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Abstract

Microgels (MGs) are swellable crosslinked polymer colloids. They can also be used as
the only building block to construct nanostructured hydrogels which are denoted as
doubly crosslinked microgels (DX MGs). Both MGs and DX MGs can be useful in

biological application. This thesis presents a study of multi responsive MGs and DX MGs.

In the beginning, new triply responsive DX MG-x-nPh comprised of interlinked MG-x-
nPh of oligo(ethylene glycol)methacrylate (OEGMA), 2-(2-methoxyethoxy)ethyl
methacrylate (MEO>MA), methacrylic acid (MAA),  o-nitrobenzyl-based UV
photocleavable crosslinker (nPh) and glycidyl methacrylate (GMA) are investigated. The
MG-x-nPh particles swelled or collapsed in response to temperature and pH changes and
also degraded when UV irradiated. The content of crosslinker (x) does not restrict the
swelling of MG-x-nPh. The concentrated MGs can be formed into DX MG-x-nPh gels via
free-radical polymerisation using the GMA vinyl groups. The DX MG-x-nPh gels are
injectable and implanted and they are not cytotoxic to nucleus pulposus cells. DX MG-
x-nPh also shows temperature and pH responsiveness additions UV-enhanced the gel
modulus. The mechanical properties and swelling of the DX MG gels were strongly
affected by x. The UV-C light stabilised gels have potential application as injectable gels
and implants for soft tissue. Even though the photosensitive MG-x-nPh and gels is

developed in this work, the applications are limited due to irreversibly of gel formation.

Next, I synthesised the reversibly photo-crosslinkable 7-(2-methacryloyloxyethoxy)-4-
methylcoumarin (CMA) and copolymerised it with MEO,MA and MAA to prepare triply
responsive CMA-based MGs (denoted as MG-CMA). MG-CMA is also multi-responsive
(pH, temperature and light). It was found that the photo-dimerisation degree of CMA is

related to the size of as-made MGs. The photo-switching ability between a highly
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crosslinked and de-crosslinked state was achieved using UV-irradiation. The crosslinker
density was easily adjusted by switching the wavelength of UV light. Light and pH are

shown to control the release of a drug from MG-CMA.

The method for preparing conventional DX MGs require addition of initiator, which
limits spatial and temporal control and may adversely affect cells. At the end of the project
I investigated a strategy to construct multi-responsive hydrogels utilising photo-triggered
covalent interlinking of concentrated MG-CMA building blocks. This method provides
precise spatial control and no other material is required to prepare the gels beyond the
MG-CMA particles themselves. The multi-responsive hydrogels are reversibly
responsive to light, pH and temperature. The moduli value and swelling ratios of gels are
also photo-tuneable. This versatile gels show light-assisted healing, re-shaping, photo-
patterning, fluorescent photo-imaging and can be built up to multi-responsive
cytocompatible actuators, grippers and ON/OFF circuit components. This work provides

a new strategy to construct versatile multi-responsive gels.
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Chapter 1: Introduction

1.1 Motivation

Degenerated intervertebral disc (DIVD) leads to a loss of disc height and mechanical
instability, resulting in chronic pain'. It is a major health problem for humans which
causes reduced productivity and increased treatment costs®. Our group has been shown
that doubly crosslinked microgels (DX MGs) assembled from the polyacid-based
microgel particles (MGs) can be used as an injectable gel and provide therapeutic (load
support), diagnostic (stress-strain data) and tissue regeneration capabilities for the DIVD
as a non-invasive (injectable) therapy> . Remotely monitoring and adjusting the local
stress distributions of DX MGs in the DIVD in real-time, in situ are important during
therapy. Some reports from our group show that the pH-responsive nanoprobes or core-
shell-shell nanoparticles implanted into the DX MGs leads to gels which have capacity
to monitor their environment such as local stress and pH values by fluorescent signals

based on Forster resonance energy transfer (FRET)>”.

In this thesis, my work is developing injectable hydrogels whose swelling, mechanical
property and stress distributions can be remotely controlled by light. In order to create
these gels, photo-laible crosslinker or monomer were synthesised and copolymerised into
MGs which were then used as building blocks construct to gels. These gels are pH-,

thermal-, and light-responsive and also load bearing.

1.2 Survey of thesis

This thesis begins with a literature review in Chapter 2. This chapter introduces the
theories, background and biology applications of MGs, responsive MGs (light, pH, and

temperature) and DX MGs. The chapter 3 is focused on the characterisation instruments
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used in this thesis. Research and discussion topics are provides in Chapters 4-6. Finally,

the Chapter 7 presents an overall conclusion and future outlook.

In Chapter 4, o-nitrobenzyl-based UV photocleavable crosslinker (2,2’-(2-nitro-1,4-
phenylene)bis(methylene)bis(oxy)bis(oxomethylene) bis(azane-diyl)bis(ethane-2,1-diyl)
bis(2-methylacrylate), denoted as nPh) was synthesised firstly. A series of triply
responsive MG-x-nPh (pH, temperature and light) containing 2-(2-methoxyethoxy)ethyl
methacrylate (MEO2MA), oligo(ethylene glycol) methacrylate (OEGMA), methacrylic
acid (MAA) and different amounts of nPh were prepared by emulsion polymerisation.
Afterwards, the MGs were functionalised with glycidyl methacrylate (GMA) to make
vinyl functionalised MGs. The DX MG-x-nPh were formed through pH-induced swelling
and free-radical coupling of the vinyl groups. The aim of this chapter was developing the
new series of DX MGs gels with light triggered mechanical property change and swelling
ratio change. Comparison of the multi-responsiveness of MG and DX MG was another
motivation for this study. Hence, the sensitivity of MG-x-nPh and DX MG-x-nPh gels
were investigated. The mechanism of the unexpected behaviours of light-induced MG-x-
nPh degradation and mechanical property enhancement of DX MG-x-nPh gels were
studied and discussed. Scheme 1.1 shows the main strategy and prospective studies.
However, the light-cleavage of that crosslinker and light-enhancement of DX MG gels
are irreversible, which limit their potential application. It is necessary to developing and

studying the reversibly light-controllable MGs and hydrogels.
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Scheme 1.1. Synthesis of triply responsive (A) microgels (MGs) and (B) DX MG gels. The structure of the
control ethyleneglycol dimethacrylate (EGD) crosslinker is shown in (A). The precursor MGs were

functionalised with GMA. The GMA units are crosslinked to form the DX MG gel (B).

