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Auto-catalytic redox polymerisation using
nanoceria and glucose oxidase for double
network hydrogels
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A novel auto-catalytic reaction, a combination of naturally occurring enzyme glucose oxidase (GOx) and
amine-functionalised cerium oxide nanoparticles (nanoceria), was employed for open vessel free radical
polymerisation of double network hydrogels (DNHGs). The nanoceria also incorporated into the gels to
enhance mechanical strength. GOx reduces atmospheric O, to H,O,, causing a cyclic change of cerium
ion states, resulting in propagating free radicals in the carbon group in the amino functionalised nanoceria
surface. We synthesised novel nanocomposite DNHGs by grafting polymers onto amine-functionalised
nanoceria (ANC), with poly(2-acrylamido-2-methylpropanesulfonic acid), PAMPS, and polyacrylamide
(PAAmM) in the first and second networks respectively. The graft polymerisation was initiated using the
alternating cerium states on the ANC. GOx held two major roles within the reaction: to provide an oxygen
free system, without any other form of degassing, and to provide cyclical cerium ion states between Ce**
and Ce®*, creating new free radicals for polymerisation. Polymer conversion using ANC as the sole initiator
in the presence of GOx resulted in 83% conversion for PAMPS and 64% PAAmM. Polymers degassed only
with argon resulted in less than 55% conversion for both PAAmM and PAMPS, proving that the addition of
GOx enhanced the reaction. The new gels (1.76 MPa) showed an order of magnitude improvement in
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Introduction

Hydrogels have many applications in the field of tissue engi-
neering. They are 3D polymer networks that hold 90-99 wt%
water, mimicking the extracellular matrix (ECM) of tissues
such as articular cartilage." Articular cartilage is an important
load-bearing tissue that exhibits cyclical loading on daily basis.
It has limited self-regenerative properties due to its avascular
and non-lymphatic nature.” One of the main drawbacks of many
traditional (single network) hydrogels is poor mechanical prop-
erties and their inability to sustain cyclic loads, for example,
articular cartilage has a compressive fracture stress of 36 MPa,
posing a challenge for cartilage repair in tissue engineering.*”
Double network hydrogels (DNHG), developed by Gong
et al.,>™° have interpenetrating networks of contrasting polymers
that allow for improved control over their mechanical properties.
DNHGs are often synthesised using free radical polymerisation
(FRP) with chemical covalent cross linkers and radical initiators."*
Gong and Katsuyama®? produced a hydrogel of poly(2-acrylamido-
2-methylpropanesulfonic acid)/polyacrylamide (PAMPS/PAAm) with
unusually high mechanical properties. PAMPS, a polyelectrolyte,
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mechanical properties compared to DNHG made without ANC/GOx (0.10 MPa).

was used as the first network where it was cross linked using
N,N'-methylene bis acrylamide (MBAA). It was then soaked in an
aqueous solution of PAAm, a neutral polymer, also cross linked
with MBAA to form the second network. The DNHG had a
compressive fracture stress of up to 20 MPa at 92% strain whilst
holding 90 wt% water, whereas the single network gel components
had sub-MPa fracture stresses at 80% strain for PAAm and 40% for
PAMPS closely matching that of native articular cartilage.” A study
comparing DNHGs to tradition single-network hydrogels, in a
rabbit model, provided evidence that a DNHG provoked hyaline-
like cartilage production, whereas a mixture of fibrocartilage and
hyaline cartilage was produced when a single network gel was
used."® Successful cartilage matrix production was also shown by
encapsulation of human chondrocytes in DNHGs consisting of
gelatin and hyaluronic acid.™*

The limited mechanical stiffness of hydrogels create drawbacks
for the progression of cartilage repair.'” Therefore nanocomposite
hydrogels, particularly nanocomposite DNHGs, may help solve
these problems.'® Recent studies have used nanostructures such
as silica nanoparticles (SNPs) and LAPONITE" as cross linkers
to further improve the mechanical properties.>'"'”">! Fu et al.
developed a ““super-tough” DNHG with covalently bonded vinyl-
functionalised SNPs (VSNPs).>> PAMPS/PAAm were synthesised
in the usual two-step polymerisation reaction, initially forming
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the PAMPS network using MBAA with the addition of the
vinyl SNPs forming a PAMPS/SNP composite gel. The VSNPs
acted as macro cross linkers in the DNHG providing a denser
network. VSNP grafted gels reached a strain of 0.98 without
fracture, and up to 73.5 MPa fracture stress, a 16.5 MPa
compressive strength and a 0.33 MPa elastic modulus for
300 nm VSNP (1 wt%) grafted gels.** A thermoresponsive nano-
composite DNHG was synthesised using poly(N-isopropyl-
acrylamide) (PNIPAAm) and 50 nm and 200 nm polysiloxane
nanoparticles, resulting in a compressive stress of 175 kPa and
181 kPa respectively.

