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Abstract: The presence of DEHP in PVC-based medical bags poses a significant health risk to
patients undergoing blood transfusion. In order to fabricate safer medical fluid bag materials, the
use of SEBS/PP polymer blend as a potential material was investigated. Polymeric blends with
varying weight percentages of styrene-ethylene-butylene-styrene/polypropylene (SEBS/PP) were
fabricated by melt mixing using an internal Haake mixer. The physical properties of the SEBS/PP
polymer blends were investigated using differential scanning calorimetry (DSC), X-ray diffraction
(XRD), and inductively coupled plasma—mass spectrometry (ICP-MS). In addition, measurements
of the mechanical strength (tensile strength and Young’s modulus) as per ASTM 638, polymer
hardness was tested using a durometer and swelling was analysed through water absorption and
compared with commercial PVC-based blood bags. The results indicate that the SEBS/PP 50/50 blend
has approximately similar characteristics as PVC-based blood bags. The SEBS/PP polymer blend
possesses approximate tensile strength and Young’s modulus with values of 23.28 MPa and 14.42 MPa,
respectively, to that of the conventional PVC blood bags. The results show that the SEBS/PP polymer
blends have negligible zinc and aluminium migration with values of 1.6 and 2.1 mg/kg, respectively,
and do not elute any harmful leachates, while the thermal studies indicate that the studied SEBS/PP
materials are capable of withstanding steam sterilisation at 120 °C and cold storage below —40 °C.
The investigated material can be utilized for medical fluid bags and contributes towards sustainable
development goals, such as SDG 3 to ensure healthy lives and promote well-being, as well as SDG 12
to ensure sustainable consumption and production patterns.
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1. Introduction

Red blood cells (RBCs) are an indispensable substance of life for human sustenance.
The importance of RBCs is self-evident from the millions of RBC transfusions conducted
annually to safely and speedily increase the supply of oxygen to the tissues to replace blood
lost during haemorrhage or to increase a low haemoglobin concentration [1-3]. These
transfusions are able to be carried out due to the disposable blood bags. The blood bags
take on the roles of collecting, storing, transporting, and transfusing human blood and its
various components [4]. The large majority of blood bags today are manufactured using
polyvinyl chloride (PVC), a relatively rigid and brittle polymer valued for its inertness,
durability, and resistance to heat, chemicals, abrasion, and kinking [5,6]. Due to the
brittleness and rigidness of PVC, phthalate plasticisers are added to PVC blood bags to
soften and increase the flexibility of the blood bags [6]. Plasticisers achieve the increased
flexibility by inserting themselves between the PVC chains, thereby increasing the distances
between the molecules without altering the microcrystalline structure of the polymer, which
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in turn increases the mobility of the PVC molecules. This leads to an increase in volume due
to Brownian movement and renders the polymers more flexible by several degrees [6-8].
The most commonly utilised phthalate plasticiser for the vast majority of the commercial
blood bags available on the market is di-2-ethylhexyl phthalate (DEHP).

However, it was discovered that DEHP leaches out from the walls of the PVC blood
bag due to the lipophilic nature of DEHP and migrates preferentially to lipid-containing
environments owing to the higher solubility of DEHP under such conditions [9]. A slow
but steady constant release of DEHP is to be expected from plasticised PVC blood bags that
come into contact with human blood that contains lipids [10]. The leached DEHP are then
taken up by the RBCs [11]. Studies have shown that DEHP confers a preservative effect on
blood by providing a protective effect on the RBCs” membrane and cytosol [12,13]. DEHP
also has been demonstrated to enhance the morphology, deformability, osmotic fragility,
and microvesicle release of the stored RBCs. It was also discovered that RBCs infused with
leached DEHP exhibit improvements in blood viscosity and show a lower haemolysis than
RBCs that are bereft of DEHP contact [13]. However, these benefits of DEHP are mired by
numerous negative health effects. DEHP may promote the release of pro-inflammatory cy-
tokines [14]. Additionally, studies have shown that long-term exposure to monoethlyhexyl
phathalate (MEHP), the primary metabolite of DEHP, has carcinogenic potential. DEHP
is also suspected to partake in the disruption or modulation of the endocrine signalling
involved in the regulation of neurodevelopment and reproduction [15,16]. Numerous
studies have also shown that the harmful effects of DEHP can affect numerous organs
including the liver, reproductive tract, kidneys, lungs, and heart [17]. Neonates are particu-
larly at a higher risk of bearing the full brunt of DEHP hazards due to their small stature
and higher exposure [18]. Moreover, the disposal of PVC bags leads to the emission of
dioxin and greenhouse gases when incinerated and releases metal and toxic leachates when
landfilled [19,20]. In response to these health hazards, numerous alternative plasticisers
were studied to eradicate the disadvantages of DEHP [21-23]. The current works identify
plasticisers such as DINCH, DEHA, DEHT, ATBC, TETM, and TOTM as the major alterna-
tive plasticisers for PVC blood bags. However, these plasticisers have flaws such as foul
smell, high costs, and the inability to be steam-sterilised properly as well as not possessing
adequate data on its long-term health effects [12,13,24].

