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Abstract

Highly processable hydrogels loaded with active components for localised drug delivery and/or live
cells for regenerative medicine are an attractive target for biotechnology research. We describe a
singlepot precipitation polymerisation of poly (N-isopropylacrylamide) (pNIPAM) from the surface of
dispersed Laponite® platelets in agueous media above its lower critical solution temperature (LCST),
yielding tightly packed pNIPAM globules that resist aggregation and can be maintained for long
periods of time as a low viscosity colloidal suspension. Upon cooling, the pNIPAM chains transform
from the ‘globule’ to the 'coil' conformation, establishing multiple physical interactions and chain
entanglement leading to irreversible gel formation. We have shown that the temperature and rate of
phase transition and the rheological and mechanical properties of Laponite®-pNIPAM hydrogel canbe
tailored by addition of N, N'-dimethylacrylamide (DMAc) comonomer and other biologically relevant
additives. The tuneable propetties of Laponite®pNIPAM hydrogel confims its excellent potential for a
wide range of therapeutic applications.

Key Words: injectable hydrogel, regenerative medicine, localised drug delivery, lower critical solution
temperature, thermoresponsive polymers.

1. Introduction

Development of hydrogel biomimetic materials with sol-gel (solution to solidification) properties that
allow injection followed by spontaneous solidification has resulted in several classes of injectable
hydrogel materials suitable for tissue engineering®®. Researchers have examined self-assembly®®
Michael-type addition®*!, click chemistry (Diels-Alder cycloaddition, azide-nitrile addition, thiol-ene
addition'>?*) and disulphide®*®, photo-mediated®’, ionic'®*°, Schiff base®*?, and enzyme-mediated**
2 crosslinking to achieve this. Some technologies exclude the use of potentially cytotoxic crosslinking
agents and curing methods, allowing the mixing and simultaneous transplantation of live cells with a
polymeric scaffold to the affected site®®>2’. This mode of delivery is a minimally invasive alternative to



implantation of preformed gels, which requires surgical placement and carries increased risk of
infection and relatively poor margin adaptation. Injectable scaffolds are a favourable alternative as
they offer reduced complication risk, scarring and pain, and can easily be delivered to deep tissues,
with improved tissue/scaffold interfaces®.

Water-soluble, thermosensitive polymers such as poly(N-isopropylacrylamide) (pNIPAM) enable non-
invasive implantation. Having a lower critical solution temperature (LCST) close to human
physiological temperature has resulted in strong interest in pNIPAM for tissue engineering
applications. Precipitation polymerisation techniques are typically employed for the synthesis of
pNIPAM hydrogels, whereby the polymer is synthesised at high temperatures in the presence of a
crosslinking agent containing two vinyl groups, e.g., N, N' -methylenebisacrylamide (BIS), using a
thermally-dissociating free-radical initiator. Since chain propagation results in the formation of
hydrophobic regimes, the chains collapse to form tightly packed nanoaggregates. The covalent
crosslinks that BIS provides ensure that the polymer chains do not unravel and dissolve when they
become water soluble at temperatures lower than the LCST, but instead form discrete swollen
microparticles. It has been suggested that, at sufficiently high solid content, pNIPAM forms self -
crosslinks, to produce tertiary carbon atoms which form microgel particles without any additional
crosslinking agent!%°.

The phase transition of themmosensitive polymers around their LCST has been associated with the
balance between the hydrophilic (waterpolymer) and hydrophobic (polymer-polymer) interactions
available in the system. Tunability of LCST transition of a hydrogel system expands its application in
the field of drug delivery. It is well understood that incorporation of hydrophilic or hydrophobic
monomers into the polymer backbone enables one to modulate the LCST of the hydrogel®-32
However, information about the range of an LCST transition is often omitted which underestimates the
complexity of the phase transition process. Understanding the phase transition rate is vital for
injectable hydrogels and those used for drug delivery. For example, a slow LCST is required for a

steady drug release®.

Clay polymer nanocomposite hydrogels are also of particular interest in biomedicine because of their
tailorable, tissue-like mechanical properties as well as their ability to dynamically alter their internal
structure®3*, Currently, they find numerous applications in drug delivery®*=’, cell cultivation®%* and

tissue engineering® research.

We have previously reported the development of an injectable hydrogel which utilises the thermo -
responsive behaviour of pNIPAM together with its ability to electrostatically interact with synthetic
Laponite® clay platelets*™3. The synthetic approach was extended to include the incomporation of a
hydrophilic monomer (N, N -dimethylacrylamide (DMAc)) to increase the cloud point and associated
solidification temperature of the material to one appropriate for injection and solidification within body
cavities. The stable colloidal suspension was shown to be injectable above LCST through a 26G
needle. Through cell viability studies, we have demonstrated that cells could survive, migrate through
the hydrogel and deposit matrix*.



This work aims to provide a better understanding of the physical chemistry of these Laponite®-
pNIPAM (L-pNIPAMy) hydrogels. Realtime dynamic light scattering analysis was exploited to monitor
the polymerisation process. Furthermore, the correlation between DMAc content and the LCST range,
hydrogel mechanical properties, viscosity, and morphology was investigated. The LCST range was
determined using a combination of turbidimetry, calorimetry and rheology to enable accurate
evaluation of the phase transition temperature range. The processability of the hydrogel was also
examined by incomorating different additives which include hyaluronic acid (HA), gelatin and
Poly(lacticcoglycolic (PLGA) into the body of the hydrogel prior to solidification. Deeper
understanding of physiochemical properties of this hydrogel system enables translation of promising
application-specific formulations.

2. Experimental

2.1 Materials

N-isopropylacrylamide, 99% (NIPAM) was kindly provided by KJ Chemicals Corporation and was
used without any modification. N, N' -dimethylacrylamidewas purchased from Sigma-Aldrich and used
without further treatment or purification. A synthetic hectorite clay, Laponite® (a registered trademark
of BYK Additives) was used as received. Gelatin and lyophilised bovine vitreous humour HA were
purchased from Fluka® Analytical and used without modification. 2-2'-azobisisobutyronitrile (AIBN)
(Sigma-Aldrich) was recrystallised from methanol. Poly(lactic-co-glycolic) acid (PLGA, RG752H - 75:
25 lactide: glycolide, I.V. 0.16-0.24) was supplied by Critical Pharmacetuticals and used as received.
All water was deionised 18 MQ.

