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Introduction

A dynamic hard domain-induced self-healable
waterborne poly(urethane/acrylic) hybrid
dispersion for 3D printable biomedical scaffoldsf

2 Jay Hind Rajput,” Anwesha Mukherjee,“ Atharva Poundarik,”
“ and Niranjan Karak (2 *@

Samiran Morang,
Bodhisatwa Das

Polyurethane (PU) with its efficient self-healing ability and high mechanical properties is highly
anticipated but an arduous challenge to achieve. In this study, to create a win—win situation, a new strat-
egy was introduced which is based on the triple synergistic effect of a ‘dynamic hard domain’, ‘'multiple
hierarchical hydrogen bonding’, and ‘semi-interpenetrating network (IPN) formation’. The dynamic
disulfide bond of 2-APDS and multiple hierarchical hydrogen bonding raised from urea and urethane
linkages supplement the healing ability, and concurrently, the polyacrylates and rigid aromatic moiety
improve the mechanical properties of the SWPUA films. Owing to the judicious molecular engineering
and aforementioned tactic, a series of self-healable waterborne PU/polyacrylic (SWPUA) films were
prepared by using bis(2-aminophenyl) disulfide (2-APDS) as the ‘dynamic hard domain’, monoglyceride
of castor oil (MGco) as a chain extender, glycerol ester of citric acid (GECA) as an internal emulsifier and
different acrylate monomers with other desired reactants (polyols/diamines and diisocyanate). The
resulting films exhibit good mechanical robustness, high thermal stability, and biodegradability. Notably,
a maximum healing efficiency of 82.53% can be achieved within 330 s under microwave exposure
(800 W) and the cut films were re-processable at 60 °C under a pressure of 60—80 kg cm™2. Most
importantly, the MTT and live/dead assays of mouse fibroblast cell lines (L929) treated with the SWPUA-
2 dispersion (up to 30%) confirmed its biocompatibility. Most interestingly, SWPUA-2 can be employed
to prepare a SWPUA-2/methacrylate anhydride-modified gelatin (GelMA)/gelatin hybrid ink for the
development of 3D printable biomedical scaffolds.

catastrophic failure of the material before its desired service
life. Nowadays, researchers mimic the renowned natural phe-

Waterborne polyurethane (WPU) is one of the sought-after
polymers because of its environmentally friendly character
and magnificent performance. It has been extensively used in
different fields including coatings, inks, and adhesives." But
like other polymers, WPUs are also susceptible to damage in
byzantine and harsh environments throughout their lifecycle.
Premature damage crops up due to the presence of small
imperfections or micro-cracks in the material. Some of these
cracks are inherent and arduous to repair. This results in
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nomena of self-healing to resolve these problems.> All living
organisms can mend minor or major damage by themselves
without any external stimuli, which contributes to their long-
evity. The introduction of self-healing features into WPU is a
very enthusiastic field of research. This salient feature greatly
enhances the reliability and longevity of WPU. Furthermore, it
improves safety in service, decreases raw material consump-
tion, reduces carbon emissions, and above all minimizes
maintenance costs. Thus, the ultimate self-healing WPU
(SWPU) has become a promising futuristic material having
numerous potential applications in the fields of smart coatings,
wearable and flexible electronics, and sensors, along with
others. A literature survey discloses that self-healing mechan-
isms can be classified into two broad categories: extrinsic and
intrinsic.> Extrinsic self-healing involves the dispersion or
encapsulation of external healing agents, e.g., reparable mono-
mers, catalysts, and initiators, in the polymer matrix. When
cracks or damage occur, the catalysts/initiators initiate/
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facilitate the polymerization of the monomers, and then the
crack is repaired. Although this method is trustworthy, healing
occurs in a single event, which restricts its popularity. In
contrast, intrinsic self-healing occurs in multiple events and
is conducive to the polymeric materials being repeatedly
repaired. Multiple healing potentialities are developed from
dynamic covalent bonds or dynamic non-covalent interactions.
Dynamic covalent bonds can be prepared using disulfides,
diselenium or ditelluride exchange reaction, Diels-Alder reac-
tion, boronic ester chemistry, triazolinedione chemistry, trans-
esterification, hindered urea bonds, alkoxyamine bonds,
transcarbamoylation, and olefin metathesis reaction.* Again,
non-covalent interactions include hydrogen bonds, metal-
ligand coordination bonds, ionic bonds, n-n interactions, and
host-guest interactions. It is noteworthy that the favorable
conditions (high chain mobility, and exchange of dynamic
bonds) for self-healing always conflict with the indispensable
conditions (high chain rigidity, intermolecular interaction, and
crystallinity) for mechanical strength. So, efficient self-healing
and high mechanical strength of WPUs are two contradictory
properties. Thus, simultaneous improvement of these two vital
properties is always a formidable challenge. Previously, several
scientists have proposed ingenious strategies to address this
issue. However, the most used strategies include the introduc-
tion of an asymmetric alicyclic structure adjacent to an aro-
matic disulfide molecule,’ a dynamic hard domain,® synergistic
triple dynamic bonds,” etc. Shi and co-workers prepared effi-
cient self-healable WPU by introducing a novel visible-light-
induced dynamic covalent bond, which was developed from
aromatic Schiff base (ASB) bonds. The final WPU was healable
under a commercial LED lamp within 24 hours (~25 °C) with a
healing efficiency of 83.8% and it exhibited desirable mechan-
ical strength (tensile strength of 14.32 MPa). They proposed
that the ultimate healing originated from the imine metathesis
of the ASB bond and was triggered by visible light and H-bond
interactions between urethane groups.® Wei et al. introduced a
mechano-responsive tactic, known as strain-induced crystal-
lization, to synthesize room-temperature self-healing polyur-
ethane (PU) exhibiting outstanding tensile strength, toughness,
and fracture energy values of 29.0 MPa, 121.8 MJ m >, and
104.1 k] m~?, respectively. They reported that the high perfor-
mance is the result of hierarchical H-bonding interactions and
rational optimization of the effective soft segment.’ In the same
year, Zhang and co-workers employed dithiodiphenylamine, a
rigid structure, to prepare a multi-functional castor oil-based
self-healing WPU showing high tensile strength, processability,
and a tunable dual-to-quadruple shape memory effect.'® Again,
Zhang et al. prepared a self-healing PU by introducing dynamic
covalent C-N bonds formed by an aza-Michael addition
between 2,6-di-tbutyl-7-phenyl-p-quinone methide and second-
ary amine nucleophiles."’ Recently, a bionic self-healing PU
elastomer was prepared by Wand and co-workers using
poly(tetramethylene ether glycol), hexamethylene diisocyanate
(HMDA), and 1,8-p-menthane diamine or 1,8-diamino-p-
menthane (MD) and bis((2-hydroxyethyl)disulfide) (SS) as chain
extenders.'”> They proposed that the H-bonded urea groups
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obtained from the reaction between the MD amino groups
and isocyanate enhanced the mechanical properties. Simulta-
neously, the stiff ring structure of MD helps the breakdown of
disulfide bonds. The resulting MD-PU-SS elastomer exhibits a
high tensile strength and fracture energy, good healing effi-
ciency, and recyclability. Again, Rong et al. prepared a series of
self-healable WPU with the synergistic reversible units of
aliphatic disulfide bonds and quadruple hydrogen bonding
originated from bis(2-hydroxyethyl) disulfide, (2-HEDS) and
ureidopyrimidone (UPy), respectively.'® Applying the same
strategy, Liu and his co-workers also developed another self-
healable WPU with wear resistant and recyclable attributes."*
Wu et al. prepared a self-healing hybrid polyurethane acrylate
via solution polymerization techniques and reported that a
maximum of 94% healing efficiency can be achieved by heating
at 95 °C for 4 h.'® Recently, Sun and his co-workers developed a
series of micro-cracked self-healable WPU/polyacrylate compo-
sites by varying the amount of 2-HEDS on the polymeric chain.
The results showed that all of the prepared SWPUAs have
excellent dispersion stability, thermal stability, self-healing
efficiency and certain hydrophobic capacity."®