These factors create the need for alternative PVC- and DEHP-free materials for the
fabrication of medical fluid bags. Among the alternate materials are blends of thermoplastic
polyurethane/polypropylene, thermoplastic polyurethane/polypropylene/ethylene-vinyl
acetate, and polyolefins [4,5,25]. These PVC-free medical fluid bags also possess flaws such
as relatively high Young’s modulus, inability to be adequately sterilised, poor mechanical
strength, and the inability to be welded or sealed using high frequency RF (radio-frequency)
welding [4,5,13]. These aforementioned studies also lack clear elucidation on the thermal
properties of the medical fluid bags which is necessary for proper RBC storage. In this work,
we have fabricated a polymer blend composed of SEBS and PP that seeks to overcome
the limitations of the previous studies. This study outlines the results of the physical
analysis of SEBS/PP blends as replacement for PVC blood bags. The SEBS and PP polymer
duo has the capacity to be steam-sterilised and possesses low Young’s modulus, good
mechanical strength, and thermal properties. In this study, SEBS/PP blends of different
ratios were prepared; then, the physical, mechanical, thermal properties and ion migration
were examined to compare them with those of commercially available blood bags. This
work attempts to study the properties of SEBS/PP as alternative materials in order to
remove the risks caused by DEHP in PVC-based blood bags.

2. Materials and Methods
2.1. Materials

SEBS (G1645V) was procured from Kraton Polymer (Wesseling, Germany) with a
Shore A hardness of 35. It contains a polystyrene content of 11.5% to 13.5% and has an
enhanced midblock (ethylene-butylene) for increased compatibility with polypropylene.
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Polypropylene random-heterophasic copolymer (Bormed SC820CF-11) was obtained from
Borealis AG (Vienna, Austria) possessing a tensile strength of 50 MPa and melt flow rate
of 3.9 g/10 min. Blood bag samples made from DEHP plasticised PVC were purchased
from the Terumo Penpol Limited (Kerala, India). The samples were cut and washed once
with 70% ethanol. The samples were then washed again with distilled water twice to
remove any adhered impurities.

2.2. Preparation of Blends

The samples were weighed and measured prior to blending. The blending of compo-
nents was performed in an internal mixer (Haake PolyDrive, Thermo Scientific, Karlsruhe,
Germany) at 190 °C with a rotor speed of 50 rpm for 5 min. The SEBS/PP polymers were
blended in compositions of 70/30, 50/50, and 40/60 wt%. The polymer blends in this
experiment were successfully blended without the use of any polymer processing additives.
A hydraulic hot press compression moulding machine (Model GT7014A, Gotech Testing
Machines, Taichung City, Taiwan) was then utilised to cast the blended SEBS/PP polymers
into monolayer films. A cast iron mould with a thickness of 0.5 mm acted as the mould for
the polymer blend. After heating the blended material for 10 min to re-melt the polymer
blend, it was compressed for 3 min at 190 °C. The mould containing the plastic sheet was
then compressed and cooled for 3 min using a cooling plate to allow the polymer blend
to take the form of a thin monolayer film. The moulds employed were coated with Teflon
sheets to provide a non-adhesive surface to facilitate film removal.

