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ABSTRACT: Highly stretchable and highly resilient polymer-clay nanocomposite hydrogels
were synthesized by in situ polymerization of acrylamide in the presence of pristine
montmorillonite (MMT) or chitosan-treated MMT nanoplatelets at an elevated temperature. Both
nanocomposite hydrogels can be stretched to a strain of no less than 1290%. The treatment of
clay with chitosan improves the tensile strength, elongation at break and energy at break of the
nanocomposite hydrogel by 237%, 102% and 389%, respectively, due to the strong chitosan-
MMT electrostatic interaction and the grafting of polyacrylamide onto chitosan chains. Both
hydrogels display excellent resilience with low hysteresis; with a maximum tensile strain of 50%
ultralow hysteresis is found, while with a maximum strain of 500% both hydrogels fully recover
their original state in just 1 minute. The superb resilience of the nanocomposite hydrogels is

attributed to the strong interactions within the hydrogels brought by chain branching, multiple



hydrogen bonding, covalent bonding and/or electrostatic force. The hydrogels can be fabricated
into different shapes and forms, including microfibers spun using pressurized gyration, which

may find a variety of potential applications in particular in healthcare.

KEYWORDS: nanocomposite hydrogel, montmorillonite, structure, mechanical properties,

elasticity, hysteresis

INTRODUCTION

Hydrogels are a class of polymeric, hydrophilic materials which are able to absorb and keep
water in their crosslinked network.! They may be fabricated into different forms including
microgels,” and used as agricultural products,’ food ingredients® and biomaterials such as tissue
scaffolds,” drug delivery systems,8 wound dressings9 and biosensors.'” However, conventional
chemically crosslinked hydrogels are often weak and/or brittle, which limits hydrogels from
wider applications."'

To overcome this shortcoming, polymer-clay nanocomposite hydrogels have attracted much
attention in the last decade for synthesizing tough hydrogels because highly functionalized clay
can form physical, reversible and dense crosslinks which are effective on dissipating energy2 and
stabilizing the network."" Haraguchi et al.'"'? developed a series of poly(N-isopropyl
acrylamide)-synthetic hectorite nanocomposite hydrogels. Unlike conventional chemically
crosslinked hydrogels, these nanocomposite hydrogels could reach a tensile strength of 109 kPa
and a strain at break over 800%. The ionic interaction between initiator molecules and clay
surface was essential to hydrogel formation, which enables multiple polymer macromolecules to

grow on clay surface.'® Polyacrylamide (PAM) was frequently used to synthesize nanocomposite



hydrogels because of its superb hydrophilicity, flexibility, simplicity in syn‘[hesis,14 and
biocompatibility.”> Montmorillonite (MMT), with the ideal chemical formula of
A128i4010(OH)2.yH20,16 was often used as a complementary physical crosslinker of chemically
crosslinked PAM hydrogels.'° MMT is also biocompatible and can be readily expelled from
the body after metabolism and excretion.?! Until 2015, ultra-stretchable, self-healable and tough
PAM-MMT physically crosslinked hydrogels were synthesized, which presented an extremely
high strain at break of 12000%.%* After stretched to a strain of 2000%, a residual strain of 500%
and a high hysteresis were observed after 1 minute, and a full shape recovery required 5 days’
storage at 25 °C.* It is considered challenging to achieve low hysteresis with physically
crosslinked PAM-clay hydrogels because of temporary or even permanent breaking of some
organic-inorganic crosslinks.”**

High hysteresis often means reduced mechanical properties of hydrogels after being cyclically
loaded, so attempts were made to overcome hysteresis of hydrogels including well designed

hydrogels composed of copolymerized tetra-armed monomers”>*

and physically crosslinked
PAM-synthetic hectorite nanocomposite hydrogels.25 In the latter (with a starting weight ratio of
1:1 for the monomer:clay), a hysteresis of 19% in the first cyclic testing to a 1000% strain and a
reduced hysteresis of 9% in later cycles were found.” The high crosslinking density and
hydrophilic, flexible nature of PAM gave rise to a small internal friction force and thus low
hysteresis.” These promising results indicate that it may be possible to achieve low hysteresis
with PAM-MMT nanocomposite hydrogels.

Chitosan (CHI) is a biopolymer produced from chitin, which is rich in the crustacean and

mollusk shells.”® Due to its excellent biocompatibility and biodegradability, chitosan is widely

used in healthcare applications.””* It is positively charged in an acidic environment, which has



potential of strongly bonding to the negatively charged MMT surface™! by electrostatic
interactions.**

