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Abstract

This research paper investigated the surface characterization and blood compatibility of polyurethane
surface modified with Hydrochloric Acid (HCl) treatment for 30 min and 60 min respectively. The
surface modified polyurethane with HCl shows increase contact angle and resulted in well-defined
structure with unique orientation evident by SEM study. To evaluate the effect of acid treatment on the
coagulation cascade, Prothrombin Time (PT) and Activated Partial Thromboplastin Time (APTT) were
measured. The HCl treated PU showed increasing Prothrombin Time (PT) and Activated Partial
Thrombin Time (APTT) implying improved blood compatibility of the surfaces. The results of
Hemolysis assay of the treated surface showed less number of damaged RBC’s compared to control.
Compared to control the number of platelet adhesion on the surface of surface modified PU was found
less and thereby reduce the chances of activation of blood coagulation cascade suitable for blood
contacting biomaterial applications.
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Introduction
Polyurethanes are an important class of biomaterials frequently
used in various biomedical applications due to its excellent
physical and mechanical properties, and promising blood
compatibility [1]. Much effort has been focused on
polyurethanes as blood-contacting materials, such as
cardiovascular implants, Central Venous Catheters (CVC),
hemodialysis blood line sets and IV bags [2,3]. Recently,
Polyurethane materials are also used coatings in artificial heart
and vascular grafts [4]. Segmented polyurethane synthesized
from various polyols, diisocyanates and chain extenders are
structurally manipulated to attain an extensive variety of
properties for various biomedical applications [5] and its
unique combination of physicomechanical properties and
degradability makes it a great deal in cardiovascular
applications [6].

The surface of the biomaterial that comes in contact with the
blood plays a crucial role in the case of blood contacting
applications, and it is therefore of interest to modify the surface
of the biomaterial in order to enhance its blood compatibility.
Events occurring within minutes of contact with blood are
protein adsorption, cell adhesion and inflammation leading to
thrombus formation and fibrinolysis. Longer exposure leads to

embolism and change in biomaterial properties [7,8]. Past
studies have shown that the small scale well defined
orientation on the materials surface can induce a number of
cellular reactions including orientation of cell growth, cell
attachment, cell activation and influence of the growth rate [9].
Surface wettability and surface cell adhesion are other two
important factors that enhance the biocompatibility and also
interactions between material and surroundings [10,11].

A number of surface modification techniques are done in order
to change the chemical nature and the morphology of the
polymer surface. Some of the commonly used techniques are
chemical and mechanical methods, grafting co-polymerization
[12], plasma treatment [13], UV and laser irradiation [14],
dielectric discharge [15] and microwave plasma irradiation
[16]. These techniques require extensive investments and also
occupy large spaces. Hence there is a need for cost effective
and simple procedures. In this work, we have investigated the
use of HCl as a tool for surface modification. HCl is a
commonly available laboratory chemical with unique benefits
like easy storage, versatile and portable compared to the above
mentioned conventional methods.

Literature studies showed a number of researchers have
worked on the acid induced reactions on polymer surfaces in
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order to improve the blood compatibility [17-20]. In this study,
the surface of the polyurethane was treated with hydrochloric
acid and its surface was carefully examined for any surface
changes.

Materials and Methods

Materials
The Pellethane® 2102-90A polyurethane was purchased from
LubriZol, USA. The obtained polyester polycaprolactone based
polyurethane possess excellent resistance to fuels and oils with
low compression set and good hydrolytic stability compared to
other polyester based TPUs [21]. The commercially available
HCl was obtained from Merck, Malaysia.

Sample preparation and acid treatment
Samples of polyurethane where cut in the measurements 1 cm
× 1 cm and washed with 70% ethanol and distilled water
thoroughly to clean the surface of the polymer from impurities.
Hydrochloric acid of 5-6 ml is pipetted out into a petridish and
the polymer is placed in the acid for 30 min to 120 min in a
sterilized environment. Later, the samples were removed and
incubated with physiological saline at 37ºC to remove the
unwanted the acid attached to the surface of the polymer,
before being used for surface characterization and blood
compatibility tests.