2.2 Synthesis of the liquid polymer/Laponite® nanocomposite hydrogels
2.2.1 Preparation of Ly-pNIPAM, gels.

An exfoliated suspension of Laponite® in water was prepared by vigorous stirring of Laponite® in water
for 24h at room temperature. The AIBN and NIPAM were added to the suspension and stirred for 1h.
After passing the suspension through 5-8um pore filter paper, polymerisation was performed at 80°C
for 24h in a sealed glass vial with minimum headspace to reduce the potential for oxygen temination
of the free radical reaction. The liquid suspension transforms to an opaque suspension typically after
~25 minutes and at this point, it is capable of forming solid gels upon cooling. For subsequent
experiments which required solid hydrogels, the warm, polymerised liquid gel was cooled to room
temperature to induce solidification within a suitably shaped vessel prior to use. Exact hydrogel
compositions utilised in this work are listed in Table 1.

Table 1. Composition (%
w/w) of the samples used in
this paper including all the Laponite® NIPAM DMAc Additive” H.0
L«-pNIPAM, hydrogels. The
subscripts indicate the wt%




of each component except
for compositions containing
DMACc where the subscripts
indicate the %DMAc of the
overall polymer content for
simplicity. The superscripts
*CTR and *“™® are used to
indicate control hydrogel
formulations for the DMA
analysis (section
3.8).Sample ID

L1o-pNIPAMs, 1.00 9.00 - - 90.00
L-pNIPAM-co-DMACs 1.00 8.55 0.45 - 90.00
L-pNIPAM-co-DMAG1o 1.00 8.10 0.90 - 90.00
L-pNIPAM-co-DMAC13 1.00 7.83 1.17 - 90.00
L-pNIPAM-co-DMAcis 1.00 7.65 1.35 : 90.00
L-pNIPAM-co-DMACz 1.00 7.20 1.80 - 90.00
Los-pNIPAM, 5 0.50 4.50 - - 95.00
pPNIPAMso 0.00 5.00 - - 95.00

Los 0.50 0.00 - - 99.50
Loo-pNIPAMz1Gso 0.90 8.10 - 5.00 86.00
Log-pNIPAM7:G100 0.80 7.20 - 10.00 82.00
Logs-PNIPAMgo TR 0.88 8.00 - - 91.12
Gelatinio - - - 10.00 90.00
Loo-pNIPAMg1HA. 0.90 8.10 - 0.20 90.80
Log-pNIPAM7:HA4 0.80 7.20 - 0.40 91.60
Losi-pNIPAMy25*C™R 0.81 7.23 - - 91.96
Los-pNIPAMg 1PLGA 10 0.90 8.10 - 10.00 81.00

" Additive refers to mass of gelatin, hyaluronic acid, or PLGA.

2.2.2 Preparation of L-pNIPAM-co-DMAc gels.
Synthesis followed the protocol described in 2.2.1 with the addition of dimethylacrylamide (DMAC) in

the appropriate quantity to the monomeric suspension (see Table 1).

2.2.3 Preparation of Ly-pNIPAM, gels containing gelatin additive.

The liquid hydrogel was synthesised as per 2.2.1/2.2.2. A gelatin solution was made by heating a 1.1
w/v mixture of gelatin and 18 MQ deionised water to 70°C and stirred until dissolved. Measured
quantities of this solution (as shown in Table 1) were combined with the liquid hydrogel and stirred in
a heated ultrasonic bath (40 KHz at 70°C) for 30 minutes urtil the gelatin-containing hydrogel

precursor formed a homogenous pale-yellow liquid.



2.2.4 Preparation of L,-pNIPAMy gels containing HA additive.

The liquid hydrogel was synthesised as per 2.2.1/2.2.2. An agueous HA solution was prepared by
refrigerating a 50:1 w/v mixture of HA and 18 MQ deionised water for 48 hours, during which time it
was removed and stirred vigorously every 8 hours. Appropriate gquantities of this solution required to
provide the desired final formulations were then combined with the liquid hydrogel and stirred in a
heated ultrasonic bath (40 KHz at 40°C) for 30 minutes until the HA-containing hydrogel precursor
formed a homogenous milky liquid.

2.2.5 Preparation of Ly-pNIPAM, gel containing PLGA.

The L«-pNIPAM, containing 10% PLGA was prepared by vigorously stirring PLGA microparticles® into
Lio-pNIPAMgo synthesised as per 2.2.1. The composition and identifying codes for each hydrogel
composition are provided in Table 1.

2.3 Material Characterisation

2.3.1 Dynamic Light Scattering (DLS)

Samples were analysed using a Malvern Zetasizer Nano ZS instrument with a 4 mwW He-Ne solid-
state laser operating at 633nm and RI detector at 173°. The instrument was equipped with an
integrated Peltier temperature control device with accuracy of +0.1°C. The formation of Los-pNIPAM4s
particles was monitored by replicating the procedure described in 2.2.1 and 2.2.2 in a quartz cuvette
placed into the pre-heated instrument set at 80°C. The intensity-average diameter was measured
every 5 minutes and the polymerisation was allowed to proceed for 6 h. The Los-pNIPAM4;s dispersion
was then cooled at a rate of 0.33°C/min to 25°C and measurements were collected every 1°C. In
order to avoid dust contamination, the solutions were passed through a syringe filter with pore size of
20 um immediately prior to heating.

2.3.2 UV-Vis spectrophotometry

Transmission spectra, at a wavelength of 260nm, were collected at 2°C decrements between 50 and
20°C using a Cary UV-Vis spectrophotometer (Agilent, USA) using 18 MQ water as a blank. The
samples were allowed to equilibrate in a thermostatically controlled water bath for 30 minutes at each

temperature prior to spectrum collection.