This work aimed to develop polymer-clay nanocomposite hydrogels with high extensibility,
excellent resilience and low hysteresis. Unlike previous work on PAM-clay
nanocomposites,“’zz’25 in situ polymerization of acrylamide (AM) in the presence of MMT or
chitosan-treated MMT (CHI-MMT) was conducted at a higher temperature of 60 °C without a
catalyst, instead of room temperature with a catalyst, because it is favored for chain grafting and
branching at this temperature.”* During graft polymerization, the radical initiator was expected to
attack the hydroxyl groups of the polysaccharide chains to generate alkoxy radicals, which would
also initiate the polymerization of AM.> A chitosan grafted PAM-MMT hydrogel was recently
synthesized by graft polymerization of AM onto chitosan at 60 °C in the presence of MMT
platelets and a chemical crosslinker N,N'-methylenebisacrylamide.'”” However, the mechanical
properties of the hydrogels were not reported. In the present study, no chemical crosslinker was
used, and the mechanical properties of the nanocomposite hydrogels such as Young’s modulus,
tensile strength, strain at break, hysteresis ratio and rheological properties were investigated by
tensile, cyclic tensile and rheological tests. Their results were interpreted in depth with the
employment of the findings from X-ray diffraction (XRD), Fourier transform infared
spectroscopy (FTIR), dynamic scanning calorimetry (DSC), scanning electron microscopy
(SEM) and in vitro degradation tests. The mechanical properties of the fully swollen
nanocomposite hydrogels were also investigated, which are often overlooked in the literature. To

demonstrate the manufacturing versability of these hydrogels, various shapes of hydrogels were

prepared, together with hydrogel microfibers.



EXPERIMENTAL

Materials. Acrylamide and potassium persulfate (KPS) with an assay level >99.0% were

purchased from Sigma Aldrich. MMT with a cation exchange capability of 90 meq (100 g)" was
supplied by Southern Clay Products. Chitosan with an average molecular weight from 100,000 to
300,000 was provided by Acros Organics. Acetic acid with a trade name of TraceSELECT®
Ultra, purity =99.0%, N,N,N',N'-tetramethylethylenediamine (TEMED), purity =99.0%, and
phosphate buffer saline (PBS) tablets and lysozyme lyophilized powder with protein content
>90 % (=40,000 unit mg') were purchased from Sigma Aldrich. All chemicals were used as

received.

Preparation of hydrogels. 15 ¢ MMT was dispersed in 1000 ml distilled water for 24

hours on a table roller, followed by a 30 mins’ sonication using a probe sonicator with a
frequency of 5 Hz and another 24 hours’ standstill settling in order to eliminate the un-exfoliated
clay platelets and impurities. The precipitate was dried and weighed and the exfoliated MMT left
in the supernatant was collected and its concentration in water was determined to be 0.012 g L™,
The typical process of preparing PAM/CHI MMT hydrogels, denoted as PMSCHI, was
described below, which was inspired by the methods of Gao et al.”* and Ferfera et al.'® for the
synthesis of PAM-MMT nanocomposite hydrogels and a chitosan grafted PAM-MMT hydrogel,
respectively. 21.5 ml of the above MMT water suspension (containing 0.25 g MMT) was
measured and sonicated for 10 minutes, to which 0.2 ml acetic acid and 0.044 g chitosan were
added. MMT content in the hydrogel was fixed at 0.89 wt% based on the results from previous
work on PAM-MMT nanocomposite hydrogels.”” Chitosan content was fixed at 0.16 wt% as a

higher amount could cause direct gelation of the mixture and inhibit polymerization of AM.



After 4 hours of stirring under 300 rpm, the suspension was sonicated for 10 minutes. Then the
KPS solution (0.078 g in 3.44 ml distilled water) was added into the CHI-MMT suspension
under vigorous stirring for 10 minutes. The mixture was heated at 60 °C in a water bath for 10
minutes in order to generate free radicals. After the mixture was cooled to ambient temperature,
5 g AM was added, followed by 1 hour’s stirring. Finally, the reaction mixture was transferred
into plastic tubes and sealed. Polymerization was continued in a water bath at 60 °C for 24 hours.
The preparation of PAM MMT hydrogels, denoted as PMS5, followed the same protocol as above,
except that chitosan was not used. The weight ratios of MMT:AM and AM:H,0O were fixed at
0.05 and 0.2, respectively.”

AM was also polymerized in water with the presence of chitosan but without MMT, denoted as
PAMCHI, and in the absence of both CHI and MMT, denoted as PAM. In addition, PAM MMT
nanocomposite hydrogels were prepared following Gao et al’s method? at 25 °C with N,N,N,N'-
tetramethylethylenediamine as the catalyst, denoted as PMS5cata. These materials were prepared

as control samples for comparison.

Characterization. The tensile tests were conducted on a Hounsfield universal mechanical

testing machine using a 10 N load cell and a crosshead speed of 100 mm min™. The test samples
were rod-like with 3 mm diameter, 15 mm full length and 5 mm gauge length. For each material,
20 samples were tested. For cyclic tensile tests, each sample was subject to 8-cycle tension.
Different maximum strains of 50%, 300% and 500% were studied. Five samples were tested for
each material. The hysteresis ratio h for a certain cycle was calculated by the equation: h = 1-
(A2)/(A), where A; and A, represent the areas beneath the tensile stress-strain curve and the

. 36
return curve, respectively.