However, none of these PUs used toxic organic solvents in
their complicated synthetic procedures, and tests for biode-
gradability and biocompatibility were not reported. Concerning
environment benignity, in this study, a series of organic
solvent-free, and surfactant-free self-healable WPU/polyacrylic
(SWPUA) dispersions were synthesized using 2-APDS as the
‘dynamic hard domain’ along with other required reactants and
different acrylate monomers. Here, acrylate monomers were
used as the diluent to the polymerization medium at the
beginning and polymerized via the seeded mini-emulsion
polymerization technique at the final stage to obtain the
desired dispersion. Remarkably, the resultant dispersion is
highly stable for up to six months (zeta potential —47.1 to
—60.4) and all SWPUA films exhibited good healing efficiency,
mechanical robustness, thermal re-processability, and biode-
gradability. Most importantly, the MTT assay and live/dead
assay of mouse fibroblast cell lines (L929) treated with the
SWPUA-2 dispersion confirmed its biocompatibility. Further-
more, we have explored the 3D printability of the SWPUA-2
dispersion by preparing a SWPUA-2/methacrylate anhydride-
modified gelatin (GelMA)/gelatin hybrid ink, which was used
for the development of a biomedical scaffold and 3D articles.

Experimental section
Materials

Isophorone diisocyanate, (Sigma Aldrich; 98%), poly(e-
caprolactone) diol (e-PCL, Sigma Aldrich, M, = 2000 g mol ™),
2,2-bis(hydroxymethyl) propionic acid (DMPA, Sigma Aldrich; 98%),
bis(2-aminophenyl) disulfide (2-APDS, Sigma Aldrich; 97%), 1,6-
diaminohexane (HMDA, Sigma Aldrich; 98%), citric acid (Sigma
Aldrich; >99.5%), glycerol (Sigma Aldrich; >99.5%), castor oil
(Sigma Aldrich), triethyl amine (TEA, Sigma Aldrich; >99.5%),
potassium persulfate (KPS, Sigma Aldrich; >99%), para toluene

Mater. Adv., 2023, 4, 4784-4797 | 4785


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ma00607g

Open Access Article. Published on 08 September 2023. Downloaded on 6/21/2026 12:03:08 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

sulphonic acid (p-TSA, Sigma Aldrich), dibutyltin dilaurate (DBTDL,
Sigma Aldrich; 95%), and N,N-dimethylacetamide were used as
received. Technical-grade monomers, methyl methacrylate (MMA,
Sigma Aldrich; 99%), butyl acrylate (BA, Sigma Aldrich; >99%), 2-
hydroxyethyl methacrylate (HEMA, Sigma Aldrich; >99%), and
glycidyl methacrylate (GMA, Sigma Aldrich; >97%) were used
without further purification. Double-deionized water was used
throughout the work.

Preparation of 4-(2,3-dihydroxypropoxy)-2-(2-(2,3-
dihydroxypropoxy)-2-oxoethyl)-2-hydroxy-4-oxobutanoic acid or
glycerol ester of citric acid (GECA)

GECA was prepared by the esterification reaction of 12.5 mM of

citric acid and 25 mM of glycerol catalyzed by p-TSA (0.5 wt% of
citric acid), as reported earlier."”