2.3.3 Differential scanning calorimetry (DSC)

Calorimetric analysis was performed using a Perkin EImer DSC 8000 equipped with Pyris Manager
software. The samples were heated in sealed aluminium crucibles between 20 to 50°C and cooled
back to 20°C at 2°C/min heating and cooling rates.

2.3.4 Rheology

The rheological properties of Ly-pNIPAMy hydrogels were characterised using an Anton Paar 301
rheometer with parallel plates configuration (PP PP50-SN16861 measuring system, 1 mm gap size) in
a humidified chamber. Three types of oscillatory measurements were performed in the following
order: temperature sweep, frequency sweep and amplitude (strain) sweep. Prior to any



measurements, samples were allowed to reach equilibrium at 50°C for 2 minutes. The temperature
sweep was conducted at 1% strain and 10 Hz between 50 to 25°C (2°C/min). The frequency and
strain sweeps were conducted at 25°C between 0.01-100 Hz (with 1% strain) and 0.01-1000% strain
(at 10 Hz), respectively.

To evaluate the flow behaviour of the LpNIPAM, hydrogels, rotational shear experiments were
carried out at different temperatures. Initially, the temperature of the bottom plate was maintained at
50°C for 2 minutes for the temperature of the hydrogel to equilibrate and then cooled to 40°C at
2°C/min. After another 2 minutes of equilibration at this temperature, a rotational shear test was
carried out with the shear rate ranging between 0.01 to 100 s™*. The same procedure was repeated at
39 and 38°C.

2.3.5 Dynamic Mechanical Analysis (DMA)

DMA was conducted in triplicate using a PerkinEImer DMA8000 model in compression mod e at 25°C,
applying a sinusoidal force with a 0.5 mm displacement at frequencies between 1-10 Hz. Liquid
hydrogels were freshly prepared and solidified as a 4mm thick sheet at oom temperature (2h), and a
circular biopsy punch (4.5 mm i.d.) was used to remove cylindrical samples from the solid hydrogel.
Sample dimensions were confirmed using digital callipers prior to measurement.

2.3.6 Scanning Electron Microscopy (SEM)

Paired samples prepared for DMA analysis were further characterised using SEM. Samples were
flash frozen at -80°C and subsequently freeze dried using a FD-1A-50 Freeze Drier set to -53°C, 3.8 x
10 mbar for 8h. The sample was fractured to expose the interior surface morphology, attached onto
an aluminium stub and gold coated (10 pA sputter current for 180 s with a 2.7 tooling factor) for
imaging. Fracture surfaces were examined using a FEI NOVA nanoSEM 200 scanning electron
microscope (SEM). Secondary electron (SE) images were obtained using an accelerating voltage of
5 kV at magnifications ranging from 1000x to 40,000x. For each sample a minimum of six SEM

images were collected and examined.

2.3.7 FTIR imaging

Infrared images were collected using an Agilent 680-IR FT-IR spectrometer coupled with a liquid
nitrogen cooled mercury cadmium telluride focal plane array detector MCT-FPA (64x64 pixels) and
capable of simultaneously collecting 4096 spectra from an image area of 640 pm x 640 um using the
Golden Gate™ Imaging Single Reflection ATR Accessoly (Specac Ltd). Images were collected as the
average of 64 scans at 4 cm™ resolution. Samples were deposited hot, directly onto the ATR crystal
and allowed to dry under ambient conditions for 16h prior to data collection.

3. Results and discussion

The strategy based on thermally initiated, precipitation polymerisation performed in the presence of
dispersed Laponite® platelets results in the synthesis of an easily processable hydrogel system at
elevated temperatures that can be injected through fine bore needles, and upon cooling solidifies
irreversibly without the need for additional, potentially toxic, reactive moieties’. As a polymerised, low
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viscosity liquid that does not require further purification after polymerisation and supports cell viability,
the LpNIPAMy hydrogel was initially developed as an injectable scaffold to support mobility and
differentiation of human mesenchymal stem cells for musculoskeletal applications #4647 Whilst Ly-
pNIPAM, hydrogel compositions have also been shown capable of supporting intestinal epithelium
cells in vitro, supporting intestinal crypt culutre and modelling inflammatory boweld disease®*°. The
range of tunability has been shown to support extracellular matrix deposition commensurate with the
tissue of interest* 4349 This study was designed to provide a better understanding of the
polymerisation, solidification, thermal behaviour and mechanical properties of the L.pNIPAMy
hydrogel and some of the composition variations used to tuneits mechanical properties.

3.1 Empirical observations

After polymerisation at 80°C and while being kept above LCST, Ly+pNIPAM, hydrogel behaved as a
freeflowing milky suspension (Figurela). Upon cooling below the LCST, this milkky suspension
transformed to an optically transparent hydrogel (Figure 1b). We attribute this to the pNIPAM chains
transformation from the globule to the coil conformation and the extension of these chains from the
Laponite® surface. We hypothesize that in this unfolded coil conformation, the polymer chains form a
large number of water-polymer interactions via their amide groups, including interactions taking place
via bridging water molecules. These interactions are dynamic and pemit the high extensibility and
good compressibility previously reported by Haraguchi for similar materials synthesised via a different
method®. The solidified hydrogel did not return to its liquid form upon reheating; instead, it displayed
evidence of hydrophobically-induced chain collapse resulting in macroscopic shrinkage (Figure 1c).
The key difference between the materials described in this paper and those described by Haraguchi
et al. #5153 s that by synthesising the L«-pNIPAM, above the LCST using a thermal initiator, a low
viscosity and processable liquid is created prior to solidification.

\

Laponite®
+

Water

Figure 1. Representative scheme of the a) polymerisation, b) solidification and c) subsequent phase
transition behaviour of L,-pNIPAM, nanocomposite materials.



