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polyurethane elastomers
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Akbar Ali, *a Rashad Al-Salahi, b Hatem A. Abuelizz b and Cédric Delattre cd

The intense urge to replace conventional polymers with ecofriendly monomers is a step towards green

products. The novelty of this study is the extraction of starch from the biowaste of wheat bran (WB) and

banana peel (BP) for use as a monomer in the form of chain extenders. For the synthesis of polyurethane

(PU) elastomers, polyethylene glycol (PEG) bearing an average molecular weight Mn = 1000 g mol−1 was

used as a macrodiol, which was reacted with isophorone diisocyanate (IPDI) to develop NCO-terminated

prepolymer chains. These prepolymer chains were terminated with chain extenders. Two series of linear

PU elastomers were prepared by varying the concentration of chain extenders (0.5–2.5 mol%), inducing

a variation of 40 to 70 wt% in the hard segment (HS). Fourier-transform infrared (FTIR) spectroscopy

confirmed the formation of urethane linkages. Thermal gravimetric analysis (TGA) showed a thermal

stability of up to 250 °C. Dynamic mechanical analysis (DMA) revealed a storage modulus (E′) of up to

140 MPa. Furthermore, the hemolytic activities of up to 8.97 ± 0.1% were recorded. The inhibition of

biofilm formation was investigated against E. coli and S. aureus (%), which was supported by phase

contrast microscopy.
1. Introduction

The polymer industry is ourishing at its peak, with mainly
utilizing petrochemical raw materials for the production of
polymers in all elds, including electronics, transportation,
packaging, and medicine. However, petrochemical raw mate-
rials are expensive and a potential threat to the environment.
The environmental legislations encourage the development of
renewable resources to replace conventional petroleum-based
polymers in order to minimize the issues of economy and
pollution.1,2 As petroleum-based polymers are excessively used
in various industrial sectors, the accumulation of these mate-
rials in the eco-system cannot be avoided. Hence, the only
choice to overcome this problem is the treatment for petroleum-
based polymers. Recycling seems to be a reliable solution to
keep the material in the circular economy.3 Bio-based polymers
are a preferred choice to resolve the economic and environ-
mental concerns related to conventional petroleum-based
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polymers. These bio-based polymers can be synthesized either
as a whole or as a fragment incorporated with petroleum-based
polymers, making a strong environment-friendly impact.4

Polyurethane (PU) is a versatile class of polymers consisting of
repeated urethane linkage, which is obtained by the addition
reaction between polyol and diisocyanate. PU consists of alter-
nate hard segments (HS) and so segments (SS).5 The “SS” is
dened as the portion of macrodiol contributing to the nal
polymer chains, whereas the “HS” is dened as the portion
obtained by the components of diisocyanates and chain
extenders. The properties of the nal product can be tuned
based on the chemical structure, composition, and molecular
weight of the monomers.6

PU can either be linear or cross-linked based on the avail-
ability of the functional groups of the monomers.7 The renew-
able resources are comparable with petroleum-based polymers
in their properties and offer environment-friendly products
with distinctive structures and excellent characteristics.8 Among
the available renewable resources, starch has shown consistent
results owing to its multivariant features as it possess biode-
gradable and biocompatible properties.9 Bio-based polymers
are eco-friendly materials, and their chemical versatility,
sustainability, biocompatibility and biodegradability make
them potentially suitable for various applications, including in
food, electronics, agriculture, textile, biomedical, and cosmetic
industries.10,11 The selection of starch or other bio-based poly-
mers is primarily because of the huge impact of the food
RSC Adv., 2024, 14, 779–793 | 779
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industry in the market. Although the food industry is currently
confronting a wide range of difficulties in ensuring the quality
of food with a longer shelf life and long-term preservation, it is
also one of the major industries for the production of biowaste.
The industries have been able to tackle these issues to develop
sustainable and biodegradable food packaging materials based
on biopolymers. Additionally, because of their superior biode-
gradability, renewability, bioavailability, and non-toxicity, these
eco-friendly materials are reducing the environmental issues
connected to plastic-related pollution.12 The starch modica-
tion allows for the thermal stability, mechanical properties, and
the biocompatibility of the polymers.13,14 Starch is an abun-
dantly available and inexpensive polysaccharide which can be
obtained from numerous resources, including corn, wheat
grains, cassava, nuts, potato, rice etc. In its basic structure, D-
glucose units are connected by a-1 to 4 or a-1 to 6 glycosidic
linkages.15 Due to the availability of starch from various
resources, the choice of the sources is signicant. Wheat is one
of the major sources of food all over the world. The processing
of its grains leaves the wheat bran (WB) as biowaste, which still
contains signicant quantity of starch and other nutrients.14 Its
consumption is increasing day-by-day in the form of animal's
feed.15,16 Hence, it is the most suitable, bio-based, and cheap
source of starch which is available as biowaste.