The addition of SNPs to the first network of DNHG can be
used to achieve tight cross linking as a way to introduce
tailorability into the materials properties, such as increased
mechanical strength and toughness, better resistance to strain
deformation and controllable swelling rates.?>** This approach
can be altered to enhance the covalent bonds between the
polymer and nanostructures by using in situ surface graft
polymerisation, which allows the polymers to covalently link
to the surface of the nanoparticles.

Previous studies have successfully achieved polymer grafts on
the surface of SNPs, for example: polystyrene with controlled/
living radical polymerisation®® and with atom transfer radical
polymerisation (ATRP);>® thermoresponsive poly-N-isopropylacryl-
amide (PNIPAM) brushes by ATRP;*® polymethyl methacrylate
(PMMA) by graft photopolymerisation;*” polyacrylamido-2-methyl-
1-propane sulfonic acid (PAMPS) and polystyrene sulfonic acid
sodium salt (PSSA) by surface initiated redox polymerisation using
cerium ammonium nitrate (CAN) as an initiator.”® PAMPS and
PSSA were grafted on the surface of amine-functionalised SNP
(ASNPs). The ASNPs were dispersed in acidic solution of AMPS
monomers before CAN and stabiliser sodium dodecyl sulfate
(SDS) were added. The system was purged with nitrogen gas
and heated to 40 °C to commence the graft polymerisation
of monomers to the ASNPs. The grafting was initiated by a redox
pair of Ce(wv) (oxidant) and the alkyl amine (reductant), causing an
intermediate free radical at the a-carbon atom of the alkyl amine
group. The grafting percentage and polymer conversion were
low at 46% and 4.6% for PAMPS, and 22% and 2.2% for PSSA,
respectively. However, conversion was enough for successful
grafting, resulting in a polymer nanocomposite that has the
potential to be used as a first network in DNHGs.

Cerium oxide is known for its redox activity as a catalyst in
many applications, such as chemical-mechanical polishing, UV
filtering, fuel cells and polymer or ceramic nanocomposites.>*’
More recently, cerium oxide nanoparticles (nanoceria) have found
promise in the biomedical field as therapeutic antioxidants
against diseases associated with oxidative stress such as cancer,
neurodegenerative and ocular diseases.>' Nanoceria has catalytic
and antioxidant properties due to the coexistence of two oxidation
states and to the presence of oxygen vacancies in the crystal
lattice. The two valence states; Ce(m) and Ce(wv), provide efficient
redox behaviour, allowing cerium atoms to cyclically change their
oxidation states between reduced Ce** and oxidised Ce*" states. In
the form of nanoparticles at sizes less than 10 nm,** nanoceria
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has an abundance of reduced Ce*" atoms on the surface with a
core consisting of mainly oxidised Ce*" atoms.

Nanoceria has the ability to mimic different enzyme activity,
such as superoxide dismutase (SOD) and catalase (CAT), in
which H,0, is involved. SOD catalyses the dismutation of
superoxide anion (*O,) to hydrogen peroxide (H,0,) and mole-
cular oxygen (O,) while CAT catalyses the degradation or
reduction of H,0, to water and O,.%* The latter property makes
nanoceria a promising material in bio-catalysis. Several studies
have shown that nanoceria is a highly biocompatible material
with no systemic toxicity or genotoxicity, and reduces local
inflammatory reactions when integrated into implants such as
biomaterials.***” This makes nanoceria a viable candidate for
this work, similar to other redox initiators such as the com-
monly used ammonium persulfate (APS).*%°

Here, we aim to optimise the use of redox initiator CAN to
enhance polymer conversion, and to convert cerium into a
multipurpose component within the reaction. Nanoceria’s
intrinsic oxygen vacancy system enables it to have an auto-
catalytic mechanism.*® Our hypothesis was that this mechanism
could be exploited for the formation of polymeric networks on
the surface of the nanoceria. This has yet to be used in the formation
of polymeric materials, or DNHGs. Our second hypothesis
was that nanoceria’s auto-catalytic properties and two valence
states can provide efficient redox behaviour to increase reaction
kinetics and conversion. Our strategy was to form nanoceria
and add a naturally occurring enzyme (GOx) that acts as a
reaction catalyst that also regenerates the redox valence states
of the cerium ions.

The proposed mechanism is as follows. When nanoceria
is active in aqueous solution, its surface ions reduce from Ce**
to Ce*" by interacting with reactive oxygen species (eqn (1)),
releasing O, as a by-product.*" However, in the presence of
H,0,, Ce*" can be re-oxidised to Ce*" (eqn (2)).**

0, + Ce*" - 0, + Ce** )
0,*” + Ce*" + 2H" - H,0, + Ce*" (2)

This is a reversible oxidation and reduction reaction that
occurs until H,0, has completely degraded.*** If H,0, can
be replenished, then the reaction can be sustained. H,O, replenish-
ment can be achieved through GOx. In the presence of O,, GOx
catalyses the oxidation of B-p-glucose to p-glucono-d-lactone
and H,0,.