2.3. Physical Characterisation

The mechanical properties (tensile strength, Young’s modulus, and elongation-at-
break) of the SEBS/PP blends and commercial PVC film were assessed according to
ASTM 638 at a room temperature of 23 °C in a Universal Testing Machine (Model UMH-50,
Shimadzu, Japan) at a cross-head speed of 50 mm/min and compared with those of the
commercial PVC blood bags. Dumb-bell shaped specimens as specified in ASTM 638
were prepared using a die cutter. A minimum of five samples were tested in each case to
get accurate measurements. Additionally, the swelling property of the SEBS/PP 50/50
blend was examined by measuring the water absorption content after measuring the dry
weight of the sample and then immersing it in purified water that was present in large
excess compared to the size of the polymer. The swollen films were taken out of the water
after 24 h and the surfaces dabbed with filter paper prior to measuring the wet weight of
the samples. The swelling equilibrium was established until no further weight increase
was observed. The swelling capacity was to be calculated using the following formula:

Swelling (%) = [(wet weight — dry weight)/dry weight] x 100

Morphology studies were conducted using a Field Emission Scanning Electron Micro-
scope (FESEM) (Hitachi-Regulus SU8220, Tokyo, Japan). The SEBS/PP polymeric blends
and commercial PVC film were cryogenically fractured using a mallet after immersing
the films in liquid nitrogen for 30s. The fractured cross-section surface was coated with
platinum and scanned using SEM.

2.4. Optical Characterisation

The optical properties of the polymers were assessed in order to allow medical practi-
tioners to check for contamination and haemolysis due to storage lesions more easily as
compared to conventional PVC-DEHP blood bags [26]. Visual detection of haemolysis in
a unit is usually possible by observing the colour of the supernatant plasma. It is good
practise to observe the colour of the plasma just before issue to avoid any inadvertent
serious transfusion of a haemolysed blood unit. UV-vis absorption spectra were recorded
with a Spectrophotometer UV-Vis (Shimadzu, Kyoto, Japan) within a range of 540-560 nm
according to ASTM D1746-03, the standard test method for testing the transparency of
plastic sheeting. Empty compartment (air) was used as the baseline.
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2.5. X-ray Diffraction (XRD) Characterisation

The crystalline structure and XRD spectra were measured by means of the X-ray
diffraction (XRD) method. A high-resolution X-ray diffractometer (Malvern Panalytical,
Malvern, Worcestershire, UK) (with Cu K-alpha radiation (A = 0.154184 nm) and a Ni filter
with a generator voltage of 40 kV and a current of 30 mA was used. The radiation was
measured with a proportional detector. The samples were measured in 6-20 geometry over
a range of 5° to 80°. All measurements were carried out at room temperature with a step
size of 0.01° and a counting time of 5 s per data point. The crystalline phases were identified
using the X'Pert High Score Plus software (v3.0e, Malvern Panalytical, Malvern, UK).

2.6. Differential Scanning Calorimetry (DSC) Characterisation

The thermal behaviour of SEBS/PP (70/30, 50/50, and 40/60) were studied using
differential scanning calorimetry (Perkin-Elmer DSC 7, Boston, MA, USA) in a nitrogen
atmosphere (50 mL/min) with a heating rate of 10 °C/min. In the first heating and cooling
scans, the samples were heated from 25 to 190 °C in order to eliminate any previous thermal
history. Then, the samples were cooled with liquid nitrogen from 190 to —70 °C at a cooling
rate of 10 °C/min, followed by reheating to 190 °C for the second heating run [27].

2.7. Hardness Characterisation

The material hardness was determined by using a Durometer (Shore A). The measure-
ments were taken at five different points on a single specimen of plastic sheet.

2.8. Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) Analysis

The ICP-MS analysis was carried out by My CO2, an independent analytical testing
laboratory. The analysis was carried out as medical fluid bag materials that come in contact
with blood directly may also cause metal ions and elements originating from the processing
of medical fluid bags to be leached out and migrated into blood. The ICP-MS method
was utilised to assess the heavy metal migration from SEBS/PP 50/50 and PVC-DEHP.
SEBS/PP 50/50 was selected as the representative of the SEBS/PP blends as it has the
most approximate mechanical characteristics to the compared with commercial PVC-DEHP
blood bags. Briefly, the metal amount content was determined using an inductively coupled
plasma (ICP) equipped with mass spectrometer (MS) (Analytik Jena, Jena, Germany). The
metals that were determined were 9 metallic elements, namely barium, cobalt, copper,
iron, lithium, manganese, nickel, zinc, and aluminium to assess whether it falls within the
restriction levels defined by EU No. 10/2011. The specific migration analysis of zinc and
aluminium was conducted as zinc- and aluminium-based additives are commonly used
for the processing of polymers. Each analysis was replicated three times. Heavy metal
migration from the two polymer blends were soaked for 10 days in 3% acetic acid, olive oil,
and 10% ethanol, respectively, and analysed.