The main idea of chapter 5 was investigating the reversibly crosslinker density and
swelling changes of MGs by adjusting the wavelength of light. In this chapter, light
induced-dimerisation and cleavage of a monomer (7-(2-methacryloyloxyethoxy)-4-
methylcoumarin (CMA)) was investigated firstly. Four different size poly(MEO:MA-
MAA-CMA) MGs (donated as MG-CMA) were studied ranging from 25 nm to 124 nm
(TEM diameters) and are photo-, pH-, temperature-responsive. They were synthesised by
emulsion polymerisation of MEO;MA, MAA and CMA (Scheme 1.2A). The light-
induced changes of pH- and thermally-triggered swelling behaviours were fully studied.
Light at 365 nm photo-dimerised the CMA and increased the crosslinker density while
light at 254 nm photo-cleaved the dimeric CMA and decreased the crosslinker density
(Scheme 1.2B). The relationship between size of as-made MGs and the light induced
swelling variation was studied. The light induced volume increase upon photo-de-

crosslinking was much greater than reported for other works and this was investigated.
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Scheme 1.2. (A) Synthesis of MG-CMA. (B) MGs show reversible pH-, temperature- and photo-

responsive behaviours.

The light controllable mechanical property and swelling property changes was
constructed successfully in chapter 4, but the method of preparing DX MG gels was free
radical polymerisation, requiring the addition of initiator and accelerator which may be
harmful to cell when injecting into DIVD. In Chapter 6, a multi-responsive hydrogel was
constructed by light using concentrated and swollen MG-CMA as building blocks using
photo-triggered dimerisation of CMA within and between MGs. This strategy is novel
because it does not require adding small molecule reactants or free-radical initiator. The
multi-functional nature of gel was studied including the light-triggered self-healing and
re-processing to difference shapes. The photo-tuneable reversibility of the modulus value
via changing wavelength of UV light was investigated. The capacity of hiding messages
for anti-counterfeit applications was studied based on behaviours of light-induced

fluorescent emission change. The photo-patterning to give various shapes of gels was
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demostrated. The gel was also designed to construct actuators for ON/OFF circuit

switching and gripping.
Non-irradiated gel Photo-crosslinked gel Photo-cleaved gel
4‘:‘
(c) \
L“-&" S
7
. e

A =254 nm
A =365 nm

Photo-cleaving

Photo-crosslinking A =365 nm

Photo-crosslinking

o
MG-CMA
Scheme 1.3. Schematic illustration of the initial non-irradiated gel of (A) MG-CMA particles (no
UV exposure), (B) photo-crosslinked gel (with 365 nm irradiation) and (C)photo-cleaved gel

(with 254 nm irradiation), respectively. The scale bar is 5.0 mm and applies to all images.
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Chapter 2: Literature review

2.1 Microgels

A microgel (MQG) particle is a swellable polymeric particle that contains physical or
chemical crosslinking and solvent. The term “microgel” was first put forward by Baker
in 1949!. Staudinger and Husemann first synthesised MG particles by polymerising the
divinylbenzene (DVB) to obtain crosslinked polymer particles®>. MG particles have high
solvent content, high specific surface area and good colloidal stability®. They can swell
in a good solvent*> or be stimulated by physical or chemical stimulus such as
temperature®, pH’, electricity®, light” and enzyme!®. MGs have a size between 100-1000
nm but can be larger. In collapse state (Figure 2.1A), they are hard colloid but may still
contain some solvent!!. They become soft and have a diffuse surface with dangling chains

when swollen'! (Figure 2.1B).
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Figure 2.1. Depiction of a microgel particle at (A) poor and (B) good solvent®.

2.1.1 Free-radical polymerisation

Free-radical polymerisation is the most used widely method to prepare of polymers from
monomers with a CH>=CRiR; structure. There are three stages in free-radical

polymerisation: initiation, propagation and termination.
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2.1.1.1 Initiation

The initiation stage contains two steps. The first is creation of free-radical from an
initiator and the second is formation of the active centre by free-radicals attacking the &
bonds of monomers'2. The initiator can be divided into thermal initiators, photo-initiators
and redox initiators'2. Normally, the reaction needs to be heated to above 50 °C to break
the weak bond of the thermal initiator. Redox reactions are used when the temperature of
free-radical polymerisation needs to be lower than 50 °C. The photochemical initiator can
be decomposed using UV light irradiation which ceases as soon as the light source is
removed. In this thesis, the thermal initiator was mostly used. For example, the free

radical (R-) can be formed by thermolysis of persulfate in water as showed in following

Figure 2.2.
Q Q 9
o'—ﬁ—o—o—ﬁ—o' —>2-o—§—6
O o} o}

Figure 2.2. The decomposition of perselfate initiator'>.

The active centre is created when free radical (R-) attacks the m bonds of a molecule of
monomers. There are two types of addition of the radical to the monomer as depicted in

Figure 2.3.

R—H,C-CH
Q "X
R + H2C:CI)H
X .
7y R—H;G-CH,
X

Figure 2.3. Depiction of creation of an active centre'?.

The Type (I) addition reaction is less sterically hindered for attack of the CH» carbon. The
formed active centre in the Type (I) addition reaction is more stable due to attachment of

the substituent group (X). Hence, Type (I) addition is dominated'?.
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In the initiation stage, the rate of decomposition of initiator is so slow that it dominates

the generation of the active centre. The latter is given by'> 4

Ri=2fkd[1] (2.1

where ky is rate coefficient for initiator decomposition. f'is the initiator efficiency. [I] is

the concentration of initiator.
2.1.1.2 Propagation

In this stage, the polymer chain grows via sequential addition of monomer to the active

centre at a rapid rate. This involves two possible types depicted below:

H . . ..
R—H,;C-C-H,C-CH head-to-tail addition

D X X

R—H,C-CH + H,C=CH

X X////\*

H H . ..
R—HZC-CI:—C'—CHZ head-to-head addition
X X

Figure 2.4. Two possible models of propagation of free-radical polymerisation'?.

Type (I) dominates for the same reasons of being less sterically hindered and formation

of'a more stable active centre as described above. The Type (II) pathway can be neglected

112

except for a few monomers for which X is smal'~. Thus, generally, the polymer chains

form with head-to-tail sequences of repeat units.

