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Abstract

A polyester-type polyurethane (PU) was prepared using hydroxyl-terminated natu-
ral rubber (HTNR) as the soft polymer segments, 4,4-methylene dicyclohexyl
diisocyanate (H;,MDI) as the hard segments and 1,4-butane diol (BDO) as a chain
extender. A simple one-shot bulk polymerization method using tetrahydrofuran
(THF) as the solvent was chosen. The molar ratio of (H;,MDI:HTNR:BDO) was
fixed at 1.05:0.5:0.5. The pristine PU and its composite films with titanium nano-
particles (TiO,), silver nanoparticles (AgNPs) and benzoic acid (BA) were prepared
with a constant 0.5 wt% loading of the antimicrobial fillers. The pristine PU and PU
composite films were obtained by solution casting and drying at 60 °C in a vacuum
oven. The effects of the antimicrobial fillers on the physical structure, mechanical
properties, thermal properties, and antimicrobial activities were investigated. The
SEM images showed that TiO, and AgNPs aggregated. The aggregates reduced
the films’ tensile strength as they obstructed the transfer of mechanical loads from
PU matrix to the dispersed fillers. In contrast, BA was clearly well dispersed in the
matrix giving much better mechanical properties (12 MPa tensile strength and 278%
strain at break) and the PU-BA films were transparent. The PU-BA composites
appear promising for biomedical applications.
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Introduction

Synthetic and natural polymers are extensively used in medical applications. Several
biodegradable polymers based on polyurethane, such as hydroxyl-terminated natural
rubber (HTNR), chitosan, collagen, poly (caprolactone) (PCL), poly (ethylene gly-
col) (PEG), poly (propylene glycol) (PPG) and poly (ester urethane) [1], have been
widely used. Among them, HTNR exhibits attractive properties and has been used
as the soft segments that provide flexibility and durability to the final polyurethane
materials.

Natural rubber (NR) is a renewable polymer, and it has been used to prepare tel-
echelic liquid natural rubber (TLNR). Such modified NR can replace other polymers
including petroleum-based elastomers, waterborne polyurethane, photo-cured polyu-
rethane and polyurethane. Theoretically, there are many telechelic NR preparation
methods, such as redox method, ozonolysis oxidation, oxidation at high temperature
and pressure, photochemical method, metathesis reaction and chemical oxidation.
Chemical oxidation was chosen in this work to produce HTNR because of its high
selectivity and repeatability [2]. HTNR was then used to form embedded polyure-
thane (PU) materials, which are most popular in medical applications due to good
biocompatibility and adjustable mechanical properties [3].

Three embedded antimicrobial materials were considered in this work: silver
nanoparticles (AgNPs), titanium nanoparticles (TiO,) and benzoic acid (BA).
Silver nanoparticles have found applications in various fields such as optics [4],
electronics [5], medicine [6], nanomedicine [7] and pharmacy [8]. Especially,
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AgNPs have been employed in wound dressings [9] owing to their excellent
bactericidal activity against both gram-positive and gram-negative bacteria and
against multidrug resistant strains. Note that the silver concentration is an impor-
tant factor because the release rate of silver depends on its properties and its con-
centration in the polymer matrix [10].

Comparatively, titanium nanoparticles (TiO,) have also shown great interfacial
properties in the regeneration of hard tissues, good corrosion resistance, lack of
inflammatory responses, cell viability and strong antimicrobial activity under UV
light.

Another interesting antimicrobial filler is benzoic acid (BA). It is a natural
acid from plants, and it is widely used as a food preservative. BA is relatively
nontoxic. It inhibits the growth of mold, yeasts and bacteria. It can be excreted
as hippuric acid from human body; thus, it is suitable for medical applications.
However, only a few studies have reported the use of benzoic acid in biomateri-
als, for antibacterial activity. This work was, therefore, designed to explore this
interesting knowledge gap.