Apart from wheat, another abundantly available food is
banana fruit. The weight of banana peel (BP) is nearly 40
percent of the total weight of banana.17 Peels are thrown in
municipal waste, which causes environment pollution and air
contamination. The trend of using BP is increasing nowadays in
different kinds of applications in industry, including the
production of bio-based fuel, energy production, cosmetics
production, fertilizer, for cleaning of the environment.18 The BP
(not too ripened) is a rich source of starch, which is approxi-
mately 22.5%.19–23 Due to its mass production, it is considered
an important source of biowaste as the continuously increased
consumption of synthetic polymers is the primary cause of the
pollution. Even today, different non-degradable materials
(including stainless steel (SS), titanium, and chromium–cobalt
(Cr–Co) alloys) are extensively employed as temporary or
permanent implanting materials.24 Researchers have paid great
attention to probe the natural bers and biomaterials for the
replacement of petroleum-based polymers. The nature of the
reinforcement has the ability to induce superior characteristics
in the new materials. Unfortunately, there is still limited data
available to utilize the bio-based materials. The majority of the
available data has been explored in pilot-scale research only,
making it scarcely possible for use in engineering applica-
tions.25 Researchers have reported numerous biomaterials,
which showed better properties of the nal products. Sudhakar
and coworkers have reported the applications of seaweed
biopolymers and composites in dental applications.26 Muthiyal
and Purushothaman have reported on the fabrication and
characterization of stimuli-responsive scaffold/bio-membrane
using a novel carrageenan biopolymer for biomedical applica-
tions.27 Sachin and Jyoti have also reported on seaweed-based
biodegradable biopolymers, composites, and blends with
applications in bioremediation using weeds.28 Freile and
780 | RSC Adv., 2024, 14, 779–793
coworkers used biodegradable polymer blends and composites
from seaweeds.29 Sudhakar and coworkers worked on the
fabrication and characterization of bio-nanocomposite lms
using k-Carrageenan and Kappaphycus alvarezii seaweed for
multiple industrial applications.30 Akram et al. have reported on
the fabrication of chitosan-reinforced polyurethanes.31 Marta
and coworkers have reported on the properties, modication
and applications of banana starch.32 Jana and coworkers have
provided details about the wheat starch structure–function
relationship in bread making.33 Kim has presented an under-
standing of the wheat starch metabolism in its properties,
environmental stress condition, and molecular approaches for
value-added utilization.34

The conversion of petroleum-based polymers into bio-based
polymers can be achieved by the addition of bio-components.
However, the biowaste of the natural sources can also provide
an adequate source to convert the synthetic petroleum-based
polymers into bio-based polymers. The novelty of this work is
the extension of PU chains with starch, which have been derived
fromWB and BP. Hence, the chain extender is basically derived
from biowaste material. This approach is a step towards a green
environment. The product based on biowaste materials can
provide a good option of recycling and degradation. Although
some researchers have reported on the work with starch-
induced polyurethane composites, none have utilized the bio-
waste materials for the purpose of recycling, which is the
novelty of this work. In this regard, Zia et al.35 presented a review
article of starch-based polyurethanes. Tai et al.36 used hexam-
ethylene diisocyanate and high amylose starch (HAGS). Simi-
larly, Gürses et al.37 have synthesized aliphatic diisocyanate and
saccharides-based polyurethane composites. This brief review
also suggests that the recycling of biowastes as new monomers
is an area with great potential of being explored and utilized as
a step towards achieving a green environment, as addressed in
this article.

Hence, the aim of this work is to draw the attention of
researchers to extract components from biowaste materials, and
to utilize them for the fabrication of elastomers. It will not only
produce an economic and ecological-friendly product, but it will
also help to discover new varieties of biowaste materials for the
useful purpose. In order to utilize the biowaste, starch was
extracted as a monomer. As the researchers have reported that
the chemical compositions, molecular structure and
morphology of starches are unique for each particular plant
species based on their quantitative and qualitative nature, the
various types of starch can induce various properties. In order to
evaluate the impact of starch as a monomer from the two
different biowastes, i.e., wheat bran and banana peel, two series
of PU elastomers were synthesized with the systematic variation
of stoichiometry. Polyethylene glycol (PEG) as a macrodiol was
reacted with isophorone diisocyanate (IPDI). The prepolymer
chains were terminated using starch from both biowastes in two
separate series. Five samples were prepared in each series with
varying hard segment contents. All of the synthesized samples
were subjected to structural, thermal, mechanical, morpholog-
ical and biological activities. The synthesized samples were also
subjected to swelling behavior.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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2. Materials and methods
2.1. Chemicals

The following chemicals have been used in their pure form for
the synthesis of the PU elastomer: polyethylene glycol (PEG) Mn

= 1000 g mol−1 (Aldrich), isophorone diisocyanate (IPDI)
(Aldrich), dibutyltin dilaurate (DBTDL) (Aldrich), sodium met-
abisulte (Aldrich), sodium chloride, ethanol, and toluene.
Wheat bran was collected from the wheat our industry and
banana peel was obtained from fresh seasonal banana. Mac-
rodiol was demoisturized at 70 °C for 24 hours in a vacuum to
evaporate any moisture contents and impurities. All of the
reagents, chemicals and solvent were analytical grade, and used
in the research work without further treatment.38
Fig. 1 Flow sheet depicting the extraction of starch from biowaste
materials. (A) Systematic extraction of starch from wheat bran. (B)
Systematic exaction of starch from banana peel. (C) Synthetic route for
the synthesis of PU elastomers extended and terminated with wheat
bran starch and banana peel starch, and original photographs of the
synthesized samples.
2.2. Extraction of starch from wheat bran (WB)

The WB powder obtained from the wheat our industry was
soaked in ethanol (70%) for 24 hours at ambient temperature to
develop a slurry. The slurry was decanted to remove all of the
dirt particles. It was again soaked in water and ground to reduce
the particle size. The mixture was then sieved through a mesh.
The residues were washed with water thrice, the resultant
ltrate was centrifuged at 3000 rpm, and the starch cake was
obtained. Washing of the protein fraction from the starch
granules was performed by adding NaCl solution into the starch
with continuous stirring. The solution was then centrifuged
again to obtain the starch sediments. Starch sediments were
added in a separating ask containing the water/toluene solu-
tion, and were shaken well. The layer of water containing starch
was collected. The layer of toluene containing protein was again
mixed in water, and shaken well. The layers of water and
toluene containing starch and protein, respectively, were
collected. This process was repeated up to three or four times to
extract all of the starch. Finally, all of the layers of water con-
taining starch were collected and centrifuged to obtain starch.
The ow sheet diagram for the extraction process is given in
Fig. 1A.