3. Results and Discussion
3.1. Mechanical Characterisation

Table 1 shows the mechanical properties of the polymer blends and the commercial
PVC blood bags with the standard deviations provided. The materials’ tensile behaviour
provides critical information about their tensile strength, which indicates the blended
materials’ ability to safely contain the required amount of blood without rupturing or
bursting. The tensile tests also provide data on Young’s modulus, revealing the stiffness
of the material and, by extension, a view into the flexibility of the blended materials. This
set of modulus data ascertains the capabilities of the blended material to withstand rough
mechanical handling without tearing.
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Table 1. Tensile strength, Young’s modulus, and elongation-at-break of SEBS/PP polymer blends
and PVC-DEHP.

Polymer Material Polymer Tensile Strength Young's Elongation-at-Break
Composition (Wt%) (MPa) Modulus (MPa) (%)
SEBS (one 100 7.06 0.43 2382.49
specimen only)

SEBS/PP 70/30 1552 +1 097 +0.1 6379 +£5.3
SEBS/PP 50/50 2328 £ 1.1 14.429 £ 0.9 1212 £ 6.6
SEBS/PP 40/60 2493 +1.2 32.64 £1.8 8891 +£7.3
PP 100 3255+ 6.2 321.56 + 4.6 1886.7 = 8.9
PVC-DEHP N/A 21.08 £ 0.8 559 £ 0.5 87448 +£9.7

Table 1 clearly shows that the tensile strength and Young’s modulus of the blended
polymers decrease with an increase in SEBS content, whereas the elongation-at-break of the
polymer blends increase with an increase in SEBS content. This indicates that the inclusion
of PP into SEBS leads to an increase in tensile strength and Young’s modulus. The variation
can be primarily attributed to the antagonistic intrinsic nature of the polymers; SEBS is a
thermoplastic elastomer with excellent flexibility and elasticity, whereas PP exhibits high
strength and high Young’s modulus but possesses paltry impact resistance [28-30]. These
characteristics culminate in the toughening of SEBS by PP and reduction of stiffness of
PP by SEBS, thus providing the SEBS/PP polymer blend with the desired mechanical
properties for a viable medical fluid bag. Similar results can be observed in other studies
as well [31,32]. The weak mechanical properties of 100% SEBS can be attributed to the
partial and selective hydrogenation process of styrene-butadiene-styrene (SBS), which is
used to synthesise SEBS elastomers that are thermally stable at high temperatures [33].
These major mechanical weaknesses of SEBS necessitate for SEBS polymers to be blended
with other polymers to enhance its mechanical attributes. The elastic modulus and tensile
strength are increased with the addition of PP as the mechanical attributes of PP are
relatively higher than those of SEBS. The blending of SEBS with PP is touted as a rational
one as evidenced by a study which demonstrated that the interfacial adhesion between the
SEBS and PP matrix contributes to good impact properties. The good interfacial adhesion
between the two polymers is precipitated by the segmental diffusion of ethylene-butylene
(EB) mid-blocks with PP matrix. Furthermore, owing to this segmental diffusion, the
common weaknesses of polypropylene, such as poor impact resistance stemming from its
high crystallinity and relatively high glass transition, are overcome by SEBS elastomers
that promote relatively higher impact strength and elongation-at-break as well [33]. The
SEBS/PP blend which comprises of elastomeric and semicrystalline polymers shows an
increase in Young’s modulus as the decreased presence of elastomeric phases increases the
stiffness of the polymer blend. While the rise in Young’s modulus in not prominent, the
differences are relevant in order to create a medical fluid bag that is in close approximation
to PVC-DEHP blood bags. It is important to note that the addition of PP to SEBS does not
result in uniform increase in Young’s modulus.