Surface characterization
The prepared samples were subjected for surface
characterization tests - Contact angle and SEM in order to
define the change in surface wettability and microstructure that
have taken place on the polymer.

Contact angle measurement: The contact angle
measurements were carried out in a Dynamic contact angle
Tensiometer-Dataphysics DCAT 11. The contact angles were
calculated automatically when the sample is placed inside the
Tensiometer. Measurements were carried out for three samples-
Control, 30 min acid treated and 1 h acid treated. The acceding,
receding and mean contact angles were recorded and tabulated
in the system interfaced with the equipment.

Scanning electron microscope (SEM): The microstructure
changes of the treated (30 min and 1 h acid treated) and control
polymers were observed with JEOL JSM 5800 SEM with
OXFORD ISI 300 EDS X-ray Microanalysis System (CRF).
The samples were studied at 1500X magnification after under
the gold sputtering treatment on the samples.

Coagulation assays
The blood compatibility of a polymer or a biomaterial is
defined by the four major tests namely Prothrombin Time (PT),
Activated Partial Thromblastin Time (APTT), hemolysis ratio
and platelet adhesion which reveals intrinsic pathway, extrinsic
pathway, RBC damage count and platelet-polymer surface
interactions respectively.

Prothrombin time (PT): Platelet poor plasma (PPP) (100 ml
at 37°C) was applied on the surface of the control and treated
substrates along with NaCl-thromboplastin (Factor III; 100 ml
Sigma) containing Ca2+ ions. The time taken for the onset of
fibrin clot was estimated using stopwatch and a steel hook
(n=3) [22].

Activated partial thromblastin test (APTT): APTT is widely
used to assess the ability of the blood to coagulate through the
intrinsic pathway and to assess the effect of biomaterial on
possible delay of the process. A drop of blood is placed on the
surface of the polymer to which Platelet Poor Plasma (PPP) is
incubated at 37°C with phophospholipid (cephalin) and a
contact activator (e.g. Kaolin) is added followed by the
calcium (all pre-warmed to 37°C). Addition of calcium
initiates clotting and the timer is started. The time taken from
the addition of calcium till the clot is formed is recorded as the
Activated Partial Thromblastin Time (APTT) (n=3) [23].

Hemolysis ratio: Initially, a physiological saline of 0.9%w/v
(37°C, 30 min) was prepared. The control and treated samples
(30 min and 1 h) were equilibrated with the physiological
saline for 30 min to remove the acid droplets present on the
surface of the polymer. Later, it was incubated with 3 ml
aliquots of citrated blood diluted with saline in the ratio 4:5 by
volume for 60 min at 37°C. These mixtures were then
centrifuged and the absorbance was measured at 540 nm. A
mixture of blood and distilled water was prepared in the ration
4:5 by volume which was taken as positive control as complete
hemolysis take place in it. Physiological saline is taken as the
negative control. The absorbance of positive control was
normalized to 100% and the absorbance of different samples
was expressed as a percentage of hemolysis compared with
their positive control [22,23].

Platelet adhesion: Freshly prepared Platelet Rich Plasma
(PRP) was obtained from the Dindigul blood bank. The
samples were treated in HCl for 30 min and 1 h and were
incubated in NaCl and placed on the rotatory shaker for an
hour to cleanse from the acid residue on the surface of the
polymer. The control and treated samples were immersed in
each 1 ml fresh PRP and were incubated at 37°C for an hour.
PRP was decanted off and the membranes were rinsed with
NaCl and dried. Later, the samples were viewed through the
microscope. The surface of the polymer was photographed and
numbers of platelets were counted on a region at 40X
magnification [24].