GOx was previously used as a degassing agent for O, removal
in an open vessel system for a reversible addition-fragmentation
chain-transfer (RAFT) polymerisation of hydroxyethyl acrylate
and dimethylacrylamide with non-cytotoxic by-products.*®
A recent study showed that GOx concentrations as low as
200 nM were able to achieve 100% conversion for PAAm and
PAMPS in open vessel synthesis, using 0.1 wt% photoinitiator.>*
This study also demonstrated that there were no cytotoxic
by-products from the polymers or GOx at these concentrations.
The kinetics for both polymers improved significantly, resulting
in faster reaction times (factor of 2) under the same conditions.*®
The improved Kkinetics were a result of eliminating the
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interactions between the propagating free radicals and O,. By
evading O, inhibition, the reaction reaches full conversion with
the use of lower concentrations of initiator.>®

The aim here was to combine GOx and nanoceria, which
has been proven to work effectively in previous studies aimed at
glucose sensing.*** When GOx reacts with glucose (G) in the
presence of O, it will produce H,0, as a by-product (eqn (3)).
Therefore, during graft polymerisation, GOx can play the role of
degassing agent and as a facilitator for H,O, production, which
revitalises the cerium based initiators at the nanoceria surface

(eqn (4)~(6)):*

GOx + G % H,0, 3)

Ce* + H,0, —» Ce*' + H' + HO, (4)
Ce*" + HO, — Ce*" + H" + 0, (5)
Ce** + H" + HO, — Ce*" + H,0, (6)

Eqn (5) replenishes O, that becomes available to react again
with excess GOx, releasing more H,0, (eqn (3)), which can be
converted to O, by Ce** (eqn (4)), producing reactive oxygen
species for Ce®” to react with (eqn (6)). Therefore, GOx can play
a role as a degassing agent to increase reaction kinetics and
process mediator to replenish H,O, for the cyclic reaction
between cerium states. Inter terms of DNHG production,
removing O, from monomeric solutions improves poly-
merisation kinetics, higher conversion and reduces the risk of
residual toxic monomers remaining in the system.*

Here, we carry out the first graft polymerisation on the surface of
nanoceria, investigating the impact of GOx compared to argon
degassing. Novel DNHGs were then produced formed via graft
polymerisation on nanoceria in the presence of GOx in both
networks. ANC gels are the first of their kind, to have both networks
formed through an autocatalytic redox surface graft polymerisation,
with GOx as a degassing agent and reaction mediator.

Materials and methods

Acrylamide (AAm; >99%) and 2-acrylamido-2-methyl-1-
propanesulfonic acid (AMPS; 99%); N,N’-methylenebisacryl-
amide (BIS; 99%); photoinitiator 2-hydroxy-4'-(2-hydroxyethoxy)-2-
methylpropiophenone (Irgacure 2959; 98%), 1,3,5-trioxane (>99%);
(3-aminopropyl)triethoxysilane (APTES; >98%), deuterium oxide
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(D,O; 99.9 atom% D), cerium(iv) ammonium nitrate (CAN;
>99.99% trace metals basis), cerium(m) nitrate hexahydrate
(Ce(NOs)3-6H,O > 99.99% trace metals basis), sodium dodecyl
sulfate (SDS; >98.5%), ammonium hydroxide (NH,OH; 28-30%
NH; basis) 2-propanol (>99.5%), hydrochloric acid (HCI;
1 M) and urea were purchased from Sigma-Aldrich (UK).
No additional processing and/or purifications were performed.
p-Glucose (G) and glucose oxidase (GOx; from Aspergillus niger
as a lyophilised powder) were purchased from Sigma-Aldrich
(UK) and stored in phosphate buffer saline (PBS) aliquots at
—20 °C when received.

Amine nanoceria synthesis

2 g of urea and 7 g of Ce(NO;)3-6H,0 were dissolved separately
in beakers with 20 ml of 2-propanol. 0.5 ml HCI was added to
each solution they were fully dissolved. Urea was then added
dropwise into the Ce(NO;); solution whilst stirring. 14 ml of
aqueous NH,OH was then added and a precipitate was formed
and stirred until it was homogenously mixed. The solution was
exposed to 600 W microwaves, 4 times for 10 seconds each, or
until a crackling sound was heard. Once the solution was
removed from the microwave, 14 ml of deionised water was
added to stop the reaction. The solution was then washed and
centrifuged using the Eppendorf 5430 with water 3 times at
7830 rpm, and kept as a stock suspension in water with a
concentration of 1.7 g Ce0,/50 ml deionised water.*®
Nanoceria was functionalised by sonicating 340 mg of CeO,
in 150 ml EtOH until fully dispersed. 9 ml of APTES was then
added while under stirring.”” The solution was left to stir at
room temperature for 24 h, and then washed/centrifuged with
EtOH 3 times at 7830 rpm. The final product was dried at 60 °C
to obtain a powder of amine functionalised CeO, (ANC). This
process is represented in a schematic drawing in Fig. 1.