X-Ray Diffraction was performed on a STOE STADI P (Cu Ka) Diffractometer. The
transmission mode was selected with an incident X-ray wavelength of 0.154 nm at a scan rate of
1.0 © min". Fourier transform infrared spectroscopy was conducted on a Spectrum 100
spectrophotometer (PerkinElmer) in the wavenumber region from 4000 to 600 cm™ with a
resolution of 1 cm™ using the hydrogels dehydrated in a vacuum oven at 50 °C overnight.
Dynamic scanning calorimetry was carried out on a PERKIN ELMER DSC 6 with the
temperature ranging from 25 to 250 °C at a rate of 10 °C min" under a nitrogen flow rate of 20
ml min”'. The second heating curve was used for analysis. Dehydrated hydrogel samples were
ground into powder for both XRD and DSC.

In vitro degradation tests were carried out following the method described in the literature.*’*
Briefly, the cylindrical hydrogel rods with a thickness of 5 mm were immersed in PBS solution
(pH = 7.4) at 37 °C containing lysozyme at a concentration of 1.5 ug ml"', simulating the internal
environment of human body.** After a pre-determined period of time, samples were removed
from the solution, washed with distilled water, dried in the vacuum oven at 40 °C and weighed.
The buffer solution was changed every 24 hours in order to maintain the activity of the enzyme.
Five specimens of each material were tested. Scanning electron microscopy was utilised to
observe the morphology of the cross-sectional surface of the freeze-dried nanocomposite
hydrogels with carbon coating. Samples were imaged using an Inspect F FEG SEM operated at a
voltage of 5 kV.

Samples for swelling tests were freeze-dried (FreeZone Triad Cascade Benchtop Freeze Dry
System, Labconco Corporation) under vacuum at -15 °C for 2 days. Swelling tests were
conducted by immersing the freeze-dried samples in distilled water at 25 °C for a period of time

to reach the equilibrium state. The equilibrium swelling ratios ¢ were defined as ¢ = (W —



Wa)/Wq x 100%, where the weight of the fully swollen sample Wy and the weight of the initial
freeze-dried sample W4 were determined using an analytical balance.

Rheological tests were conducted on an AR2000 Advanced Rheometer (TA Instruments). At
25 °C, the storage moduli G and loss moduli G" of the PM5 and PM5CHI hydrogels were
determined over an angular frequency range from 0.1 to 100 rad s under a fixed strain of 1%,
which was in the linear viscoelastic region pre-determined by strain sweep tests. All tests were
performed using a parallel-plate geometry with a diameter of 20 mm along with a solvent trap to

avoid evaporation. The gap between two parallel plates was 1.0 mm.

Fabrication of hydrogel fibers. Hydrogel fibers were fabricated, via the precursor route,
using pressurized gyration. In this method centrifugal force and solution blowing were coupled
to extrude the precursor fibers, following the procedure established in our previous work.*' The
hydrogel precursor material was prepared by mixing water, MMT, chitosan, initiator and
monomer using the same method and at the same ratio as for preparing the PMSCHI hydrogel,
before being sealed in plastic tubes. It had been kept at ambient temperature for approximately 3
hours before being stored in a fridge until use. Around 1 ml of the precursor material was
dissolved in 10 ml of deionised water under magnetic stirring for 10 minutes at ambient
temperature. Thereafter, the solution was transferred to the gyration vessel and spun at 36000
rpm rotating speed and 0.1 MPa working pressure. SEM of the resultant fibers was performed
using a JSM-6301F SEM. The micrographs were recorded at an operating voltage of 20 kV and

an emission current 6 PA to obtain high resolution images.

RESULTS AND DISCUSSION



Formation of nanocomposite hydrogels. The synthesis of nanocomposite hydrogels is

illustrated in Scheme 1. For PM5, MMT was exfoliated in distilled water by means of table

rolling and sonication. Then KPS initiator was added and thus adsorbed onto the MMT platelets

by ionic interaction shown in Scheme 2 (a).
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Scheme 1. Schematic illustration of the synthesis of (a) PMS5 and (b) PMSCHI hydrogels. The

brown and blue circles indicated PAM chain entanglement and PAM branching respectively. The

pink dots in (b) represented the points where AM grafted onto chitosan chains.
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Figure 1. XRD spectra of the neat MMT Figure 2. Representative tensile stress-strain
and PM5 and PM5CHI dry samples. curves of PM5 and PM5CHI hydrogels.

which was also adsorbed onto the MMT platelets, and polymerized. For PMSCHI, MMT was
first combined with chitosan by electrostatic interaction shown in Scheme 2 (b). Then some of
KPS attacked the hydroxyl groups of chitosan chains to form radicals. Both chitosan radicals and
KPS initiated the in situ polymerization of AM. As seen from XRD traces (Figure 1), the neat
MMT showed a strong peak at 20 = 7.1°, corresponding to an interlayer spacing of 1.23 nm.*
However, this peak disappeared in both PM5 and PM5CHI, confirming that MMT platelets were
well exfoliated in both nanocomposite hydrogels since the content of MMT in the dry

nanocomposites was relatively high, i.e. ~4.6 wt.%. PAM chain entanglement, PAM branches
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and PAM-MMT hydrogen bonding were expected in both hydrogels,” which is discussed

subsequently.