2.2.1. Extraction of starch from banana peel (BP). The
weighted quantity (25 g) of peel was taken into small pieces and
washed with distilled water. The peels were soaked into a 30%
solution of sodium metabisulphite in distilled water. The
mixture was homogenized and ltered by using lter cloth. In
order to settle starch sediments, the ltrate was kept for 24
hours, followed by decantation. The collected starch was then
dried in an oven at 40 °C. The ow sheet diagram for the
extraction of starch from banana peel is given in Fig. 1B.

2.2.2. Synthesis of the PU elastomers extended with wheat
starch (WS) & banana starch (BS). For the synthesis of linear PU
elastomers, the prepolymer method was adopted as described
in detail in one of our publications.5 In order to carry out the
reaction, the synthetic assembly carrying a round-bottom ask
was connected with a water inlet and out through reux
condenser. The ask was equipped with a mechanical stirrer
and nitrogen inlet and thermometer. Pretreated PEG (Mn =

1000 g mol−1) as the macrodiol was taken into the round-
bottom ask, and it was reacted with isophorone diisocyanate
© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2024, 14, 779–793 | 781
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Table 1 Sample code designations and molar compositions of two series of polyurethane elastomersa

Theoretical stoichiometry of series I-PUWS Theoretical stoichiometry of series II-PUBS

Sample
code

Polyol : diisocyanate : starch
as (CE) (mol%) HS SS

Sample
code

Polyol : diisocyanate : starch
as (CE) (mol%) HS SS

PUWS1 1 : 3 : 0.5 40.25 59.75 PUBS1 1 : 3 : 0.5 40.25 59.75
PUWS2 1 : 5 : 1 52.91 47.09 PUBS2 1 : 5 : 1 52.91 47.09
PUWS3 1 : 6 : 1.5 62.9 37.10 PUBS3 1 : 6 : 1.5 62.9 37.10
PUWS4 1 : 9 : 2 66.4 33.06 PUBS4 1 : 9 : 2 66.4 33.06
PUWS5 1 : 11 : 2.5 72.75 27.25 PUBS5 1 : 11 : 2.5 72.75 27.25

a PUWS stands for the polyurethane elastomer chain extended with wheat bran starch, and PUBS stands for the polyurethane elastomer chain
extended with banana peel starch, the numbers 1–5 represent the systematic variation in the compositions of all samples.
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(IPDI). Dibutyltin dilaurate (DBTDL) was used as a catalyst,
which produced the NCO-terminated prepolymer chains. In
order to extend the polymer chains, starch extracted from WB
was used as a chain extender. The acetone was used as a solvent
in order to maintain the viscosity of the samples. For drying, the
synthesized samples were dispensed into the molds of poly-
tetrauoroethylene (PTFE). A short time (10 min) swi venting
was performed under vacuum at room temperature. The
complete drying was carried out in 72 h. The thickness of the
dried lms (2 ± 0.05 mm) was determined by digital calipers.
The same protocol was adopted for the synthesis of PU elasto-
mers using banana peel starch as the chain extenders. Two
series of linear PU elastomers were synthesized. The PU elas-
tomers series obtained by using wheat bran starch and banana
peel starch as the chain extender has been designated as PUWS
and PUBS, respectively; each containing ve samples with
systematic variation in the concentration of monomers. Prior to
analysis, all of the samples were stored in a desiccator. The
synthetic route for the synthesis of PU samples has been given
in Fig. 1C. All of the synthesized samples were subjected to
structural, thermo-mechanical, morphological, solvent absorp-
tion and biological activity tests. The sample code designation,
molar composition, HS and SS composition of all samples have
been listed in Table 1.
2.3. Characterization

2.3.1. Fourier transform infrared spectroscopy (FTIR).
FTIR is an analytical technique that is used to evaluate the
functional groups and linkage present in an organic or inor-
ganic compound by the absorption of IR radiation in the
specic frequency range of 4000–400 cm−1. PU elastomers were
subjected to FTIR analysis using a NICOLET 6700 spectrometer
containing attenuated total reectance (ATR) as an accessory.
All of the spectra were documented in transmission mode
under N2 atmosphere at 25 °C. The scan rate was in the range of
4000–400 cm−1 using % transmittance mode.

2.3.2. Thermal gravimetric analysis (TGA). TGA is dened
as the mode of thermal analysis, where the mass of a sample is
evaluated w.r.t. the change in temperature. All of the thermal
analysis was recorded using a PerkinElmer's Thermogravi-
metric Analyzer (TGA), (Waltham, Massachusetts, USA). The
analysis was performed at the ramp rate of 10 °C min−1 under
782 | RSC Adv., 2024, 14, 779–793
N2 atmosphere with a ow rate of 50 mL min−1. The analysis
was carried out in the temperature range of 50 °C to 600 °C.2–5

2.3.3. Swelling test. The solvent intake ability of the
synthesized samples was carried by performing the swelling
test. The PU elastomers were soaked in distilled H2O and DMSO
to assess the variation in their weight change (%) until
a persistent weight was recorded. The swelling tendencies in
both solvents were calculated using equation.1

% water=DMSO absorption ¼ wet weight� dry weight

total weight
� 100

(1)