Results and Discussion
Polyurethane used for tissue engineering applications are the
ones with polyester soft segment (e.g.: polycaprolactone) and
others with polyether soft segment (e.g.: polyethylene glycol)
[6,25]. Polyester soft segment polyurethane is hydrophobic in
nature and shows slow degradation rates [6] but in case of
mechanical properties, they show poor moduli and ultimate
stress [26]. Ultimately, polyester soft segment polyurethanes
have the right structural integrity for any tissue engineering
scaffold formation. Hence in this work we have utilized
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polyester based polyurethane (Pellethane® 2102-90A). In order
to enhance the blood compatibility feature, polymer surfaces
should be modified with proper surface treatment methods.
The polymer surface properties are mostly controlled by the
chemical nature and morphology of the surface. The best
approach for this major issue of interfacial blood compatibility
between a synthetic prosthesis and blood is to modulate the
blood/biomaterial interface [23]. The contact angle analysis
shows that the hydrochloric treatment of polyurethane
expressed the increase in contact angle indicating the treated
polymer surface approaching to be hydrophobic. The Table 1
shows the hydrochloric treatment of polyurethane treated for
30 min and 60 min and compared with control. The treated
polyurethane samples shows higher contact angle of 54.04 ±
1.95° for 30 min and angle of 61.19 ± 1.24° for 60 min while
for control the contact angle found was 43.24 ± 1.71°
respectively. On increasing the time of reaction we did not
observe any significant improvement in the contact angle
measurement. By increasing the HCl exposed times for 90 min
and 120 min, contact angle measurement were performed. The
contact angle was observed to be 58 ± 1.05° and 60 ± 1.91°
respectively for 90 and 120 min exposed PU. Since there are
no significant changes between the 60 min and the increasing
times, we have utilized 30 min and 60 min treated
polyurethane for blood compatibility and platelet adhesion
studies. The hydrophobic nature of PU suggests that the
polymer used is soft segment polyester which is used in
various tissue engineering applications [25]. More over the
past studies have proved that the PU used for tissue
engineering applications is hydrophobic in nature as it contains
polyester soft segment [6]. Change in contact angle proves that
the treated sample has undergone morphological changes on its
surface [27]. In case of surface wettability of polymeric
materials, optimal cell adhesion has been reported to polymer
surfaces having moderate wettability with WCAs 40°-70°
[28-30]. The hydrophobic surface was found to improve the
efficiency of Embryonic Stem (ES) cell differentiation [31].
All these studies show that the increase in the contact angle of
polyurethane after surface treatment may result in improved
biocompatibility of the samples and can be utilized for various
blood contacting biomaterials. The Figures 1-3 indicates the
SEM images of pure polyurethane and hydrochloric treated PU
samples for 30 min and 60 min respectively. The
microstructure analysis shows that the control sample has a
rough surface with irregular orientations. While for
hydrochloric acid treated samples have well-defined and
proper structure with unique orientation pattern on its surface.
The SEM study clearly proved that hydrochloric treatment
seems to develop a smooth surface which implies the change in
polymer surface with well-defined and unique orientation. Last
works on polyurethane also show the similar kind of results
i.e.) change of samples from rough surface with pores to
smooth surface due to the improved compatibility of the hard
and soft segments present in the polymer [32]. The surface
characterization tests proved that a change has occurred to the
polymer surface. In order to validate the surface is favorable
for cardiovascular applications; various blood compatibility
tests were continued.

Figure 1. SEM image of pure polyurethane.

Figure 2. SEM image of hydrochloric treated polyurethane for 30
min.

Figure 3. SEM image of hydrochloric treated polyurethane for 60
min.

The PT and APTT, which reveals the intrinsic and extrinsic
pathway respectively, showed a positive increase in time for
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the treated samples compared with the control. The results of
both PT and APTT were summarized in Figure 4 and Figure 5.
Prothrombin time was increasing from 18.3 sec for control to
20.4 sec for 30 min treated sample. The prothrombin time
doesn’t have much significant change between 30 min treated
and 1 h treated samples which suggest that the prothrombin
time reaches an equilibrium from which it doesn’t increase or
decrease. Whereas, APTT also showed an increase from 111
sec for control to 146 s for 30 min and an increase to 196 s in
case of 1 h treated sample. Statistical analysis of the control
sample with the treated ones using one-way ANOVA indicated
significant differences (P<0.05) between them for both PT and
APTT times. Further hemolysis assay defines the damage done
to the RBC by the polymer. The decrease in OD value
demonstrates the less number of damaged RBC’s in the treated
samples compared to untreated samples. The results of
hemolysis assay of hydrochloric treated samples and pure PU
samples were summarized in Figure 6 and showed that the
treated samples interact with the RBC in a much better fashion
than the control.