>
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Preparation of the monoglyceride of castor oil (MGco)

The MG was prepared by a previously reported process and a
brief description is added in the (ESIf).'®

Synthesis of SWPUA dispersions

Fig. 1 summarizes the synthesis route of the SWPUA dispersion.
The reaction setup comprises a 100 mL three-neck round bottom
flask equipped with a nitrogen inlet, a thermometer, a septum, and
a Teflon blade stirrer. The formulations of various PU-acrylates
(PUASs) are presented in Table S1 (ESIt). For the synthesis of the
NCO-terminated prepolymer, e-PCL,y, (1 mM), DMPA (1.5 mM),
IPDI (3 mM), DBTDL (0.05 wt% of PU), and 25% of the acrylate
monomers were added into the round bottom flask. The prepoly-
mer formation was confirmed by FTIR spectral analyses.

o] (0]
N C. o A’\""O‘TT/\"/\“/}rp'c NH
O A,
e \[ N
. P P +
HN C (0] Q+
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Fig. 1 The representative reaction scheme for the synthesis of SWPUA.
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Then, 2-APDS (0.80 mM), GECA (0.375 mM), MGco (1 mM),
25% of the acrylate monomers, and the remaining IPDI
(3.65 mM) were added to the mixture and reacted for 3-4 h at
70 °C. Then, the reaction mixture was cooled to 25-30 °C, and
TEA (2.81 mM) and the remaining 50% of the acrylate mono-
mers were added to the mixture and stirred for 45 min at the
same condition to neutralize the carboxylic groups of GECA and
DMPA. Subsequently, the aqueous dispersion was prepared by
adding double de-ionized water to the prepolymer-monomer
mixture at the same temperature within 15 min under high
agitation (750 rpm). Then, HMDA (0.35 mM) was added, and
the reaction was continued for 1 h at 70 °C. Finally, the acrylate
monomers were polymerized via a free radical chain-growth
polymerization mechanism. The reaction was performed for 2 h
at 70 °C by adding KPS solution in water (1 g) in a single shot.
Finally, a stable whitish SWPUA dispersion was obtained.

Preparation of the films

The synthesized SWPUA dispersions were cast on different flat
surfaces for different tests and analyses. The films cast on
metal steel plates (150 mm x 50 mm x 5 mm) were used for
the impact resistance study, those on glass slides (80 mm X
30 mm x 10 mm) were used for scratch hardness tests, and
those on Teflon sheets were used for various measurements
including tensile strength, elongation, and toughness. All of the
films were dried at room temperature for 2 days followed by
vacuum drying at an elevated temperature to remove the
remaining solvent and kept in a desiccator. All of the films
were kept under ambient conditions for 2 days before their
testing and analyses.

General characterization

The methods and techniques used to characterize the SWPUA
dispersions and films are demonstrated below. All of the tests
and evaluations were carried out under ambient conditions
unless otherwise mentioned.

Structural analysis

The FTIR spectra of the NCO-terminated prepolymer and all of
the SWPUAs were recorded by a Nicolet Impact 410 FTIR
spectrometer (Madison, USA) from 500 to 4000 cm ' using
KBr pellets. The 'H and '*C NMR spectra of SWPUA-2 were
recorded by a Bruker Biospin AG 500 MHz NMR spectrometer
(Model-Avance III HDX, USA) using DMSO-dg as the solvent and
TMS as the reference.

Physical property measurement

The average particle size of the SWPUA dispersions was mea-
sured by a NanoPlus dynamic light scattering system (DLS,
Particulate System, USA) and investigated by Transmission
Electron Microscopy (HR-TEM, 300 kV, Tecnai G2, F30, FEI,
USA). The static angle for each polymeric film was calculated by
the sessile-drop method using a DropMaster Automatic Contact
Angle Meter (model-DMs-401, Kyowa Interface Science Co. Ltd,
Japan). Gel Permeation Chromatography (GPC, Waters, UK) was
used to determine the average molecular weight (Mw and Mn) and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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polydispersity index (PDI) of the synthesized SWPUAs. Linear
polystyrene was taken as the standard polymer. Furthermore, the
transmittance of all SWPUA films was measured by a UV-VIS
spectrophotometer (Model-Evolution 300, Thermo Fischer Scienti-
fic, USA) from 200 nm to 800 nm.

Thermal analysis

Thermal analysis (TGA) was carried out in a TGA-4000 (Perki-
nElmer, USA) thermal analyzer from 30 °C to 700 °C at a heating
rate of 10 °C min " and using N, as the purged gas. Again, DSC-
6000 (PerkinElmer, USA) equipped with an intercooler system
was used to determine the glass transition temperature of the
SWPUAs. The calorimetric test was performed in three steps in
order, heating, cooling, and heating in the range of —70- to
160 °C at a heating rate of 10 °C min~" under a N, atmosphere.

Mechanical performance test

SWPUA films were cut into a rectangular specimen of 5 cm X
1 cm (length x width) and a Universal Testing Machine (UTM,
model-WDW-10, Jinan, China) with a 0.5 kN load cell was
employed to measure the tensile strength and elongation at
break. The rate of displacement was 20 mm min ™. The scratch
hardness test was performed by using a scratch hardness tester
(model-705, Sheen Instrument Limited, UK) with different
weights at a travel speed of 50 mm s~ .

Self-healing test

The self-healing ability of the SWPUAs and SWPU were evalu-
ated both quantitatively and qualitatively. To investigate the
healing performance, rectangular specimens of ~40 mm X
10 mm x 0.55 mm (length x width x thickness) were cut in a
transverse direction (length ~ 5 mm) by a sharp razor blade.
The damaged area was healed using a domestic microwave
oven at different powers (600 W, 700 W, and 800 W). The healed
and unhealed areas were tracked using an optical microscope.
Weightlifting and stretching tests were also performed after
healing and videos of both tests are provided in the ESL.{ In this
study, the healing efficiency was defined as the ratio of restored
tensile strength after healing to the original tensile strength
and calculated according to eqn (1). At least three healed
specimens of each sample were analyzed by the tensile test.

