2).

Factor Coefficient estimate St. error P value

Intercept
A (Pretreatment time (s))
B (Polymerization time (s))
A2

B2

AB 

13.15
-0.019
0.67
-4.25
-1.5
0.15

0.39
0.28
0.28
0.39
0.31
0.31

-
0.9478
0.0523
0.0001
0.0029
0.7155

Source Sum of squares Degrees of freedom Mean square F P

Model
Residual
Lack of fit
Pure error

122.01
3.79
2.32
1.47

3
8
5
3

40.67
0.47
0.47
0.49

39.64
-

1.51
-

0.0001
-

0.5550
-

Table 6. ANOVA Results from the model quadratic equation for carboxylic grafting density of POSS-PCU 
nano-composite films (eqn (3)). SD = 0.69, R2: 0.9699, adjusted R2 = 0.9586, predicted R2 = 0.9116, and 
CV = 7.39%.

22 5.125.467.015.13 BABdensityGrafting −−++=



process variables are used by solving the predictive
model (eqn (3)). 

Residual data from the least square fit plays an
important role in judging the model accuracy.
Therefore, to validate the accuracy, normal 
probability of the residuals data was plotted with the
normality assumption [18,49]. Figure 6a highlights
that the normality assumption was satisfied since all
the residuals were linear forming a straight line. The
predicted and actual GD obtained from the model
was compared with the calculated GD via TBO
method, and are presented in Figure 6b. It is con-
firmed that the predicted GD is in general agreement 
with the observed data, and in the range of all the
operating variables.

The optimized data obtained from the model
experiments were supported by a further experiment
conducted with the parameters as suggested by the
model as shown in Table 9. It was found that a 
maximum value of GD suggested by software (13.2 ±
1.5 μg/cm2) was achievable by the following 

experimental condition: pretreatment time of 75 s and
copolymerization time of 134 s. In other words, we
can say that the GD maximum quantity is reached,
when at first the maximum possible peroxide groups
of the nanocomposite surface is produced (conclu-
sively, due to having maximum amounts of activated
sites, a maximum amount of AAc monomer over the
surface would be absorbed), and secondly, when a
sufficient time for conversion of AAc monomers to
PAAc chains is given in copolymerization process
(polymerization is the predominant phenomenon and
not the etching).

Since the maximum extracted quantity of the GD
from the eqn (3) (13.2 ±1.5 μg/cm2) is less than the
obtained maximum quantity from run # 11 (13.9 ± 2.8
μg/cm2), therefore, as a result of this study, the 
testing conditions of the run # 11 (i.e., pretreatment
time 75 s and copolymerization time 120 s) are 
considered as an optimum conditions to reach the
maximum quantity of the AAc  graft density onto
POSS-PCU nanocomposite. 
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Factor Coefficient estimate St. error P value

Intercept
B (Polymerization time (s))
A2

B2

13.15
0.67

-4.25
-1.50

0.34
0.24
0.27
0.27

-
0.0249
0.0001
0.0006

Table 7. Estimated regression coefficient and corresponding P values for carboxylic
grafting density of POSS-PCU nanocomposite films for eqn (3).

Table 8. Range of input parameters and response.

Constraints Goal Lower
limit

Upper
limit

Lower 
weight

Upper 
weight

Importance

Factor A (Pretreatment time (s))
Factor B (Polymerization time (s))
Grafting density (μg/cm2)

In range
In range
Maximize

30.0
30.0

4.7

120.0
210.0

13.9

1
1
1

1
1
1

3
3
3

Number Pretreatment  
time (s)

Polymerization
time (s)

Grafting density 
(μg/cm2)

1 75 134 13.2 ± 1.5

Table 9. Solution to reach the maximum grafting density.



Figure 6. Plots of: (a) normal probability of residuals and
(b) predicted GD obtained from the model in comparison
with the measured GD using TBO method.

CONCLUSION

This study demonstrates that modelling of variable
parameters of AAc grafting through TSPS can be 
predicted to optimize the amount of AAc-grafted
onto the chemically inert POSS-PCU nanocompos-
ite film. Also, it is in general agreement with the 
predicted one versus actual fit model. It was also 
concluded that out of two process variables 
(pretreatment and copolymerization times) the

copolymerization time (lower P value and higher
model coefficient) had more influential role on
determining the GD. The predication accuracy of the
model was found to be highly accurate and repro-
ducible. In process optimization, it was found that
the maximum value of grafting density 13.9 (± 2.8)
μg/cm2, using the appropriate values for process
variables are achievable by the following 
experimental condition as an example: pretreatment
time of 75 s and copolymerization time of 120 s. The
presence of the graft was confirmed by the emer-
gence of a broad peak of the hydroxyl groups 
(-OH) which is located at 3000-3600 cm1 and can be
ascribed to the stretching of the hydroxyl groups
from grafted layers of PAAc. Furthermore, the
reduced contact angle of the sample grafted with
PAAc implied that AAc was successfully grafted
onto the nanocomposite surface, causing the surface
to be more hydrophile. The morphology of the 
samples was also detected by SEM, and the cross-
sectional micrograph showed a consistent graft layer
limited to the surface region of the film.
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SYMBOLS AND ABBREVIATIONS

AAc : Acrylic acid
ATR-FTIR : Attenuated total reflectance 

Fourier transform infrared
CCD : Central composite design
DOE : Design of experiment
ECM : Extracellular matrix
GD : Grafting density (carboxylic

groups grafting density)
PAAc : Poly(acrylic acid), 
PCU : Poly(carbonate-urea) urethane
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(a)
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POSS : Polyhedral oligomeric silses-
quioxanes

P : Probability value or P value
RSM : Response surface methodology
SEM : Scanning electron microscopy
TSPT : Two-step plasma treatment
TBO : Toluidine Blue O
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