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Highly Compressive and Stretchable Poly(Ethylene Glycol) Based
Hydrogels Synthesised Using pH-Responsive Nanogels Without
Free-Radical Chemistry.

Nam T. Nguyen®®, Amir H. Milani?, James Jennings®, Daman J. Adlam¢, Anthony J. Freemont?,
Judith A. Hoyland®® and Brian R. Saunders.?

Poly(ethylene glycol) (PEG) based hydrogels are amongst the most studied synthetic hydrogels. However, reports on PEG-
based hydrogels with high mechanical strength are limited. Herein, a class of novel, well-defined PEG-based nanocomposite
hydrogels with tunable mechanical strength are synthesised via ring-opening reactions of diglycidyl ethers with carboxylate
ions. The pH responsive crosslinked polyacid nanogels (NG) in the dispersed phase act as high functionality crosslinkers
which covalently bond to the poly(ethylene glycol) diglycidyl ethers (PEGDGE) as the continuous matrix. A series of NG-x-
PEG-y-z gels are prepared where x, y and z are concentrations of NGs, PEGDGE and the PEGDGE molecular weight,
respectively. The hydrogel compositions and nano-structural homogeneity of the NGs have strong impact on the
enhancement of mechanical properties which enables property tuning. Based on this design, a highly compressive PEG-
based nanocomposite hydrogel (NG-13-PEG-20-6000) exhibits a compressive stress of 24.2 MPa, compressive fracture strain
greater than 98 % and a fracture energy density as high as 1.88 MJ m=3. The tensile fracture strain is 230 %. This is amongst
one of the most compressive PEG-based hydrogels reported to-date. Our chemically crosslinked gels are resilient and show
highly recoverable dissipative energy. The cytotoxicity test shows that human nucleus pulposus (NP) cells remained viable
after 8 days of culture time. The overall results highlight their potential for applications as replacements for intervertebral
discs or articular cartilages.

polymerisation of PEG di-/multi-acrylates,10-14 condensation,15

Michael-type addition,6-18 Click chemistry9-21 and ring-opening

reaction.?234 The use of a commercially available poly(ethylene

Synthetic hydrogels have attracted great attention in the past
few decades as a new class of soft materials for many
biomedical applications including tissue engineering, drug/gene
delivery and injectable/implant devices.!” They have
advantages over their natural counterparts such as the ability to
be tailored with the desired mechanical properties for
applications. In particular, poly(ethylene glycol) (PEG) based
hydrogels are amongst the most studied synthetic hydrogels.
Due to the non-adhesive nature of PEG chains, PEG hydrogels
typically exhibit minimal or no intrinsic biological activity.
Extensive reviews on PEG hydrogels can be found in the
literature.®® Many synthetic pathways have been employed for
the synthesis of PEG-based hydrogels including free-radical
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glycol) diglycidyl ether (PEGDGE) for ring-opening reaction has
been studied for the construction of 3D-networks.22-34 One big
advantage of PEGDGE is that the ring-opening crosslinking can
be carried out directly on the diglycidyl ether (or diepoxide)
functional groups without time and cost consuming synthetic
steps. In most cases, the PEGDGE’s epoxides were ring-opened
using amine,2224  hydroxyl,2530 phenolic3133 and thiol34
functional groups. Furthermore, it is well-known that the ring-
opening reaction of epoxides can occur with carboxylic acid.35-
44 To date, however, there are no reports on crosslinking
between polyacid molecules and PEGDGE for the formation of
hydrogels.

High mechanical strength hydrogels are desired for many
hydrogels, especially for applications as replacements of
degenerated human cartilage or intervertebral discs.*> One
approach to enhance the mechanical properties is to use double
network (DN) hydrogels formed by combining two different
polymers.4¢ Recent studies have also reported hydrogels with
polymerisation-formed nanostructures provide enhanced
mechanical properties.#’-4° Another approach is to construct
the micro/nano composite hydrogels in which a dispersed
phase of micro/nano particles are distributed in a matrix by
physical or chemical crosslinking.>0-62 Reports on hydrogels with
excellent mechanical strength are mostly based on DN4é 70,
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hybrid DN7% 72 and micro/nano particle reinforced DN
hydrogels.52f 56, 61, 65,73

Our group introduced the formation of a double crosslinked
hydrogel by free-radical crosslinking of vinyl bonds between the
glycidyl methacrylate functionalised pH-responsive
micro/nanogels.3%-44 The pH-responsive ability of hydrogels is
mostly the result of pH-dependent swelling of the particles.
However, because of the random reactions between vinyl
groups, the hydrogels sometimes exhibited mechanical
weakness.5® Here, we propose a novel, PEG-based
nanocomposite hydrogel with high mechanical strength
prepared via a non-free radical approach using ring-opening
reactions of the diglycidyl ether by carboxylate ions located on
polyacid nanogels (NGs). The pH responsive singly crosslinked
NGs#2 43 act as a high functionality crosslinker which is
covalently bonded to the continuous matrix of PEGDGE. The
effect of the composition, such as PEGDGE molecular weight,
the amount of the NG and PEGDGE on the hydrogel mechanical
properties were investigated in detail. We show that an
optimized formulation produced hydrogels with remarkable
compressive strengths.