M = (01/0o) X 100 1)

Here, 0, is the tensile strength of the pristine film, and oy, is the
tensile strength of the healed film.

Re-processability test

To investigate the reprocessing performance, the films were cut
into small pieces with the dimensions of ~2.5 mm x 2.5 mm X
0.55 mm (length x width x thickness). The pieces were repro-
cessed by hot-pressing. The change in the tensile strength was
evaluated after the physical reprocessing. The recycling efficiency is
calculated according to eqn (2).

= (O—r/o—o) x 100 (2)
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Here, 0, is the tensile strength of the original film, and o, is the
tensile strength of the reprocessed film.

Cell culture and maintenance

The cytotoxicity and cytocompatibility of the SWPUA-2 polymer
were studied against mouse fibroblast cell lines (L929), as these
cells are responsible for extracellular matrix production. The cells
were maintained and cultivated following the standard protocol.
Briefly, the cells were grown in a sterile incubator at 37 °C with 5%
CO, and >90% humidity. After that, the cells were taken out and
allowed to reach 80-90% confluence in high glucose DMEM growth
media (Gibco, USA) containing 10% fetal bovine serum (FBS, Gibco,
USA) and 1% antibiotic-antimycotic solution (Himedia, India).
After removing the media, sterile PBS was used to wash the cells.
The cells were then trypsinized and moved to a new flask with fresh
growth medium.

In Vitro cytotoxicity evaluation

Cell proliferation analysis by MTT assay. An in vitro cyto-
compatibility assay was carried out using L929 via a cell viability
[MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide)] assay for a period of 3 days. Different concentrations of
SWPUA-2 solution (10%, 20%, and 30%) were sterilized for 1 h
under exposure to UV radiation. A control sample was prepared
without SWPUA-2. Then, 100 uL of a cell suspension of 10> cells
per ml with DMEM complete medium was dispensed into the
peripheral wells of a 96-well tissue culture microliter plate. After
24 h and 72 h of incubation, the medium was removed and
replaced by fresh medium. Then, MTT solution was added to the
samples along with the control and incubated for 3 h. Then,
DMSO was added to each well and mixed well to solubilize the
formazan crystals. The relative reduction in cell viability in
comparison to the untreated control group was then measured
at 570 nm using eqn (3). Experiments were repeated three times.

Cell viability (%) = (Mean optical density/Control optical
density) x 100 (3)

Live/dead assay

Using a live/dead assay following the manufacturer’s instruc-
tions, cell viability was assessed after 3 days of seeding.

Then, different concentrations of SWPUA-2 samples were
washed with PBS and incubated with calcein AM (4 mM, Merck,
Germany) for staining live cells and ethidium bromide for staining
dead cells (2 mM, Himedia, India) with serum-free DMEM for
45 min at 37 °C in a humidified incubator. Post-staining, the
samples and control were washed with PBS and the cells were
imaged using a Leica fluorescence microscope (Ey = 501 nm; E,,, =
521 nm and E; = 301 nm; E, = 603 nm for calcein AM and
ethidium bromide). Experiments were performed in triplicate.

Preparation of SWPUA-2/GelMA/gelatin-based scaffolds using a
3D bio-printer

By combining gelatin with modified gelatin (GelMA) following
a well-studied method and SWPUA-2 at appropriate
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concentrations, an ink was prepared. After that the scaffolds
were fabricated for biomedical applications. The GelMA was
synthesized by adopting a previously reported synthesis
method;" 0.5% w/v Irgacure 2959 (photo-crosslinker) solution
was prepared in Dulbecco’s phosphate buffered saline (DPBS)*°
and 20% w/v Ge]lMA was added to obtain the final solution. An
ANGA PRO 3D having a twin extruder bio-printer (ALFATEK
SYSTEMS) was used to print the ink {(Ge]MA/SWPUA-2)/Gelatin}.
To get good mechanical stability, a photo crosslinker (Irgacure
2959) was used, which crosslinked to GeIMA. A prepared solution
of gelatin (20% w/v) that was added into the ink helped improve the
printability and compensated for the compromised printability by
adding GelMA. A luer syringe attached with a 22 G conical tapered
tip was utilized for making distinct scaffolds. The ink solution was
kept for a few min at ambient temperature until the ink showed
printability, having partially solidified and viscous characteristics. A
cuboid design (2.5 cm x 2.5 cm x1 cm) was created using the
SOLIDWORKS 2021 student version design software in a.amf
format. The.amf file was sliced and converted into the G. Code
format with optimized process parameters using Cura_14.09 soft-
ware. The G. Code file was loaded on Melzi-Mendel software, then
the printer was run to construct the scaffolds on a Petri-dish.

Biodegradation test

The biodegradation of SWPUA was studied through a soil burial
method. A calculated amount of each sample was put into a
disposable teacup and buried inside soil 20-30 cm deep in an
open area with Latitude-26°41'56.7708” and Longitude-
92°50'2.8896” for 120 days. The weight loss was calculated
and the changes in the surface morphology of each sample
were evaluated using a scanning electron microscope (SEM,
Model-JSM 6390LV, Jeol, Japan).