In this work, cis-1,4 polyisoprene-based PU films of a new type were prepared
by a simple one-step method [11], with three alternative antimicrobial fillers: sil-
ver nanoparticles (AgNPs), titanium nanoparticles (TiO,) and benzoic acid (BA)
at 0.5 wt% based on polyurethane. The study aimed to improve both mechanical
and antimicrobial properties of the new polyurethane nanocomposites. The study
explored the morphological, chemical and antimicrobial activities including ten-
sile testing, thermogravimetric analysis and dynamic mechanical analysis of the
composite films.

Materials and methods
Materials

4,4'-dicyclohexylmethane diisocyanate (H;,MDI) was procured from Sigma-
Aldrich, Germany. Hydroxyl-terminated natural rubber (HTNR) with an average
molecular weight of 1000 was prepared in the laboratory by the chemical degra-
dation of natural rubber [12]. Dibutyltin dilaurate (DBTL, 95%, Sigma-Aldrich,
Germany) and nitrogen gas (99.999%, Kuang Li Oxygen Co., Ltd.) were pur-
chased. The AgNPs were prepared in-house by using silver nitrate salt (AgNO;)
and tannic acid as a reducing agent. The AgNP particle size was approximately
10 nm in diameter. BA was purchased from Kemaus (Australia), and TiO,
(21 nm) was procured from Sigma-Aldrich (America).

Methods

The sample preparation and characterization methods are described in this section.
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Sample preparation

PU and PU composites were synthesized by a one-shot method in a three-neck round
bottom flask equipped with a distillation bridge and N, gas inlet. The HTNR acted
as a polyol, and the 1,4-butanediol (BDO) acted as a chain extender, while H;,MDI
was used as the diisocyanate. Firstly, 4.84 g of HTNR and 0.44 g of chain extender
were dissolved in THF. Then, 0.04 g of catalyst DBTL was added to the solution, fol-
lowed by the dropwise addition of 2.66 g of H;,MDI. The reaction temperature was
kept at 60 °C for 3 h. The obtained mixture was poured into a glass mold and heated
continuously in an oven at 60 °C for 48 h to produce a polyurethane sheet. The aver-
age film thickness was 0.3-0.5 mm. The molar ratio of H,MDI:HTNR:BDO was
1.05:0.5:0.5 with 41.3% and 58.7% proportions of the hard and the soft segments.

Suspension of AgNPs in water was prepared using a chemical reduction method.
Before use, all glassware was cleaned in a bath of aqua regia solution and rinsed
thoroughly with deionized water. The syntheses were carried out using the constant
1:2 molar ratio of silver nitrate to tannic acid at 100 °C. Silver nitrate suspension
was first heated to its boiling point under reflux, and then, a mixture of tannic acid
was introduced to the reaction mixture. The solution was heated for an additional
15 min and cooled to room temperature [13]. The concentration of silver ions in all
solutions was 100 ppm.

To prepare the PU-AgNPs, PU-TiO, and PU-BA films, the starting polyure-
thane solution was prepared as described, and then, 0.5 wt% of each antimicrobial
substrate was added to the PU solution for composite preparation. The mixture was
continuously stirred for 10 min, sonicated for 10 min, poured into glass molds and
heated in an oven at 60 °C for 48 h to produce the filled PU composite sheets.

Characterization
1. Water contact angle

Water contact angles on the film’s top surface were measured using a contact
angle meter (OCA 15 EC, Data Physics, Germany). The water droplet size for the
measurements was approximately 10 pL. The contact angles were measured at five
different points, and the average values are reported.

2. Tensile testing

The film specimens were die-cut from PU sheets with die type SA according to
ISO 527. The tensile properties were determined according to ASTM D412 stand-
ard with a universal tensile testing machine (Tinius Olsen, model 10ST, Salford,
England) at a cross-head speed of 200 mm min~!. Three specimens were tested
for each sample type, and the average and standard deviation are reported. The
Young’s modulus was determined as the initial slope of the stress—strain curve.