Nanoceria characterisation

Bare and amine nanoceria were diluted in ethanol, sonicated and
then carefully dropped onto 300 mesh copper TEM grids coated
with holey carbon film. A JEOL FX2000 was used for imaging with
tungsten filament as the electron source at an operating voltage of
200 kv and a 10 um objective aperture. Mean diameter was
calculated by measuring 100 separate nanoceria particles.

Bare NC and ANC were dried at 60 °C and ground to a fine
powder for FTIR analysis. A Nicolet iS10 Thermo Scientific FTIR

Wash 3 x in EtOH

Wash 3 x in EtOH

y

(NC)

(ANC)

(a) Cerium (ll1) Mix (a) + (b)
nitrate hexahydrate (b) Urea for 30 mins
_—

=)

Functionalisation of

NC with APTES

Microwave 4 x 10 sec at
medium-high setting

Fig. 1 Schematic representation showing the synthesis and functionalisation of nanoceria with APTES.
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was used. Samples were scanned 32 times per run with a
resolution of 6 in a wavenumber region of 4000-400 cm ™.
For UV-VIS analysis, samples were diluted to 3 mg in 1 ml
deionised water solutions and sonicated until fully dispersed.
Samples were then loaded into the PerkinElmer Lambda 25 UV-

VIS spectrometer and run against a blank sample of deionised water.

Surface graft polymerisation on nanoceria

150 mg of ANC was fully dispersed and sonicated in 5 ml of
deionised water. 5 mg of trioxane and 4.5 g of AMPS were
dissolved in 35 ml deionised in a round bottom flask, with a final
concentration of 0.24 M AMPS. The dissolved ANC was added to
the AMPS monomer solution and mixed for 5 minutes. A 20 pl
sample was taken and topped up with 500 ml of D,0, for 'H NMR
analysis of the 0 h reference. The solution was degassed for
20 minutes in a hot bath set at 40 °C and left to stir for 24 hours.
A 24 h sample was taken for "H NMR analysis of the final polymer
conversion. The final solution was wash/centrifuged, using the
Eppendorf 5430, 3 times with water at 7830 rpm and dried at
60 °C. The process was repeated a second time with CAN 0.7 g
being added to the monomer solution, and a third time with CAN
0.7 g and 1.5 g SDS being added to the monomer solution. The
same process was repeated for AAm.

Surface graft polymerisation on nanoceria in the presence of
GOx

5 mg of trioxane and 4.5 g AMPS were dissolved in deionised
water and titrated to pH 5.4 using NaOH (0.25 M). The mono-
mer solution was topped up to 35 ml with deionised water with
a final concentration of 0.24 M AMPS. 150 mg ANC was
dispersed and sonicated in 5 ml H,O for 1 h then added to
the monomer solution. The pH increased to 8-9 once the ANC
was added; therefore HCl (1 M) was used to bring down the
pH to 5.4. GOx was added at a final concentration of 200 nM to
the monomer/ANC solution. The solution was transferred to a
round bottom flask and the process continued as described
above. Repeats were also done to include CAN and CAN/SDS.

GOx/ G N

NH, ————> -

ANC S
+AAm
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This was then repeated with 2x, 3x and 4x the concentration
of ANC. The initial ANC concentration is referred to as ANC x1.

The entire process was repeated, without titration, for AAm
with a final concentration of 1.41 M. The pH was checked once
the ANC was added and if needed, brought down to 5.4 pH
using HCI before adding GOx (Fig. 2). This was to ensure GOx
was added at optimum pH conditions.

Surface graft polymer characterisation

In addition to FTIR and UV-VIS, "H NMR samples were pre-
pared by diluting 1 drop of polymer solution and 5 mg
of trioxane into 500 ml deuterated water (D,O) and analysed
using a Bruker AV-400 spectrometer operating at 400 MHz. The
resulting spectra were analysed using MestReNova software
with a ‘Whittaker smoother’ baseline correction. All samples
contained trioxane to aid in assessing monomer to polymer
conversion. Trioxane peaks were integrated to represent a value
of 1. Monomer peaks were integrated relative to trioxane.

Thermogravimetric analysis (TGA) was conducted using a
NETZSCH STA-449C Jupiter. Samples were prepared by being
heat and vacuum drying, then grounded to a powder. Sample
analysis was conducted from room temperature to 800 °C.
A heating rate of 10 °C min " was applied to all samples.