Results and discussion
Synthesis and characterization of SWPUA dispersions and films

It is well-known that healing efficiency is always associated with
good chain mobility, which opposes high mechanical strength.
To create a win-win situation, the rigidly structured 2-APDS and
different acrylates were incorporated into the WPU system via a
seed mini-emulsion polymerization. As shown in Fig. 1, a series
of SWPUA hybrid dispersions with different acrylates (Table S1,
ESI{) were synthesized in the absence of solvent by step-growth
and free radical chain-growth polymerization techniques,
simultaneously. Here, HMDA is more nucleophilic than 2-
HEMA towards NCO groups of IPDI. The chemical structure
of the SWPUAs was confirmed by FTIR and NMR spectral
analyses as discussed below. Fig. 2(a) and (b) show the absorp-
tion peaks of various functional groups present in the synthe-
sized polymer dispersions and prepolymer (SWPUA-2). Notably,
the characteristic absorption peaks of the -NCO and -OH
groups were absent near 2267 em ™! and 3500 cm ™, respec-
tively, which confirmed that the -NCO group must be converted
to either urethane or a urea unit. A single peak of the -NH
group was observed near 3400 cm . The characteristic peak at

© 2023 The Author(s). Published by the Royal Society of Chemistry
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corresponds to the N-H bending vibration. These results sug-
gested that a urethane linkage had been formed. Moreover, Fig.
S1 (ESIf) demonstrates the FTIR spectra of SWPUA-4, MMA
monomer, and 2-HEMA monomer. Finally, the proposed struc-
ture of the SWPUA-2 was confirmed by 'H and *C NMR
spectral analyses. The "H NMR spectrum of SWPUA-2 is shown
in Fig. 3(a). In the "H spectrum, the three peaks at 0.88 ppm (a),
1.06 ppm (b), and 1.30 ppm (c) correspond to the methyl
protons present in the acrylates and IPDI moieties of the PU.
The peaks at 1.38 ppm (d) and 1.65 ppm (e) correspond to the y
and B methylene protons of the PCL units, respectively. The o-
methylene proton of the ester linkage can be found at 2.31 ppm
(f). The peaks at 2.92 ppm (g) and 4.05 ppm (h) can be assigned
to the o-methylene proton present next to the N-atom and O-
atom of the carbamate group, respectively. The proton attached
to the N-atom of the primary and secondary isocyanate group
was observed at 6.58 ppm (i) and 6.72 ppm (j), respectively.
Thus, the data of the "H NMR spectrum support the probable
chemical structure of SWPUA-2. The structure was further
confirmed by the *C NMR spectral analysis. The *C NMR
spectrum of SWPUA-2 is shown in Fig. 3(b). The peak at 14 ppm
(a) can be assigned to the terminal methyl carbon present in the
MGco unit of the SWPUA-2. The two types of methyl carbon
available in the IPDI moiety appeared at 25.43 ppm (d) and
34.12 ppm (f). The o, B, and y-methylene carbons concerning
the carbamate group were observed at 22.50 ppm (c), 28.34 ppm
(e), and 64.01 ppm (g), respectively. A small peak at 71.53 ppm
(h) can be assigned to the mid-carbon of the glycerol moiety.
Furthermore, the carbonyl carbons present in the carbamate
group and the ester groups were found at 150.36 ppm (i) and
173.36 ppm (j), respectively. Thus, all of the peaks support the
expected structure of the newly synthesized SWPUA-2.

Physical properties of the SWPUA dispersions and films

As shown in Fig. S2 (ESIt), the solubility test reveals that all
SWPUAs were soluble in polar solvents such as THF, DMF, and
DMSO, but insoluble in non-polar solvents like hexane,
toluene, and xylene. This is because the synthesized polymer
contains different polar functional groups such as carbamate
groups, ester groups, and carboxylic acids on its surface, which

Chemical shift (ppm) h b a
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Fig. 3 (a) *H NMR spectrum and (b) *C NMR spectrum of SWPUA-2.
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(a) Digital photos of the SWPUA dispersions, (b) particle size distribution, (c) zeta potential (mV) of the SWPUA dispersions, (d) TEM image of the

SWPUA-2 dispersion, (e) contact angle, and (f) transmittance (%) spectra of the SWPUA films.

help the polymer chain to disperse in polar solvents. The
average particle size and zeta potential of the SWPUAs are
tabulated in Table S2 (ESIt). The results show that the particle
sizes of SWPUA-1, SWPUA-2, SWPUA-3, and SWPUA-4 were
105.1 nm, 135 nm, 109.6 nm, and 115 nm, respectively. The
digital images of all SWPUAs, the TEM image of SWPUA-2, and
the particle size distribution curves are shown in Fig. 4(a).
Importantly, the particle size of the dispersion is related to the
weight percentage of the emulsifier and cross-linker (function-
ality, f > 3) used.?! A higher content of cross-linker results in a
large particle size because of a high degree of branch for-
mation. But a higher amount of emulsifier produces a high
surface charge density in the polymeric chain, generating
electrostatic repulsion. This repulsion does not allow the poly-
meric particles to aggregate, resulting in a small particle size
distribution. As all compositions contain the same amount of
DMPA (act as an internal emulsifier) and GECA (act as a bio-
based internal emulsifier and cross-linker), the respective par-
ticle sizes do not deviate very much from each other. However,
it can be seen clearly that SWPUA-2 possesses small particles as
compared to the other compositions, which can be attributed
to the proper grafting of 2-HEMA to the PU backbone via the
urethane linkage.** Thus, the narrow particle size distribution
(Fig. 4(b)), zeta potential (lower than —47 mV) (Fig. 4(c) and Fig.
S3, ESIt), and TEM image (Fig. 4(d)) support the high stability
of the resultant SWPUA dispersions. Fig. 4(e) shows the water
contact angle of SWPUA with different acrylate contents and the
values are summarized in Table S2 (ESIf). The hydrophobic
properties of SWPUA depend on the content of the internal