2.3.4. Biological activity tests
2.3.4.1. Hemolytic activity.Hemolytic activity is dened as the

tendency of the bacterium to break down red blood cells (RBCs) in
order to release the hemoglobin (Hb). The hemolytic activity of the
PU elastomers was performed by using a screw-cap tube, which
was made up of polystyrene.39,40 The fresh 5 mL heparinized
human blood was poured into the tube, and it was centrifuged for
5.0 minutes at 850 rpm. The obtained supernatant was decanted
off, while the viscid pellets were washed with phosphate buffer
saline (PBS) (pH∼ 7.4). Aer thoroughly washing the pellets three
times with the PBS, it was suspended in approximately 20mL PBS.
The cell suspension was placed on ice, which was later diluted
with PBS for analysis. A fraction of PU elastomer (20 mL) was
immersed into a microfuge tube (2.0 mL), and the cell suspen-
sions (180 mL) in the diluted condition was homogenously mixed.
The PBS was used as a negative control in analysis, while the
Triton X-100 (0.1%) was used as a positive control. The Eppendorf
tubes were instantly centrifuged for tenminutes. The supernatant
(100 mL) was collected using microfuge tubes, which were steril-
ized prior to collection. The supernatant was diluted with PBS
(900 mL), making three replicate of each supernatant (200 mL). It
was then shied into a sterile 96-well microplate containing one
positive and negative control. The absorbance was recorded at
540 nm on a microplate reader (BioTek, USA). Hemolysis (%) of
each sample was calculated using eqn (2).41

Hemolysis ð%Þ ¼ sample absorbance� negative control

positive control
� 100

(2)
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Representative FTIR spectra of all of the monomers: poly-
ethylene glycol (PEG), isophorone diisocyanate (IPDI), banana peel
starch, Wheat bran peel starch, prepolymer, and PU elastomers based
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2.3.4.2. Biolm inhibition assay. This test is performed to
evaluate the ability of the polymers to inhibit the bacterial
growth. Staphylococcus aureus (S. aureus) and Escherichia coli (E.
coli) were used to evaluate the biolm inhibition activity, as
reported earlier by the researchers.42,43 For this purpose, a sterile
plastic tissue culture 96-well plate with a at bottom was lled
with 100 mL of nutrient broth (Oxford, UK), and 100 mL each of
the PU elastomer suspensions were inoculated with a bacterial
suspension of 20 mL into the wells separately. The bacteria and
its nutrient broth without PU suspension in wells acted as the
control for both strains (10 mg/20 mL). The 96-well plate was
covered and incubated at 37 °C for 24 hours in a temperature-
controlled incubator in aerobic conditions. Ciprooxacin was
used as a standard (positive control) to compare the PU elas-
tomers results. Aer incubation, each well was washed thrice
with sterile phosphate buffer (220 mL to each well). To remove
the non-adherent bacteria fromwells, the plate was shaken well.
Aer washing, to x the attached bacteria, 99% methanol (220
mL per well) was added and le for 15 minutes. Aer that,
methanol was discarded and le to dry. To stain, 220 mL of 2%
crystal violet was added to each well for 5 minutes. To remove
excess stain, the plate was rinsed under running tap water and
air dried at room temperature. The dye bound to the adhered
cells was re-solubilized with 220 mL of 33% (v/v) glacial acetic
acid in each well. Using a micro-plate reader (BioTek, USA), the
optical density was measured for each well at 630 nm. The
bacterial growth inhibition percentage (INH%) was calculated
using eqn (3).

1NHð%Þ ¼ 1� OD630 ðsampleÞ
OD630 ðcontrolÞ � 100% (3)

2.3.4.3. Biolm inhibition through phase contrast microscopy.
Phase contrast microscopy is dened as an optical micro-
scopic technique, which has the potential to translate phase
shis in light when passed through a clear sample to bright-
ness variations in the image. The biolm inhibition tendency
of the PU elastomers of the selected samples was also observed
by using Phase contrast microscopy.44 For this purpose, a few
droplets of S. aureus and E. coli were cultured on glass slides
and incubated at 37 °C for 14 h. The slides were washed with
PBS. Aer the washing of the slides, they were immersed in the
PU elastomer suspension. The slides were rinsed, stained and
the biolms were dissolved using 30% glacial acetic acid.
Negative PBS control slide and positive control slide with
ciprooxacin were also prepared without PU elastomer
suspensions. All of the prepared glass slides were examined
microscopically.

2.3.5. Dynamic mechanical analysis (DMA). DMA is a tech-
nique which is used to determine the viscoelastic properties of
the polymers. For DMA analysis, the samples were used in the
following dimensions: length; 50 mm, width; 2.5 mm, Thick-
ness 1–2± 0.5 mm. The analysis was performed on DMA (Q800;
TA Instruments, New Castle, DE) in temperature sweep mode.
The values of the storage modulus (E′) and damping factor (tan
d) were recorded.
© 2024 The Author(s). Published by the Royal Society of Chemistry
3. Results and discussion
3.1. Conrmation of the linkages of the PU elastomers by
FTIR analysis

The FTIR spectra of all the monomers, prepolymers and
representative spectra of PU elastomers of both series PUWS
and PUBS are given in Fig. 2. The characteristic main peaks of
the spectra are listed in Table 2. A band at 2857–2960 cm−1

appeared, which was due to the C–H symmetric and asymmetric
vibrations. The band for N–H stretching was observed at
1556 cm−1. A band for urethane C]Owas present at 1631 cm−1.
Furthermore, the high intensity bands of the NCO and OH
groups were diminished, which provided the indication of
a reaction between PEG and IPDI and the formation of the pre-
polymer. Other functional groups were also observed, such as
the C]O stretching (1717 cm−1), bending vibrations of the CH3

group (1456 cm−1), stretching C–O vibration of the urethane
group (1089 cm−1) and others. The pre-polymer was reacted
with starch (chain extender) to obtain the nal polyurethane.
The FTIR spectra of both kinds of starch showed a broad peak
for the OH group present in the range of 3450–3100 cm−1,
which has conrmed the hydrogen bonding present in starch.
The peaks of absorption at 2941–2650 cm−1 were due to the
symmetric and asymmetric vibrations of the CH3 group. The
stretching vibration band for C–O–C was observed at 1010–
984 cm−1. The band of NCO disappeared and the band for N–H
appeared between 3508–3340 cm−1, which conrmed the
on wheat bran starch (PUWS)and banana peel starch (PUBS).
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Table 2 FTIR peak assignments for the polyurethane elastomers