3.2 Particle size characterisation

Evidence to support the proposed mechanism for formation of Ly-pNIPAM, hydrogels was obtained by
monitoring the polymerisation of NIPAM in the presence of Laponite® (Los-pNIPAM4s) at 80°C, and
subsequent cooling, was in situ using DLS. The hydrogel composition studied using DLS was
selected to replicate the Laponite® to NIPAM ratio of our ‘standard’ hydrogel formulation (Ly.o-
pNIPAMoy), as the standard formulation was deemed to be too high in concentration to provide
reliable DLS measurements. The evolution of the intensity-average diameter with time for dispersions
of LosspNIPAM4s, NIPAM (pNIPAMso) and Laponite® (Los) held at 80°C in the presence of AIBN
initiator are presented in Figures 2a, ¢ and e, respectively, and while cooling to 25°C (Figures 2b, d
and f).

NIPAM was polymerised in the presence of Laponite® patticles (Figure 2a) in a quartz cuvette placed
into the pre-heated instrument set at 80°C. The recorded diameter at to (31 nm) is that of the clay
particles, as they dominate the scattering of light. After 30 minutes at 80°C the intensity-average
diameter increases and the particle size distribution shifts; this coincides with the timescale of
pNIPAMs, polymerisation then precipitation and can be reasonably attributed to the formation of clay-
pNIPAM patrticles. Indeed, the absence of any pm-sized latex particles supports the formation of
nanosized hydrogel/Laponite® particles. Even at this relatively low agueous concentration of
Laponite®, if all the layers were delaminated and dispersed, they would offer a surface area near 800
m? g* distributed over 10% platelets thus providing an extensive number of potential locations for
polymer nucleation and/or adsomtion. As time progresses the intensity-average diameter gradually
increases to 75nm and the clay-pNIPAM patticles can be seen to be colloidally stable, as judged by
the monomodal particle size distribution and lack of particle sedimentation in the cuvette. Nelson and
Cosgrove™ reported that adsorption of poly(ethylene oxide) on the surface of Laponite® may result in
the interparticle interactions becoming much less attractive because of steric repulsion from the
adsored layers. However, they did not rule out changes in the distribution of the counterions in the
electric double layer given that any displacement of these ions would result in a more extended
double layer leading to greater electrostatic repulsion. As the pNIPAM chains are insoluble at 80°C,
colloidal stability is likely imparted by the hydrophilic clay. Upon cooling (Figure 2b) the intensity-
average diameter of the claypNIPAM patrticles remains constant (75 nm) until the LCST of pNIPAM is
reached (=34°C). At this point the globular pNIPAM on the Laponite® surfaces transform to the coil
conformation, partially extend outward into the aqueous phase and form physical interactions and
entanglements with neighbouring clay-pNIPAM patrticles. The spike in the reported intensity average
diameter is indicative of this change.

In the absence of Laponite®, NIPAM in the presence of AIBN initiator transforms from a non-scattering
suspension at to with a reported diameter =200nm (Figure 2c), to a highly scattering dispersion of
pNIPAM with an intensity-average diameter exceeding 3um. This dramatic change is caused by the
precipitation of water-insoluble pNIPAM chains as micron-sized latex particles. On cooling to 34°C
(Figure 2d) the pNIPAM patrticles transform from the globule to the coil conformation resulting in the



diameter reported by DLS to be large and erroneous and is realistically attributed to the

hydration/swelling of the high molecular weight pNIPAM chains.

When aqueous Laponite® is heated and cooled in the absence of NIPAM, the observed intensity -
average diameter remains relatively stable with an increase indiameter over time (from 29 to 69 nm).

Analysis of the patrticle size distributions (see inset in Figure 2e) indicates that change in diameter is

probably due to an increase in particle aggregation®. The initial intensity-average diameter of the

pristine Laponite® is approximately 29 nm which is in excellent agreement with the value of 30 nm

from neutron scattering®. There is no evidence that Laponite® particles became more dispersed upon

cooling (Figure 2f).
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Figure 2. Real time intensity-average diameter of NIPAM/Laponite®/water (Los-pNIPAM4s),
NIPAM/water (pNIPAMs,) and Laponite®/water (Los) maintained at 80°C for 6 hours (a, ¢ and e) and



subsequently cooled at a rate of 0.33°C/min (b, d, and f). The insets show particle size distributions
obtained at times indicated and schematics of the proposed structures and transitions.

3.3 Controlling the LCST

Several authors®**-%! have shown that the LCST of pNIPAM can be effectively controlled through the
incorporation of comonomers, and that a linear relationship exists between the LCST and the volume
fraction of NIPAM within the copolymer. Principally, a thermoreversible coil-to-globule transition
involves interactions between the polymer and solvent which results in the changes in entropy (ASm)
and enthalpy (AHm) of mixing becoming more negative. If themally-induced phase separation is to
occur in aqueous solutions, the relative magnitudes of AS,» and AHn must be sufficient to cause a
reversal in the sign of the change in Gibbs free energy, AGn, at temperatures below 100°C%-%2, This
phase transition is associated with the balance between hydrogen bonding and the hydrop hobic
interactions between the polymer and water. The LCST of pNIPAM (for coil to globule transition) is
well documented in literature %% and is commonly defined as the temperature at which hydrogen
bonds break. In this woik, the globule-to-coil transition (associated with the formation of hydrogen
bonds) of LypNIPAMy hydrogels with and without DMAc are investigated using turbidity, calorimetry

and rheology techniques.

