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ABSTRACT: Blends with different ratios of thermoplastic
polyurethane/polypropylene (TPU/PP) were prepared by
melt mixing using an internal Haake mixer. Properties of the
blends were investigated using SEM micrographs of cryo-
fractures and measurement of the mechanical strength, wa-
ter absorption, cell culture, and platelet adhesion in vitro
tests, which were compared with those of PVC blood bags.
The effect of the addition of the ethylene-vinyl acetate
(EVA) copolymer on the TPU/PP blend properties was in-
vestigated. The results indicated that a TPU/PP/EVA = 80/
20/5 blend can be used as a new blood bag material. It was

observed that the blend is homogeneous with higher me-
chanical strength than that of the commercial PVC blood
bag. This blend also showed a compatible cell response in
contact with 1929 fibroblast cells and fewer tendencies to
interaction with platelets compared to the PVC blood bag.
Although the blends were immissible and no chemical re-
action at the interface could be found, the blood compatibil-
ity of the blends were improved. © 2003 Wiley Periodicals, Inc.
] Appl Polym Sci 89: 2496-2501, 2003
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INTRODUCTION

The blood bag system is a disposable biomedical de-
vice used for the collection, storage, transportation,
and transfusion of human blood and blood compo-
nents.! Until now, most widely used blood bag mate-
rial has been plasticized poly(vinyl chloride) (PVC).?
PVC is a relatively rigid and brittle polymer. Plasticiz-
ers are added to PVC to facilitate processing and
increase flexibility and toughness in the final product
by internal modification of the polymer molecule.?
The main plasticizer used in blood bags is di-2-ethyl-
hexyl phthalate (DEHP).? It is a lipophilic or fat-loving
compound and so it tends to concentrate in fatty tis-
sues.* In vivo and in vitro research links DEHP or its
metabolites to a range of adverse effects on the liver,
reproductive tract, kidneys, lungs, and heart. It also
appears to pose a relatively low risk of hepatic cancer
in humans.> As a result of such problems, several
efforts have been made to develop plastic materials
suitable for storing blood components from non-PVC
plastics.” Among the materials investigated were
polymers such as thermoplastic polyurethanes, sili-
cone—polycarbonate block copolymers, ethylene-vinyl
acetate copolymers, flexible polyesters, and various
thermoplastic elastomers and polyolefin blends.® We
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also tried to solve the problem of the toxicity of plas-
ticized PVC by use of a polyurethane (PU) and
polypropylene (PP) blend as a blood bag material. PUs
are one of the few synthetic materials with good bio-
compatibility and other performance characteristics,
which make them suitable for a wide range of medical
application such as for blood bags and surgical gloves
and for a wide range of high-risk applications such as
catheters, synthetic veins, and, more recently, wound
dressings.” PP is also one of the polymeric biomateri-
als that is extensively used for biomedical application
such as sutures and finger-joint implants due to its
good mechanical properties and inertness in living
systems.®

PP, as a dispersed phase in a thermoplastic polyure-
thane/polypropylene (TPU/PP) blend, may play two
roles: It can improve the physical properties of the
blend as a blood bag material and it can also balance
the hydrophilicity/hydrophobicity of the blend,
which plays a vital role in blood compatibility.” The
presence of PP in the blend reduces the concentration
of hard-segment domains of PU at the blend surface
and it becomes less attractive to blood platelets."

The resultant blends are autoclavable and RF-seal-
able. Additionally, the material of the present study is
extrudable, injection-moldable, and blow-moldable.
Because it is a non-PVC, non-DEHP material, it elim-
inates the environmental concerns of acid rain and the
alleged carcinogenic properties of DEHP. Further,
with respect to tubing, the resultant tubing is kink-
resistant.



TPU/PP BLEND AS BLOOD BAG MATERIAL

In this study, TPU/PP blends were prepared and
their properties were examined to compare them with
those of commercially available blood bags. An in vitro
cell culture experiment was done to evaluate the cell
compatibility of the blend materials, and the behavior
of platelet adhesion onto the best sample surface was
also compared with that of the PVC blood bag surface.