Hydrogel synthesis

The first network was formed by fully dispersing and sonicating
300 mg of ANC in 5 ml H,O. 4.5 g AMPS was titrated to 5.4 pH
using NaOH (0.25 M), to a final concentration of 0.24 M AMPS.
ANC was then added to the AMPS monomer solution and the
pH corrected to 5.4, if required. GOx and G was added to the
monomer/ANC solution and mixed for 5 minutes. The solution
was then put into aliquots of 2 ml in polystyrene moulds and
placed in a sonication bath set to 40 °C to ensure homogenous
ANC distribution. Once the solutions in the moulds had gelled,
the moulds were placed in an oven at 40 °C for 24 h, and then
for 6 h at 60 °C to denature GOx and dry the first network.
The hydrogels were removed from the moulds and soaked in
a monomer solution of 2.54 M AAm containing 150 mg ANC,

NH,

+ AMPS

ANC/AMPS

HO5S

NH,

ANC/AAm

4 NH,

Fig. 2 Schematic showing the redox graft polymerisation of PAMPS and PAAm polymers on the surface of amine functionalised nanoceria (ANC), in the

presence of GOx.
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Sonicate at 40 °C until sol gels
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Place for 24 h in 40 °C oven

ANC gels
O —

Form 2" NW at 40 °C for 24 h

Swell AMPS 15t NW gels in
AAmM/GOx/ANC sol

—

Place gels in moulds

Fig. 3 Schematic showing the synthesis route of nanoceria based double network hydrogels (ANC gels) in the presence of GOx.

0.1 wt% BIS, GOx and G. Once the hydrogels were swollen, they
were placed in moulds and put into a 40 °C oven to form the
second network. The final hydrogels were then dried at 60 °C
and, at their dry state, placed in water to swell for a week. This
process is highlighted in Fig. 3.

Hydrogel characterisation

Swelling studies were conducted on ANC gels that were dried
for three days at 40 °C, and swollen in water until a water
uptake plateau was reached. Swollen samples were used for
mechanical analysis in compression, using a Zwick Roell z2.5
machine fitted with a load cell of 10 kN, and a strain rate of
1.5 mm min~'. Samples for SEM were frozen overnight in
—80 °C and then freeze dried for 24 h. Samples were placed
on SEM sample holders and held by carbon tape. Samples were
then sputter coated for 2 minutes at 20 mA to form a 10 nm
layer of chromium. The LEO Gemini 1525 FEG-SEM was used to
image the surface morphology of freeze dried hydrogels using
3-5 kv and a working distance of 5-10 mm.

Results and discussion
Amine functionalised nanoceria

Nanoceria was successfully synthesised and functionalised by
APTES. Amine functionalisation was confirmed through FTIR
and UV-VIS (Fig. 4a and b). FTIR Bands associated with Si-O-Si at
1160 cm ™', NH bending at 1156 cm™ Y, NH stretching 3324 cm ™,
CH, stretching 1450 cm " all indicate to successful surface
modification of the nanoceria by APTES.”® Bands at 550 cm ™'
represent Ce-O stretching from Ce0,."® UV-VIS shows the changes
in cerium ion states within the bare NC and ANC. Ce*" is found
at wavelength 200 nm, whereas Ce*" is found at 300 nm. Bare
NC have a higher concentration of Ce*" on the surface, and a

2838 | J. Mater. Chem. B, 2020, 8, 2834-2844

lower concentration of Ce*". Once functionalised with amine
groups, the distribution of oxidation states reverses, resulting
in an increased concentration of Ce** on the surface. Analysis
through TEM imaging (Fig. 4c and d) shows ANC have an
average diameter of 14 + 3 nm. This value was calculated by
taking the average diameter of 100 single ANC particles.

Polymer grafts on ANC

The surface of ANC was used as a building block for grafting
PAMPS and PAAm. The initial aim was to examine the possibility
of synthesising polymeric networks from the surface of these
nanostructures. Monomers were polymerised in situ with ANC,
with the addition of CAN alone, as well as a combination of CAN
and SDS, under inert argon atmospheres.

UV-VIS analysis was conducted post synthesis on all samples
to examine the success of polymer grafts on the surface of ANC.
Surface grafts of AAm on ANC were successful using all
chemical combinations, (Fig. 5). A disappearance in Ce*" and
a reduction in Ce*" for all reactions with AAm provide evidence
that grafts were present on the surface. SDS was not completely
removed from the sample despite several washes, with a subtle
peak present between 220-260 nm. SDS is suggested to
have toxic effects, particularly in unreacted powder form and
residues would have to be removed from the final material.”®
AAM/ANC and AAm/ANC/CAN exhibited the least amount
of Ce*" remaining on the surface therefore suggesting high
polymer graft coverage.