Mechanical properties of nanocomposite hydrogels. The nanocomposite hydrogels

were tensile tested and their results are presented in Figure 2 and Table 1. The hydrogels with
and without chitosan treatment were capable of achieving a high elongation at break of over
1000% without any sign of failure, similar to some previously reported nanocomposite
hydrogels.12 PMS5 and PM5CHI displayed nearly the same testing curve until the failure of PMS5,
suggesting the two hydrogels have similar macroscopic tensile behaviour up to a strain of over
1000% including the same Young’s modulus. When stretched, the entangled PAM
macromolecular chains were extended in both hydrogels and the clay platelets tended to orient
parallel to the stretching direction.** Upon continuous stretching, some of the hydrogen bonds
formed between amide groups of PAM and silanol groups of MMT platelets started to break. As
for PM5CHLI, apart from the breakage of PAM-MMT hydrogen bonding, chitosan chains were

also stretched and moved across the MMT surface.>>

Table 1. Tensile properties of PM5 and PMSCHI hydrogels.

Sample Young’s Tensile strength Strain at break Energy at break
modulus / kPa / kPa /MIm?

PM5 7.1+£0.3 459+3.0 12.9+0.7 0.27+0.02

PM5CHI  7.3+0.3 154.8+9.0 26.0 + 0.6 1.32 £ 0.06

By comparing PM5 and PMSCHI, the latter presented about 240% higher tensile strength, 100%
higher strain at break and 390% higher energy at break, reaching a tensile strength of 154.8 kPa,

a strain at break of 26.0 and a tensile energy at break of 1.32 MJ m™ (Table 1). The high strength

11



of the PMSCHI hydrogel suggested that load was transferred efficiently to chitosan-treated MMT
platelets presumably through the covalent bonds between PAM chains and chitosan chains after
the grafted PAM chains had been extended.*” The increase of tensile strength could also be
attributed to the strong electrostatic interactions between chitosan and MMT, which was much
stronger than the hydrogen bonding between PAM and MMT platelets and so would require
higher stress to detach chitosan chains from the MMT platelets to reach the final failure. The
increase of the strain at break in the PMSCHI hydrogel was due to the additional energy
dissipation by unzipping the electrostatically bonded chitosan and MMT.” Combining the
enhanced tensile strength, strain at break and the same Young’s modulus, a much higher energy
at break was achieved by PMS5CHI. The excellent flexibility and extensibility of both the
hydrogels were demonstrated in Figure 3, where the hydrogels could be either knotted or

stretched to a large deformation.

Figure 3. Photographs of PM5 and PM5SCHI hydrogels, (a, b) knotted PM5 and PM5CHI, (c)
PM5 with and without a tensile strain of 12, and (d) PM5CHI with and without a strain of 25.

Only the middle part of the hydrogel rods above the ruler was stretched.
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Figure 4. (a) FTIR spectra and (b) DSC traces of PM5 and PM5CHI dry samples as well as their

control samples, PAM, PAMCHI and PM5cata.

To confirm the above postulation, FTIR and DSC were performed to investigate the chemical
structure and the intermolecular interactions of the two nanocomposite hydrogels in comparison
with their control samples (Figure 4). There were peaks at 2852 cm™ and 2928 cm™'. The former
was characteristic of tertiary CH and secondary CH,, while the latter was characteristic of
primary CHj for all samples.*®*’ By comparing the relative intensity of CH and CH, to CHj, it
was found that the relative intensity values for PMS5 and PMSCHI were lower than that of

PMS5cata. Considering that CH, was stable during polymerization,****

this result implied that the
amount of tertiary CH bonds reduced, confirming the chain transfer reaction and chain branching
proposed by others for branched PAM.* During PAM polymerization, chain transfer reaction is

rare when the polymerization temperature is below 50 °C, but cannot be ignored at a temperature

above 50 °C which leads to a branched PAM.**** As shown in Scheme 3 (a), when the hydrogen
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atoms from the tertiary CH are eliminated under the attack of free radicals, the polymer radicals
will be formed, onto which chain propagation will lead to branches.

For the peaks characteristic for amine N-H stretching at around 3190 cm™ and 3333 cm™ for
PAM, they all shifted to a low wavenumber for PMS, PM5CHI and PM5cata compared to those
of PAM and PAMCHI, confirming the hydrogen bonding between PAM and MMT.** The peaks
at 1122 cm™' was characteristic for C-O-C stretching. By comparing the relative intensity of C-O-
C to N-H, it was observed that the value for PMSCHI was larger than those of PM5 and PM5cata,
indicating the chemical grafting of PAM onto the chitosan backbone through etherification

depicted in Scheme 3 (b).lg’50

o SO, o) (a)
/\( - .