EXPERIMENTAL
Materials

TPU (LARIPUR 7025) was obtained from the Coim Co.
(Milan, Italy) with a Shore A hardness of 70. It is a
block copolymer consisting of hard segments and
polyester soft segments.

PP was supplied by the Arak Petrochemical Co.
(Arak, Iran), known as V30GA type with a nominal
melt-flow index (MFI) = 16. The ethylene—vinyl ace-
tate copolymer with 18% vinyl acetate was supplied
by the Hyundai Co. (Seoul, South Korea ). Blood bag
samples made from plastcized PVC were purchased
from the Green Cross Medical Co. (Seoul, South Korea).

Preparation of blends

Before processing, the TPU was dried for at least 3 h in
a vacuum oven at 100°C. The blending of components
was done in a Haake mixer (Buchler Rhecord 90) at
190°C with a rotor speed of 60 rpm for 5 min.

Pressure molding was used to produce specimens
for tests. The residence time in the molten state was to
5 min at 190°C. The molding pressure was about 100
bar and the rate of cooling was 5°C/min. The molds
employed were Teflon-coated to provide a nonadhe-
sive surface.

Physical properties of blends

Morphology studies were done using a scanning elec-
tron microscope (SEM) Model XL30 made by the Phil-
ips Co. The prepared blends were cryogenically bro-
ken and the fractured surface was coated with a gold-
platinum alloy and scanned. The mechanical strength
of the PP, PU, and blends were evaluated at room
temperature in a tensile testing machine (Instron 6025)
at a crosshead speed of 200 mm/min and compared
with those of the commercial blood bags.

The swelling properties of the blends were exam-
ined by measuring the water-absorption content. The
prepared samples were weighed after drying (dry
weight) and immersed in double-distilled water. The
swollen films were taken out of the water after 72 h,
the surfaces wiped with filter paper, and weighed
(wet weight).The swelling capacity was calculated as
follows:
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% Swelling = [(wet weight — dry weight)
+ dry weight] X 100 (1)

All swellings are the mean value of five measure-
ments of the films.

Evaluation of cytocompatibility

The cytocompatibility of the prepared films were eval-
uated by an in vitro cell culture test. The mouse L929
fibroblast cells were used as a test model in this study.
The cell suspension of 4 X 10° cells/mL was prepared
before seeding. The duplicate specimens of each sam-
ple were sterilized in 96% ethanol and washed in a
culture medium before the cell culture procedure.
They were placed in a multiwell tissue culture poly-
styrene plate with a 5 mL cell suspension, with one
well kept as a negative control and then maintained
for 48 = 1 h in a CO,-controlled incubator at 37°C.
After incubation, the samples were washed with a
phosphate-buffered saline solution (PBS). The cells
were fixed and dehydrated in graded ethanol (60, 70,
80, 95%) and stained with 5% Giemsa. The cells were
observed with light microscopy (Zeiss).

Platelet adhesion

Venous blood from healthy human volunteers was
collected with a vacuum syringe containing 5% citric
acid. The blood was centrifuged at 800 rpm for 10 min
at 25°C and the platelet-rich plasma (PRP) was with-
drawn with a polyethylene (PE) pipette and placed in
clean vials. The residue of the blood was centrifuged
at 3000 rev min~' for 10 min to obtain platelet-poor
plasma (PPP). The platelet count of PRP was deter-
mined with a Coulter counter (type 4) and adjusted to
150,000 platelets in mm>. PRP (1 mL) was placed on
each of the samples of 1 cm? and allowed to stand for
1 h at 37°C. The samples were then vigorously washed
with PBS and fixed with 2.5% glutaraldehyde in saline
at 20°C overnight. The samples were then dehydrated
with ethanol (50-100 %) and dried to the critical point
and stained with 5% Giemsa. The platelets were ob-
served with light microscopy (Zeiss).