Similar to the Young’s modulus, the tensile strength of the SEBS/PP polymer blends
increased linearly with decreasing SEBS content. The SEBS/PP 40/60 wt% exhibited the
highest tensile strength of 32.64 MPa, whereas SEBS/PP 70/30 wt% showed the lowest
tensile strength 0.97 MPa. This large disparity can similarly be attributed to the decreasing
percentage of elastomer which is replaced with PP that has a higher tensile strength.
The commercial blood bags composed of PVC and DEHP showcased a tensile strength
of 21.08 MPa, a Young’s modulus of 5.59 MPa, and an elongation-at-break of 765.17%. The
impressive tensile strength, coupled with a low Young’s modulus, is only made possible
through the use of DEHP and other processing oils such as epoxidized soybean oil [34].
As a thumb rule, the flexibility of plastic can be increased through the use of plasticisers,
but at the cost of the strength of the material [35]. The SEBS/PP composition of 50/50
represents the optimal composition for a PVC-free medical fluid bag. It is the optimal
choice considering that it has an approximate tensile strength and a Young’s modulus
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similar to the commercial blood bag with values of 23.28 MPa and 14.42 MPa, respectively.
It is also important to note that although the values deviate slightly from the commercial
blood bag, the tensile strength falls within the permitted range of 20-30 MPa while the
Young’s modulus falls within the range of 5-15 MPa [36,37]. Interestingly, the majority of
the 100 wt% SEBS exhibited thermoplastic elastomeric behaviour by exceeding the tensile
test limit of 2400% elongation, indicating overwhelmingly superior elongation capacity as
compared to 100 wt% PP, which has a respectable elongation-at-break of 1642.60%.

The addition of even a low amount of 40 wt% SEBS shows a marked drop of mechani-
cal properties with a tensile strength of 24.93 MPa and a Young’s modulus of 32.64 MPa as
compared to those of pure 100 wt% PP, which has a tensile strength of 32.55 and a Young's
modulus of 321.56 MPa. The drop in Young’s modulus is especially prominent. The sig-
nificant drop can be attributed to the 100 wt% SEBS that has a meagre tensile strength
of 7.06 MPa and an even staggeringly lower Young’s modulus of 0.43 MPa. This extent on
reduction of mechanical properties can also be attributed to the blend morphology wherein
blends having coarser dispersions exhibit more reduction in properties [4]. Commonly,
increased interfacial tension leads to an increase in the tendency of coarsening due to coales-
cence [38]. Furthermore, a study has shown that the addition of even a minute percentage
of SEBS into PP causes a marked increase in PP spherocrystals but shows a decrease in their
sizes [30]. The addition of additional SEBS into the polymeric blend logically results in the
increase in the number of spherocrystals and its inevitable reduction in size. These can be
ascribed to SEBS which acts as the nucleating agent thereby forming more nucleating sites
with PP. The study has shown that spherocrystals in 30 wt% of SEBS can barely be seen
and provides significant flexibility to the polymeric blend. The decrease in the size of the
spherocrystals is also accompanied by the lessening of their completeness. Additionally,
another study has shown that SEBS elastomer particles are well dispersed with PP matrix
in irregular forms with a narrow size distribution and showcased a two-phase system
which in turn promoted the strain-rate-sensitivity of SEBS/PP blends [39]. Moreover, the
affinity of the EB midblock of SEBS with PP matrix can also serve to decrease the modulus
of SEBS/PP blends with the addition of SEBS due to the substitution of PP matrix by soft
SEBS elastomer (replacement of the plastic component with the elastomeric one) [32,39].
The substitution also results in the elongation of the polymeric blends to increase.

Furthermore, the elongation-at break-increases with the addition of SEBS due to the in-
crease in ductility of the polymeric blends [32]. This stems from an increase in interactivity
between PP and SEBS, particularly the EB blocks of SEBS. Therefore, the ductility increases
with the increase in elastomer composition and thereby increase the elongation-at-break of
the polymeric blends. The increase in ductility of polymer blends in spite of the reduction
of the tensile strength can be attributed to a higher deformation level. The increase in
SEBS weight percentage increases the ductile behaviour of the polymer blends and plas-
tically deforms them until breakage [40]. Commuonly, an increase in elongation-at-break
is presumed to be an indication of increased compatibility between polymer phases [41].
This is supported by FESEM analysis, which exhibits good compatibility between SEBS
and PP. Table S1 provided in the supplementary data shows the mass of the SEBS/PP
50/50 specimens before and after immersion in distilled water. No polymer swelling was
observed in the SEBS/PP 50/50 polymer. This indicates that the polymer blend has water
barrier properties that prevent water vapour from entering or escaping the confines of the
medical fluid bag structure.