Experimental

Materials.

Methyl methacrylate (MMA, Sigma-Aldrich, 99%), methacrylic
acid (MAA, Sigma-Aldrich, 99%), ethyleneglycol dimethacrylate
(EGDMA, Sigma-Aldrich, 98%), ammonium persulfate (APS,
Sigma-Aldrich, 98%), sodium dodecyl sulfate (SDS, Sigma-
Aldrich, 98.5%), poly(ethylene glycol) diglycidyl ether (PEGDGE,
Sigma-Aldrich, 99%), NaOH (Sigma-Aldrich, 99%) were used as
received. All water was of ultra-high purity and was deionized
and doubly distilled.

Synthesis of singly crosslinked nanogel particles containing MMA,
MAA, EGDMA.

The singly crosslinked NGs consisting of MMA, MAA and
EGDMA (poly(MMA-co-MAA-co-EDGMA)) were synthesised via
semi-continuous emulsion polymerisation as reported
elsewhere?3. Briefly, SDS (1.20 g, 4.0 mmol) was dissolved in
water (240 ml) and the solution purged with nitrogen for 30
min. Then APS (0.20 g, 0.90 mmol) in water (2.0 ml) was added.
The semi-continuous emulsion polymerisation was conducted
at 80 °C. A comonomer solution containing MMA (42.0 g, 0.42
mol), MAA (10.0g, 0.12 mol) and EGDMA (1.10 g, 5.0 mmol) was
added at a feed rate of 0.40 mL/min. The reaction was left to
stir for 1 h after the feed finished and then the reaction cooled
to room temperature. The dispersion purified by dialysis against
water with stirring for 7 days.

Synthesis of PEG-based nanocomposite hydrogel using NG as a
multifunctional crosslinker.

Prior to the fabrication of the nanocomposite hydrogel using
PEGDGE and NG, concentrated NG dispersion was prepared as
follows: NG dispersion after intensive dialysis was filtered via
0.2um Cellulose membrane. The filtered dispersion was

2 | J. Name., 2012, 00, 1-3

concentrated by rotary evaporation at room temperaturg,i A
typical NG dispersion with a concentra®idnlGOXICUNALWHs
prepared from higher concentrated dispersion by diluting with
both water and NaOH (2.0 M) solution. In a typical preparation,
PEGDGE (0.3 g) with molecular weight of 6000 gmol-! (denoted
PEGDGE6000) was weighed and slowly added to NG dispersion
(1.0g of 20 wt.%) at pH 6.4 while the vial was subjected to
continuous vortex. An additional quantity of water (200 pL) was
then added. Upon mixing, the final pH was 7.0. The masses used
to prepare the gels and their compositions are summarised in
Supporting Information Tables S1. The mixtures were then
transferred into appropriate moulds and cured for 24-48 hiin an
oven at 37°C.

Swelling studies.

The volume swelling ratio of the gels was measured using a
gravimetric method. Samples were placed in phosphate buffer
solution at different pH values (0.1 M). Each sample was
weighed once a day and left in a fresh buffer. This process was
repeated for 5 days. The volume swelling ratio (Q) for the gels
was calculated using:

Qun 1 P
Q=pp< - )+_>__p

Ps Pp Ps

where Qi) is the mass swelling ratio. The ps and p, are the
densities of the solvent (water) and polymer, respectively.
These were taken as 1.0 and 1.2 g ml-1.74

Cytotoxicity tests.

Human nucleus pulposus (NP) cells were derived from
intervertebral disc samples obtained with informed patient
consent under ethical approval from the research ethics
committee (London - Brighton & Sussex. Ref. No: 17/L0/1408
‘Improving the understanding of intervertebral disc
degeneration, diagnosis and treatment’). NP cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with antibiotic/antimycotic (Sigma-Aldrich, UK), Glutamax and
10% fetal bovine serum (Thermo Fisher Scientific, UK) within a
humidified 5 % CO; incubator at 37 °C. Cells were harvested by
trypsinisation and seeded at a density of 3 x 104 cells per well
onto 13 mm sterile glass coverslips in 24 well culture plates.
After overnight incubation, NP cell culture media was
replenished and toroid shaped gels, sterilized in 70 % ethanol
for 10 minutes and rehydrated with several changes of sterile
phosphate buffered saline (PBS) over a 72 h period, were
introduced into the appropriate wells. Control cultures received
an equal volume of PBS. Cells were cultured up to eight days
and live/dead assays (Thermo Fisher Scientific, UK) were
performed at 1, 4 and 8 day according to the manufacturer’s
instructions. Images were obtained with an Olympus BX51
fluorescence microscope and an EVOS XL Core cell imaging
system.