RESULTS AND DISCUSSION
Morphology

TPU/PP blends are highly incompatible because of
large differences in their polarities and high interfacial
tension.'! The differences in the surface free energies
induce an incompa’cibﬂi’ry.12 Due to this fact, SEM
micrographs of cryofractures have revealed no sign of
interfacial adhesion (Fig. 1). As shown in these figures,
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(a)

(b)

Figure 1 SEM photomicrographs of (a) TPU/PP = 80/20 blend and (b) TPU/PP = 70/30 blend.

the blends exhibited a two-phase morphology. The
size of the dispersed particles (PP) became coarser in
the TPU/PP = 70/30 blend than in the TPU/PP
= 80/20 blend. This is caused by coalescence, which
has been previously observed at concentrations lower
than 1% of PP.!! Coalescence in the first blend is more
than that the second one due to the higher probability
of collision.™

Since these immiscible blends are thermodynami-
cally unstable, they must be stabilized to prevent co-
alescence during melt processing.'* The stability of
polymer blends is enhanced by addition of a useful
block copolymer.'® The influence of the EVA copoly-
mer on the blend is shown in Figure 2. With addition
of EVA, the relatively finer dispersity of the PP phases
was found, and the distribution of particle sizes also
improved. So, in this case, the homogeneity of the
blend is better than is that of the blend without EVA.

Mechanical properties

The mechanical behavior (tensile strength and modu-
lus) of the blends and commercial blood bags are
shown in Table I. All blends except TPU/PP = 50/50
have a higher tensile strength and modulus than those
of the blood bag.

As shown in Figure 3, the samples have shown a
U-shaped curve for the dependence of the tensile
strength on the blend composition. Usually incompat-
ible blends show this typical U-shaped curve and a
decrease in tensile strength with the addition of a
second polymer."" This phenomenon depends on the

phase inversion from PP to TPU that happens at 50%
by weight of each polymer.

The extent of the reduction in properties is related to
the blend morphology; blends having a finer disper-
sity show less reduction in properties."’ Due to this
fact, the TPU/PP = 80/20 blend had a higher tensile
strength than that of the TPU/PP = 70/30 blend. It is
found from Table I that the addition of the EVA co-
polymer to the blend reduced its tensile strength. This
can be related to the dispersion of some extent of EVA
in the TPU matrix, which leads to a reduction of the

Figure 2 SEM micrograph of TPU/PP/EVA = 80/20/5
blend.
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TABLE 1
Tensile Strength and Modulus of Prepared Samples (n = 3)
TPU/PP TPU/PP TPU/PP TPU/PP/EVA pvC
Sample PP (50/50) (70/30) (80/20) (80/20/5) TPU (blood bag)
Tensile strength at break 3132 =464 359*096 13.02*447 1823 £251 14.21 = 1.94 32.80 =3.34 13.11 £0.81
(MPa)
Modulus (100%) (MPa) 458 * 48 101 = 10.2 16.7 = 2.46 12.6 = 2.15 119+ 1.83 6.1 =137 7 £1.55

Values are means * standard deviation.

cohesive energy density in this phase.'® However, the
tensile strength and modulus of the blend with EVA is
higher than that of the blood bag.

Water absorption

The swelling property of the TPU/PP blends and com-
mercial blood bag films was evaluated by measuring
the water-absorption content after immersion in disti-
lated water for 72 h. As can be seen in Figure 4, the
water absorption of TPU is higher than that of PP,
which relates to the polar nature and hydrophilicity of
PU." Due to this fact, the water absorption of the
prepared films was reduced with the addition of PP to
the TPU matrix. The high swelling of TPU/PP
= 50/50 blend in water is due to the intensive surface
roughness of the blend, because of a bicontinuous
phase structure at this ratio.'!

The addition of the EVA copolymer to the TPU /PP
blend increased the water-absorption content com-
pared with original blend, which is probably due to
the flexibility of the copolymer chains (T, = 10°C) that
leads to the molecular rearrangment of polar groups
on the surface in contact with water. So, the addition
of the EVA copolymer is good for our purposes, be-
cause of the higher water-swelling property than that
of the blend, which reduces the friction of the film
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Figure 3 Tensile strength of TPU/PP blends versus TPU
(% wt).

surface, reducing damage to the blood cells and plate-
let adhesion."”