UV-VIS for AMPS revealed successful graft polymerisations
occurred on the surface of ANC, as seen in Fig. 5. Similar to
AAm, a reduction in Ce*" and Ce®" revealed grafts were present
on the surface of ANC. AMPS/ANC and AMPS/ANC/CAN had the
clearest polymer peaks at 200 nm with the largest reductions in
Ce*" indicating they had the highest graft polymerisation. SDS
was still present in the sample with small peaks at 220-260 nm.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (a) FTIR spectra and (b) UV-VIS spectra of bare nanoceria (NC) and amine functionalised nanoceria (ANC). (c and d) TEM images of ANC.
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Fig. 5 UV-VIS of amine nanoceria (ANC) and reactions with (a) AMPS and (b) AAm, with or without cerium ammonium nitrate (CAN) and stabiliser

sodium dodecyl sulfate (SDS).

Fig. 6 shows FTIR spectra for AAm and AMPS in combi-
nation with ANC/CAN/SDS, compared to their respective homo-
polymers and ANC. Table 1 provides a summary of the bands
present in AMPS grafted polymers on the surface of ANC. Bands
were present for all samples with AMPS/ANC, for sulfonic
acid groups at 1040 cm ', reflecting the PAMPS spectra. This
suggests a large amount of polymer was grafted on the surface
of ANC. Therefore, it was proven that ANC has the ability to
initiate and propagate polymer grafts without the need of a
chemical initiator such as CAN, or a stabiliser such as SDS.

This journal is © The Royal Society of Chemistry 2020

Similar bands with reduced intensity were seen for AMPS/ANC/
CAN, suggesting lower graft amounts. Residual SDS was detected
in AMPS/ANC/CAN/SDS samples, between 2950-2956 cm ™'
(asymmetric and symmetric CH, stretching), along with reduced
polymer bands.”*

Table 2 gives a summary of the bands found in AAm grafted
polymers on the surface of ANC. All samples showed polymer
growth, suggesting ANC on its own was able to result in
polymer growth. AAm/ANC gelled during experimentation and
therefore the FTIR spectra do not reflect the band intensities
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Fig. 6 FTIR spectra of reactions of amine nanoceria (ANC) with (a) AMPS and (b) AAm, with or without cerium ammonium nitrate (CAN) and stabiliser

sodium dodecyl sulfate (SDS). Band indexing shown in Tables 1 and 2.

Table 1 Summary of FTIR bands for AMPS grafted polymers on the

Table 2 Summary of FTIR bands for AAm grafted polymers on the surface

surface of amine nanoceria (ANC). #5275 of amine nanoceria (ANC).*7527>4
Wavenumber Wavenumber
Bond Type (em™) Bond Type (em™)
A C-H Stretching 2956 A C-H Stretching 2956
2918 2918
2850 2850
B CH, Stretching 2966 B CH, Stretching 2966
CH, 2932 CH, 2932
C C=0 Stretching, coupled with 1652-1659 C C=0 Stretching, coupled with 1652-1659
N-H bending N-H bending
D N-H Primary amine 1620 D N-H Primary amine 1620
E CO, 1319 E C-N Stretching primary amide 1420
F N-H Bending 1238 F CO, 1319
G Ce-O-Si Stretching 952 F N-H Bending 1238
H R-S(—0)-R’ 1040 G Ce-O-Si Stretching 952
H C-H Out-of-plane rocking 942
I Ce-O Stretching 550

relative to other samples. Gelling of the sample is a strong
indicator that cross linking within the polymer grafted nano-
ceria had occurred. The disappearance of bands at 952 cm ™" in
all samples, representing Ce-O-Si bonds from APTES on the
surface of ANC, indicates thick polymer layers covering the
surface formed. All spectra that represent grafted polymers
exhibit bands at 1652 cm™ ' and 1620 cm ', indicating the
presence of amide bonds from PAAm. Residual SDS was found
in AAmM/ANC/CAN/SDS in bands between 2850-2956 cm *,
despite several wash/centrifuge cycles.>" From the FTIR spectra
provided, it can be assumed, based on band intensity and
similarity to PAAm, that AAm/ANC/CAN was the most successful
at grafting polymers on the surface of ANC.

Polymer conversion was measured using 'H NMR and
calculated relative to trioxane peaks in 0 h and 24 h samples.
ANC was proven to initiate the self-catalysis redox poly-
merisation for both PAMPS and PAAm, noted by polymer
conversion in the AAmM/ANC and AMPS/ANC systems (Fig. 7).
Fig. 7 shows reactions degassed with argon resulted in lower
conversions, when compared to the same reactions in the
presence of GOx. This suggests that GOx is more efficient at
degassing the monomer solution by reacting with oxygen

2840 | J. Mater. Chem. B, 2020, 8, 2834-2844

species than argon purging. Under argon gas, AMPS samples
resulted in conversion of approximately 50% for all cases
(Fig. 7a). This suggests that either all combinations were
equally effective, or that degassing with argon was insufficient
and resulted in a rate limiting step. However, the addition of
GOx causes a big increase in conversion.