JW‘CH2—(|3H—CH2—C|H—CH2—(|3H—CH2—(|3HJW‘
X X X X

Figure 2.5. Structure of polymer chain via head-to-tail repeat units

The rate of propagation depends on the concentration of monomer ([M]), active centre
([IM-]) and the rate coefficient for propagation (k). It is assumed that the rate of

propagation is independent of the length of growing chain, which means that the &, has a

constant value. Hence, the rate of propagation can be given by'> 14,
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Ry=kp[M] [M] (2.2)
2.1.1.3 Termination

In this step, the active centre is consumed and propagation ceases. The two mechanisms
of termination involve combination and disproportionation (see Figure 2.6). Termination
by combination is the coupling together of two active centres of growing chains to form
a single dead polymer molecule. For termination by disproportionation, a H atom in the
penultimate C atom of one polymer chain is abstracted by another and the terminal = bond
is created via joining the remaining electron in the penultimate C-H with unpaired
electron on the terminal C atom. Hence, two dead polymer molecules are formed, one
with an unsaturated end group and initiator fragment, and the other with a saturated end
group and initiator fragment. The tendency of each termination to dominate is dependent
on the monomer structure and the polymerisation conditions even though both of them
take place. Generally, combination dominates termination for polymerisation of vinyl
monomers (CH,=CHX) while disproportionation dominates with a-methylvinyl
monomers (CH>=C(CH3)X). The latter is due to the a-CH3 group providing an additional
three C-H bonds and a H atom that can be abstracted. Besides, high temperature favours
the termination by disproportionation while relatively low temperature favours

domination by combination'?.

(A) (B)
oot oo s
A G R e G R W R~[CH2—(|:H+CH2—(FH . Hclz'/—\'—@é+CH2—c|:H
x-1
X X X | X X

X xl>|<

—R
y-1

S

X X X

X

H H R‘[CHZ—CH+CH2—CH2 + HC—C+CH2—CI-'
R—CH,—CH-CH,—C—C—H,C—CH,—CH—R [ el 7 | H |
)|( x y X X X

Combination Disproportionation

Figure 2.6. Termination by combination and disproportionation'2.

41



The rate of termination (R;) is dependent on the concentration of active centres ([M-]) and
the rate coefficient of termination, k;. The latter is the combined total rate coefficient of

combination and disproportionation'? 4,

Ri=2k[M]? (2.3)

The rate of propogation can be determined when the polymerisation is at the steady-state
condition. This means that the rate of generation and consumption of [M-] are equal.
Under these conditions, the rate of initiation is the same as the rate of termination'?. This

leads to:

Ry =ky G SIMITII"S (2.4)

2.1.2 Emulsion polymerisation

Emulsion polymerisation is a heterogeneous free-radical polymerisation. It includes the
propagation reaction of free-radicals with hydrophobic monomer molecules in submicron
polymer particles (0.05 - 1um in diameter, 10'® - 10'® dm™) dispersed in a continuous
aqueous phase'>. Emulsion polymerisation was first developed by the Goodyear Tyre and
Rubber Company in the 1920’s!¢ and is widely used for producing of plastic, paints,
rubbers and coatings in industry!”. Generally, water-soluble initiator and hydrophobic
monomer are required. The monomers used for emulsion polymerisation include
methacrylate ester monomer, vinyl acetate, styrene, acrylate ester monomer, and
ethylene'®. A surfactant, containing a lyophilic moiety at one end and a lyophobic head
group'?, is also required to stabilise the colloidal system. Surfactant can help latex
particles avoid coagulation during the early stage of polymerisation due to electrostatic
repulsion between adsorbed surfactant layers'®. Anionic surfactants (eg. sodium dodecyl
sulfate (SDS), C12H250S0O3—Na") are most common used for which the amount is 1-5%
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relative to monomers'®. The micelles contain on the order of 100 surfactants molecules
and are 5-10 nm in diameter. They are formed when the surfactant concentration exceeds
its critical micelle concentration (CMC) value. For example, the CMC value for the SDS
is 8.3 mM in water at 25 °C2°. The core of the micelle is hydrophobic and the hydrophilic

periphery is in contact with water.

There are two main types of emulsion polymerisation mechanisms which depend on the
concentration of surfactant. When the surfactant concentration is above the CMC,
micellar nucleation occurs. The water-soluble radicals polymerise with the monomer
dissolved in the aqueous media and form oligomeric radicals. The oligomeric radical
becomes more hydrophobic with longer chain length. When the hydrophobicity reaches
a certain degree, it can enter the micelles and continue to propagate. This leads to
formation of the particle nuclei. When the particle nuclei size exceeds the size of the
micelles, the micellar surfactant is absorbed to the surface of particle nuclei to maintain
the colloidal stability of the growing particle nuclei. This stage finishes immediately when

the micelles are exhausted!”.

When the surfactant concentration is below the CMC, the radicals react with the monomer
in aqueous phase and create oligomeric nuclei. The surfactant molecules are absorbed to
the surface of nuclei to stabilise the colloid. In this situation, a narrow particle size
distribution is achieved because of the shorter particle nucleation period'®. This step is
known as interval I. In interval II, the polymerisation with the particle continues by
absorption the monomers in the aqueous phase from the monomer droplets. The rate of
polymerisation in this stage is constant and depends on the diffusion rate of monomer
from droplets to aqueous phase. At the end of this stage, the monomer droplets are used

up'’. In interval III, the remaining monomer in particle is polymerised and the rate of
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polymerisation decrease toward the end of polymerisation. Figure 2.7 shows the

schematic diagram (A) and the conversion as a function of time (B) for the three intervals.