Biocompatibility results

In the cell culture method, the performance of a cell is
investigated by comparing it with a negative control.
A negative control [tissue cell culture polystyrene
(TCPS) in this experiment] is a sample thoroughly
compatible with cells and is cultured with the main
samples. For this type of test, a material is considered
to be biocompatible if it supports cell attachment and
growth.'”® Figure 5(a-d) shows optical photomicro-
graphs of the L-929 fibroblast cell attachment onto the
control, PP, TPU, and TPU/PP/EVA (80/20/5) blend
surfaces, respectively. As can be seen, both the shapes
and the numbers of the attached cells are different
depending on the substrate. The comparative results
show that cell adhesion and spreading is better with
the control sample (PS) than with the PP surface (hy-
drophobic surface). Cells on the control sample ap-
peared flattened with small peripheral filopodia and
ruffled edges. The PP surface causes a significant de-
crease in the cell attachment, which was attributed to
the high hydrophobic surface." Figure 5(c,d) shows
the appearance of L-929 cells grown onto the TPU and
TPU/PP blend. Cell growth and all four stages (at-
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Figure4 Water absorption of the samples after 72 h (n = 3).
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(b)

(c)

(d)

Figure 5 Cellular response of L929 fibroblast cells to the surface film: (a) negative control; (b) PP; (c) TPU; (d) TPU/PP/EVA

(80/20/5) after 48 h incubation (magnification: 400X).

tachment, filopodia, webbing, flattening) appear but
the number of cell adhesions on these surfaces is a
little lower than that of the control. It was found that
the extent of the cellular adhesion is considerably
affected by the physical and chemical properties of the
substrate, that is, the chemical composition, surface
charge, surface tension, microstructure, and rigid-
ity.22! This cell response is a sign of the cytocompat-
ibility of PP, TPU, and TPU/PP/EVA = 80/20/5
blend.

Platelet adhesion study onto the film surfaces

Platelet adhesion experiments were carried out in vitro
using the platelet-rich plasma (PRP) method.”*** An
optical microscope was used to study the morphology
of the adherent platelets. One of the possible routes to
the formation of blood clotting is adhesion, activation,
and aggregation of platelets at the foreign interface.**

Figure 6(a,b) shows the morphology of platelets at-
tached onto the polymer films. As can be seen in
Figure 6, the platelet adhesion on the blend [Fig. 6(a)]
is significantly lower than that onto the PVC blood bag
surface [Fig. 6(b)]. Complete activation and aggrega-
tion of the attached platelets were observed on the
PVC blood bag film as a control [Fig. 6(b)]. However,
small platelets were attached onto the surface of the
blend. The excellent blood compatibility of PU was
discovered by Boretos and Pierce.”®*® They also no-
ticed the excellent mechanical properties of PU and
applied it to a blood pump for an artificial heart sys-
tem. However, little attention has been paid to the
relationship between the blood compatibilitty and the
structure of PU. However, as reported, the grafting of
long alkyl side chains onto PU has been shown to
reduce platelet deposition.”” The poor blood-contact-
ing properties of hydrophobic polymers may be as-
cribed to the absence of specific interactions between
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(a)

(b)

Figure 6 Optical micrographs of platelets adhering on the (a) TPU/PP/EVA = 80/20/5 and (b) commercial blood bag film

surfaces (magnification: 400X).

the surface and platelet due to the alkyl branch length.
Therefore, PP chains play a similar role to that of the
grafting of alkyl chain on PU that was described. The
combination of factors including microphase separa-
tion, surface heterogeneity, and surface hydrophobic-
ity determined the polymer blood-contacting re-
sponse. Therefore, these factors that are different be-
tween the blend and the PVC blood bag affect the
reduction of platelet adhesion (Fig. 6) and the spread-
ing on the prepared blend film in comparision with
the PVC commercial blood bag film.

CONCLUSIONS

Blend systems were immissible and no chemical reac-
tion at the interface between PP and TPU was found.
The blend with the EVA copolymer has a finer dis-
persed morphology than that of the others. All the
blends except TPU/PP = 50/50 have a higher tensile
strength than that of the PVC blood bag. Cell culture
experiments also showed no sign of toxicity for the
blend materials.

From the results of this study, the most suitable
blend for blood bag application seems to be TPU/PP/
EVA = 80/20/5, because of its appropriate mechani-
cal strength, slightly higher water swelling, and sig-
nificantly less interaction with blood platelets than
with the PVC blood bag.
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