As the globule-to-coil transition is accompanied by a dramatic change in turbidity, optical transmission
measurements using UV-Vis can provide means for monitoring this transition in real time. The
measured LCST (i.e., the temperature at the slope midway pointin the transmittance versus T profile)
for liquid L1o-pNIPAMo, (or L-pNIPAM-co-DMACo) and L-pNIPAM-co-DMACc:3 as they cooled to room
temperature (Figure 3) were 31.2°C and 37.0°C, respectively. The marked increase in transmittance
at their respective cloud points with decreasing temperature is attributed to the transformation of the
liquid from an optically opaque colloidal suspension containing large, collapsed polymer/ clay particles,
to a three-dimensional polymer/clay entangled hydrogel network, capable of lighttransmission. The
presence of haze in the L-pNIPAM-co-DMAc 1z gel after solidification, causing a lower % transmittance
at T < LCST, was caused by the inhomogeneity in domain/pore size, clearly visible in the SEM
images shown in section 3.6 (Figure 8). We theorise that the incorporation of the hydrophilic monomer
(DMAC) inhibits complete chain collapse above the LCST and interferes with the free movement of
pNIPAM chains during the phase transition, resulting in different aggregation structures. Similar
measurements were conducted for samples containing up to 20% DMACc (of the overall polymer
content). The LCST of these materials are given in Table 2. The addition of more DMAc into the
reaction mixture resulted in the LCST of the copolymer increasing in a dose-responsive manner, in
agreement with a trend reported by Barker et al.,*. The L-pNIPAM-co-DMAci; gel has an LCS Tpeak
(or Tpea) Of =37.0°C, which is ideal for injectable therapeutic applications.

However, referring to LCST as a single temperature can be misleading. Variation of the balance
between the polymer-polymer interaction and polymer-water interactions can be more accurately
described using Tonset and Tenaser as Well as Tpeak. Sensitive measurement techniques are required to
detect the Tonse: and Tensset associated with LCST range.
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Figure 3. The increase in 260nm light transmittance as the temperature of L1o-pNIPAMgoand L-
pNIPAM-co-DMACc;; liquid hydrogel formulations are reduced (photographs obtained using a Lio-

pNIPAMg, formulation; Table 1).

Calorimetry analysis enables monitoring of the formation and breaking of hydrogen bonds within the

thermosensitive polymer system as a function of temperature. The exothermic heat flow (between 50-

26°C) of the hydrogels containing 0-20% DMACc are displayed in Figure 4. The Tonset, Tendset and Tpeak

were evaluated using the exothermic and endothermic peaks (as summarised in Table 2). While the

increase in the Tpeax With DMAC content closely resembles the UV-Vis data, it is important to highlight

that the LCST range broadens with higher DMAc content. The Tonset and Tenaset DECOME barely

discernible for pNIPAM-co-DMACy indicating that monitoring the LCST range using DSC becomes

challenging at higher DMAc content.

Heat flow

25

_
L-pNIPAM-co-DMAc,, __i_‘-\\__\_‘_‘x
L-pNIPAM-co-DMAc, .
——
L-pNIPAM-co-DMXcT\—“‘“‘-g\\
\_
L-pNIPAM-co-DMAc, | T
\_\‘\
-
T T
L-pNIPAM-co-DMAC, } \
Tpealr. 1\\
—\_\__&__/_\
P
L-pNIPAM-co-DMAc, ‘*ﬁ\
i_-ﬁ_\—\
T T T T "
30 35 40 45

Temperature / °C

Exo

Figure 4. Stacked DSC curves of Lx-pNIPAMy, hydrogels with 0-20% DMAc content. The arrows mark

the exothermic Tpeax.
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Rheology is highly sensitive to the structural changes of a given material (in this case, polymer chain
entanglements associated with the phase transition). The storage modulus variations of the different
hydrogel systems as a function of temperature are shown in Figure 5a. The addition of DMAc had a
noticeable impact on the modulus values of the hydrogels, with L1o-pNIPAMgodisplaying the largest
storage modulus (>1500 Pa) at 25°C compared to the other systems containing the comonomer.
Haraguchi et al.* reported a similar observation for pDMAc-clay nanocomposites prepared near room
temperature compared with their pNIPAM counterparts. The difference ininterior morphology and
pore structure of the hydrogels could explain this observation. This topic is further explored in section
3.6.

The 1% derivative of storage modulus can be used to detect the Tyeak more clearly which is defined as
the temperature at the point of greatest modulus gradient (Figure 5b). For Li1o-pNIPAMog o hydrogel
with no DMAC, a sharp rise in modulus is observed at 29.7°C indicating a sudden phase transition at
this temperature. Similar to the observation made using DSC, when more DMACc is present in the
polymeric chain, the phase transition occurs more gradually. Garcia-Pefias et al. reported a similar
observation for a pNIPAM-co-dopamine methacrylamide system®. Increased hydrophilic interactions
caused by the presence of DMAc chains promotes a longer phase transition process and broadens
the LCST range. Therefore, presence of hydrophilic DMAc copolymer not only shifts Tpeak to higher
temperatures but also causes the phase transition process to occur over a longer period.
Interestingly, the thermal and rheological behaviour of LYNIPAM, hydrogel remains consistent even in
polymerised suspensions held at 60°C several weeks after polymerisation (Figure S1 of the
supplementary data).
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Figure 5. Variation of (a) (average) storage modulus and (b) its 1% derivative as a function of
temperature for Ly-pNIPAM, hydrogels containing 0-20% DMAc (of the overall polymer content).

Table 2. LCST values as determined by UV-Vis transmittance, calorimetry and rheology
measurements as a function of DMAc content.

12



LCST of Lx-pNIPAMy hydrogels [°C]

%DMAC content

Method

0% 5% 10% 13% 15% 20%
UV-Vis Tpeak 31.2 - 35.0 37.0 395 42.0
DSC Tonset (Exo) 331 34.7 37.2 38.0 39.2 40.5
DSC Tpeak (Exo) 31.2 335 35.5 36.3 37.1 38.6
DSC Tendset (Exo) 30.1 325 34.3 34.8 354 36.0
DSC Tonset (Endo) 31.8 33.7 35.4 35.7 35.9 36.9
DSC Tendset (Endo) 33.8 35.8 38.2 38.9 39.5 40.8
Rheology Tpeak 29.7 31.8 33.7 34.4 34.5 36.1

3.4 Injectability

To probe the injectability of LypNIPAMy hydrogels, a critical parameter for many tissue engineering
applications, their flow behaviour as a function of temperature was examined. The viscosity of Li-
pNIPAM, hydrogels with 0% and 13% DMAc content at 10 s™* shear rate was detemined (Table 3).
The viscosity measurements were conducted at 40, 39 and 38°C, together with vegetable oil for
comparison. An increase in the DMAc content caused an increase in the viscosity of the liquid
hydrogel. LpNIPAM-co-DMAc1s showed a sharp increase in viscosity (>600%) when the hydrogel
was cooled from 40 to 38°C, while a =76% increase in viscosity was observed for Lio-pNIPAMggin
identical conditions. This observation can be attributed to the increase in Tpeac and the broadening of

the LCST range (Table 2) with an increase in the DMAc content.