3. Antimicrobial activity
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To test the antimicrobial efficiencies of the PU composites, the following test
organisms were used: Pseudomonas aeruginosa (P. aeruginosa) and Staphylococ-
cus aureus (S. aureus), which represent gram-negative and gram-positive bacte-
ria, respectively. P. aeruginosa infections are serious problems in patients hospi-
talized with cancer, cystic fibrosis or burns, with high fatality rates. Pseudomonas
aeruginosa is naturally resistant to a wide range of antibiotics. S. aureus is a
pathogenic microorganism causing many diseases such as toxic shock syndrome,
superficial skin lesions and deep-seated infections. It is the leading overall cause
of hospital-acquired (nosocomial) infections of surgical wounds. Moreover, it is
resistant to a great number of antimicrobial agents.

Pseudomonas aeruginosa and S. aureus are considered common potential
pathogens for infections, so they were selected for the evaluation of the antimi-
crobial efficiency in this study. Percent reduction of organisms (R%), which indi-
cates biostatic efficiency from contact with the samples, was determined using
the following formula:

B—-A

R(%) = x 100 (1)
where A is the CFU per milliliter of the medium with the treated substrate after
incubation and B is the CFU per milliliter of the medium in the control samples after
incubation.

Colony-forming units To determine the antibacterial activities, two types
of microorganisms (gram-negative P. aeruginosa bacteria and gram-positive
S. aureus bacteria) were suspended to the final density of 1x10% CFU/mL in
phosphate-buffered saline (PBS) according to 0.5 McFarland turbidity standard
(approximately 1-2x 108 CFU/mL). In order to obtain colony counts, tenfold
dilution was performed to obtain the final density of 1x 10’ CFU/mL in nutrient
broth.

Film samples were cut into 5 mm in diameter. Total weight of 0.3 g was steri-
lized with UV light for 30 min before immersion in 5 mL of the bacterial suspen-
sion in a 50-mL conical tube. The media were shaken at 200 rpm at 37 °C for
30, 60, 90 and 120 min. After the shaking incubation, 100 pL of the culture was
spread over an entire agar plate. Thereafter, the plates were incubated at 37 °C
overnight and CFU/mL was counted.

4. Scanning electron microscopy

A scanning electron microscope (SEM, FEI Quanta 400, JEOL Ltd., Tokyo,
Japan) was used for a morphological characterization of the films. The sample
films were cryogenically fractured in liquid nitrogen to prepare a fresh cross sec-
tion prior to drying. The dried samples were gold-coated and then imaged using

the SEM.

5. Dynamic mechanical analysis
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The PU and PU composites were subjected to dynamic mechanical analysis
(DMA) using a PerkinElmer DMA 8000 (PerkinElmer Inc., Waltham, USA) in the
temperature/time scan mode. The temperature range of — 100 to 100 °C was covered
with the heating rate of 2 °C min~!, and frequency was set at 1 Hz. The storage and
loss moduli were determined.

6. Fourier transform infrared spectroscopy

The FTIR spectra of PU, PU-AgNPs, PU-TiO, and PU-BA films were meas-
ured using a PerkinElmer Spectrum II FTIR Spectrometer (USA) equipped with a
universal attenuated total reflectance sensor (UATR) sampling accessory. Note that
only the top surface of the sample films was analyzed, in order to avoid the influence
of the inorganic particle agglomerates on the spectra. The FTIR spectra were col-
lected at room temperature using UATR mode in the range of 4000400 cm~! with

32 scans per spectrum at a resolution of 2 cm™".

7. Thermogravimetric analysis

Thermogravimetric analysis (TGA) of the polyurethane films was done using a
TG/DSC +thermo-analyzer from Mettler Toledo. Measurements were taken over
the temperature range of 30-800 °C, at a constant the heating rate of 10 °C min~!
in nitrogen, and the initial sample mass was approximately 10 mg. Based on the TG
curves, temperatures corresponding to mass losses of 1, 5, 10 and 50% are reported.

Results and discussion
Morphological characterization

Morphology study of the film’s cross sections from the cryo-fractured PU composite
films showed different compatibilities of the antimicrobial fillers with the polyure-
thane matrix. Morphologies of samples from the top and bottom parts of each film
were distinguished, and cross-sectional images of both were analyzed. Morphology
was expected to affect the mechanical properties the film composites.