(A) Interval I : Nucleation of monomer-swollen micelles (B)

fmm N
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Latex particles Monomer droplets

Interval III : Consumption of residual monomer r
- Time
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@ Surfactant molecule
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Figure 2.7. (A) The three intervals of a typical emulsion polymerisation reaction'. (B)

Conversion versus reaction time for the three intervals of a classic emulsion polymerisation'’

In this thesis, the multi-responsive MGs were synthesed by classic emulsion
polymerisation process with methacrylate ester monomer 2-(2-methoxyethoxy)ethyl

methacrylate (MEO2MA), oligo(ethylene glycol) methyl ether methacrylate (OEGMA),

methacrylic acid (MAA) and a UV sensitive or normal crosslinker monomer. The anionic
surfactant (SDS) and a water-soluble thermal initiator (persulfate) were used. The MGs
were prepared with batch and semi-batch emulsion polymerisation. For the semi-bath
emulsion polymerisation process used, the reaction ingredients (monomer, surfactant,
initiator or water) are added to the reaction system throughout the reaction'>. However,
all reaction ingredients are added to system at once in the beginning of polymerisation
for the batch emulsion polymerisation. The time of particle nuclei formation is longer and

the particle size distribution is also broader for semi-batch emulsion polymerisation'?.
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The hydrophobicity of monomers and crosslinkers in this thesis are nPh > EGD >
MEO;MA > OEGMA > MAA with the solubility for them are 0.044 mmol L !, 5.4 mmol
L !, 271.0 mmol L !, 1000.0 mmol L ! and 8010 mmol L ! respectively?!?2. The
MEO:;MA and crosslinker (EGD and nPh) are hydrophobic, the MAA and OEGMA are
more hydrophilic and they can dissolve both in comonomer and water. According to
Boularas et al. study?’, when the synthesis the MG(MEO:MA-OEGMA-MAA-EGD),
fast consumption of the EGD crosslinker was consumed with a complete conversion
reached in less than 15 minutes due to its higher hydrophobicity. However, complete
conversion of remaining monomers converted completely in 6 hours. Hence, this multi-
responsive  MGs have a densely-crosslinked core and loosely-crosslinked shell
microstructure with uniform distribution of monomers throughout the MGs. It is inferred
that high hydrophobicity of crosslinker (EGD and nPh) has fast reaction rate and favours
its partition towards the hydrophobic nuclei in the early stage of polymerization whereas

less hydrophobic monomers have the almost same reaction rate.

2.2 Colloidal stability and DLVO theory

Colloidal dispersions contain two phases, one is the dispersed phase such as particles,
droplets or bubbles. They have a size in the range of 1 - 1000 nm. The other phase is the
continuous phase. Both of the phases can be gas, liquid or solid. Emulsions are a colloidal
dispersion in which one immiscible liquid phase is dispersed in another continuous liquid
phase. The colloidal particles may associate in different ways (eg. sedimentation,
aggregation and coalescence). The colloid stability can be explained by DLVO theory.
This was developed by Derjaguin, Landau, Verwey and Overbeek. DLVO theory
involves repulsive forces induced by electric double layer and attractive forces (van der

Waals forces) between colloidal species?*.
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2.2.1 Electrical double layer

In a colloidal dispersion, the particles can be stabilised by the repulsive force due to the
elestrostatic repulsive force that is created when particles with surface charge approach
each other and their electric double layers overlap. The electric double layer is formed by
a charged surface in contact with an electrolyte solution consisting of counterions and co-
ions?. There are two layers: the inner layer and outer layer. The inner layer (Stern layer)
includes absorbed counterions. The counterions are so strongly absorbed to the surface of
particle that they can resist thermal motion. The outer layer (diffuse layer) formed by both
co-ions and counterions around the inner layer, which is affected by thermal motion. The
concentratiom of counterions decreases as the distances from the particle surface
increases. Figure 2.8 depicts the electrical double layer surrounding a negatively charged
particle. The Stern plane is the boundary of the Stern layer. The shear plane (or slipping
plane) is a boundary to separate water that moves with shear or does not and moves with
the particle surface. The electrical potential decreases from the surface through the
diffusion layer as the distance from surface increases. The electrical potential at the in

shear plane is called the zeta potential.
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Figure 2.8. The diffuse electrical double layer of a negatively charged particle®.

The thickness of double layer (1/x) indicates the distance over which electrostatic
interactions caused by the surface charge are significant. k is the Debye screening
parameter which is determined by the properties of medium and the electrolyte

concentration. It can be calculated using the Equation (2.5) for the electrolyte at 25°C?7,

cz®> 05 -1
moldm—3) m (2'5)

k=0.329x101° (

where ¢ and z are the concentration and charge number of electrolyte respectively. The
equation shows that 1/x is governed by the electrolyte. The effects of the repulsion
between particles can be decreased by decreasing the 1/x. This can be achieved by

increasing ¢ and hence k.

47



When particles approach closely to each other, their electrical double layers overlap and
a repulsive force occurs. The electrostatic repulsive potential (/z) can be calculated by

Equation (2.6)*,

V= 2neayd’ exp (K (2.6)

The value ¢ is for dielectric constant of the medium. The parameter a is the radius of the
particle and g is the electrical potential at the Stern layer. H is the distance between two

particles. V' increases as g increases or H decreases.

2.2.2 Van der Waals forces

The van der Waals forces are the sum of the attractive forces when two particles are close
to each other®”. The van der Waals forces includes permanent dipole-permanent dipole,
induced dipole-permanent dipole and fluctuating dipoles®’. Instantaneous fluctuating
dipoles lead to the an attractive interaction between two particles. The van der Waals
force is considered for two particles with same radius (a) and separation distance (H) as

shown in Figure 2.9.

Figure 2.9. Diagram showing two particles?’.

The van der Waals forces (Vax) between particles can be calculated from Equation (2.7)*! .

_ Aefr 1 1
Vau 12 [x(x+2) + (x+1)? +2In(

x(x+2)
(x+1)2

) 2.7
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Where Ay is the effective Hamaker constant and x can be calculated as shown in the

following equation.
x=— (2.8)

The attractive force is directly related to the H and the magnitude of V. greatly increases

at smaller H values. If H << a (i.e. x << 1), then the Equation 2.7 can be simplified to

Equation (2.9).
— _Aefr 1 __ Aefra
Var 12 2x 12H (2.9)

For a non-vacuum medium, there is an interaction between the particles and medium and

this affects the Ay values. The value of Ay can be calculated using:

A= (AL~ ALY (2.10)

where A; and A are the Hamaker constants for particles and the medium, respectively>2.

2.2.3 The two-particle potential energy curve

The total potential energy (Vr) can change when two particles approach each other. This
can be calculated by adding the attractive force (van der waals force, V) and repulsive

force (electrical double layer force, Vr) as shown in following Equation (2.11).

Vr=Va:+ Vg (2.11)

The potential energy profile can be obtained by calculating Vr as a functional of H (see
Figure 2.10). If the V7 decreases, the colloidal particles become irreversibly attracted or

aggregated.
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Figure 2.10. Potential energies of interaction between two colloidal particles as a function of their

distance of separation’?.