Assignments

Wavenumber (cm−1) Wavenumber (cm−1)

Observed value range
of different groups of samples Literature values2,8,14,22

N–H (str) 3442–3351 3400–3325
CH2 (sym) 2882–2867 2880–2860
CH2 (Asym) 2954–2882 2970–2880
C]O (str) 1740–1709 1750–1700
N–H (bend) 1631–1549 1650–1550
C–H (wag) 960–940 970–960
C–O 1124–1096 1140–1070

Fig. 3 TGA curves of all the synthesized samples of PU elastomers. (A)
TGA curves of the PUWS series chain extended with wheat bran starch.
(B) TGA curves of the PUBS series chain extended with banana peel
starch.
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formation of the nally prepared polymer. Other peaks for the
carbonyl stretching were found between 1760–1710 cm−1,
C–O–C (1100 cm−1), and the bending vibrations of methylene
(1458 cm−1). Hence, all of the bands that appeared conrmed
the reaction completion and synthesis of the nal PU elasto-
mers. The stoichiometry of the compositions shows that all of
the monomers have the optimum chance to react with each
other. This is the most likely result, which is expected from the
condensation polymerization.

3.2. Estimation of thermal stability of PU elastomers by TGA

The thermal stability of individual monomers plays a signi-
cant role in the stability of the nal polymer. Usually, it is
complicated to evaluate the thermal behavior of Pus due to the
involvement of various monomers containing different func-
tional groups. These functional groups generate the desired
chemical linkage. During this process, the breaking of the
parent chemical bonds and development of the daughter
chemical bonds takes place, releasing gaseous products as well.
The TGA curves of all of the elastomers are presented in Fig. 3.
The stepwise degradation is reported in Table 3. For the PUWS
series, multicurves were observed with the thermal stability in
the range of 280 °C. The increase in the thermal stability was
due to an increase in the concentration of starch, indicating
that the composites are better in their thermal behavior as
compared to the neat polymers. A similar range of thermal
stability of biocompatible PU elastomers was also reported by
Chen et al.45 for skeletal muscle and tissue engineering appli-
cations. No extra peaks have been observed, which has ruled out
the presence of byproducts. The guarantee of unreacted
monomers is the reaction sensitivity of all the monomers
especially diisocyanates, which will react with the atmospheric
OH group in the case of unavailability of the OH groups from
the monomers. This may result in the production of urea and
carbon dioxide as a by-product. However, as the stoichiometry is
well dened, no such products have been observed and only
linear products have been observed as depicted from the data of
TGA. The prominent transition in the. PU elastomers were
observed in the range of 300 °C, leading to a continuous
decrease in weight loss up to 60 wt%. A similar behavior was
observed for another transition around 350 °C depicting a slight
variation in the thermal stability throughout the series, whereas
the maximum weight loss was observed up to 440 °C. The
784 | RSC Adv., 2024, 14, 779–793
similar trend was also observed for the PUBS series as well,
where the maximum weight loss was observed up to 425 °C. The
rst stage of degradation has indicated the loss of hydroxyl
contents induced by the starch. It is also important that the
requirement of thermal stability varies according to applica-
tions, and elastomers have the ability to mediate such appli-
cations for thermal behavior. In the case of PU elastomers, the
observed thermal stability is within the usual range of elasto-
meric applications. The similar range of thermal stability has
also been reported by Parcheta et al.46 for green PU elastomers.
The 2nd major stage of degradation (250–350 °C) was observed
due to the breakdown of the urethane linkage, leading to the
ultimate weight loss of the samples. The last stage of degrada-
tion was due to the presence of a long chain of hydrocarbons
induced by the PEG as the macrodiol. The data revealed that the
addition of starch as a biocomponent has improved the thermal
stability signicantly. The synthesized starch-induced PU elas-
tomers have shown a comparable thermal stability with the
petroleum-based polymers.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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3.3. Solvent absorption tendency of PU elastomers by
swelling test

The polymers show different interactions based on their nature
and aptitude towards solvents. The behavior of the PU elastomers
of both series PUWS and PUBS in water and DMO is shown in
Fig. 4. The architecture of the PU shows the polar and non-polar
groups in themain chain.Whenever the concentration of polar or
non-polar segment is in excess, the solvent absorption tendency
varies. Each segment of the PU decides on the overall behavior of
the polymer. The long chains of the PEG as the macrodiol induce
the nonpolar character, which appeared as SS in the chains. The
urethane linkage developed by the diisocyanate and chain
extender is polar in nature. Thus, the addition of PU elastomers
in the water has shown a tendency to absorb water. The same
results have also been observed with DMSO. This has satised the
idea of water and solvent absorption in the case of PU elastomers.
Water entered the samples and penetrated the chains of the
polymers, which resulted in the weakness of bonds. Water
absorption was rapid at start, and there was a rapid increase in
weight gain in the rst 2–3 hours. Then, the water penetration
decreased to a minimum amount, and at last, there was no
further increase in weight. As the concentration of starch was
increased in the samples, they became more hydrophilic. The
increase in starch contents in polyurethane increased the hard
segments, and also increased the hydrophilicity of the samples,
so the uptake of water was increased. Researchers have also re-
ported that the swelling power was associated with the amylose
content. The high amylose shows a strong structural network
since the crystalline structure has a strong linkage and it restricts
swelling.47–49 The starch has the ability to entrain water and
provide a sink for water. Researchers have also expressed it by
changes in the food products. Furthermore, the swelling power is
observed to be different from the syneresis that follows when
water is expelled from the swollen starch granules or by other
Fig. 4 The swelling behavior of the PUWS series chain extended with
wheat bran starch and the PUBS series chain extended with banana
peel starch in H2O and DMSO.
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Fig. 5 Hemolytic activity of the PU elastomers. (A) Hemolytic activity
of the PUWS series chain extended with wheat bran starch. (B)
Hemolytic activity of PUBS series chain extended with banana peel
starch.