Figure 1 shows the SEM cross-sectional images of the polyurethane compos-
ites with TiO,, AgNPs and BA. Figure 1a—d shows the cross-sectional images of
materials on the top part of PU, PU-TiO,, PU-AgNPs and PU-BA films. Fig-
ure le—j presents the cross-sectional images of the bottom parts of PU, PU-TiO,,
PU-AgNPs and PU-BA films. The top parts did not show significant numbers of
particles in any of the samples (Fig. 1a—d), while the bottom parts exhibited par-
ticles (Fig. le-h).

As clearly seen in Fig. 1h, the PU-BA films displayed nearly similar morphology
to the pure PU in Fig. le, while PU-TiO, and PU-AgNPs in Fig. 1f and g appeared
to have micro-agglomerates at the bottom. This indicates that the inorganic fillers
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(a) Pure PU

J(b) PU-TiO, (c) PU-AgNPs

(h) PU-BA

(e) Pure PU

Fig. 1 Cross-sectional SEM images of PU and PU composite films; a—d materials from the top part at
x15,000 magnification, e-h materials from the bottom part at x15,000 magnification, i and j materials
from the bottom part at x2000 magnification

(TiO, and AgNPs) were poorly dispersed in the matrix. The nanoparticles aggre-
gated and formed clusters in the films at the bottom of PU matrix, observable at
2000x magnification (Fig. 1i, j). The agglomeration was expected to reduce tensile
strength of PU-TiO, and PU-AgNPs films. The mechanical results indeed show
reduced tensile strength and elongation at break for both PU-TiO, and PU-AgNPs
films, which can be explained by incompatibility and poor interfacial adhesion
between the fillers and the PU matrix [14]. Inorganic TiO, and AgNPs are relatively
hydrophilic, while the polyurethane matrix of hydroxyl-terminated natural rubber is
hydrophobic, so that poor interfacial adhesion due to this incompatibility could lead
to the poor dispersion and agglomeration of TiO, and AgNPs in the PU matrix [15]
as seen in Fig. 1.

In contrast, the organic filler BA had a different impact on the film morphology
when compared to TiO, and AgNPs. PU-BA films had similar morphology to the
pure PU film. BA could disperse well in PU matrix as these were compatible. This
compatibility was induced by hydrogen bonding between carbonyl groups on BA
with urethane groups in the polyurethane. This morphology finding agrees well with
the mechanical observations (tensile strength and elongation at break) of the PU-BA
film.

Apart from the morphology, film color and appearance are also important prac-
tical aspects and they were observed. PU-AgNPs films were dark, PU-TiO, films
were opaque, and PU-BA films were transparent.
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Wettability

The water contact angle (WCA) of the film is the angle between the film’s surface
and the tangent line at the contact point with a water droplet on the surface. It quan-
tifies the wettability of the film surface and is used as an indicator of the relative
hydrophilicity. A low contact angle indicates relatively good wetting and hydrophi-
licity properties [16].

The water contact angles of the prepared PU and PU composite films are shown
in Fig. 2. The average 127.4° WCA of the pure PU film was the highest, while the
PU-TiO,, PU-AgNPs and PU-BA had 90.7°, 83.6° and 68.0°, respectively. The
results indicate that the incorporation of the antimicrobial fillers enhanced hydro-
philicity of the films, and this was caused by the hydrophilic properties of TiO, [17],
AgNPs [18] and BA [19]. Although hydrophilicity reduces the water resistance of
the PU composite films, it favorably facilitates the antimicrobial activity by improv-
ing the contact of microbial cells with the film [7, 20].

Mechanical properties

The mechanical properties, tensile strength, elastic modulus and elongation at
break, of the PU and PU composite films were investigated by tensile testing at
room temperature. The stress—strain curves of the PU films are shown in Fig. 3a,
and their slopes are positive, indicating that the films behave as thermoplastic elas-
tomers. All the composite films clearly exhibited higher stress—strain curves than
the pure PU films. This indicates that the incorporation of these fillers tended to
improve the stress—strain behavior, and they acted as reinforcing fillers. This result
correlates well with the increased interaction between PU matrix and filler as shown
in FTIR results (Fig. 4). From Fig. 3a, the stress—strain curve for PU-BA film was