2.2.4 The steric and electrostatic stabilisation of MG particles

The stabilisation of MG particles in a good solvent is more complex than the ideal particle
stabilised by DLVO theory due to the polymer chain and the surface charge. When
particles swell in a good solvent, the polymer chain extends outward into the solvent from
the particle surface. The extended polymer chains penetrate each other as the MG
particles approach and prevent MG particles flocculation or aggregation. This increases
the stability of the MG dispersion. This is referred as “steric stabilisation”**. The MGs
synthesised in this thesis contain negative charge from surfactants and neutralised acid
groups and therefore electrostatic stabilisation occurs when the particle is swollen. The
combination of steric and electrostatic stabilisation is called electrosteric stabilisation

(Figure 2.11).
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Figure 2.11. Schematic diagram of steric stabilisation and electrosteric stabilisation®.

Those two repulsive forces should be added to the total energy of interaction between

MG particles, resulting in Equation (2.12),

Vr=Vau+ Vr+ Vs (2.12)

where the V., Vrand Vi are Van der Waals interaction energy, repulsive energy due to
electrical double layer and the interaction energy due to steric stabilisation, respectively>2.
The potential energy profile was shown in Figure 2.12 with considering the V,. When the
separation of particle is large (H > 100 nm), the effect of attractive force (Vur) and
repulsive force (Vr) for the particles are negligible (region A in Figure 2.12). When the
particles approach each other, both V., and V¢ increase. The latter increases more slowly
and then V4, dominates. This results in a weak secondary minimum at H ~ 60 nm (region
B in Figure 2.12). The aggregates in this situation are reversible and can be re-dispersed.
As the particles approach more close to each other, the effect of Vz becomes stronger and
reaches a point of primary maximum (H ~ 20 nm, region C in Figure 2.12). There is a
large energy barrier inhibiting the close approach of the particles and thereby stabilising
them against aggregation. If the kinetic energy of the particles is greater than the energy
barrier, the V. interaction dominates and irreversible coagulation occurs and the particles

reach the primary minimum (region D in Figure 2.12).
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Figure 2.12. Potential energies of interaction between two colloidal particles as a function of their

distance when considering the V; %%,

When the MGs are in a good solvent, the particles are fully swollen and contain a large
volume fraction of solvent. Then, A; = A and hence Aoy =0. Therefore V. between the
particles is small*. Hence, the V7 is dominated by Vg and V; interaction and the MGs
dispersion are stable. When the MGs are in a poor solvent, the particle is collapsed and

V, approaches zero*2.

2.3 Responsive MGs

Responsive MGs are the smart MGs which are capable of responding to external stimulus
or internal stimulus by changing their physico-chemical properties, such as volume, water
content, network permeability, charges, refractive index and hydrophilicity-
hydrophobicity®. The external stimuli normally can be classified into light, temperature,
magnetic, electricity, and ultrasound and the internal stimuli include pH, glucose, redox
potential and enzymes™> > 3¢, Responsive MGs have attracted a lot of attention in last

several decades owing to their potential for biological applications, including drug
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delivery systems®”°, bio-imaging®*!, tissue regeneration*’, bone regeneration*’ and anti-
bacterial**. For example, Zhan and coworkers synthesised a triple (pH, temperature,
redox) responsive MGs by copolymerisation of N-isopropylacrylamide (NIPAM), acrylic
acid (AA), and N,N-bis(acryloyl)cystamine (BAC) as a cross-linker agent. They proved
that drug release (doxorubicin) can be accelerated by elevated temperature, low pH and
dithiothreitol (DTT)-induced degradation (Figure 2.12A)*. Zhang et. al. included
graphene oxide within PNIPAM MGs and showed that the drug release could be enhanced
by remote NIR light photothermal radiation treatment and then HeLa cells could be killed
(Figure 2.12B)*. Zhu et. al. copolymerised complementary nonresonance energy transfer
(NRET) dye pairs (9-phenanthryl)methyl methacrylate (Ph) and (9-anthryl)methacrylate
(An) into pH responsive MGs of poly(methyl methacryate (MMA) - methacrylic acid
(MAA)- ethylene glycol dimethacrylate (EGDMA)) to form MG probe for ratiometeric
fluorescent sensing of pH and strain in hydrogels (Figure 2.12C)*". Figure 2.12D shows
antibacterial MGs that were synthesised by copolymerising fluorine-containing monomer

with other acrylic monomers. The durable antibacterial and bacterially antiadhesive

cotton fabrics were constructed via coating the MGs into cotton fabrics®.
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Figure 2.13. (A) Multi-responsive MG (NIPAM-AA-BAC) preparation. They act as carriers in

the administration of anticancer drugs. (B) NIR light triggers the drug release from responsive

MGs and synergistic anticancer therapy. (C) Dye labelling of a pH responsive MG (MMA-MAA-

EGDMA) for use as a sensor. (D) Anti-bacterial MGs for constructing the durable antibacterial

and bacterially antiadhesive cotton fabrics.

Xiong and co-workers reported a method for targeted antibiotic delivery to macrophages

to treat bacterial infections via utilising MGs as the drug carrier that undergoes

degradation by bacterial enzymes. The MGs contained poly(ethylene glycol) (PEG) and

polyphosphoester crosslinker. The polyphosphoester crosslinker can be degraded by the

active phosphatase or phospholipase produced by the bacteria to release drugs on demand

(Figure 2.13A)*. Kumar et.al. incorporated nanohydroxyapatite (nHAp) into chitin-

poly(e-caprolactone) (PCL) based injectable composite MGs for bone defect repair.

Chitin is ideal biomaterial due to its bioadhesion and biomimicking properties. PCL is

widely being used for bone tissue engineering applications because the degradation
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characteristics of PCL can be tuned, and its degradation products are nontoxic. HAp is
the natural component of bone which can improve cell adhesion and lead to better
osteointegration. These MGs show injectability, improved protein absorption, cell

adhesion and cell proliferation as well as mineralisation**(Figure 2.13B).
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Figure 2.14. (A) Bacterial sensitive MGs for treatment of bacterial infectious disease. (B) Chitin-

PCL-nHAp composite MGs for bone tissue engineering.