Physical Measurements.

Potentiometric titration data were obtained using a Mettler
Toledo titrator using NaOH (1.0 M) as the titrant. Typically, a NG
dispersion (40 mL and 0.5 wt.%) was prepared in aqueous NaCl

This journal is © The Royal Society of Chemistry 20xx
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solution (0.050 M). Dynamic light scattering (DLS) and zeta
potential data were obtained using a Malvern Zetasizer NanoZS
instrument. A Nicolet 5700 (Thermo Electron Corporation)
spectrophotometer was used for Fourier transform infrared (FT-
IR) spectroscopy measurements.

Transmission Electron Microscopy.

Holey carbon-coated copper grids were subjected to plasma
glow-discharge for 40 s to create a hydrophilic surface. The NG
dispersion (1.0 wt.%, 20 pL) was placed onto a freshly prepared
grid for 1 min and then aqueous uranyl formate (0.75 wt.%, 20
pL) added for 30 s. Excess stain was removed by deionised
water. Each grid was then carefully dried at atmospheric
condition. Imaging was performed at 100 kV using a Phillips
CM100 instrument equipped with a Gatan 1k CCD camera. The
number-average diameters were determined using Image-)
(NIH) software.

Scanning Electron Microscopy.

The hydrogels were rapidly frozen in liquid nitrogen and then
freeze-dried overnight. The samples were mounted on Al slides
using carbon tape and coated with Au. The morphology of the
hydrogels was examined using a Philips FEGSEM instrument at
an accelerating voltage of 12 kV.

Dynamic rheology measurements.

All the mechanical tests were conducted on the as-prepared
hydrogels unless otherwise stated. All rheological studies were
performed on a TA Instruments AR200 rheometer. A 20 mm
diameter plate geometry was used and the gap was set to 2500
um. All measurements were conducted at 25 °C. Frequency
sweeps were performed at 1.0 % strain and at oscillation
frequencies of 0.1 — 200 rad s1.

Compressive properties.

All uniaxial compression tests were performed using an Instron
3344. The gels were prepared in PTFE cylindrical moulds with a
typical dimension of 11.50 mm x11.00 mm height xdiameter.
The specimens were compressed between two plates with a
strain rate of 2.0 mm/min until fracture or until the maximum
load value was reached. The engineering stress was used in
these studies. The cyclic compression tests were performed
using a compression rate of 5.0 mm/min for 20 cycles.

Tensile properties.

For tensile tests, the gels were prepared as dumbbell shape
using PTPE moulds with a typical thickness of 3 mm, sealed by
two glass slides. The dimensions of the mould midsection was
5mm x32mm width xlength. The specimens were clamped and
stretched with a strain rate of 1.0 mm/min until fracture.

Small-angle X-ray Scattering.

SAXS measurements were performed in the SMALL laboratory
at the University of Sheffield on a Xeuss 2.0 (Xenocs, Sassenage,
France) at room temperature. X-rays (1.341 A) were generated
by a liquid gallium Metallet X-ray source (Excillum, Kista,
Sweden), and the beam size was collimated through a pair of

This journal is © The Royal Society of Chemistry 20xx
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scatterless slits (1.2 and 0.8 mm). Two-dimepsianal KRR
patterns were recorded on a Pilatus 1NPaea04etedtBPlatca
sample-to-detector distance of 1.225 m (calibrated using a
silver behenate standard). Two-dimensional SAXS patterns
were azimuthally integrated using the Foxtrot software package
to obtain 1D scattering profiles. The scattering vector (g) values
of structure factor maxima (gmax) Were obtained by Lorentzian
peaks in Igor Pro to a Kratky plot (26 vs. Ig2 to correct for
instrument geometry’s 76) and nanogel centre-to-centre
distances (D) were calculated from the relationship D = 21/gmax.
For the pre-gel sample, a sample of PEG6000 solution was used
to subtract as a background prior to fitting, whereas data from
all hydrogels were fitted as collected (See Figure S6, ESIT for
examples of fitting).

Results and discussion

The PEG-based nanocomposite hydrogels were prepared in one
step by simply mixing NG and commercially available PEGDGE
without any further synthetic modifications (see Scheme 1).

o

0 (o} 0.
o 7 eIy
o

(¢}

0 PEGDGE (z = 600-6000 g mol)

effective

pH 6.7-7.4

polymer

o A
grafted N ‘.-'
polymer ‘..'

crosslinking

1

NG crosslinked PEG gel (NG-x-PEG-y-z )

Scheme 1. Depiction of the preparation of NG-x-PEG-y-z gels, where x and y are the
final concentrations in the formulation of NG and PEGDGE, respectively. Z is the
molecular weight of PEGDGE.