The morphology of the SEBS/PP 50/50 polymer blends and commercial PVC-DEHP
films were observed using FESEM. Figure 1a below shows the cryo-fractured cross-section
of SEBS/PP 50/50, whereas Figure 1b shows the cryo-fractured cross section of the com-
mercial PVC film. The cross-section of both samples exhibits a rough structure originating
from ductile material fracture [42]. In addition to that, Figure 1a shows thread-like fibres
with continuous structure devoid of any dispersed domain [43,44]. This supports the
aforementioned mechanical results that SEBS/PP polymer blends have good compatibility
and miscibility owing to the EB block of SEBS which is miscible with the PP matrix. The
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high miscibility is also supported by the DSC results discussed later, which only show a
singular glass transition temperature [45]. Highly miscible blends exhibit only a single
glass transition peak at some intermediate value between the glass transition of the two-
component polymer. Furthermore, Figure 1b shows a dense homogenous structure [46].
The rough surface of the commercial PVC-DEHP cross-section indicates a ductile nature.
The presence of the DEHP plasticiser diminishes the brittle nature of pure PVC.

Figure 1. FESEM cross-section image of (a) SEBS/PP 50/50 polymer blend and (b) commercial
PVC-DEHP film.

3.2. Optical Analysis

The conventional PVC-DEHP material exhibits the lowest transparency percentage
with a meagre value of 9.7%, whereas the transparency value of the optimal SEBS/PP
50/50 medical fluid bag film is 56%. While an increase in SEBS content from 40 to 50 wt%
leads to an increase of 10 percent in transparency, an increase from 50 to 70 wt% only leads
to an increase of 0.5% in transparency. This indicates that the SEBS/PP polymer blend
reaches saturation levels of transparency after 50 wt% of SEBS. Table 2 clearly outlines the
transparency percentages of the SEBS/PP blends and compares them to the commercial
PVC blood bag. In spite of the conventional PVC blood bag material having approximate
mechanical characteristics to SEBS/PP 50/50, the transparency of SEBS/PP 50/50 and the
benefits it confers to the healthcare personnel are better. Additionally, Figure 2 shows the
transparency percentage of the SEBS/PP polymer blends to showcase the difference in
optical transparency between the polymers. The addition of SEBS content to the polymeric
blend results in a higher transparency, thus increasing the visibility of the material.

Transparency Vs Wavelength

60

50 -
3
< 404
3 —— SEBS/PP 40/60
5] —— SEBS/PP 50/50
S 304 — SEBS/PP 70/30
2 —— PVC-DEHP
=

10

2 T T T T T -
540 545 550 555 560

Wavelength (nm)

Figure 2. Transparency percentage vs wavelength plot of SEBS/PP polymer blends and PVC-DEHP
polymer film.
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Table 2. Transparency of SEBS/PP polymer blends.

Polymer Material Polymer Composition (wt%) Transparency (%)
SEBS/PP 40/60 46.6
SEBS/PP 50/50 56
SEBS/PP 70/30 56.5

PVC-DEHP N/A 9.7

3.3. X-ray Diffraction (XRD) Analysis

The crystallinity and plane orientation of the synthesized SEBS/PP polymer blend
at different weight percentages were analysed via XRD. Figure 3a shows the XRD spectra
for PVC-DEHP, whereas Figure 3b,c shows the XRD spectra of 100 wt% PP and 100 wt%
SEBS and SEBS/PP polymer blends. Additionally, Figure 3d-f shows the XRD spectra for
SEBS/PP polymer blends. SEBS being an amorphous material, it shows a broad curve and
does not exhibit any sharp peaks. The 100 wt% SEBS forms a broad peak at 18.3° (130) with
some minor peaks. The isotactic PP exists in three different crystal forms, namely «, 3, and
v which entirely depend on the crystallization condition or additions of specific fillers [47].
The major peaks seen in the SEBS/PP polymer blends spectra correspond to the peaks of
PP, with diffraction peaks at 14.1° (110), 16.9° (040), 17.5° (130), and 21.8° (041) to o form
PP crystals [47]. These diffraction peaks indicate that the o form crystals dominate in the
SEBS/PP polymers blends.

e 2 —— PVC-DEHP

—PP100

——— SEBS 100

—— SEBS/PP 40/60

Intensity (a.u)

—— SEBS/PP 50/50

—— SEBS/PP 70/30

20 (degree)