Table 3. Viscosity of vegetable oil and Lx-pNIPAM, hydrogels with 0% and 13% DMAc at 10s™* shear
rate.

Viscosity at 10s™! shear rate [mPa.s]

Sample
40°C 39°C 38°C
Vegetable oil 185 193 202
L1.0-pNIPAMgg 13.6+2.8 31.0+4.3 239435
L-pNIPAM-co-DMAcC13 18.4+6.7 298+7.4 132.9 £53.9

The flow behaviour of LpNIPAM-co-DMAc13 hydrogel in the 0.01-100 s shear rate range is shown in
Figure 6a. The hydrogel demonstrates shear-thinning behaviour at the measurement temperatures
which is characterised by a drop in viscosity when the shear rate is increased. The flow behaviour of a
viscoelastic material can be modelled mathematically using Herschel-Bulkley (HB) model:

o=0,+Ky"
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where ¢ is the shear stress, y is the shear rate, g, is the yield stress, K is the consistency index and n
is the flow behaviour index. For shear-thinning materials, the n value must be less than 1%. The flow
curve for LpNIPAM-co-DMAc1z hydrogel at 40°C can be fitted using the HB model (as shown in
Figure 6b) with an n value of 0.53, confirming the shear-thinning behaviour of this material.

(a) (b) o5
10° 4 —— L-pNIPAM-co-DMAc_ - 38°C [ —=—LpNIPAM-co-DMAc,, at 40°C Dats: Shearsress. &
| —=&— L-pNIPAM-co-DMAc - 39°C Model: Allometric2
04 —e— L-pNIPAM-co-DMAc,_ - 40°C 04l chi2 = 000007
RA2 = 099376
10 4
00113840 00322
o 4 © b 0.0524 +0.00345
© E o g3 0.42206 +0.01447
& =
E 10" 4 2
> =
= " 12
‘o 10 y i
8 5 02
ﬂ 105 | .\ 5
> .:‘:i\‘\
, e iiiﬁz e S— T
10° 4 ’\itii\‘;_\ 0.14 o=0.01+ 005(]/)043
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Figure 6. (a) The flow curve and of L-pNIPAM-co-DMAc13 samples at 40, 39 and 38°C. (b) L-pNIPAM-
co-DMAci3 shear stress vs. shear rate at 40°C fitted using the HB model. The fitting was done using
Origin software.

3.5 Rheological properties of Ly-pNIPAMy as a function of DMAc content

The influence of DMAc content on the rheological behaviour of the LxpNIPAM, hydrogels were
investigated using frequency and strain sweep experiments. Frequency sweeps were used to
investigate the time-dependent behaviour of the samples in the non-destructive deformation range
(within the linear viscoelastic region or LVE). Highfrequency simulates fast motion on short timescale
and low frequency mimics slow motion on long timescales or at rest. The loss modulus (G”) and
storage modulus (G') values between 0.01-100 Hz (at 1% strain) are displayed in Figure 7a and b.
The loss modulus for all hydrogels shows greater frequency dependency compared to their storage
modulus which indicates that the viscous behaviour dominates the hydrogel response to frequency
variations rather its elastic behaviour. At 25°C and within the physiological frequency range (0.1-6 Hz)
all hydrogels behave like a viscoelastic solid (G > G”). At 25°C and 0.01 Hz the Lio-pNIPAMgg
hydrogel (containing 0% DMAC) has a storage modulus of 1340 Pa which is >5 times higher than that
of LpNIPAM-co-DMAcC. In addition, deviation of G from the plateau frequency response of Lio-
pNIPAMgo hydrogel (between 0.01-11 Hz) suggests that the frequency dependency of these
hydrogels rises with DMAc content. These indicate that an increase in DMAc content lowers the

stiffness of the Ly-pNIPAM, hydrogel and results in a weaker gel.
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Figure 7. (a) Loss modulus and (b) storage modulus of Lx-pNIPAM, hydrogels with different DMAc
content in a frequency sweep between 0.01-100 Hz. (c) & (d) show theloss and storage moduli of the
same group of hydrogels in a strain sweep experiment with the %strain ranging between 0.01-1000%.

All experiments were conducted at 25°C.

Strain sweep data are shown in Figure 7c and d. The LVE region of LypNIPAMy hydrogels at 25°C
(0.02-11% strain) are not affected by the DMAc content (Figure 7d). The LVE region of the hydrogels
are well within the physiological limit. Within this region, all samples can be described as viscoelastic
solids since G' > G”. Similar to the frequency sweep data, hydrogels with lower DMAc content show

higher stiffness (G’) and therefore, higher structural strength.

3.6 Interior morphology

The interior morphology of two solidified hydrogels, Lio-pNIPAMgo and LpNIPAM-co-DMAc13, were
examined using SEM (Figure 8). The micrographs show that the Lio-pNIPAMgo hydrogel has a
comparatively uniform open pore structure with diameters =10um. However, the L{pNIPAM-co-
DMAc1z hydrogel exhibits smaller pores of two distinct sizes. The first, with a distribution of
micropores of diameter =bum and the second with a distribution of interconnected nanopores, with
diameters =100-1000nm, at the interfaces between the larger pores. These pores are likely the
negative template of ice crystals formed during the freezing process, but still provide a useful marker
for the distribution of water within the gels. Cooling rate is known to influence ice crystal size and
frequency; however, it is possible that the polymer-water interaction throughout the material is playing

a crucial role in governing ice crystal formation. It is likely that the increased hydrophilicity of the co -
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polymer material results in a more homogeneous distribution of water and thus, leads to smaller ice
crystal formation. The SEM images also suggest that the polymer-clay component forms an extremely
fine texture of interconnected thin threads similar to those surrounding 5pm pores in
poly(ethyleneoxide)/Laponite® hydrogels as described by Loizou et al. .