A large scale synthesis typically resulted in approximately 1 litre
of NG solution (3.5 wt.%) which demonstrates the feasibility for
large-scale NG preparation. At pH higher than 6.0, the
carboxylic acids can act as nucleophiles to ring-open the
epoxides on both ends of PEGDGE to form covalent crosslinking
(See Scheme 1).3537 The pH range at which network formation
occurred corresponds to the physiological range.

We improved the previously reported synthesis of NG
particles consisting of poly(MMA-co-MAA-co-EDGMA),*2 43 by
following the particle growth so that smaller size NG could be
synthesised. Compared to their larger size counterparts, smaller
size NGs could be advantageous as high functionality
crosslinkers because their higher surface area could provide
higher crosslink density. In addition, higher particle
concentration has been reported as a critical parameter for the
enhancement of hydrogel mechanical properties, as a result of
better stress distribution.”? The NG had a number-average
diameter of 17 nm by TEM (Figure 1A). Potentiometric titration
data (Figure S1, ESIT) showed that the pK, of the NG is 6.9 and
the particles contained 35.9 wt.% of MAA. The average particle
sizes is smaller than previously reported 43 and the NG

J. Name., 2013, 00, 1-3 | 3
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contained a higher concentration of MAA. DLS data (Figure 1B)
and zeta potential measurements (Figure S1, ESIt) clearly show
the pH-responsiveness where the NG can swell from 24 nm at
pH 5.8 to up to 50 nm at pH 9.8. The zeta potentials showed that
they were negatively charged at all pH values studied. Figure
S1C and Figure S1D (ESIT) indicate a narrow size distribution
with polydispersity index (PDI) values in the range of 0.06 —0.13
at different pH conditions.

We found that the presence of both the NGs and PEGDGE
were critical for a successful synthesis of the nanocomposite
hydrogel. Time-dependent inverted vial tests suggested that it
was not possible to form any self-standing gels without either
the NGs or PEGDGE (Figure 1C and Figure S2, ESIt). FT-IR
spectroscopy (Figure 1D) showed that the gel formation is
associated with the significant depletion of the 914 cm-!
absorption peak, which is a signature of epoxide group
conversion.”8

o
N
S

Epox‘ide
-=1

015

o
s
o

o
D
@

12h

o

i

I3
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30h :
1
1
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2
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Figure 1. Characterization of poly(MMA-co-MAA-co-EDGMA) NG. (A) TEM image of the
NGs. (B) Variation of NG z-average diameter (d,) with pH as measured by DLS. (C) Digital
photographs of the inverted vials showing formation of gel from a dispersion of NG and
PEGDGE600; the arrow shows the gel. (D) FTIR spectroscopy study on the kinetics of
formation of NG-9-PEG-45-600 nanocomposite hydrogel at time t =0, 12 and 30 h. The
rectangle highlights the epoxide band.

As seen in Figure S2, ESIt, this peak remained largely unchanged
when there was only PEGDGE600 present. In contrast the band
decreased in the presence of both the NG and PEGDGE (see
Figure 1D). Furthermore, suitable pH conditions were also
found to be important to ensure the NG dispersion stability in
the presence of PEGDGE. Introduction of PEG could cause the
aggregation and flocculation of the NG dispersion due to
depletion flocculation.”® We found that at pH > 6.0 the NG
stability was maintained and was not affected significantly by

4| J. Name., 2012, 00, 1-3

the mass ratio of NG to PEGDGE. Prior to the fing:Qpening
reactions of PEGDGE, the pH of the initidlON & WS 4djukbeb T
6.4 using NaOH solution.

An advantage of our approach to gel formation is that
PEGDGE with different molecular weights (MW) can be used to
prepare hydrogels with targeted mechanical properties.
Oscillatory shear rheology were used to initially investigate the
effect of PEGDGE molecular weights on the mechanical
properties of the NG-9-PEG-45-z gels (z = 600 - 6000 g mol1).
For this gel series, the masses of NG and PEGDGE are kept
constant. Therefore, the concentrations of NG and PEGDGE
remained constant at x = 9 wt.% and y = 45 wt.%, respectively.
Images of several gels are shown in Figure 2A. Rheological
properties of the nanocomposite hydrogels are dependent on
PEGDGE MW. Frequency-sweep oscillatory rheology (Figure 2
and Figure S3, ESIt) demonstrated that the elastic (storage)
modulus (G’) of all gels are much higher than the viscous (loss)
modulus (G”). The frequency independence of G’ coupled to the
relatively low G” values is strong evidence for highly elastic gels
without significant viscous dissipation.80 Furthermore, as seen
in Figure 2D, the G’ value decrease sharply by increasing the
MW from 600 to 6000 g mol-! suggesting a decrease in number-
density of elastically effective chains.