Free radical polymerization of AM

NHJ)
60 °C
+ R'(free radical) ——>

n

Formation of branched polyacrylamide
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of Branched Polyacrylamide, and (b) Radical Graft Polymerization® of AM onto Chitosan

The presence of branched PAM, PAM-grafted-chitosan and the interfacial interactions within
the nanocomposite hydrogels was confirmed by DSC results (Figure 4 (b)). The glass transition
temperature (T,) of the branched PAM synthesized at 60 °C was 198.2 °C, which was higher than
the T, of the single-chain polyacrylamide nanoglobules (~191 °C) and the bulk polyacrylamide
(188 °C), scanned at a rate of 20 °C.5" These different T, values were attributable to the
difference in chemical structure, chain entanglement degree’’ and experimental conditions.
PAMCHI showed a higher T, (200.2 °C) due to the participation of chitosan in the reaction.'’
The presence of MMT in PMS5 increased the T, of PAM to 199.9 °C. Similarly, the T, of
PMS5CHI (201.3 °C) was slightly higher than that of PAMCHI. Both results confirmed strong
PAMM-MMT hydrogen bonding in the nanocomposite hydrogels.” The higher T, displayed by
PMS5CHI, compared to that of PMS5, also gave evidence of stronger interfacial interactions in the
former. In addition, the T, of PM5cata with linear PAM chains was 194.9 °C, lower than the
values for both PM5 and PM5CHI which contained branched PAM chains. Considering the

similarity in the chemical composition of these three nanocomposites, the higher T, values of

15



PMS5 and PMS5CHI could be attributed to the denser crosslinks arising from the branched chains
and/or PAM-grafted chitosan and hence reduced chain mobility.**

As discussed earlier, PM5CHI displayed higher tensile strength, strain at break and tensile
energy at break than PMS5. The chemical grafting of some PAM macromolecular chains onto
chitosan backbone, together with the stronger electrostatic forces between chitosan and MMT
compared to the hydrogen bonding between PAM and MMT, accounted for the superior
mechanical properties in PM5CHI.

Similar results could also be achieved by using another polysaccharide such as starch or k-
carrageenan instead of chitosan to prepare nanocomposite hydrogels (Figure S1, Table S1 and
Table S2), in which chain branching and chemical grafting of PAM onto the hydroxyl groups of
the two polysaccharides also occurred due to the high reaction temperature. By comparing the
relative intensity of CH and CH, (2852 cm™) to CH; (2928 cm™), it was found that the values for
PAM-starch treated MMT (PMS5S) and PAM-k-carrageenan treated MMT (PMS5K)

nanocomposite hydrogels were lower than that of PM5cata. The tensile strengths for PMSS and

PMS5K were 89.2 and 92.0 kPa, respectively, which were significantly higher than that of PMS.
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Figure 5. In vitro degradation results of PMS and PMSCHI hydrogels.
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As stated above, the graft polymerization of AM onto chitosan backbone was important to the
mechanical properties of PMSCHI. This could be further confirmed by the in vitro degradation
results as shown in Figure 5. The weight of PM5 hardly changed because both PAM and MMT
platelets were stable in lysozyme-containing PBS. The slight weight gain by PMS5 after two
weeks was probably because the hydrogel samples absorbed ions from PBS solution. In contrast,
PMS5CHI decreased its weight by 25% in 5 weeks, which was attributable to the presence of
chitosan in the hydrogel. Lysozyme is efficient to degrade polysaccharides including chitosan by
hydrolyzing the glycosidic linkages via its hexameric sugar ring at binding sites.”’ Remarkably,
even with such a low weight percentage of chitosan in respect to PAM, 0.88%, PM5SCHI
degraded up to 25% of its original weight. This proved that chitosan not only served as the
surface modifier of MMT platelets but also the backbone onto which PAM polymer chains
chemically grafted. These degradation results implied that a small amount of chitosan could lead
to substantial biodegradation, and so biodegradability of PAM hydrogels could be potentially
tailored by varying the amount of chitosan.

Cyclic tensile tests were also carried out for PMS5 and PMS5CHI to investigate the resilience
and hysteresis behaviour of the hydrogels. Their representative testing curves are shown in
Figure 6. It could be seen that most of the curves were not smooth; the zigzag was due to the
intrinsic properties of the hydrogels rather than the machine noise (Figure S2). Intermolecular

friction and disentanglement of PAM chains™>>*

were likely to be the main reasons for the zigzag
in the curves of Figure 6. Under stretching, PAM chains slid across each other and MMT
platelets, during which PAM-PAM and PAM-MMT hydrogen bonds broke and reformed

repeatedly, causing fluctuation of the tensile curves.”**

17



4.0

{ —1st cycle tensile 16{ — 1St cycle tensile
3.54
| 18t cycle return 14 4 1St cycle return
301 —gth cycle tensile o 12 —gth cycle tensile
& 254 — gth cycle return & 10 ——gth cycle return
X i = 101
@ 2.0 2 gl
73 | o
e 15_ =
a ] ® 61
1.04 4
0.5 (a) 2] (b)
0.0 T T T T T 0 v v T v T
0.0 0.1 0.2 0.3 0.4 0.5 0 1 2 3 4 5
Strain Strain
4.0 i
—— 1St cycle tensile 164 —— 15! cycle tensile
3.5' st 1 St
1°" cycle return 141 17" cycle return
301 — gt cycle tensile 12] — 8™ cycle tensile
E 254 —gth cycle tensile & 1 — 8lh cycle return
X X 104
2 207 @ g
£ 151 e ]
n b 5'.
1.0 4l
05 (©) ] (d)
0-0' T T L) v 0 .
v T v ) T v T v
0.0 0.1 0.2 0.3 0.4 0.5 0 1 2 3 4 5

Strain

Strain

Figure 6. Representative cyclic tensile testing curves of the hydrogels. Cyclic tension to (a) 50%

of PMS, (b) 500% of PMS5, (c) 50% of PM5CHI and (d) 500% of PM5CHI.