4790 | Mater. Adv.,, 2023, 4, 4784-4797

emulsifier, polar group, and hydrophobic moieties. Generally,
waterborne systems exhibit contact angles smaller than 90°
because of hydrophilic groups. However, the contact angle of
SWPUA-2 was 94.4°, which can be attributed to the successful
grafting of the acrylate unit (2-HEMA) with the WPU matrix to
form a new hydrophobic semi-interpenetrating polymer
network.'® Furthermore, the average molecular weight of all
SWPUAs was determined by Gel Permeation Chromatography
(GPC) analysis. It was observed that the weight-average mole-
cular weight (M,, ¢ mol™') and number-average molecular
weight (M,, ¢ mol™") of SWPUA-1, SWPUA-2, SWPUA-3, and
SWPUA-4 were 173 265 and 106 876, 146 783 and 91 281, 151 605
and 91996, and 150 184 and 92 194, respectively (Fig. S4, ESIf).
The polydispersity index (PDI) values were observed in the
range of 1.607-1.647. The low PDI values correspond to the
uniform polymeric chain, resulting in well-defined thermo-
mechanical and self-healing properties.>*** Furthermore, the
visible light transmittance values of SWPUA-1, SWPUA-2,
SWPUA-3, and SWPUA-4 were 71%, 87%, 83%, and 77%,
respectively, as shown in Fig. 4(f). The high transparency can
be attributed to the small particle size distribution (Fig. 4(b)
and Table S2, ESI+) and poor crystallinity of the SWPUA films.>®

Thermal properties of the SWPUA films.

The thermal properties of all of the films were investigated
from the TGA and DSC analyses as shown in Fig. 5(a)-(c) and
summarized in Table S3 (ESIT). The results showed that all the
compositions exhibited good thermal stability. Generally,
the main factors responsible for the thermal stabilities are

© 2023 The Author(s). Published by the Royal Society of Chemistry
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lifted using an SWPUA-2 film.

the degree of polymerization, i.e., the number of urethane
linkages, the ratio of hard segments to soft segments, the
number of aromatic moieties, the molecular weight distribu-
tion, and the extent of physico-chemical cross-linking.?® The
TGA and DTG curves demonstrated that all of the SWPUAs and
SWPU undergo three-step thermal degradations and the corres-
ponding temperatures are denoted as Ty, Twmax, and T,. A
similar thermal degradation pattern of WPUA was reported by
Qiu and co-workers.”” The first step degradation (T;) was
observed in the range of 235.27-256.85 °C. This step can be
attributed to the degradation of weak dynamic disulfide bonds
and the long aliphatic hydrocarbon chain of MG¢o. Noticeably,
a great extent of mass loss was found in the second step of
thermal degradation (Twuax) in the range of 328.45-330.39 °C
because of the deterioration of relatively more thermostable
moieties like the carbamate group, ester linkages, and IPDI
moieties. Then, the final step of degradation (7, > 415 °C)
corresponds to the most thermostable units, including the
aromatic ring of 2-APDS, and the carbon char and ash for-
mation process. GECA has a great effect on the thermal stability
of all films. It contains two primary hydroxyl groups and two
secondary hydroxyl groups, which cause a high degree of
chemical cross-linking, resulting in high thermal stability.
Additionally, the TGA curve of €-PCL,q is also shown in Fig.
S5 (ESIT) to show the change in thermal stability before SWPUA
film formation. The one step degradation can be attributed to
the thermal degradation of the ester groups. Moreover, Fig. 5(c)
shows the DSC curves of all SWPUAs. The glass transition
temperatures (7,) of SWPUA-1, SWPUA-2, SWPUA-3, and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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SWPUA-4 were 54.38 °C, 46.89 °C, 47.14 °C, and 39.38 °C,
respectively.

Mechanical performances of the SWPUA films

The mechanical properties of all of the SWPUAs were studied
and the values are tabulated in Table S3 (ESIt). The stress-
strain profiles of SWPUA are shown in Fig. 5(d). It was observed
that all films exhibited moderate tensile strength and average
elongation at break. Here, the moderate tensile strength of the
SWPUA films can be accredited to high molar mass, multiple
hydrogen bonds, the rigidly structured benzene ring, and the
cycloaliphatic IPDI ring. The multiple hydrogen bonding devel-
ops physical cross-linking in the PU matrix. The MGgo contains
three hydroxyl groups (two primary and one secondary), while
GECA contains four hydroxyl groups (two primary and two
secondary). So, crosslinking is sufficient to cause high mechan-
ical strength. Additionally, the grafting of the acrylate monomer
via urethane bond formation and semi-interpenetrating net-
work formation via free radical polymerization provides a
greater increment in the final tensile strength.>® The grafted
polymer, ie., SWPUA-2, showed the highest tensile strength
and very low elongation at break, as expected. The tensile
strength and elongation of SWPUA-2 were 5.79 + 0.1 MPa
and 121 £ 1%, respectively. The high tensile strength and
average elongation caused the polymeric film to be mechani-
cally tough. In this study, the toughness was measured by
integrating the area under the stress-strain curve (Fig. 5(e)).
As shown in Fig. 5(f), it has been observed that an SWPUA-2
film could be used to lift a load of 4 kg, which also supports its

Mater. Adv., 2023, 4, 4784-4797 | 4791
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profiles of the SWPUA film after the 1st cycle of healing at 800 W for 330 s, (g) and (h) optical microscopic images of the cracked and healed films
(SWPUA-2), and (i) and (j) stretching and weight-lifting test after healing of SWPUA-2.

high toughness. Furthermore, the scratch hardness of all
SWPUAs was found to be good, which can be attributed to
the formation of a semi-interpenetrating polymer and good
tensile strength.

Self-healing and re-processability performances of SWPUA
films.