u
re
th
an

e
e
la
st
o
m
e
rs

m
ol
yt
ic

iv
it
y
(%

)

In
h
ib
it
io
n
of

bi
o

lm
fo
rm

at
io
n

ag
ai
n
st

E.
co
li

(%
)

In
h
ib
it
io
n
of

bi
o

lm
fo
rm

at
io
n
ag

ai
n
st

St
ap

hy
lo
co
cc
us

au
re
us

(%
)

Sa
m
pl
e
co
de

H
em

ol
yt
ic

ac
ti
vi
ty

(%
)

In
h
ib
it
io
n
of

bi
o

lm
fo
rm

at
io
n
ag

ai
n
st

E.
co
li
(%

)

In
h
ib
it
io
n
of

bi
o

lm
fo
rm

at
io
n
ag

ai
n
st

St
ap

hy
lo
co
cc
us

au
re
us

(%
)

8
�

0.
1

20
.2
8
�

0.
4

3.
86

�
0.
5

PU
B
S1

1.
17

�
0.
09

15
.4
5
�

0.
2

15
.4
5
�

0.
4

4
�

0.
2

22
.6
9
�

0.
3

11
.5

�
0.
4

PU
B
S2

2.
35

�
0.
2

17
.3
4
�

0.
5

17
.3
9
�

0.
3

1
�

0.
2

25
.0
7
�

0.
4

14
.9
7
�

0.
2

PU
B
S3

3.
11

�
0.
09

18
.1
1
�

0.
3

19
.8
0
�

0.
2

2
�

0.
09

35
.2
6
�

0.
5

21
.2
5
�

0.
5

PU
B
S4

4.
47

�
0.
2

20
.6
9
�

0.
5

22
.7
0
�

0.
5

7
�

0.
1

37
.4
0
�

0.
8

25
.6
0
�

0.
7

PU
B
S5

5.
23

�
0.
1

25
.1
2
�

0.
6

25
.1
2
�

0.
8

.1
�

0.
28

—
—

T
ri
to
n
X
-1
00

(p
os
it
iv
e
co
n
tr
ol
)

94
.1

�
0.
28

—
—

1
�

0.
10

—
—

PB
S
(n
eg
at
iv
e

co
n
tr
ol
)

0.
41

�
0.
10

—
—

82
.6
5
�

2.
74

77
.5
7
�

2.
37

82
.6
5
�

2.
74

77
.5
7
�

2.
37

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Ja

nu
ar

y 
20

24
. D

ow
nl

oa
de

d 
on

 1
1/

3/
20

25
 6

:0
2:

10
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
ingredients.50 This swelling power determines the quality of
starch granules, and it is also based on the starch variety.51 The
reported values of the water absorption capacity vary from
130.45% to 251%. Moreover, some processes such as acetylation
also increases the swelling tendency of starch. Hydroxypropylated
banana starch has a higher granule swelling capacity and solu-
bility compared to the native banana starch. The increase in
granule swelling and solubility was also reported by several
previous studies. The increasing granular swelling and solubility
of the hydroxypropylated starch might be due to the starch
granules becoming more hydrophilic because of the incorpora-
tion of the hydroxypropyl groups.52,53
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3.4. Investigation of in vitro biological activities

3.4.1. Hemolytic assay of PU elastomers. The hemolytic
activity of the synthesized samples of PU elastomers is given in
Fig. 5. The hemolysis involves the rupturing of red blood cells
(RBC). The tendency of the PU elastomers in terms of
membrane damaging was quantied by the release of hemo-
globin. The analysis has been performed to evaluate the
hemolytic activity of the synthesized samples. The triton-X 100
was used as a positive control, which showed the lysis value as
786 | RSC Adv., 2024, 14, 779–793 © 2024 The Author(s). Published by the Royal Society of Chemistry
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(94.1 ± 3.93%), causing the maximum damage to erythrocytes
as RBC. On the other hand, phosphate buffer saline (PBS) was
used as the negative control, which showed the lysis as (0.41%)
to erythrocytes as the RBC encountered the minimum damage.
Triton-X 100 and phosphate buffer were used as a reference. As
a quantitative measure, the compatibility of the PU elastomers
has been reported in Table 4. The PUBS series have shown lower
values of hemolytic activities at 1.17 ± 0.09 (%), as compared to
the PUWS series at 5.88 ± 0.1 (%). The results have indicated
that a slight toxic effect has been observed with the synthesized
compositions of the PUBS series, which has not affected the
stability of the erythrocyte membrane. Overall, the samples of
both series have shown the values of lysis (%) to be within a safe
zone; hence, providing the evidence that the elastomers of the
PUBS and PUWS series are strong candidates of biocompatible
applications. The elastomers with a lower concentration of
starch 0.5 (mol%) have shown better hemolytic activities as
compared to the rest of the samples of the series. The hemolytic
Fig. 6 Inhibition of film formation data of PU elastomers. (A) Inhibition of
starch against E. coli. (B) Inhibition of film formation data of the PUBS seri
of film formation data of the PUWS series chain extended with wheat br
PUBS series chain extended with banana peel starch against S. aureus.