Table 2. Hysteresis ratios of PM5 and PMSCHI hydrogels.

PMS5 | PM5CHI
Strain Cycle Hysteresis Ratio, i
0.5 1* Cycle -0.007 £ -0.002 0.10 +0.01
0.5 8" Cycle -0.05 + -0.01 0.04 +0.01
5 1* Cycle 0.09 +0.01 0.20 + 0.01
5 8" Cycle 0.04 + 0.01 0.10 +0.01
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As we can see from Figure 6 (a,b) and Table 2, in terms of PMS5, the stretching and return
curves for the first cycle to 50% strain overlapped each other nicely with no hysteresis, which
suggested that under a maximum strain of 50%, PM5 was very resilient and could recover
instantly on the return. After 8 cycles, the material could still recover quickly meaning that even

undergoing 8 cycles, the energy dissipation by the friction of PAM chains®**

was still negligible,
showing nearly no hysteresis.

As for a cyclic tensile strain up to 500% which was beyond the yield point, hysteresis was still
quite low, being 8% for the first cycle. Based on the chain length theory,” the multiple and
relatively strong PAM-MMT hydrogen bonds remained to preserve the resilience even after a
strain of 500%. This value was, however, slightly higher when compared to cyclic tension to
50%, probably because many PAM-MMT hydrogen bonds broke during stretching and the
disassociated PAM-MMT hydrogen bonds could not recover fully instantly. With increasing
cycle number, MMT platelets tended to orient parallel to the tensile direction so that hysteresis
became lower. According to a previous study,** under a large deformation, polymer chains were
highly tensioned and clay platelets tended to orient horizontally in respect to the stretching
direction. On the return cycle, MMT platelets rotated and overcame the steric effect and friction
force associated with the adjacent PAM chains for recovery.®

Hysteresis was also investigated for PM5SCHI. In Figure 6 (c,d) and Table 2, for cyclic tension
to 50%, the 1%-cycle hysteresis was still quite low, indicating fairly good resilience. Similar to
PMS5, the low hysteresis of PMSCHI could be due to the covalent bonds brought by PAM-
grafted-chitosan, as well as the strong multiple hydrogen bonds between branched PAM and

MMT. However, unlike PMS5, the 1¥-cycle hysteresis of PMSCHI by cyclic tension to 50% could

not be ignored, which could be attributed to the electrostatic interactions between the negatively
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charged MMT and the surface-adsorbed positively charged chitosan chains. During cyclic
tension to a strain of 50%, chitosan chains were stretched and aligned across the MMT surface
which showed a hysteresis of 10% probably because of energy dissipation owing to the
alignment of chitosan chains and the friction occurred at the chitosan-MMT interface.”**® When
unloaded, the detached chitosan-MMT electrostatic interactions were not able to recover

quickly.**°

After each cycle, chitosan-MMT electrostatic interactions could only partially
recover within seconds during the return cycle. Subsequently, as more tensile cycles were
experienced, fewer chitosan-MMT electrostatic interactions broke and contributed to hysteresis.
This, together with orientation of MMT and stretching of polymer molecules as discussed for
PMS5, accounted for the lower hysteresis ratio found for the gt cycle when compared to the value
for the 1** cycle. When the cyclic maximum strain increased from 50% to 500%, significant
unzipping of chitosan-MMT electrostatic interactions increased hysteresis. Under high strains,
more chitosan chains detached from the MMT platelets, resulting in more energy dissipation and
thus higher hysteresis. Like cyclic tension to 50%, the hysteresis also became lower after 8
cycles.

The hysteresis ratios of the PMS reported herein are much lower than most hydrogels
described in the literature.”*>"® They are also lower than or comparable to the lowest hysteresis
ratios reported to date for PAM-clay nanocomposite hydrogels, namely PAM-synthetic hectorite
hydrogels,” which showed a hysteresis ratio of 0.19 for the 1% cycle and 0.09 for the 2™ cycle to
a maximum strain of 1000%. As stated above, the low hysteresis could be attributed to strong

polymer-clay bonding,''*~

and ample covalent bonds due to polymer branching from the high
temperature reaction. These strong and multiple bonds acted as memory sites for fast shape

recovery.
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By comparing hysteresis of PM5CHI to that of other double-network PAM hydrogels without
clay,”® PM5CHI still showed significantly lower hysteresis of 0.20 for the 1* cycle to 500%,
while 0.60 or even higher hysteresis was obtained in those two studies. This was due to branched
PAM, PAM-grafted-chitosan and the strong and multiple PAM-MMT hydrogen bonding as
discussed before. Similar to PM5, PMSCHI was characterized with ample memory sites, leading
to good resilience. Both PM5SCHI and PMS5 were able to recover their original shape fully in 1
minute (Figure S3), which was much faster than the work reported by others, where 120 minutes
was necessary for recovery of randomly copolymerized polyampholytes double-network
hydrogels,”® and 1 day at 80 °C was required for recovery to 74% of the original shape of PAM-
alginate double network hydrogels.”’