Pure PU 1274°  PU-AgNPs 83.6°
PU-TIO, 07°  [RBUEBA

.‘_.‘_

Fig.2 Water contact angles of PU and PU composites with TiO,, AgNPs and BA

@ Springer



Polymer Bulletin (2021) 78:833-848 841

a PU-BA .’
12-( ) e 14 ()
./
4 7 'l'
. e 121
10 PU-TiO, . PU-Ag
B ./k ’ — T
n‘_“ 10 T
£ s
2 '~§, 8-
B 6 o !
< B 6
ZE o
‘- :
_ g
1.0
2 B
0.5] 24
0.0 KL
0 — -ol2 4 6| 8'101|2 0 T T f T T T T

T T
0 50 100 150 200 250 Pure PU PU-TiO2 PU-AgNPs PU-BA
Strain (%)

Fig.3 a Stress versus strain curves, b initial stress strain curves and c tensile strength of the PU and PU
composite films filled with TiO,, AgNPs and BA

292275 Q‘b”")
S &
2852.07 169477 A% a® © «\q’ A @ 9
2959.5 & 07 gV NV e
N N td g QA Q
9 " AV o
3324.20 S L A

3324.43

Absorbance (A.U.)

3323.64

227 | | pure PU W

T T T T T T T T T T T T T T T T T T T

3600 3200 2800 1800 1600 1400 1200 1000 800 600 400

Wavenumber (cm™)

Fig.4 FTIR spectra of PU and PU composites with TiO,, AgNPs and BA

the highest, while those for PU-TiO, and PU-AgNPs films were below this one.
PU-TiO, and PU-AgNPs films incorporated inorganic fillers which aggregated
and formed micro-phase separation, leading to the lower stress—strain curves when
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compared to that for the PU-BA film which had no micro-phase separation of
organic BA within the films (Fig. 1).

Furthermore, Fig. 3a reveals that the fillers affected the elongation at break of
the films. The elongations at break were 253%, 110%, 160% and 260% for PU,
PU-TiO,, PU-AgNPs and PU-BA, respectively. The inorganic fillers (TiO, and
AgNPs) gave lower elongations than the pure PU film. This poor mechanical perfor-
mance was due to the aggregation of inorganic fillers in PU matrix, as seen in Fig. 1.
Young’s modulus was determined from the initial slope of the stress—strain curves.
The inset of Fig. 3b shows insignificant differences in the initial stress—strain curves
so it was concluded that the Young’s modulus of the pure PU and PU composites
did not significantly differ.

Referring to Fig. 3c, the tensile strength was 10.2, 6.8, 9.7 and 12.2 MPa for
pure PU, PU-TiO,, PU-AgNPs and PU-BA, respectively. The tensile strength of
PU-TiO, and PU-AgNPs was lower than that of pure PU film because of the poor
compatibility of TiO, and AgNPs with PU matrix effectively restricting mobility
of PU chains in the film [21]. On the other hand, the organic BA filler was molecu-
larly compatible with PU, so it delivered homogenous PU-BA composite films with
strong hydrogen bonding between PU and BA [22]. Thus, PU-BA film showed the
highest tensile strength with an improved elongation at break (260%) when com-
pared to the pure PU film (253%). Overall, the PU-BA film had superior mechanical
properties when compared to others in this study.

Fourier transform infrared spectroscopy

FTIR spectroscopy was employed to characterize the chemical interactions between
the fillers and PU matrix, and the results are presented in Fig. 4. In order to avoid the
influence of agglomerates of the inorganic particles (Fig. 1), only the top surfaces
were analyzed.

The PU film showed N-H stretching vibrations of the hydrogen-bonded amine
groups at 3331-3323 cm™' and showed the characteristic C=0 stretching vibra-
tions of the hydrogen-bonded urethane carbonyl groups at 1694 cm™' [23, 24].
FTIR spectra for all the composite films contained an N-H band at 3331-3323 cm™!
which shifted to lower wavenumbers (red shift), while C=0 stretching vibrations at
1694 cm~! were unchanged by the fillers. This phenomenon indicates that interac-
tions between the antimicrobial fillers and PU were significant at the N-H groups of
PU, while the C=0 groups showed less activity.