110 um

Figure 8. Scanning electron micrographs illustrating the typical interior morphology of a) L-pNIPAM
and b) L-pNIPAM-co-DMAci; hydrogel.

3.7 Processability and inclusion of biologically relevant additives.

To demonstrate ease of processing, 2ml of freshly prepared Lio-pNIPAMg, liquid hydrogel was drawn
from its heated reaction vessel (80°C) with a dropping pipette and transferred dropwise to a
corrugated heart-shaped steel mould (Figure 9a). Upon cooling to room temperature, the liquid
hydrogel quickly (<30 s) solidified; accompanied by a spontaneous change in opacity. When cool, the
L1o-pNIPAMg, hydrogel, having taken the precise shape of the complex mould, was easily removed
(Figure 9b).

The ease with which biologically relevant additives (in this instance gelatin and PLGA as examples)
could be incomporated into the liquid hydrogel prior to solidification is demonstrated in Figure 9¢c4. It is
worth noting that gelatin is biocompatible, relatively inexpensive, is able to withstand the relatively
high temperatures necessary to allow the hydrogel to remain in a liquid state while PLGA is a
biodegradable polymer used in a wide range of medical and pharmacedtical applicatio ns making both
suitable candidates as additives. The trivial dispersion of PLGA micropatrticles and the homogenous
distribution of water soluble gelatin within L,pNIPAM, were verified using FTIR imaging in ATR mode.
Images were constructed based on the peak height of the 8(CHs) vibration of pNIPAM (1460 cm™),
the v(C=0) vibration of PLGA (1750 cm™) and the amide-lll vibration of gelatin (1240 cm™). The
0(CHa) vibration of pNIPAM was chosen instead of the more commonly used amide | or amide I
bands to avoid overlap with gelatin peaks. The distribution of individual PLGA microparticles within
PLGA-incorporated hydrogels was discernible (Figure 9d). There was a strong anticorrelation
between the pNIPAM domains and the PLGA microparticles with two microparticles recognisable
within the measured area. Facile incomporation of active additives (e.g. drug loaded microparticles or

16



live cells) opens a wide range of possibilities for localised delivery across arange of therapies. In this
example, the FTIR-ATR imaging, data show no identifiable gelatin nor pNIPAM rich domains within
the gelatin-incorporated specimen (Figure 9e and f), demonstrating that the material is homogenous.

Distribution of Distribution of
pNIPAM PLGA
. (1460 cm™) (1750 cm™)

(f)

Distribution of Distribution of
pNIPAM Gelatin
(1460 cm™) (1240 cm™)

»

Figure 9. Images showing a) L1o-pNIPAMgo hydrogel immediately prior to solidification and b) the
cooled L1o-pNIPAMg hydrogel. ATR-FTIR images of a dry film of Log-pNIPAMgs1PLGA 10 highlighting
¢) pNIPAM distribution (&(CHs) vibration), and d) PLGA microparticle distribution (v(C=0) vibration).
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ATR-FTIR images of dry films of Los-pNIPAM72G100 highlighting ) the pNIPAM distribution (3(CHs)
vibration), and f) the gelatin distribution (amide-lll vibration).The colours red and blue indicate areas of
the highest and the lowest band intensities, respectively.

3.8 Mechanical properties

Dynamic Mechanical Analysis was used in compression mode to investigate the effect of additives (in
this instance HA and gelatin as examples) on the mechanical properties of the Ly-pNIPAM, hydrogels.
Similar to gelatin, the range of important biological functions of HA as well as its structural properties
owed to its viscosity and water retention capabilities makes this material another ideal candidate as a
hydrogel additive. To account for the additional water incorporated when additives were added,
samples prepared by adding the same volume of water, Logs-pNIPAMso*“™ and Losi-pNIPAM725*¢TR
(Table 1), were used as controls. The G’ values for all hydrogel formulations increased with increasing
frequency thereby exhibiting typical viscoelastic behaviour (Figure 10a and c).

The addition of HA to L,pNIPAMy (Figure 10a) caused anoverall decrease in G’ values, whereas the
control (Losi-pNIPAM~23*“™) exhibited a greater degree of linear viscoelasticity during compression,
displaying a mechanical behaviour which resembles Log-pNIPAMg1HA2 and Los-pNIPAM72HAq4 at
low frequencies and L-pNIPAM at higher frequencies. The overall decrease in G’ upon addition of HA
to Lio-pNIPAMgo suggests that HA molecules within the hydrogel network interfere with the shear
thickening mechanism of the gels at high frequencies. The addition of gelatin to LypNIPAMy (Loo-
PNIPAMsg1Gso and Los-pNIPAM~2G1o.0 in Figure 10c) appeared to reduce G’ although the large error
bars temper any fim conclusion. The lowest G values were obtained for the Gelatinig sample,
suggesting that the change in viscoelastic behaviour of gels containing high concentrations of gelatin
are directly linked to the mechanical propetrties of gelatin and may be the result of gelatin molecules
competing with pNIPAM for the clay surface effectively reducing the crosslink density.