(A) B)

NG-9-PEG-45-600 NG-9-PEG-45-2000 100000 NG-9-PEG-45-600

NG-9-PEG-45-1000 NG-9-PEG-45-6000

a
CEELEEEREEELE = G

0.1 1 10 100
Frequency (rad s)

© )

100000 NG-9-PEG-45-6000 40-

‘© 10000
o

1000

G (kPa)
3
o/

G, G" (

o
oo
EPELLLLE

100 T T T
0.1 1 10 100
Frequency (rad s)

0o 1000 2000 3000 4000 5000 6000
PEGDGE molecular weight (g mol'l)
Figure 2. (A) Digital photographs of several self-supporting NG-9-PEG-45-z (z=600-6000
g mol-1) gels. Frequency sweep rheology data for (B) NG-9-PEG-45-600 gel and (C) NG-
9-PEG-45-6000 gel. (D) The variation of the storage modulus measured at 1 rad s with
PEGDGE molecular weight.

The compression studies investigated the effect of MW on
the NG-9-PEG-45-z (z = 600-6000 g mol?) gel mechanical
properties (Figure 3A). The compressive elastic moduli were
calculated within the first 10% strain and had values of 10 - 200
KPa (Table S1, ESIt). These values are in the region of many
hydrogel systems as soft matter for biological applications8 and
many human soft tissues.82 83 They decreased significantly from
NG-9-PEG-45-600 to NG-9-PEG-45-1000 then more gradually to
NG-9-PEG-45-6000 (Figure 3B). Moreover, fracture strain versus
PEGDGE MW showed an opposite trend with a strong, linear
dependence on the PEGDGE MW from as low as 27 % up to 96

This journal is © The Royal Society of Chemistry 20xx
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%. In particular, NG-9-PEG-45-6000 gel had the highest
compressive stress (4.1 MPa) and fracture strain (92 %).

At pH > 6.0, the NGs are well dispersed in aqueous media
which enabled uniform dispersion of the NGs within the
PEGDGE matrix during gel synthesis. Effective crosslinking
occurs when neighbouring NGs connect PEGDGE chains.
Polymer chains can also exist as singly grafted or free polymers
as a result of incomplete crosslinking (see Scheme 1). Varying
the MWs at constant masses of both PEGDGE and NGs
ultimately changes the concentration of available epoxide
groups and the initial carboxylate to epoxide molar ratio of
[COOH]/[Epoxide] (see Table S1, ESIt). For most gels, as the NGs
are spherical in shape some of the carboxylic groups in the inner
core of the particles may not react. The actual number of
reacting carboxylate groups in the NGs may be less than that of
epoxide groups. This implies the existence of the free non-

(A) (B)
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Fl 1007 g — Linear fit of fracture strain 0.20
2 <
b g 80 g
@ c o
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- 20.01 | —204 -] 3 .\ 012
g 1 T Sa0f 4 4 Te——e | Il
< f = . 2 4 808 Lo10 o
£ 150 z <« ™ growg
° e N g 15 ] M 3 toos £
® g —4 gpomg
> > 23
@ 10.0 N Lol 3 510 +/ 40% OOG’%
¢ S 2o 3
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crosslinked PEGDGE and singly grafted polymers embedded in
the hydrogel network.84

Figure 3. (A) Compressive stress versus strain data for the NG-9-PEG-45-z
gels (z = 600 - 6000 g mol-1). The legend shows the z values. (B) Variation of
fracture strain and modulus for the gels with different z values. (C) Compressive
stress vs. strain data for NG-x-PEG-y-6000 gels with different final PEGDGE6000
concentration (x = 9.1 — 13.3 wt.% and y = 45.5 — 20.0 wt.%, respectively). Inset
are images of the nanocomposite NG-13-PEG-20-6000 gel for compression test
before and after loading. The gel did not break and recovered its original
dimensions. (D) Variation of fracture energy density, fracture strain and modulus

versus final PEGDGE6000 concentration.