The crosslinking density was estimated by the classic kinetic theory of rubber elasticity to
depict the elasticity of polymer nanocomposite hydrogels®®*. The formula was given below.

F=NRT(a - o) (1)

where F, N', R, T and a are the force per unit original cross-sectional area of the hydrogels,
effective crosslinking density, gas constant, absolute temperature and the extension ratio,
respectively. Here a was set to be 2, corresponding to a strain of 100% and T = 298.15 K. From
Figure 2, N* was calculated as 1.27 mol m™ for the as-prepared PM5 samples and 1.43 mol m™
for the as-prepared PMSCHI samples.

Comparing PMS5 with PM5CHI, the latter showed a higher crosslinking density, in line with
the mechanical properties discussed earlier, and it could be attributed to the number of reactive
sites. In the case of PMS5, PAM interacted with MMT platelets; while in the case of PMS5CHI,
PAM interacted with both MMT platelets and chitosan. Apart from PAM-MMT hydrogen
bonding which was also presented in PMS5, chitosan offered additional crosslinking sites for

PMS5CHI and thus higher crosslinking density.
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Figure 7. SEM images of the cross-sectional surfaces of freeze-dried (a) PMS5 and (b) PMSCHIL

In order to understand the internal morphology of the nanocomposite hydrogels, the cross-
sectional surface of freeze-dried PM5 and PMS5CHI samples was observed by SEM. As shown in
Figure 7, both hydrogels showed interconnected porous structure. The pore size of PMSCHI
(51.2 £ 7.2 ym) was larger than that of PMS5 (7.7 =+ 2.1 um), which could be attributed to the
chitosan chains on part of the MMT surface. Cationic chitosan chains tended to repulse each

other, forming interconnected porous structure with large pore sizes.*®
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Figure 8. Storage moduli G' and loss moduli G" of PM5 and PMSCHI hydrogels.

Rheological properties were depicted in Figure 8 for PM5 and PMS5CHI. The storage modulus
of both hydrogels increased slightly with increasing angular frequency. Besides, their storage
moduli were significantly larger than loss moduli, confirming that both hydrogels were mainly
elastic instead of viscous polymer solution.*® Comparing the storage moduli of PM5 and
PMS5CHI, the incorporation of chitosan nearly doubled the storage moduli. Chitosan was
responsible for introducing chitosan-MMT electrostatic interactions and chitosan-PAM chemical
grafting, which were much stronger than the PAM-MMT hydrogen bonding as discussed

previously.

Mechanical properties of fully swollen nanocomposite hydrogels. Prior to the

mechanical testing of the fully swollen nanocomposite hydrogels, swelling tests on the freeze-
dried hydrogels were performed in distilled water at room temperature. As can be seen from

Figure 9 (a) and Table 3, both PM5 and PMS5CHI were able to absorb a large amount of water
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with a swelling ratio over 20 after several days. The slightly decreased swelling ratio after 100

hours for PM5 was due to the dissolution of some small molecular weight substances into water.

The incorporation of chitosan significantly reduced the equilibrium swelling ratio. This was

because the higher crosslinking density of PM5CHI restricted the swelling of PAM chains to a

greater extent when compared to PM5. The swelling ratios of both PMS5 and PMS5CHI were

lower than that of the PAM-MMT hydrogel containing the same clay content reported in the

literature.** This may be mainly attributed to the high branching of the polymer in the former two

hydrogels, which caused shorter and less swellable PAM chains compared to the linear PAM

chains in the latter.
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Figure 9. (a) Swelling ratio as a function of immersion time in distilled water at 25 °C for PM5

and PM5CHI hydrogels, and (b) tensile curves of PMS and PMSCHI hydrogels swollen in PBS

at 37 °C for 2 weeks.
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Table 3. Tensile properties of the hydrogels fully swollen in PBS at 37 °C for 2 weeks.

Samples Swelling Young’s Tensile Strain at Energy at break
ratio, @ modulus / kPa strength / kPa break /KIm?