The healing efficiency of all SWPUAs was studied quantitatively
by evaluating the change in the mechanical strength using
UTM. All original samples were cut in the transverse direction
with a length and thickness of 5 mm and 0.55 mm, respectively,
and then put inside the microwave oven for the specified power

4792 | Mater. Adv.,, 2023, 4, 4784-4797

and time until completely healed, and the results are summar-
ized in Table S4 (ESIt). To investigate the effect of the acrylate
moiety on the healing efficiency of the resultant polymer,
various acrylates were incorporated into the WPU matrix. The
plausible self-healing mechanism is shown in Fig. 6(a). Then,
Fig. 6(c) demonstrates the changes in the stress-strain curves of
the original films and the healed films, and the results are
tabulated in Table S5 (ESIt). It was observed that the tensile
strength and the elongation at break of the pristine sample
SWPUA-2 were 9.56 + 0.3 MPa. But the value was changed to
5.30 £ 0.2 MPa after the first time of healing at 800 W for 330 s,
which indicates an efficiency of 55.44%.>° The healing process

© 2023 The Author(s). Published by the Royal Society of Chemistry
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involves various steps such as segmental surface rearrangement,
surface approach, wetting, diffusion, and randomization.*° Differ-
ent polar groups present on the damaged surface absorbed the
necessary energy from the microwave radiation, which helped to
oscillate their dipoles. This oscillation generates the rapid Brow-
nian motion of the soft segment, which leads to molecular chain
diffusion below the melting temperature (T;,). In the present study,
the healing process was intrinsically triggered by multiple hydrogen
bonding and disulfide metathesis in the PU matrix. The metathesis
can be considered to be a radical-mediated reaction in which
homolytic cleavage of the disulfide bond occurs to create new
sulfur-based radicals.® Finally, these radicals participate in new
disulfide bond formation (low activation energy, E, of 20-50 KJ
mol ") assisted by microwave radiation to heal the fractured
surfaces.® It has been observed that there is no significant change
in the healing efficiency of the final polymer due to any acrylate
group. So, it can be concluded that the healing ability is raised
because of the presence of polar groups (especially hydrogen
bonds) and dynamic disulfide interchange reactions. Notably, in
the present study, we have only disulfide bonds as the dynamic
segment along with a very small amount of urea linkages. So, the
healing ability was developed due to the presence of a dynamic
hard domain, Ze. 2-APDS. To establish the same, we tried to heal a
poly(urethane/acrylic) (PUA) film without disulfide bonds under the
same conditions as in the case of the SWPUA films. However, the
cracked area was not healed, which can be seen from the optical

Melt-
reprocessing

View Article Online
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microscopic images as shown in Fig. S6 (ESIf). A qualitative
investigation of the healing ability of SWPUA-2 was carried out
using an optical microscope. The big scratch on the sample almost
disappears in about 330 s at a microwave power of 800 W, as shown
in Fig. 6(g) and (h). Additionally, more experiments have been
performed to demonstrate the self-healing ability of SWPUA-2
visually. A film was cut into three pieces and two of them were
stained with malachite green and methyl red. Then, the pieces were
connected and healed as shown in Fig. 6(b). The healed sample can
lift a weight of 500 g and can be stretched to large deformation
without any damage as shown in Fig. 6(i) and (j). Furthermore, the
corresponding videos are available as ESI, ¥ Movies S1 and S2. It is
pertinent to mention that the dynamic disulfide bonds and hydro-
gen bonds induce good re-processability in the SWPUA films.*® The
test was performed by cutting the sample into small pieces and hot-
pressing in a compression molding machine at 60 °C under the
pressure of 60-80 kg cm ™2 for 30 min without using any solvent or
catalyst (Fig. 7(a) and (b)). The recovery efficiencies for the mechan-
ical properties are shown in Fig. 7(d) and summarized in Table S6
(ESIt). After repeated reprocessing, all films exhibit acceptable
tensile strength. The 1st cycle reprocessing efficiency (tensile
strength) of the SWPUA films (R1 SWPUAs) varies from 77.51%
to 92.57%. Furthermore, the thermal stability was also marginally
improved after reprocessing as shown in Fig. 7(e). Thus, it can be
concluded that the excellent self-healing ability and re-processable
capability of the newly synthesized SWPUA film would prolong its
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Fig. 7 (a) and (b) Digital images of the reprocessed SWPUA-2 film at 60 °C with a pressure of 60—80 kg cm™2 in 30 min, (c) stress—strain profiles of
SWPUA-2 after the 1st cycle (R1 SWPUA-2) of reprocessing, (d) tensile strength recovery (%) of the SWPUA film after the 1st cycle of reprocessing, and (e)

TGA curves of the pristine and reprocessed SWPUA-2 film.
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Fig. 8 Cell viability studies of L929 cells treated with different concentra-
tions of SWPUA-2 solution (10%, 20%, 30%) after 24 h and 72 h.

service life, resulting in sustainability via reducing environmental
pollution and raw material waste.>*

Biocompatibility evaluation

MTT assay. The proliferation of L929 cells on three different
concentrations of SWPUA-2 material was analyzed by MTT
assay.”® Fig. 8 shows that all of the concentrations indicate
comparable cell proliferation to that of the tissue culture
microliter plate after 24 h and 72 h of incubation. The percen-
tages of cell viability on 10% SWPUA-2, 20% SWPUA-2, and 30%
SWPUA-2 after 24 h were 88.14%, 81.52%, and 75.23%, respec-
tively. After 72 h, they showed 79.5%, 74.07%, and 70.39% cell
viability respectively. As a result, the in vitro cytotoxicity assays
revealed that all doses of SWPUA-2 (10%, 20%, and 30%) were
capable of sustaining the development of cells and did not
demonstrate any cytotoxicity after three days of incubation. The

ONTROIL 10% SWPUA-2

a b

Fig. 9
(10%, 20%, and 30%) after 3 days of incubation. (Scale bar: 50 um).
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results are shown as a percentage of cell proliferation at various
periods in various treatment groups.