© 2024 The Author(s). Published by the Royal Society of Chemistry
activity is related to the architecture of the PU elastomer. Hence,
the concentration of each component plays a signicant role in
deciding the safety of the synthesized material towards various
applications. It also scrutinizes the extent of biocompatible
material in the synthesized samples.

3.4.2. Biolm inhibition of PU elastomers. The bacterial
biolm inhibition ability of the two series of PU elastomers were
evaluated, and the ndings are given in Table 4. Ciprooxacin
has been used as a standard, which has shown the biolm
inhibition activity of 77.57± 2.37% against S. aureus and 82.65±
2.74% against E. coli, respectively. For the PUWS series, the
biolm inhibition activity in the range of 20.28± 0.4%to 37.40±
0.8% has been observed against E. coli, whereas the biolm
inhibition activity in the range of 3.86 ± 0.5% to 25.60 ± 0.7%
has been observed against S. aureus. Meanwhile, in the case of
the PUBS series, the biolm inhibition activity has been observed
in the range of 15.45± 0.2% to 25.12± 0.6% and 15.45± 0.4% to
25.12± 0.8 against S. aureus and E. coli, respectively. All of the PU
film formation data of the PUWS series chain extended with wheat bran
es chain extended with banana peel starch against E. coli. (C) Inhibition
an starch against S. aureus. (D) Inhibition of film formation data of the
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elastomers have shown signicant biolm inhibition against S.
aureus and E. coli. A continuous increase in the values of biolm
inhibition has been observed by the increase in the concentra-
tion of starch. The samples of both PUWS and PUBS series have
better resistance against E. coli. These analyses have shown that
a slight change in the architecture of PU can develop better
properties for their use in biocompatible application. The data of
all of the samples have been presented in Fig. 6.

3.4.3. Phase contrast microscopic analysis of PU elasto-
mers. Phase contrast microscopic analysis of some selected
samples of both series of PU samples have been shown against E
coli in Fig. 7. The gure has represented the dense, compacted
growth of bacteria in the case of the negative control sample,
which has been developed due to crystal violet. In contrast,
a very clear image without a dense area or globulus has been
observed in the case of the positive control bacteria. Fig. 11
shows the images of PUWS 2 and PUWS 4 which clearly shows
the image resembling the that of the positive control bacteria.
This information has strengthened the view that the samples
have inhibited the microbial biolm growth. The similar
images have also been observed for PUBS2 and PUBS 5 samples,
indicating the samples of PU elastomers have exhibited the
inhibition of bacterial growth. Hence, the samples of both lms
have shown biocompatibility, and the PU elastomers can be
utilized for biomedical applications. Fig. 8 shows the phase
contrast microscopy analysis for PUWS and PUBS series against
the bacterial growth of S aureus. Similar to the analysis of bio-
lm inhibition of E. coli, the negative control samples have
shown condensed structure of microbial biolm as compared to
positive control sample whereas the samples of both series have
Fig. 7 Phase contrast microscopy images of the pattern of bacterial biofi
(C and D) PUWS samples treated slides against the E. coli biofilm, (E and

788 | RSC Adv., 2024, 14, 779–793
shown biolm inhibition properties. This is a clear indication
that the synthesized samples are biocompatible materials and
can be conveniently used for biolm inhibition properties.

3.5. Analysis of mechanical/viscoelastic behavior of PU
elastomers by DMA

DMA has been used to characterize the viscoelastic behavior of
the PU elastomers as a function of temperature. Themechanical
behavior plays a key role in deciding the strength and market
value of the polymers. The mechanical behavior of the PU
elastomers synthesized in series PUWS and PUBS has been re-
ported in terms of the storage modulus (E′) at 50 °C. The
representative curves of E′ with respect to temperature is given
in Fig. 9. The E′ is the ability of the polymer to store the energy
elastically. It is a very important parameter for elastomers. The
increase in the E′ indicates a slightly stiffmaterial, indicating an
organized glassy state. The increase in the values of E′ has been
observed with the increase in the HS contents of the PU elas-
tomer, as induced by the incorporation of diisocyanate and
chain extender, whereas the starch has been reported by the
researchers to be in the form of granules and partially crystal-
line in texture. The maximum modulus of 4.25 MPa has been
observed in the PUWS series, whereas the PUBS series showed
a signicantly high E′ as compared to the PUWS series. This is
an indication of the elastic dominance and the presence of the
physical entanglements in the polymers. As the physical
entanglements will be affected with the temperature increase;
hence, the decrease in E′ is obvious. A similar behavior of
decrease in the E′ by the increase in the temperature has also
been reported by Zhang et al.47 in PU elastomers in connection
lm formation and its inhibition. (A) Negative growth, (B) positive control,
F) PUBS samples-treated slides against the E. coli biofilm.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Phase contrast microscopy images of the pattern of the bacterial biofilm formation and its inhibition. (A) Negative growth, (B) positive
control, (C and D) PUWS samples-treated slides against S. aureus, (E and F) PUBS samples-treated slides against S. aureus.
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with the effect of HS. Fig. 9 represents a relationship between
tan d and temperature. The viscoelastic behavior of the mate-
rials can be expressed as a ratio of loss modulus (E′′) and E′,
Fig. 9 Representative DMA curves showing the relationship between
samples of the PUWS series chain extended with wheat bran starch and