Referring to the SEM images, the PU-BA and pure PU films had good homoge-
neity indicating compatibility at the molecular level, associated with strong hydro-
gen bonding between the carboxylic group of BA and amine groups of PU [22].
This molecular compatibility improved the mechanical properties of the composite
PU-BA compared to the pure PU film.

On the other hand, the SEM images of PU-AgNPs and PU-TiO, films show
micro-phase separation due to agglomeration of the inorganic fillers at the bottom
side of the films due to particle settling in gravity. The poor compatibility between
the PU and filler had weaker interfacial interactions between particles and PU and
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suppressed the mechanical properties of the composites, PU-AgNPs and PU-TiO,,
compared to the pure PU film.

Thermogravimetric analysis

The TGA-DTG curves of HTNR-based PU in nitrogen gas with the heating rate of
10 °C min~' are shown in Fig. 5. The thermogravimetric analysis (TGA) of pristine
PU and PU composites shows three significant stages labeled (I), (I) and (III) in
Fig. 5. Firstly, a small weight loss corresponding to evaporation of THF and some
other small molecules can be observed between 80 and 150 °C. Then, the first stage
(I) was accompanied by mass loss in the temperature range 318-361 °C, corre-
sponding to the depolymerization of PU, as the urethane groups broke up into isocy-
anates and polyols. The isocyanate segments formed from decomposition could not
volatilize and were trapped in the residues [1, 25, 26]. Then, in the second stage (II),
the polyol segments started to decompose into some aliphatic ether alcohols as the
temperature increased in 340-384 °C [26]. The products became more complex with
increasing temperature, and even epoxy compounds were formed by chemical inter-
actions. Stage (IIT) was in the temperature range 426-436 °C, where the materials
decomposed into primary amines, secondary amines, vinyl ethers and CO,. When
the temperature rose to 500 °C, the whole thermal degradation process was almost
finished. This stage was associated with the thermal stability of pristine PU and the
PU composite films [26].

Figure 5 shows TGA-DTG thermograms of the films up to 550 °C. Thermograms
of the composite films are shifted toward lower temperatures in comparison with the
pure PU. In all stages, the composite films began to degrade at a lower tempera-
ture than the pure PU film, so Fig. 5 indicates that the antimicrobial filler addition

100 -0.020
1 [ 0.018
80 | I
) PurePU | -0.016
\ W - PUTIO, |
604 W . PU-AgNPs |--0.014 o
- <
] L-0.012 X
beg 40 L hug
.'E’ ] ._-0.010 -§>
. Q
g 20 _ --0.008 3
_____ | -0.006 2
0 | [
N\, Stage (Ill) | 0.004 O
-20 1 | 0.002
40 | 0.000

—71 r 1 1 1 1 1 T 1.7
150 200 250 300 350 400 450 500 550
Temperature (°C)

Fig.5 TGA-DTG thermograms of pristine PU and PU composites with TiO,, AgNPs and BA
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degraded the thermal stability of the films. Thermal degradation was the strong-
est with AgNPs filler [especially in stages (I) and (III)], and TiO, was moderate,
while BA was the lowest. The impact of thermal degradation is explained by ther-
mal properties of these fillers. The specific heat capacities of AgNPs and TiO, are
24.9 I mol™! K~! [27] and 55.10 T mol~! K~! [28], respectively. AgNPs have lower
specific heat capacity, and it conducted more heat to the PU matrix than TiO, so
PU-AgNPs film began to degrade at a lower temperature than PU-TiO,, as shown
in Fig. 5. In conclusion, filler with a low specific heat capacity could facilitate ther-
mal degradation of the PU composite film.

Dynamic mechanical thermal analysis

It is well recognized that the storage modulus of a particulate-filled polymer com-
posite is influenced by the effective interfacial interactions between the filler par-
ticles and the polymer matrix. In general, strong interfacial interactions between
the matrix and the filler improve storage modulus of the composite [29]. Dynamic
mechanical thermal analysis (DMTA) was exploited to characterize the interfacial
interactions between the filler and the PU matrix. The storage modulus and the loss
modulus of the pure PU and PU composites with TiO,, AgNPs and BA are shown in
Fig. 6.