The damping ratio (tan 8) provides information concerning the energy dissipation properties of the
gels (in this case as afunction of frequency) and is given by the loss modulus/storage modulus ratio,
the inelastic and elastic components, respectively. The larger the value of tan 8, the greater the
damping force within the material resulting in a reduction of the oscillatory force, which manifests
macroscopically as a reduction in the shock of impact. All the formulations exhibit an increase in tan ®
at higher frequencies, except for gelatin containing hydrogels, which exhibited similar damping
properties to Gelatiny (tan & does not change with increasing frequency), which implies that the
interstitial gelatin is responsible for this property (Figure 10c and d). The addition of HA did not seem
to affect the damping properties of these hydrogels. The ability to tune the mechanical properties of
the hydrogels could enable lineage selection for differentiation of MSCs towards selected cellular

phenotypes which can be regulated by substrate stiffness®.
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Figure 10. (a & ¢) Frequency dependency of storage modulus and (b & d) frequency dependence of
tan & for selected Ly-pNIPAM, hydrogel formulations and the Gelatin;o solution.

4. Implications for use within regenerative therapies

By exploiting the thermal phase transition of pNIPAM, the LpNIPAM, hydrogel can be utilised in
innovative ways. The polymer chains remain as discrete colloidal particles immediately following
polymerisation and remain so until the material is cooled to a temperature predetermined by the
formulation (nature of the copolymer, crosslink density, etc.). This transition is irreversible and the
hydrogel does not reliquify upon heating or resuspend upon rehydration (Figure S2). The additional
phase in the LypNIPAMy production provides opportunities for processing, addition of additives, cell-

seeding and injection.

Conventional crosslinked pNIPAM hydrogels demonstrate biocompatibility, but solidify during
synthesis and require purification prior to cell plating®, both precluding them from injectable delivery
systems. The present system allows the suspension of live human cells within the liquid hydrogel*-
434647 The resulting therapeutic suspension may be administered by injection and completely fill any
complex void prior to its solidification®*43, This concept is very attractive for therapeutic use in
musculoskeletal tissue repair; particularly in clinical cases such as osteoporosis® and intervertebral
disc degeneration*+®°, where the use of small bore needles for delivery is necessary to minimise the

risk of additional tissue damage™™.
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Fundamental design requirements of biomaterial scaffolds are 1) cytocompatibility and 2) the ability to
create a cellular envionment conducive to synthesis and deposition of extracellular matrix which
replicates the composition and structure of the target tissue, consequently inducing the required
mechanical properties”>. Excellent cytocompatibility and induced differentiation of IMSCs to a nucleus
pulposus lineage in LpNIPAM-co-DMAci; has been demonstrated®“. In similar studies,
differentiation of hMSCs toward osteoblast lineage was demonstrated in LpNIPAM-co-DMAC3
containing hydroxyapatite nanoparticles®“. Furthermore, we have shown previously that hMSCs
embedded in LpNIPAM-co-DMAcizare induced to synthesize matrix appropriate for musculoskeletal
tissues such as the nucleus pulpous of the intervertebral disc*“#?, or bone*“® such as collagens, and
proteoglycans which are found in high abundance in these tissues >-™. Lineage commitment of MSCs
can be mediated by a number of biological, chemical and mechanical cues which can be tailored
within biomaterial scaffolds to induce specified types of cellular differentiation. The tuneable
mechanical and physiochemical properties possible using this synthetic method via the addition of
suitable comonomer and/or additives demonstrates its suitability as a platform scaffold for use in

hMSC- targeted regeneration of musculoskeletal tissues.

In addition, microvascular endothelial cells (HDMEC)*, colon cancer cell lines (CaCo, and HT-29
MTX)*, and intestinal crypt stem cells*® have also been shown to display excellent cytocompatibility
within Lio-pNIPAMgo and LpNIPAM-co-DMAC;; hydrogels. This has been supplemented with in vivo
evidence of biocompatibility demonstrating no toxic or adverse effects following subcutaneous
implantation or injection to bone®.

5. Conclusions

We have developed an innovative synthetic route that enables a fully synthesised hydrogel to exist as
afreeflowing liquid suspension which irreversibly solidifies upon cooling at a specific, pre-engineered
temperature. The method exploits the themal phase-transition of pNIPAM and its ability to interact
with Laponite® surfaces. The polymerisation is carried out using an initiating agent which undergoes
thermal dissociation at temperatures above which NIPAM will polymerise to form pNIPAM in a
hydrophobic, globule conformation. This results in chain propagation close to the Laponite® surface,
the net result of which is the synthesis of tightly packed polymer chains surrounding each Laponite®
platelet, where each polymer/clay particle remains discrete from its neighbours. This unique colloidal
system remains stable provided the pNIPAM chains are maintained at temperatures above their
LCST range. A reduction in temperature to < LCST of the polymer, results in the polymer chains
uncoiling and extending away from the clay surfaces enabling them to form bridging interactions with
neighbouring clay platelets and entanglements with adjacent uncoiling polymer chains. The final
product is a crosslinked, 3-dimensional hydrated polymer network which does not re-liquefy nor
cannot be resuspended after drying at elevated temperatures. Solidification requires no additives or
additional steps. The mechanical properties and solidification temperature of the materials can be
tailored by both the addition of additives and the inclusion of a comonomer. It was also shown that the
rate of Ly-pNIPAMy phase transition can be tailored with the comonomer content which may enable
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controlled release of therapeutic materials for drug delivery applications. The materials demonstrate
excellent potential as a platform technology that may be applied across a range of therapetitic
applications.
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Supplementary data to the manuscript

"One-Pot Precipitation Polymerisation Strategy for Tuneable Injectable Laponite®-pNIPAM
Hydrogels: Polymerisation, Processability and Beyond."
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Figure S1 (a-c) The DSC curves of the L-pNIPAM-co-DMAc13 hydrogel after 12 hours, 1 week and 4 weeks after
polymerisation. (d) changes in the storage modulus of L-pNIPAM-co-DMAc13 hydrogel when cooled from 50°C to
25°C after 12 hours and 1 week of being polymerised.
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Figure S2 (a) Swelling rate of dried L-pNIPAM-co-DMAc13 sample in supplemented DMEM medium with
350mOsm/kg osmolarity at 37°C, (b) Image of a hydrogel sample after swelling. The measurements were
conducted using the vacuum filtration method.
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