© 2024 The Author(s). Published by the Royal Society of Chemistry
which indicates the stored energy in the elastic portion and the
energy dissipation as heat. This ratio of E′′ to E′ is represented as
tan d, which is known as the loss tangent or the tangent of phase
the storage modulus and temperature of some selected synthesized
the PUBS series chain extended with banana peel starch.
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angle between E′ and E′′. It provides a damping measure of the
polymers. The damping factor has provided the information
about the dissipation of energy from the PU elastomers under
cyclic load. It has provided information about how the elas-
tomer shed off the energy, and it has provided clear information
about the absorption of energy by the elastomers. The temper-
ature plays a key role in the absorption, as well as in the dissi-
pation of the energy. Fig. 10 has shown an increase in the values
of tan d against temperature. The dissipated part of the energy is
due to segmental motions of the polymer chains. The test
revealed that the dissipation of energy in tan d represents the
ratio of the viscous-to-elastic response of a viscoelastic material,
or the energy dissipation potential of a material. When the
cyclic load is applied onto the polymers, a portion of the applied
load follows the mechanism of energy dissipation, which occurs
usually in the bulk parts of the polymers due to segmental
motion of polymer chains. Meanwhile, the other part of the
bulk polymers releases the load upon removal of the load,
showing the elastic response. The value of tan d is also associ-
ated with vibration damping, which requires large values of tan
d. The tan d can provide information about the exibility and
the interactions of the chains. The area under the curves
provides the information about the absorbed energy of polymer.
A greater area under the curve results in greater mobility, which
in turn, provides improved damping properties. This is a clear
indication that the material can better absorb and dissipate
energy. As the elastomers for any application are usually
marked with better energy dissipation, the similar trend has
Fig. 10 Representative DMA curves showing the relationship between ta
PUWS series chain extended with wheat bran starch and the PUBS serie

790 | RSC Adv., 2024, 14, 779–793
been reported by Mostafavi et al.,48 while they have synthesized
the PU elastomer for vascular tissue engineering. Fig. 10 shows
the increase in the values of tan d with temperature, indicating
the more viscous behavior of the PU elastomers with tempera-
ture. As a result, the samples have greater energy dissipation
potential. The prime difference in the mechanical properties is
due to the sources of raw materials. Hence, we nd a huge
difference in the mechanical behavior of the PU composites.
Fig. 11 represents the relationship between the stiffness and
temperature of the PUWS and PUBS series. The elastomers do
not show high stiffness, and are usually marked with low stiff-
ness. The addition of llers however can signicantly increase
the stiffness of the polymers. There is only a slight change in the
stiffness that has been observed. However, the lower stiffness
does not affect the mechanical behavior of the polymers. The
high stiffness has been recorded by the researchers with aramid
nanobers. One of the important features in the addition of the
stiffness has been observed due to excessive hydrogen bonding,
indicating that the stiffness can be increased by the addition of
the secondary forces. However, the introduction of the bioma-
terials is not really meant for the increase in the mechanical
behavior. Hence, the comparable mechanical properties can be
obtained, as shown from the gure. Ideally, the mechanical
strength should be determined at the same temperature.
However, a slightly better mechanical strength has been
observed with a slight variation in temperature for some
samples, which can be related to the stoichiometric precision of
the sample compositions.
n d and the temperature of some selected synthesized samples of the
s chain extended with banana peel starch.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Representative DMA curves showing the relationship between the stiffness and temperature of some selected synthesized samples of
the PUWS series chain extended with wheat bran starch and the PUBS series chain extended with banana peel starch.
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4. Conclusion

The bio-based polyurethane is attracting signicant attention
in the polymer industry. It is gaining interest not only because
of environmental concerns, but it shows vibrant properties
when analyzed in detail. It should be advantageous to replace
any composite of the polymers with bio-based materials in
order to induce comparable properties. In the current work,
the elastomers of PU have been synthesized using the PEG
macrodiol along with IPDI using prepolymer formation
method. The NCO-terminated chains were extended using
starch. The starch was extracted from wheat bran and banana
peel. The ratio of the hard segment was varied from 40 to
70 wt%. Two series of PU elastomers were prepared by varying
the source of starch as the chain extender in two different
series, while the chain extenders were extracted from the raw
materials of wheat bran and banana peel as bioresources. The
FTIR analysis showed the disappearance of the characteristic
peaks of NCO at 1750 cm−1. The thermal stability was observed
above 250 °C, whereas the maximum weight loss was observed
above 400 °C. This indicates that by the addition of bio-
components, a slight difference prevails in the thermal prop-
erties of the polymers, which can be tolerated easily for many
applications. The DMA analysis showed that the elastomers of
the PUBS series showed signicantly higher E′ of 140 MPa as
compared to the PUWS series. A similar trend was observed in
tan d, where all of the values were observed #1, indicating
signicant elasticity in the samples. The elastomers showed
© 2024 The Author(s). Published by the Royal Society of Chemistry
signicant stiffness behavior, which was a clear depiction of
the mechanical strength of the elastomers. The hydrophilicity
was observed through the swelling test. The greater hydro-
philicity of the samples was observed up to 84 ± 1.0 (%) in the
PUWS samples with a maximum concentration of the hard
segment up to 72 (wt%). The DMSO, however, showed greater
penetration of up to 88 ± 1.0 (%). The in vitro biological
activities revealed the hemolytic activities of all PU elastomers
within a safe range The inhibition of lm formation was
observed against E. coli and S. aureus, which revealed the
optimum values of 37.40 ± 0.8 and 25.60 ± 0.7 (%) for the
PUWS series. The results of the inhibition of the biolm
formation were also observed by using Phase contrast
microscopy, which revealed the same nding.
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