PM5 64+£2 1.2+£0.2 45+£0.6 53+£0.2 13.1 £2.0

PMSCHI 32+3 1.2+0.3 8.6 +0.8 11.1+£0.3 48.0 £3.0

For mechanical tests on the swollen samples, the as-prepared hydrogels were submerged in a
PBS solution at 37 °C for two weeks, allowing for the full swelling, to study their mechanical
properties in a simulative body environment. The results were shown in Figure 9 (b) and Table 3.
The fully swollen hydrogels displayed significantly inferior mechanical properties compared to
their as-prepared hydrogels because of the much higher water contents. According to swelling
tests, swollen PM5 contained 99.7 wt% of water and swollen PM5CHI contained 99.4 wt% of
water (while these values may vary in the simulative body environment). Further, the entangled
polymer chains were more extended after swelling and so lost part of their flexibility. However,
compared to the conventional chemically crosslinked PAM hydrogels, which usually become
very brittle and fragile in the fully swollen state, PM5 and PMS5CHI could still be stretched to a
strain over 500%. There are two reasons: (1) the relatively uniform crosslinking gave rise to the
high extensibility of hydrogels, and (2) PAM branching and/or the grafting of PAM onto
chitosan chains contributed to the strength of the fully swollen hydrogels. The swollen PMSCHI
displayed a much higher tensile strength and strain at break than those of PMS3, and it could also
withstand a compression load of 1 kN without failure (Figure S4). The superior mechanical
properties of the fully swollen PMSCHI over PMS5 may be attributed to two factors. One is the
much lower water content as shown by the swelling test, while the other is the strong bonding

within the hydrogel due to the presence of chitosan as mentioned above.
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These results indicated that it was possible to achieve high strength, high extensibility and high
resilience with PAM nanocomposite hydrogels consisting of positively charged chitosan chains
and negatively charged clay nanoparticles. This work may be extended to other nanoparticles
with negative charges or neutral nanoparticles, such as nano-hydroxyapatite,”” functionalized

with an anionic chemical.

Fabrication versatility of nanocomposite hydrogels. The nanocomposite hydrogels

could be fabricated into different shapes and dimensions, e.g. rods and balls, by using different
moulds, as shown in Figure 10 (a). They could also be spun into microfibers using pressurized
gyration. Figure 10 (b) shows proof-of-concept results, using the precursor route, from the
pressurized gyration process at 36000 rpm rotating speed and 0.1 MPa working pressure. The
fiber diameter measured at this condition was 5.5 + 0.6 um. Varying the spinning conditions, e.g.
the pressure, may lead to different fiber morphologies such as different fiber diameters, fiber
strands and/or twisted fibers.**®*® These fibers could be further polymerized to obtain
nanocomposite hydrogel fibers.

The versatility of fabricating the nanocomposite hydrogels into different forms, shapes and
dimensions will enable the hydrogels to be applied in a variety of applications such as artificial

767-68 i - . . . 19,2250
’ stimuli-responsive and superabsorbent functional nanocomposites,'”***° drug

tissues,
delivery,® and actuators.” In particular, hydrogel fibers may be beneficial in tissue reconstruction,

wound dressing, smart textiles and heavy metal uptake applications due to their high specific

14
surface area.
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Figure 10. (a) Photographs of PM5 and PMSCHI hydrogels in different shapes (rods and balls),
(b) SEM images of PMS5CHI microfibers obtained at 36000 rpm rotating speed and 0.1 MPa

working pressure. The inset in (b) shows the corresponding higher magnification image.

CONCLUSIONS
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Highly stretchable PAM nanocomposite hydrogels with low hysteresis were prepared with the
presence of a small amount of MMT or chitosan-MMT at an elevated temperature. Both PM5
and PMSCHI displayed relatively high tensile strength, strain at break, fast shaper recovery and
low hysteresis. Comparing PM5 with PMSCHI, the latter showed higher tensile strength and
elongation at break but slightly larger hysteresis. The tensile properties deteriorated after the
hydrogels had been fully swollen in PBS for 2 days at 37 °C. Yet, the fully swollen PM5CHI
could still be stretched by over 10 times and able to withstand a compressive load of 1 kN.
PMS5CHI had a lower equilibrium water swelling ratio than PMS5. A 25% of weight loss was
achieved by PMS5SCHI by biodegradation while no weight loss was observed by PMS5. The
excellent mechanical properties of the hydrogels were attributed to the strong interactions within
the hydrogels brought by chain branching, multiple hydrogen bonding, covalent bonding and/or
electrostatic force, as confirmed by XRD, FTIR, DSC, in vitro degradation test, SEM and the
replacement of chitosan with another polysaccharide, namely starch or k-carrageenan, in the
synthesis. The rheological results confirmed elastic nature of the hydrogels. The hydrogels may
be fabricated into various forms and shapes, including microfibers using pressurized gyration via
the precursor route. The nanocomposite hydrogels reported herein illustrated an effective way to
developing advanced polymer nanocomposite hydrogels with superior mechanical properties and
versatile fabrication capability, which may find potential applications in artificial tissues,

functional films, drug delivery systems, actuators and beyond.

ASSOCIATED CONTENT

Supporting Information. Tensile curves and table of tensile properties of PM5S and

PMS5K hydrogels; cyclic tensile curves and table of cyclic tensile properties of PMSS and PM5SK

28



hydrogels; tensile curve of a wet polyvinyl alcohol sample; loading-unloading curves of PMS5
and PMS5CHI hydrogels at a strain of 300%; compressive curves and photographs of fully

swollen PM5 and PM5CHI samples before, during and after compression tests.
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