2.3.1 pH responsive MGs

pH responsive microgels are crosslinked polymer partricles whose colloid stability, size,
or surface charge can be controlled by changes in pH’. The polyelectrolyte structures
(weak acid or base) that comprise segments in the crosslinked polymer network can be

ionised by protonation or deprotonation®?. The electrostatic repulsion between polymer
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segments with same charge occurs due to ionisation. As a consequence, the polymer
network expands and the size of MG particle increases in responsive to pH. There has
been a large amount of research reported on anionic pH-responsive MGs based on
(meth)acrylic acid (MAA or AA)**>* which can swell with increase pH to near the pK.
Some research of cationic pH-responsive MGs has been reported based on
poly(vinylamine) (PVAM)>®, poly(diethylaminoethyl methacrylate) (PDEAEM)*%8,
poly(2-(dimethylamino)ethyl methacrylate) (PDMAEM)*. These types of MGs contain
amine groups that can swell with decreasing pH. Polyampholyte MGs possesses both
positive and negative charge and have been studied, such as poly(carboxybetaine
methacrylate) (PCBMA)*. Polyampholyte MGs have also been studied by combining
poly(methacrylic acid) and poly(diethylaminoethyl methacrylate)®°. These MGs showed
enhanced hydrophilic behaviour in aqueous medium at low and high pH but become
hydrophobic and collapsed when pH is near the isoelectric point®. The monomer

structures are shown below.
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Figure 2.15. The structures of monomers used to prepared the pH responsive MGs

In my case, the MGs used in this study contain MAA and the swelling of MGs is caused

by electrostatic repulsion between the neighbouring polymer chains resulting from the
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deprotonation of COOH groups and formation of COO™ within the MG particle as the pH
approaches the pK,*?. At pH values greater than the pK,, the particles become fully
swollen®!. I selected MAA because the MGs are totally swollen and become physical gels
at physiological pH (7.4) when they contain a certain amount of MAA. Such MGs are
believed to be useful for biological applications such as degenerated intervertebral disc

repair (DIVD)®!, drug delivery and release®® and bio-sensors*’.
2.3.2 Thermally-responsive MGs

Thermally-responsive MGs can undergo a conformational change between
hydrophilic/swollen and hydrophobic/collapsed state upon cooling or heating to below or
above a certain temperature (known as the volume phase transition temperature (VPTT))®.
This behaviour is attributed to changes of inter- and intra- molecular hydrogen bonding
as well as hydrophobic interactions®*. Some of common monomers used to prepared
thermally responsive MGs are vinyl caprolactam (VCL), oligo(ethylene glycol)
methacrylates (OEGMA), N-isopropylacrylamide (NIPAm), 2-(N-
morpholino)ethylmethacrylate (MEMA), N, N’-diethyl acrylamide (DEAAm),
dimethylamino ethyl methacrylate (DMAEMA) and N-ethylmethacrylamide (NEMAM).

The structures are shown in Figure 2.15.

VCL OEGMA NIPAmM MEMA NEMAM DEAAm DMAEMA

) o
TD%Q =H\—Q =?~
° -

NH
Figure 2.16. Structure of monomers used to prepared the thermally responsive MGs

PNIPAmMm MG exhibits a VPTT at ~32 °C and is one of the most studied thermal

responsive MG due to a remarkable shrinking with increasing temperature above its
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LCST®. The -CONH group is hydrophilic while -CH(CH3), is hydrophobic in the
NIPAm molecule®. As shown in Figure 2.16A, at low temperature (< 32 °C), the C=0
and N-H group form intermolecular hydrogen bonds with water, leading to expansion
(swellings) of the NIPAm segments in water. While increasing the temperature above
LCST disrupts such bonding and the C=0 and N-H groups form intramolecular hydrogen

bonds with neighbouring NIPAm segments. This leads to a dehydrated collapsed state®

and strengthens the interactions between the hydrophobic groups (-CH(CH3).- )*” (Figure
2.16B).
(A) <32°C (B) >32°C
Inter-molecular hydrogen bonding Intra-molecular hydrogen bonding

Figure 2.17. The mechanism of phase transition of PNIPAm®.

The swelling behaviours of PNIPAm-based MG is strongly dependent on its polymer
network structure (ie. comonomer structure and crosslinker concentration). A high
crosslink density increases the polymer volume fraction at the swollen state and the
relative swelling of MGs particles decreases®®. MG particles with a highly crosslinked
core and poorly crosslink shell have hindered the swelling of the particle core. However,
the MG with a homogeneous cross-link density distribution throughout the particle can
swell uniformly®®. Some studies have also shown that the carboxylic acid group
distribution with the particles (p-NIPAm (core)/p-NIPAm-AAc (shell), p-NIPAm-AAc
(core)/p-NIPAm (shell) and p-NIPAm-AAc particles) affects the VPTT and thermally

70-71

induced collapsed behaviours™’'. However, the toxicity of NIPAm and the poor
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biocompatibility of PNIPAm limited the application in terms of biomaterials’>. A broad
hysteresis can be observed during the reversible phase transitions for PNIPAm polymer’>.
This may also limits its biological applications such as drug delivery. More
biocompatible PVCL microgels with a VPTT of 32 - 36 °C (close to the physiological
temperature), are an alternative to PNIPAm for biomedical applications’ ™.
Unfortunately, limited amounts of carboxylic acid group can be copolymerised into
PVCL-based MGs because VCL is prone to hydrolysis under acidic conditions’™. The
highly cytocompatible copolymers of OEGMA with different numbers of ethylene glycol
units have arisen interest’>”"’. The VPTT of OEGMA-based MGs is directly proportional
to the side chain length of oligo(ethylene glycol) units and can be tuned by different ratios
of these monomers easily’®. Studies have also shown that a high amount of carboxylic
acid group (MAA) can be copolymerised with OEGMA to form the multi responsive
MGs®* 7. Lutz and co-workers concluded that POEGMA segment-segment interactions
when increasing temperature are not are due to hydrogen bonds like PNIPAM but due to
weaker van der Waals interactions®. There are no strong hydrogen bonds donors in the
molecular structure of POEGMA. Thus, the phase transitions of POEGMA polymers are

reversible without hysteresis’®. Hence, I selected OEGMA monomer to synthesis the

multi-responsive and non-toxic MGs in this study.