Results for AAm (Fig. 7b) show the combination of AAm/
ANC/CAN and AAm/ANC/CAN/SDS resulted in the highest
conversion of 100%, when GOx was present. The addition of
GOx also meant that the stabiliser SDS was no longer required
for the reaction, which provides fewer purification steps to
remove potentially toxic chemicals from the end product. Both
AAm and AMPS exhibited an increase in conversion of approxi-
mately 30% when GOx was added to samples only containing
ANC. This was likely due to a combination of two factors. First,
the efficiency at which GOx degasses oxygen, creating a better
kinetic profile for both polymers by eliminating the effect of O,
on free radicals. Secondly, the ability of GOx to deplete oxygen
further benefited the redox reaction, through the activity of
nanoceria, by impacting the Ce**/Ce*" valence states, through
the release of GOx by-product H,O,. This re-oxidises ce*' to

This journal is © The Royal Society of Chemistry 2020
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Ce*" allowing the reaction to become faster and more efficient
(eqn (7)). Hence, resulting in increased conversion in the
presence of GOx.** The difference in final conversion rates
between both polymers under argon and GOx will also be due
to their inherent specific kinetic profiles, which have been
studied in previously.>?

2Ce*" + H,0, — 2Ce*" + 20H™

(7)

Eqn (7) shows the release of protons and O, that is reused by GOx
to reproduce H,0O,. This cyclic process leads to the enhanced
conversion profiles exhibited in Fig. 7 by AMPS and AAm when
comparing reactions degassed by argon and GOx. Ultimately,
GOx has been proven to be both a degassing agent and a reaction
facilitator.

Further tests were conducted to find the highest polymer
conversion based on varying ANC concentration. ANC concen-
tration was adjusted to 2, 3x and 4 x the initial concentration.
The results are displayed in Fig. 8. The highest conversion
achieved for both AMPS and AAm was found to be at two times
that of the original concentration of ANC (ANC x2). At ANC x3,
the conversion for both polymers began to decrease, and at x 4
the conversion dropped significantly. At ANC x 2, more monomers
come into contact with ANC, than the original concentration,

100

80+

—.—
e

60

40

Conversion (%)

20+

ol AWPS

= AAm E
T
C

T T
ANC x2 ANC x3 AN
ANC Concentration

T
ANC x1

Fig. 8 Conversion profiles for AAm and AMPS and with varying amine
nanoceria (ANC) concentrations, in the presence of GOx (no CAN or SDS).
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therefore the polymerisation became more efficient with GOx.
Oversaturation of the system began at ANC x 3, where the conver-
sion began to decrease, making it more difficult for monomers to
come in contact with active surfaces of ANC. The solution became
notably denser as ANC concentration increased, likely making
diffusion more difficult. It was also suspected that GOx became
denatured at high ANC concentrations present in the solution.

A concentration of ANC x 2 provided AMPS/ANC with a
conversion of 91% and AAm/ANC with a conversion of 84%.
This means CAN and SDS are not be required for hydrogel
synthesis, removing the subsequent purification steps required
to remove those chemicals. More importantly, it showed the
success of the combination of GOx working in unison with
nanoceria to allow a self-catalysed system to form a polymeric
nanocomposite network.

TGA analysis was conducted on samples degassed by GOx
with varying ANC concentrations to examine the resulting graft
mass on ANC. Fig. 9 shows AAm with ANC X 4 had the lowest
mass loss, indicating the lowest graft mass on ANC, whereas
AAm with ANC x 2 had the highest mass loss, confirming the
conversion results from Fig. 8. This indicates that ANC x 2 is
the best concentration for PAAm to achieve a combination of
grafting mass on the surface of ANC whilst maintaining high
conversion.

Similar results were for found for AMPS (Fig. 9).

Double network hydrogels

DNHGs were successfully synthesised with PAMPS/ANC (PAMPS
0.24 M) in the first network and PAAM/ANC (PAAm 2.54 M) in
the second network. Both polymer-ANC networks were synthe-
sised in the presence of GOx. The final materials are referred to
as ANC gels. Fig. 10 shows PAMPS/ANC after synthesis and the
ANC gel after sequential addition of PAAm, in its hydrated state.
Residual amounts of ANC and monomer were left over after
swelling the first network in a solution of AAm/ANC, due to the
saturation of the first network. Residues on the surface were
washed off post synthesis and during swelling.

ANC gels were swollen from a dry state until a plateau in
water uptake was reached. Although the samples were heavily
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Fig. 10 Images of (a) PAMPS/ANC first network hydrogel after synthesis,
and (b) double network hydrogel after sequential synthesis containing
PAMPS and PAAM.

cross linked, they were still able to achieve 87.38 & 2.35% water
uptake. A plateau was reached at 72 h with small incremental
changes at 168 h. The majority of the water uptake occurred
within the first 8 h. ANC gels exhibited swelling of 811 + 151%.
Swelling was considered relatively low in comparison with
water uptake, confirming the tightly cross linked hydrophilic
nature of the material.