We propose that the crosslinking process became less effective
due to shielding/entrapment of the reactive groups by free and
singly grafted polymers. This effect was likely less significant
when using PEG chains of shorter chain lengths.52 81 At lower
PEGDGE MW (z = 600 g mol!) with a constant NG and PEGDGE
concentrations, the gel possessed a larger amount of epoxide
reacting groups; therefore, the crosslink density and modulus
were highest. However, the fracture strain decreased with low
PEGDGE MW (Figure 3B) because the elastically effective chains
were relatively short. On the contrary, the NG-9-PEG-45-6000

This journal is © The Royal Society of Chemistry 20xx
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gel comprised polymer chains with more mobility.and better
energy dissipation but a lower number ofQctiEEHAIHRWhieh
can be subjected to significantly higher compressive stress and
strain. The low elastic modulus is due to the long, flexible
PEGDGEG6000 chains, as would be expected from classic rubber
elastic theory.>?2

It is evident that PEGDGE6000 enhanced the ductility of the
gels. To further investigate the effect of PEGDGE6000
concentration on the gel mechanical properties, a series of NG-
x-PEG-y-6000 gels (x =9.1 —13.3 wt.% and y = 45.5 — 20.0 wt.%,
respectively) were studied where the initial NG
mass/concentration was fixed. Network formation occurred
after 12h at 37°C. By adding in different PEGDGE6000 masses,
the final PEGDGE6000 concentration (y) varied and ultimately
changed the final NG concentration (x). Figure 3C and Figure 3D
show the mechanical properties with different y values. As seen
in Figure 3C, hydrogels prepared with lower y exhibited
remarkable ductility. The compressive stress, strain and
fracture energy density increased when the total PEGDGE6000
concentration decreased from y = 45.5 wt.% to 20.0 wt.%. The
fracture energy density is a measure of the toughness of the
hydrogels under compression.8> Notably, both NG-13-PEG-29-
6000 and NG-13-PEG-20-6000 showed high compressive stress
of 23.4 MPa and 24.2 MPa at high compressive strains of 94 %
and 98 %, respectively. Meanwhile, NG-13-PEG-20-6000
exhibited a fracture energy density of greater than 1.88 MJm-3
because it did not fracture at the maximum strain, which is
comparable to values of other free-radical double and triple
networks.4¢. 85 These results suggested that this is the hydrogel
with optimum mechanical properties within the series.

Increasing y above 29.0 wt.% increases the number of free
and singly grafted polymers. This results in lower crosslink
density between the epoxide and carboxylic acid groups due to
greater shielding/entrapment by free and singly grafted
polymers. Therefore, the fracture energy density and
compressive stress decreased significantly. Since all effective
crosslinked PEGDGE6000 chains possess the same length, the
fracture strains could remain the same. As seen in Figure 3D, the
fracture strain showed only a slight decrease aty > 29 wt.%. On
the other hand, the modulus values remained similar at most y
values, except for a lower modulus at y = 20 wt.%. This
unexpected result can be attributed to the contribution of a
saturated population of free and singly grafted PEGDGE6000
when y 2 29 wt.%. The maxima of all graphs in Figure 3D
suggested that for y < 29 wt.% more efficient crosslinking with
less singly grafted and free polymers increased the compressive
stress and toughness.

To the best of our knowledge, most of the prior studies on
PEG-based hydrogels only focused on the cell studies rather
their mechanical properties!®-34 and only a few papers studied
their rheological properties.17- 25 29,32 Some reports have been
published on the syntheses of higher mechanical strength PEG-
based hydrogels that contain compression data,?3 52 86 even
though such properties are crucial to particular applications
such as replacements for degenerated articular cartilages and
intervertebral discs. Compared to DN hydrogels of high
mechanical strength, our PEG-based nanocomposite hydrogel

J. Name., 2013, 00,1-3 | 5


http://dx.doi.org/10.1039/C9NR01535C

Published on 02 April 2019. Downloaded by The University of Manchester Library on 4/3/2019 9:03:27 AM.

Nanoscale

exhibited comparably high compressive stress values (Table S1).
44, 46, 52, 61, 63, 65, 71, 72 To further demonstrate their excellent
reversible compressibility, a car crush experiment was carried
out where the NG-13-PEG-20-6000 gel was run over by a rear
tyre of a 1.0 tonne vehicle (Figure S4 and Video S1, ESIt). As
mentioned earlier, the NG-13-PEG-20-6000 gel possessed a very
high compressive stress and strain, it remained intact after
compression crush by the rear tyre of a moving car highlighting
the potential application of these gels for load bearing
applications.