2.3.3 Photo-responsive polymeric nanoparticles

Among the stimuli, light represents outstanding predominance for several reasons. It can
be applied in a very precise manner as the light parameters (wavelength, intensity and
irradiation time) are easily manipulated and are finely tuneable®!. In addition, light can be
applied with a non-physical contact from the outside the system®283, This allows light to
become a preferable stimuli compared to the other stimuli. Light stimulus does not require

addition of a specific reagent and it can be applied to a closed reaction systems and
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polymers. Furthermore, light can change polymer properties at the nano/micron-scale
with millisecond temporal resolution®®. Generally, three methods of light induced-

reaction can be observed: photocleavage, photodimerisation and photoisomerisation.

The first method utilises photo-cleavable molecules such as the o-nitrobenzyl moiety®’,
coumarin moiety®, pyrenyl methy moiety®” and p-methoxyphenacyl moiety®® in polymer
nanoparticles. For example, a block copolymer poly(ethylene oxyde) - block -
poly(ethoxytri (ethyleneglycol) acrylate - random - o - nitrobenzylacrylate) (PEO-b-
P(ETEGA-r-NBA) has been reported®. The LCST of this system can shift from 25 to
36 °C using UV light irradiation due to formation of the hydrophilic carboxylic acid from
hydrophobic poly(o-nitrobenzylacrylate) in the polymer backbone (Figure 2.17A). Huang
et al. synthesized two types of novel vinyl functionalised photocleavable cross-linkers
based on 7-amino coumarin moieties which were used to build photoswellable and
photodegradable polystyrene MGs. The variation of photodegradation and photoswelling
behaviors resulted from the different cross-linking densities induced by photo-cleavage

of the cross-linkers®® (Figure 2.17B).
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Figure 2.18. (A) Schematic representation of the (PEO-b-P(ETEGA-r-NBA)) and changes in the
micellar hydrodynamic diameter with temperature and light irradiation. (B) Schematic
representation of the photolysis of the coumarin-containing crosslinkers and photoswelling and

photodegradation behavior of MGs upon irradiation.

Additionally, the reversible photo-dimerisation reactions are another strategy to confer
photosensitive polymeric structures such as coumarin, anthracene and cinnamoyl

909 They allow control of the crosslinking density by light-induced

derivatives
formation/cleavage/re-formation of crosslinking points. For example, thermo- and light-
responsive nanoparticles were prepared by photo-crosslinking copolymer micelles. The
diblock copolymers comprised poly(ethylene oxide) and poly[2-(2-methoxyethoxy)ethyl
methacrylate-co-4-methyl-[ 7-(methacryloyl)oxyethyloxy]coumarin] (PEO-P(MEOMA-
co-CMA)). This was photo-crosslinked to form MGs through photo-dimerisation of
coumarin side groups upon absorption of A > 310 nm light after the micelles were formed
by heating a polymer solution above the LCST. The reversibility of photoinduced
crosslinking density and volume change was studied by tuning the wavelength of UV

light between 365 nm and 254 nm® (Figure 2.18A). Shi et al. synthesised bio-based

cinnamate derivative copolymers particles based on poly(3,4-dihydroxycinnamic acid-

61



co-4-hydroxycinnamic acid) (P(3,4ADHCA-co-4HCA)). They found the diameter
changing due to [2 + 2] cycloaddition formation and photo-cleavage of the cinnamate

groups’ (Figure 2.18B).
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Figure 2.19. (A) Schematic representation of the PEO-P(MEOMA-co-CMA) and changes of the
absorbance and diameter with irradiation. (B) Schematic representation of the P(3,4DHCA-co-

4HCA) and changes of the absorbance and diameter with irradiation.

Another method uses the reversible photoisomerisation reaction upon irradiation by UV
or visible light of photochromic molecules such as azobenzene’>®, spiropyran®’ or

dithienylethene®® to form nanoparticle. Figure 2.19 shows several photoisomerised

photochromic molecules.
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Figure 2.20. Reversible light-induced photo-isomerisable molecules.
Photoisomerisation can change the hydrophobic or hydrophilic properties of
photochromic molecules. This strategy has been used to promote the formation or
disruption of nanoparticles (micelles)’”'%. Matyjaszewski and coworkers developed a
poly(ethylene oxide)-blockpoly( methacrylate) with bearing spiropyran (SP) side-chains
of methacrylate block (PEO-b-PMSP)!!. The MGs disrupted and reformed upon UV
(365 nm) and visible light (620 nm) irradiation. The physical crosslinks were formed due
to hydrophobic- hydrophobic interaction by the aggregation of hydrophobic spiropyran
groups and the MGs were intact upon visible light illumination. The spiropyran groups
undergo a configuration change to a hydrophilic zwitter-ionic form, thereby disrupting
the physical crosslinking points and degrading the MGs. They also demonstrated that this

approach could be used for the release/encapsulation of guest molecules.

Herein, 1 selected the irreversible photocleavable o-nitrobenzyl derivatives and the
reversible photo-dimerised/photocleavable coumarin as photosensitive moiety to
copolymerise with temperature- and pH- responsive monomers (MEO2MA and MAA).
In this way, triple responsive MGs were synthesised. The o-nitrobenzyl group is one of
the most useful photo-liable compounds in biology applications because of its fast

102 Both the o-nitrobenzyl group and the

photolysis kinetics® and biocompatibility
residues during and after photodegradation cannot react with biomarcomolecules such as

proteins, RNA or DNA!??, The mechanism of photo-cleavage in o-nitrobenzyl ester has
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been investigated and is depicted in Figure 2.20. The nitrobenzyl moiety (1) reacts
intermolecularly from the excited state of the biradical (2) upon UV light irradiation to
give hydrogen-transfer process from benzylic hydrogen atom to excited nitro group,
leading to generation of nitronic acid (3)!°*!%. The nitronic acid can be converted into
final products nitroso ketone (5) along with carboxylic acid (6)%. The intermediates (4)

were identified using electrical conductivity measurement!®.
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Figure 2.20. Mechanism of the photocleavage of o-nitrobenzyl ester!'®.