ANC gels were freeze dried for 48 h and imaged using SEM
(Fig. 11). SEM imaging revealed thick struts within the material
that surrounded pore-like structures. Further examination
of the struts and inner walls of the material showed that
ANC particles were present within the structure. ANC was
predominantly found within exposed structures rather on the
surface of the material. This suggests that ANC particles were
covered with polymers due to the graft polymerisation during
synthesis.

2842 | J Mater. Chem. B, 2020, 8, 2834-2844

Fig. 11 SEM images of amine nanoceria (ANC) hydrogels with PAMPS and
PAAmM polymer grafts at varying magnifications. ANC are highlighted with
white arrows.

Gels with perfectly flat surfaces were difficult to synthesise
due to the swelling nature of the material, instead, concave
surfaces were formed (Fig. 10). Mechanical testing was con-
ducted on five ANC gels (Fig. 12) and the shape of the
compression curves was typical for hydrogels. A fracture com-
pressive stress of 1.76 £ 0.10 MPa was recorded with strain of
60.9 + 1.6% (Fig. 12). These values are comparable to DNHGs
with 50 nm and 150 nm diameter silica nanoparticles in their
first network synthesised in the presence of GOx, with a range
of compressive strength of 2.6-3.6 MPa.>® The ANC gels showed
significant improved properties compared to the control DNHG
(PAMPS/PAAm without ANC/GOx), which had a fracture com-
pressive stress of 0.10 £ 0.06 MPa and strain of 45.9 £ 2.1%.
This increase in mechanical integrity can be attributed to the
formation of a more integrated nanoparticle-polymer matrix,
within both networks, that is lacking in the control. The
complex structure allows the material to withstand increased
stress without breaking up to 60% strain. It is also more likely that
the polymers are better integrated into the ANC due to surface
graft polymerisation, as opposed to the previous studies with of
polymer chains cross linked by chemical cross linkers.””'>17:3%¢
This provides stronger reinforcement in the material against
compressive stresses. The ability of the material to withstand

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9tb02729g

Open Access Article. Published on 06 March 2020. Downloaded on 2/18/2026 7:08:02 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

2.0~

-
o
1

—— ANC Gel 1
—— ANC Gel 2
——ANC Gel 3
—— ANC Gel 4
——ANC Gel 5
—— Control (no ANC/ GOx)

1.0

Stress (MPa)

I
[3,]
1

0-0 T T T T T T 1
0 10 20 30 40 50 60 70

Deformation (%)
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up to 60% strain is likely due to the dense polymeric networks
sharing the load due to their covalent links with ANC, com-
pared to control gels without ANC. This is likely due to the
nanocomposite structure of the material where both networks
are composed of polymer networks/ANC, as opposed to only the
first network containing nanoparticles in previous studies,
using silica nanoparticles, and compared to controls that are
synthesised without nanoparticles."* A higher density of ANC
will also be in contact with the polymers due to the small
diameter of ANC, resulting in increased specific surface area
for polymer grafting. Physical entanglements or bridge cross
linking within PAMPS/ANC and PAAmM/ANC is also possible.
These combinations would all have benefited the ANC gels
resulting in the improved mechanical strength, and provide
insight into the potential tailorability of this material.

Conclusion

A first of its kind nanocomposite double network hydrogel
consisting of two contrasting polymers grafted on amine func-
tionalised nanoceria was successfully synthesised. This was
achieved through a novel autocatalytic redox polymerisation
involving glucose oxidase and nanoceria. GOx was used as a
degassing agent and nanoceria as a polymerisation mediator
and enhancer. PAMPS and PAAm were both successfully grafted
on the surface of ANC with significantly improved conversion
profiles with the addition of GOx, reaching 90% conversion.
Ultimately, CAN and SDS were made redundant in the synthesis
route due to the combined efficacy of ANC and GOx at promoting
graft polymerisation. A strong double network hydrogel with
compressive fracture stress of 1.8 MPa at 60% strain, with 87%
water content, was synthesised based on the optimal concen-
tration of ANC for both polymers, in combination with GOx. The
compressive strength was an order of magnitude higher than
that of the equivalent gel made without ANC and GOx. The ANC
gels fall into the range of compressive strengths of articular
cartilage. As these gels are intended for cartilage repair applica-
tions, future work will explore compression under various

This journal is © The Royal Society of Chemistry 2020
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cyclical strains using dynamic mechanical analysis for compar-
ison with the cyclic loading exhibited by natural cartilage. This
novel material and new synthesis method can pave the way
to tailored biomaterials suitable for varying properties, by con-
trolling ANC and monomer concentrations.
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