Figure 3. XRD spectra of (a) commercial PVC-DEHP film, (b) 100 wt% PP, (c) 100 wt% SEBS,
(d) SEBS/PP 40/60, (e) SEBS/PP 50/50, and (f) SEBS/PP 70/30 polymer blend.
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The intensity of the peaks at (110) and (040) plane decreases as the SEBS weight
percentage within the polymer blend increases, indicating a decrease in the degree of
crystallinity of the samples [48,49]. The polymer blend peaks are decreased slightly in
intensity due to the presence of broad peaks arising from the addition of large amounts of
amorphous SEBS. On the other hand, the PVC-DEHP crystalline peaks can be observed
at 16.3°, 17.8°, 24.8°, and 39°, observed in previous studies in line with the amorphous
nature of PVC [50-53]. The XRD spectra of PVC-DEHP also supports the presence of
impurities in its structure. Additionally, the PVC-DEHP is abundant with the presence of
impurities arising from additive substrates utilised during fabrication as indicated by the
peaks at 11.1°, 18.6°, and 28.3° [54]. The peak at 23.9° can be attributed to the presence
of CaCQOs3, a filler additive added into the PVC matrix [54]. The blends studied in this
work solely consist of SEBS and PP. The absence of other phases in the SEBS/PP blends
demonstrates that our material is safe.

3.4. Differential Scanning Calorimetry (DSC) Analysis

Table 3 lists the observed thermal transition of the materials. The results indicate that
the crystallisation temperature of SEBS/PP 50/50 is achieved at a temperature of 87.09 °C.
The most important observation to take from this study is that the melting temperature
of the SEBS/PP 50/50, which stands at 144.70 °C, exceeds the required temperature for
conventional blood bags. Additionally, all variations of SEBS/PP polymer blends in this
study exceed the sterilisation temperature of 120 °C. Furthermore, to prove that this
material is also capable of withstanding steam sterilisation, the SEBS/PP polymer blends
were subjected to an autoclaving process where the plastic blend was in direct contact with
super-heated water [55]. Figure Sla shows the SEBS/PP 50/50 specimen before steam
sterilisation while Figure S1b shows the specimen after steam sterilisation. The results
reveal that there were no discernible alternations to the polymer blend, be it colouration,
transparency, shrinkage, or hardness. The hardness of the specimen before and after
sterilisation was measured using a durometer (Shore A), whereas the transparency was
measured using a UV-Vis spectrophotometer as per ASTM 1746-03.

Table 3. DSC data of SEBS/PP polymer blends.

Polymer Material Polymer Composition (wt%) T (°C) Tm (°O) Tg (°C)

SEBS/PP 40/60 94.50 142.15 —43.76
SEBS/PP 50/50 87.09 144.70 —40.72
SEBS/PP 70/30 80.21 142.84 —43.04

Additionally, the SEBS/PP polymer blends are also capable of withstanding cold
storage at sub-freezing temperatures, as evidenced by the glass transition temperature with
a value of —40.72 °C. The rest of the SEBS/PP polymer blends possess glass transitions
temperatures lower than —40 °C as well. Although the common storage temperature of
blood bags is just between the range of 0 to 6 °C, rarer blood types are often frozen to allow
prolonged storage so that they may be used when the occasion arises [56]. It must be noted
that PVC-DEHP blood bags can be used at low temperatures due to the use of plasticisers
and processing oils, which are harmful to both human health and the environment.

3.5. Hardness Analysis

Table 4 shows the measured material hardness (Shore A) values. The measurements
clearly reveal that the hardness of the polymer blend decreases with an increase in SEBS
content. These results support the tensile strength and Young’s modulus measurements
discussed earlier. The low hardness of SEBS is the major factor which contributes to the
reduction in polymer hardness [30,57]. The reduction in hardness can also be attributed to
the compatibility of SEBS with PP. The middle block regions of the SEBS chains are capable
of fusing easily to the PP matrix [58]. In addition, 100 wt% PP are relatively hard polymers
and this necessitates the use of large amounts of synthetic rubber-based polymers such as
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SEBS to fabricate new polymer blends [59]. The hardness of SEBS/PP 50/50 with a value
of 88.9 is approximately similar to the hardness of PVC-DEHP which has a value of 82.9.
This difference of 6 Shore A hardness is negligible, and this factor affirms the proposition
that the SEBS/PP 50/50 is suitable to be used as medical fluid bags. Additionally, the hard-
ness of SEBS/PP 50/50 satisfies the requirement for tubing to be welded to the SEBS/PP
material [58]. This strongly supports the proposition that the SEBS/PP polymer blend is
capable of being welded together through radio-frequency welding.

Table 4. Hardness (Shore A) of SEBS/PP polymer blends.