Figure 4. Mean value of PT in seconds with the standard deviation,
significance is highlighted with *(p<0.05).

Figure 5. Mean value of APTT in seconds with the standard
deviation, significance is highlighted with *(p<0.05).

Figure 6. Mean value of optical density for hemolysis assay with the
standard deviation, significance is highlighted with *(p<0.05).

Platelet adhesion analysis shows that the number of platelets
attached to the 60 min treated samples was found to be 11-12
and for 30 min treated samples it was observed 14-15 in
number respectively. But for control the number of platelets
attached to its surface was greater in number of about 18-20
and was represented in Figure 7. This signified that the treated
surface of the polymer makes it adaptable for the RBC and
platelet to interact with the surface.

In this work we had found significant changes in the
morphological properties like surface roughness and
wettability as observed in the SEM and contact angle
measurements. Although chemical nature of the surface may
have an alleged role, it has been observed from our previous
study that HCl treated mPE does not alter the chemical nature
significantly [33]. Hence we surmise that the HCl treated PU
may not have any significant changes in the chemical nature.
Initially when the surface was exposed to the HCl it resulted in
the smoother surface with unique orientations. This in turn
causes the changes in the wettability of the surface. From our
contact angle measurements it has been inferred HCl treated
PU approaching to be hydrophobic. These changes may be
attributed for the observed increase in the blood compatibility
and decrease platelet adhesion. The above mechanism is
illustrated in Figure 8. Jansen et al prepared porous polymeric
scaffolds based on 1-vinyl-2-pyrrolidinone (NVP) and n-butyl
methacrylate (BMA) and had reported that the prepared
nanocomposites (50-50 wt%) showed hydrophobic nature and
also enhanced the cell proliferation [34]. And in another study,
Ajith et al. used Polyoxymethylene (POM) and hydroxyapatite
nanoparticles (nHA) for preparing nanocomposites and was
reported that the surface of developed nanocomposites was
found to be hydrophobic and showed enhanced protein
absorption compared to control. Since the HCl modified
polyurethane showed hydrophobic nature which might favours
the enhanced cell proliferation and protein absorption suitable
for tissue engineering applications [35]. As a whole,
hydrochloric acid treatment on the polyurethane under
sterilized conditions have brought above surface changes in
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favourable for the use as cardiovascular implants or in tissue
engineering.

Figure 7. Mean value of number of platelets adhered with the
standard deviation, significance is highlighted with *(p<0.05).

Figure 8. Proposed mechanism for the improved blood compatibility
of the HCl treated polyurethane.

Table 1. Contact angle measurements of pure PU and hydrochloric treatment of PU for 30, 60, 90 and 120 min.

S. No Sample Average contact angle in degrees*

1 Pure Polyurethane 43.24 ± 1.71

2 Hydrochloric treatment of polyurethane for 30 min 54.04 ± 1.95

3 Hydrochloric treatment of polyurethane for 60 min 61.19 ± 1.24

4 Hydrochloric treatment of polyurethane for 90 min 58 ± 1.05

5 Hydrochloric treatment of polyurethane for 120 min 60 ± 1.91

*Mean differences were significant compared with pure PU (p<0.05)

Conclusion
To conclude, the polyurethane was treated with hydrochloric
acid in this study. It was found that overall surface roughness
of the hydrochloric acid treated polyurethane have decreased
resulting in decrease in overall surface roughness. This was
ascertained by surface characterization studies like contact
angle and scanning electron microscope. Similarly, the blood
compatibility of the polyurethane was also found to be
improved determined by the blood compatibility assays like
PT, APTT, hemolysis assay and platelet adhesion studies.
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