To investigate the influence of the NG concentration and
their nanostructure on the gels, a series of the NG-x-PEG-20-
6000 gels were studied (x = 6.7 - 15.3 wt.%, Supporting
Information, Table S1). Their compressive stress-strain curves,
their relevant fracture energy density, modulus and
compressive strain versus the final NG concentration (x) were
shown in Figure 4A (also Figure S5A, ESIT). When x = 6.7 and
10.0 wt.%, the modulus, compressive stress and fracture energy
density were low. However, a small increase in x (from 10.0 to
13.3 wt.%) resulted in a striking enhancement of 2.5 times for
modulus and 24 times for fracture energy density. The
improvement of compressive strength, fracture energy density
and modulus are strongly dependent on x. It can be attributed
to the fact that when x is low, the NG particles are further apart
making it more difficult for the PEGDGE chains to be linked by
the NGs, leading to a lower crosslink density. Furthermore, only
a slight increase was observed in the fracture strain with
increasing NG concentrations since all effective crosslinked
PEGDGE6000 chains possess the same length. Nevertheless,
with a maxima in all 3 plots in Figure 4A, the NG-13-PEG-20-
6000 gel exhibited the best mechanical properties and is the
optimum composition for hydrogel preparation. This can be
attributed to an optimal crosslinking density between the NGs
and PEGDGE at concentration x = 13 wt.% and y = 20 wt.%.
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Figure 4. (A) Variation of fracture energy density, strain-at-break and modulus versus
final NG concentration for the NG-x-PEG-20-6000 gels with different final NG
concentration ratio (x = 6.7 -15.3 wt.%). (B) SAXS data for the NG-13-PEG-20-6000 gel as
well as data for the initial PEGDGE, NG and the mixture (pre-gel) prior to gel formation.

Scanning electron microscopy (SEM) was used to probe the
morphology of freeze-dried NG-13-PEG-20-6000 (Figure S5B,
ESIt) and NG particles can be seen closely packing. Small angle
x-ray scattering (SAXS) was used to provide more quantitative
structural information about the gels (Figure 4B). The presence
of a structure factor peak for the concentrated dispersion of NG
(x = 20 wt.%) demonstrates a highly interacting nature of the
particles.8” The peak position did not change significantly by the
addition of P6000 (the pre-gel mixture), meaning that the

6 | J. Name., 2012, 00, 1-3

particle-particle separation (D) was minimally perturbed by
added PEGDGE (see Figure 4B and SupporiAgSIHfaMation,
Table S2). Using the scattering vector (q) position of the
structure factor peak maximum, the average centre-to-centre
distance (D) between NG particles was estimated through the
relationship D = 2m/qmax. Peak fittings were performed to
determine the g-value of peak maxima (gmax) for all patterns
(Figure S6, ESIt). From these fittings, the average distance
between NGs in the pre-gel mixture was found to be 21.2 nm,
which decreased to 19.5 nm upon crosslinking (see Table S2,
ESIT). Furthermore, the appearance of a second order peak (at
g ~ 0.8 nm1) after crosslinking indicates that correlation
between NG particles increased and the crosslinked NGs are
better ordered in the nanocomposite gel.8?

One of the important criteria of hydrogels with potential
applications as replacements for intervertebral disc or articular
cartilage is their repetitive load-bearing ability. The NG-13-PEG-
20-6000 gels showed excellent recovery after each load cycle
for 20 cycles of loading-unloading (see Figure 5A and Figure S7,
ESIT). The hydrogels were subjected to a maximum compressive
stress of 0.93 MPa. The maximum compressive strain was more
than 70% and showed little creep. Very low hysteresis was
observed as seen in Figure 5A. The dissipated energy calculated
from the area of the hysteresis loops decreased slightly at first
and then approached constant values (Figure 5B). The gels also
showed little residual strain and were highly resilient. Although
most chemically crosslinked hydrogels often soften and lack of
the ability to recover,8® our gels are resilient and showed
recoverable dissipation energy.
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= 10 I
: [ issipated energy
< E o020
o 0.8 =
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Figure 5. (A) Repetitive loading and unloading compressive data (20 cycles) for the NG-
13-PEG-20-6000 gel. (B) The corresponding dissipated energy of each cycle. (C) Tensile
stress-strain data for the NG-13-PEG-20-6000 gel. The inset photographs show the gel
being stretched. (D) Cartoon depicting the proposed changes in gel structure during
deformation.

The NG-13-PEG-20-6000 gel also showed a good fracture
tensile strain of 230% (see Figure 5C). The efficient energy-
dissipation mechanism to toughen the gels when the network is

This journal is © The Royal Society of Chemistry 20xx
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subjected to uniaxial tension/compression may involve the
deformation of crosslinked PEGDGE6000 chains between
neighbouring NG particles and stretching/compressing of the
individual NG themselves, as depicted in Figure 6D. It is
proposed that upon stretching the gel the PEGDGE6000 chain
effectively absorbed the crack energy by changing their
conformation to adapt and withstand the external force,
followed by the ultimate fracture at the crosslink points. The
reinforcing particles deform also contributing to energy
dissipation.36. 73. 77 Therefore, more efficient crosslinking, less
free or singly grafted polymers and the nanostructure
correlation of the NG particle lead to better energy dissipation.
The high mechanical strengths and the load-bearing ability of
our gels are comparable to those of hybrid and microsphere-
structured DN hydrogels reported previously; 65 72, 86, 89
however, more importantly our gels are prepared in a single
step and contain a covalently crosslinked PEG-based network.