Polymer Material Polymer Composition (wt%) Hardness (Shore A)
SEBS/PP 40/60 91.9
SEBS/PP 50/50 88.9
SEBS/PP 70/30 76.5

PVC-DEHP N/A 82.9

3.6. Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) Analysis

The ICP-MS characterisation highlighted the presence of metals. In the analysis, metals
are expected to be found at permissible levels as it is intended for use as medical fluid
bag materials. In the SEBS/PP and PVC-DEHP used in this work, a number of metals
were found with differing concentrations. Table 5 shows the migration of metal from
SEBS/PP 50/50 and PVC-DEHP. In the medical bag sector, different types of additives
are commonly added into the polymers to obtain specific mechanical performance or
optical behaviours [60]. In particular, stabilisers are the major sources of metals, such as
zinc stearate and zinc oxide [61,62]. Additionally, various lubricant additives are added
during fabrication to ease processing. The detected leaching amounts of 9 metallic elements
(barium, cobalt, copper, iron, lithium, manganese, nickel, zinc, and aluminium) of both
polymer blends were lower than the restriction levels defined by EU No. 10/2011, but the
blends showed marked variation for specific metals [63]. The SEBS/PP 50/50 polymer
blend film shows that the most leached element was zinc, followed by aluminium with
concentrations of 1.6 and 2.1 mg/kg, respectively. The specific migration of the other
metals was not detectable, owing as well to their non-existence or minute presence. The
overall migration of metals from the SEBS/PP polymer blend was not detectable as well
and was lower than the permitted limit of 10 mg/dm?. Similarly, the PVC-DEHP film
also demonstrated that the most leached element was zinc, followed by aluminium with
concentrations of 6 and 2.8 mg/kg, respectively. The relatively higher amount of zinc
and aluminium in PVC-DEHP as compared to SEBS/PP 50/50 can be attributed to the
additives incorporated in PVC-based blood bags during processing [64]. The presence of
metallic impurities from antioxidants, mixed metal salt blends from heat stabilizers, and
slip agents in the form of metallic stearates such as zinc stearate may have contributed to the
relatively larger presence of metals in PVC-DEHP [61,62]. In comparison, SEBS/PP 50/50
has a relatively lower metal migration as no additives were used in the fabrication of
the polymer blend. This SEBS/PP 50/50 polymer blend is relatively safer for use as a
medical fluid bag as compared to PVC-DEHP. The XRD results which indicate the absence
of impurities in the SEBS/PP polymer blends also support the ICP results that show no
marked metal migration.
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Table 5. Migration of specific metals from SEBS/PP 50/50 and PVC-DEHP polymer blend.

Polymer Composition

Specific Metal Migration

SEBS/PP 50/50 (mg/kg) PVC-DEHP (mg/kg)

zinc 1.6 6.0

aluminium 2.1 2.8

barium ND < 0.3 ND < 0.3
cobalt ND < 0.05 ND < 0.05
copper ND < 0.3 ND < 0.3
iron ND <0.2 ND <0.2
lithium ND < 0.5 ND < 0.5
manganese ND < 0.3 ND < 0.3
nickel ND < 0.03 ND < 0.03

4. Conclusions

The results of this work clearly show that the SEBS/PP 50/50 polymer blends have
the potential to be utilised as medical fluid bags, as the SEBS/PP composition has similar
characteristics to PVC-DEHP-based blood bags. The tensile strength and Young’s modulus
of the SEBS/PP 50/50 polymer blend is the only composition which has approximate
values to that of PVC-DEHP blood bags. The XRD result shows that the SEBS/PP polymer
blends do not have impurities in their composition. Moreover, the SEBS/PP polymer
blends do not elute any harmful leachates due to the lack of impurities, as evidenced by
the ICP-MS results. The elution of metals from the SEBS/PP was relatively lower than that
of PVC-DEHP, thus confirming its safety. The thermal studies indicate that the studied
SEBS/PP materials are capable of withstanding steam sterilisation at 120 °C and cold
storage below —40 °C. The hardness assessment of the material validates the flexibility of
the material and showcases that the material can be welded together for sealing purposes
through radio-frequency welding. The SEBS/PP polymer blend properties suggest that it
can be fabricated into PVC-free medical fluid bags and serve as a potential alternative to
current commercial blood bags.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/polym14163267/s1, Figure S1: Figure of the SEBS/PP 50/50
specimen (a) before steam sterilisation and (b) after steam sterilisation.; Table S1: Mass of the SEBS/PP
50/50 specimens before and after immersion in distilled water.
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