It is clearly observed that the PU-BA film had a greater storage modulus than
the pure PU, PU-AgNPs or PU-TiO,, where AgNPs and TiO, are inorganic fillers.
The high storage modulus might be due to the strong H-bonding between BA and

1 7
. Purepy  [2:4x10
3.0x10 PU-TIO,
. PU-AgNPs |- 2.0x10"
~ 25x10° PU-BA .
= S
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Fig.6 The storage modulus and loss modulus plotted as functions of temperature for PU and PU com-
posite films
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PU matrix in the PU-BA films. The H-bonding interactions could restrict molecular
mobility, effectively promoting storage modulus, and reflected in the high glass tran-
sition temperature (Tg) of the composite PU-BA, when compared to pure PU.

Different phenomena occurred in the PU composites with the inorganic, AgNPs
and TiO,, fillers. The micro-phase separation due to agglomeration of the inorganic
fillers in the PU matrix lowered the storage modulus and Tg of these composites in
comparison with the pure PU film. This could be explained by the weaker interac-
tions between the inorganic fillers and the urethane groups of PU chains, also sup-
pressing the thermal-mechanical properties of PU-AgNPs and PU-TiO, when com-
pared to the pure PU film.

Antimicrobial activity

The antimicrobial properties of the samples were tested against P. aeruginosa and S.
aureus. The pure PU film without antimicrobial activity was used as a control. Anti-
microbial capabilities of the PU composites with 0.5 wt%. fillers are shown in Fig. 7.
All the PU composites exhibited antimicrobial activity against S. aureus, especially
PU-AgNPs that caused S. aureus reduction by more than 99%. Clearly, the growth
of S. aureus microorganisms in the medium was affected by the presence of AgNPs
[30]. On the other hand, PU-TiO, and PU-BA showed lesser efficacy against S.
aureus, with only 19 and 32% bacterial reductions, respectively. The low bacterial
reduction of PU-TiO, might be due to the lack of UV light in the experiment, so
TiO, might not have been at its full capacity. Noticeably, all the PU composite films
had higher efficiency against S. aureus than against P. aeruginosa. The complicated
cell walls of P. aeruginosa may have reduced activity of the antimicrobial substrates
acting on bacterial cells, leading to the low bacterial reduction. Gram-negative bac-
teria are known to be resistant to most of the antimicrobial material due to their

100
B P. aeruginosa () %
90 e
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10 Pure PU PU-TiO2 PU-AgNPs PU-BA

Fig. 7 Antimicrobial activities of the PU and composite PU films against S. aureus and P. aeruginosa
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outer membrane which contains the structural lipopolysaccharide components, mak-
ing their cell wall impermeable to antimicrobial fillers [31].

Conclusion

Hydroxyl-terminated natural rubber was used to synthesize polyurethane composites
which were filled with TiO,, AgNPs or BA. SEM images confirmed the agglom-
eration of filler particles in PU-TiO, and PU-AgNPs composites. The agglomer-
ates reduced filler—polymer interfacial area, formed micro-phase separation and
decreased both tensile strength and storage modulus of PU-TiO, and PU-AgNPs
films. In contrast, the PU-BA film showed homogeneously dispersed filler that was
molecularly miscible in the PU matrix, giving film that was transparent, had good
mechanical properties (increased Tg and energy adsorption) and higher storage
modulus in comparison with others.

The tested antimicrobial fillers in PU matrix reduced the thermal stability of PU.
The fillers improved heat transfer as the temperature was raised, thereby increased
thermal degradation of the composites. On the other hand, the water contact angles
indicated that the antimicrobial fillers enhanced hydrophilicity of PU, especially in
the PU-BA sample, which could be beneficial when in contact with microbial cells.

The PU-BA transparent film, which had the highest tensile strength, elongation
at break and storage modulus, is suitable for biomedical application emphasizing
mechanical properties, but it is only effective toward S. aureus reduction. Although
the PU-AgNPs sample exhibited the strongest antimicrobial activity, it was dark and
had an unattractive appearance.
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