A pH-dependent swelling in pH range from 5.8 — 9.8 of the
NG-13-PEG-20-6000 gel was studied and shown in Figure 6A and
Figure S8, ESIT. At most pH conditions, equilibrium swelling was
reached after 1 day. The gels maintained their self-supporting
physical forms even after soaking for 90 days in PBS indicating
effective and stable covalent crosslinking. Environmentally
responsive hydrogels, in general, can be used for many
applications. In particular, pH-dependent swelling hydrogels
can be used in applications including drug delivery®°, gel
actuators®® and sensors®2. In addition, for the potential
application as replacements for intervertebral discs or
cartilages, our group has demonstrated that pH-responsive
hydrogels restore the mechanical properties of degenerated
intervertebral discs.42 93
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% £ 025
20 m B & 1504 020
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0! ‘ ‘ 8 o0
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pH Compressive strain (%)
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Figure 6. The properties of NG-13-PEG-20-6000 gel: (A) Equilibrium swelling ratio in
different pH conditions. (B) Effect of swelling on the mechanical properties. Cell
challenge data are shown in (C) and (D) for a control and a gel, respectively, after 8 days.

At equilibrium swelling, the volume swelling ratio increased
from 7.6 to 19.3 and up to 29.3 for the pH conditions of 5.8, 7.4
and 9.8 respectively. SAXS data demonstrated that swelling led

to a shift in gmax value of the structure factor peak towards
lower values (Figure S9, ESIt), indicating a more significant
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swelling under basic conditions as carboxylate groyps in.the NG

increasingly deprotonated. DAh10.18deitfR0H0158he
disappearance of the higher order peak upon swelling indicates

become

that the correlation between the NGs decreased. As expected,
the significant swelling in PBS buffer at pH 7.4 led to decrease
of the hydrogel’s excellent ductility. Nevertheless, the gel still
exhibited a compressive stress of 0.23 MPa (Figure 6B). The
decreased performance of the mechanical properties coincides
with loss of the well-ordered NG nanostructure upon pH-
triggered swelling of NGs and the extension of hydrophilic
PEGDGEG6000 in water.

Many reports on hydrogels with excellent mechanical
strength are mostly based on the DN,*¢ hybrid DN7. 72 and
micro/nano particle reinforced DN.52 61, 63, 65 |n most cases,
crosslinking via free-radical polymerisation often involves the
use of toxic acrylamide as a starting material. As a result, their
potential biomaterial applications may be limited. Here, the
cytotoxicity of the NG-13-PEG-20-6000 gel was tested using
human nucleus pulposus (NP) cells. The NP cells were cultured
with toroid shaped gels. The results suggested that all cells were
viable after 8 days of culture time (Figure 6C and 6D), and more
data concerning the cytotoxicity experiments are shown in
Figure S10, ESIT. The overall data support the potential for our
nanocomposite hydrogel as load bearing biomaterial implants.

Conclusion

In this work, we developed a new strategy to prepare highly
compressive and stretchable PEG-based hydrogels without
free-radical chemistry using pH-responsive NGs. Different MW
PEGDGE was able to be used to tune the mechanical properties
of the hydrogels. Oscillatory shear rheology and uniaxial
compressive tests confirmed that using a commercially
available PEGDGE6000 as the matrix enhanced the properties
of the gels. Densely packed nanostructures of the gels were
confirmed by SEM and SAXS analysis. For a series of the NG-x-
PEG-20-6000 gels with different final NG concentration ratios (x
= 6.7 - 15.3 wt.%), the NG-13-PEG-20-6000 exhibited high
compressive stress of 24.2 MPa at compressive strain 96 % and
a good fracture tensile strain of 230 %. They also exhibited
fracture energy density as high as 1.88 MJ m-3, which is
comparable to values of other free-radical double and triple
networks. They survived crush run over by a rear tyre of a 1.0
tonne car highlighting the potential application of these gels for
load bearing applications. Their repetitive load-bearing ability
suggested that our gels are highly resilient. The NG-13-PEG-20-
6000 gel demonstrated a pH-dependent swelling in pH
condition range from 5.8 —9.8. The cytotoxicity data for the NG-
13-PEG-20-6000 gel suggested that all human nucleus pulposus
cells were viable after 8 days of culture time. The overall results
highlight the outstanding mechanical properties and low
cytotoxicity of our gels, which showcase their potential as
injectable/implant replacements for intervertebral discs or
articular cartilages in the in vivo loading state where swelling is
strictly limited. Thus, PEGDGE with higher MW could be
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synthesised as potential candidates for even better
compression and tensile properties.
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