Live/dead assay. Dead cells stained with EtBr fluoresced red,
whereas living cells stained with calcein AM fluoresced green.
In Fig. 9(h), cells treated with 30% of SWPUA-2 solution showed
a rounder shape compared to the normal fibroblast morphol-
ogy due to the higher hydrophobicity of the SWPUA-2 material.
However, in 10% and 20% SWPUA-2, more cells with a fibro-
blast morphology can be seen. These two compositions showed
fewer dead cells after 3 days of cell culture. On increasing the
concentration of SWPUA-2, the number of cells decreases.
In vitro, the biocompatibility of the various concentrations of
SWPUA 2 enables cellular adhesion and proliferation of L929
cells, according to investigations on cellular viability and
proliferation.®®

A UV-curable SWPUA/GelMA/gelatin-based ink for biomedical
scaffold preparation

The ink composition and optimized processing parameters are
mentioned in Table S8 (ESIT) and printed as model articles like
a slice-cuboid and sliced-disc (Fig. 10(a)). The scaffolds were
kept under UV radiation in the range of 365-410 nm after
printing, with some extent of cross-linking. Then, the printed
scaffolds were kept in a hot air oven for 48 h at 50 °C for drying.
As shown in Fig. 10(b) and (c), the cuboid and disc scaffolds are
shown to be dimensionally stable; however, as the layer height
grew, the results showed decreased porosity. Movie S3 (ESIT)
shows the 3D printing process.

The optimized composition of the ink demonstrated good
printability showing enough scaffold height (around 5 mm)
with an optimized concentration of GelMA and gelatin in the
SWPUA-2. The SWPUA-2 solution showed adequate biocompat-
ibility against L929 fibroblast cells. The other two materials,
photo-cross-linkable GelMA, and gelatin, are well-known bio-
compatible materials that have been studied a lot in biomedical
applications for tissue engineering that promote cell growth,

30% SWPUA-2

(a)—(d) Bright-field micrographs and (e)—(h) live/dead staining of L929 cells treated with the control and various percentages of SWPUA-2 solution
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Fig. 10

adhesion, and function.’” Increased layer height led to the
accumulation of extruded materials at cross-sectional points,
which then covered the pores, causing reduced porosity. The
printed scaffold’s height and material spill problem can be
addressed by adding more gelatin percentage or other natural
polymers, such as alginate (ionic crosslinked) and fillers, by
controlling process parameters such as bed temperature, ink,
and environment temperature.*® Dried scaffolds were found to
be dimensionally stable at room temperature. The GelMA/
gelatin/SWPUA-2-based ink was printable, and its dried scaf-
folds were dimensionally stable. To improve their properties,
like mechanical strength, reduced degradability, porosity, and
biocompatibility, many approaches can be used, such as the
incorporation of nanomaterials (nano clay and CNTs), making
blends, and the use of biocompatible cross-linkers for gelatin
and SWPUA-2.*° The printed scaffolds can potentially treat
articular cartilage defects by incorporating mesenchymal stem
cells (MSCs) and can be used in wound healing and bone
regeneration.”’

Biodegradation of the SWPUA films

The partial biodegradability of the SWPUA films was estab-
lished by plotting the weight loss percentage against time
following a soil burial test. The weight loss of the buried
SWPUA films was determined after 120 days. SEM images
and 3D surface images (Fig. 11(a) and (d)) demonstrated the
bacterial growth on the SWPUA films. The surface of the
biodegraded film is craggier than the non-degraded film. The
four steps that are essential for biodegradation include permea-
tion of water molecules, hydrolysis of ester groups, solubiliza-
tion of these groups, and transformation into water, CO,, and
humus by enzymes and bacteria. Some bacteria such as Pseu-
domonas aeruginosa and Bacillus subtilis, can easily attack the
hydrolysable groups (e.g. ester groups of PCL, MG¢o, and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) 3D slicing model of a cuboid and disc and (b) and (c) 3D bio-printed cuboid and disc scaffolds before and after drying.
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Fig. 11 (a) and (b) SEM images of controlled (un-degraded) and degraded
films of SWPUA-2, respectively and (c) and (d) 3D surface plots of the SEM
images obtained from ImageJ software.

GECA) of a PU matrix and help in the deterioration
process.*"*> Moreover, Fig. S7 (ESIt) shows that the weight
loss percentage of the polymeric film increases with time. Thus,
the SWPUA films prepared in this study are biodegradable in
the soil environment.

Conclusion

In conclusion, based on the triple synergistic effect of a
‘dynamic hard domain’, ‘multiple hierarchical hydrogen bond-
ing’, and ‘semi-interpenetrating network (IPN) formation’, a
series of bio-based SWPUA dispersions were synthesized to
address the dilemma that exists between high mechanical
strength and good healing efficiency in a single WPU elastomer

Mater. Adv,, 2023, 4, 4784-4797 | 4795
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under solvent-free and surfactant-free conditions. The synth-
esis process merges two polymerization mechanisms, i.e. step-
growth and free radical chain-growth polymerizations. At the
initial stage, acrylate monomers act as the diluent to reduce the
viscosity of the polymerized polyurethane medium and at the
final stage they are polymerized via seeded mini-emulsion free
radical polymerization by KPS. Bis(2-aminophenyl) disulfide
was introduced into the WPU matrix as the hard domain with
dynamic S-S linkages to achieve optimum healing efficiency
and mechanical properties. Impressively, the resulting films
exhibited good mechanical robustness and thermal stability
along with good self-healing ability in the presence of micro-
wave radiation. The reversible and dynamic S-S bond and
multiple hierarchical hydrogen bonds are responsible for the
good healing ability. Concurrently, the rigid benzene rings and
short-chain acrylate moieties enhance the ultimate tensile
strength. A load of 4 kg can be lifted vertically and successfully
by an SWPUA film (0.377 g), which is 10 610 times heavier than
its weight. Additionally, all films are biodegradable and re-
processable under mild conditions. Most importantly, the MTT
assay and live/dead assay of L929 cells on the SWPUA disper-
sion established its biocompatibility. Furthermore, the SWPUA/
GelMA/gelatin ink can be used for developing sliced cuboid and
disc scaffolds. These scaffolds have the potential for the treat-
ment of articular cartilage defects by incorporating MSCs, in
wound healing, and bone regeneration.
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