Coumarin is a well known compound for adjusting the crosslinking degree in polymeric
structure via undergoing photo-induced addition/cleavage®® 1197 Under UV light of >
310 nm, two coumarin groups will dimerise via [2 + 2] photocycloaddition, forming
stable covalently crosslinked bonds!®®. The crosslinked bonds will be cleaved when
exposed to UV light of <260 nm'®. There are four photodimers: syn head-to-head (syn-
hh), anti head-to-head (anti-hh), syn head-to-tail (syn-ht) and anti head-to-tail (anti-ht)'%
(Figure 2.21A). The prevalence of each species depends on the combination of UV light
dose, solvent, and coumarin concentration. The anti-dimers are strongly favoured in
low/non-polar solvents, but syn-dimers are formed in polar solvents and micellar
solutions of cationic cetyltrimethylammonium bromide and anionic sodium dodecyl
sulfate! %111 At high concentrations, the coumarin singlet reacts with a ground-state

coumarin to form the syn-hh dimer due to face-to-face stacking of the coumarin
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structure!!?, while at low concentrations, inefficient intersystem crossing produces the
triplet coumarin to form anti-hh dimer!'*!'4. Hoffman et.al proposed that syn-dimers arise
from coumarin singlet excimer state and dimerisation to syn-compounds via triplet

excimers!!'*!!% (Figure 2. 21B).
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Figure 2.21. (A) Four photodimers of coumarins (R=H, alkyl)!®. (B) Reaction scheme leading

to the dimerisation of coumarin''.

2.3.4 The swelling of MG particles

The volume swelling ratio (Q), indicating how much solvent can be absorbed by swelling
particles, is the one of most important parameters for the stimuli responsive MGs. The O
value is determined by the crosslinker density, quality of solvent, ionisation degree and
ionic strength!!®. The stimulus (e.g. pH or temperature change) causes an imbalance in
osmotic pressure between the inside and outside of the particles, leading to MG swelling
or de-swelling. This occurs until the same osmotic pressure is reached inside and outside
the particles'!”"!'®_ In Flory-Huggins theory, the total osmotic pressure [T is determined
by three different contributions''®. Those are the elasticity of the polymer network ITeas
(restricting swelling), the mixing of polymer chains with the solvent I1,, (driving swelling)
and for ionic particles, a Donnan equilibrium term I1p(driving swelling). The latter is due

to the osmotic pressure from the counterions at the gel-solvent interface'%’.
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Mol = Ietas + I + Ip (2 13)

When [T 1s zero, the osmotic pressure inside and outside particles is equal to zero. The

etas, I and Ip can be expressed as following equations''”:

Motas = "%[(Z%) - (%)1/3] (2.14)
=406 4 In(1- ) + 7?] @.15)
Ip= %’Vc(%) (2.16)

k is Boltzmann’s constant, T is temperature, N is the effective number of polymer chains
in the polymeric particle volume, Vy is the volume of the particle in the reference state
(collapsed state), Vs is the molar volume of the solvent (water), ¢ and ¢ is the volume
fraction of the polymeric particle in the swollen state and reference state (as made state)
respectively, N4 is Avogadro’s constant, y is the Flory-Huggins polymer-solvent
interaction parameter and means the energy change per solvent molecule when polymer-
solvent contacts replaced both polymer-polymer and solvent-solvent contacts'?!. fis the
number of counterions per chains, which describes the contribution of ionic group in

MGsll9, 122

In this thesis, the MGs swell or deswell upon the stimuli of pH, temperature and UV light.
For pH stimulus, the -COOH in MGs is deprotonated to -COO” when increasing pH value
of dispersion. The mechanism of swelling involves the changes of internal osmotic
pressure resulting from mobile counter-ions associated with the ionised units (-COO")!®.
For the temperature stimulus, water act as good solvent and hydrogen bonding between

the POEGMA segment and water maintains MGs swelling when temperature below the

VPTT. The segment-solvent interactions are strong. Above the VPTT, hydrogen bonding
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between the segments and water is disrupted and van der Wall interaction between
segments becomes strong. The segment-segment hydrophobic interactions exceed
segments-solvent interactions. In this case, the water is no longer a good solvent, resulting
in particle collapse®. UV light can adjust the crosslinker density by photocleaving the o-
nitrobenzyl moiety or photodimerising/cleaving the coumarin moiety, and then change

the N¢ values and Il values.

2.4 Hydrogels

Hydrogels are cross-linked polymer networks that swell and retain a significant amount
of water'?®. The crosslinking can be divided into chemical or physical nature. Chemical
crosslinkers provide permanent junctions. Physical crosslinkers provide reversible
junction arising from polymer chain entanglements or physical interactions such as
hydrogen bond, ionic interactions or hydrophobic interaction. Responsive hydrogels that
can response by shrinking or swelling with changes in external environmental conditions
have attracted great attraction in recent decades due to their potential applications in
biological science such as tissue regenerative engineering!>*'%, drug delivery'?S, cell
encapsulation!?” and wound healing!?®. The external environmental conditions contain
physical stimuli and chemical stimuli, where the physical stimuli including temperature,
electric or magnetic field, light and pressure while the chemical stimuli including pH,

solvent, ion strength!?3 129,

2.4.1 Doubly crosslinked microgels

Doubly crosslinked microgels (DX MGs) are a type of hydrogel which is prepared by
crosslinking concentrated microgels. DX MGs have intra-particle crosslinking (within
each MG particles) and inter-particle crosslinking (between the particles)>>. DX MGs may

be a better injectable gel compared to conventional synthetic hydrogels. This is because
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conventional hydrogels are prepared using small monomer molecules and are not suitable
for formation in vivo. The building blocks (MGs) for DX MGs are the physical gel with

shear thinning properties before forming the covalent DX MG hydrogel.

The first DX MG hydrogel was synthesised by Hu et.al. in 2000. They first made
hydroxypropyl cellulose (HPC) nanoparticles which are then mixed with divinylsulfone
(DVYS) to obtained a DX MG hydrogel with inter crosslinking formation by the reaction
of hydroxyl group on the surface of HPC nanoparticle and the vinyl group of DVS in
basic conditions (pH 12)!%°. They also prepared the dual responsive (thermal and pH) DX
MG hydrogel using NIPAm-AA nanoparticle (NIPAm is N-isopropylacrylamide and AA
is acrylic acid) as building blocks. The inter-crosslinking was formed via the reaction of
carboxyl group and epichlorohydrin at 98 °C'*°, In 2006, Jia and co-worker made the
biocompatible DX MG hydrogel by incubating aldehyde and hydrazide functionalised
hyaluronic acid-based MG at 37 °C. They found this kind of hydrogel is good material
for vocal fold regeneration because they have similar viscoelasticity as the gels**. Lyon
et al.'*! developed a reversible sol-gel transition and thermally-and redox-sensitive DX
MG hydrogel in 2012. PNIPMAm-BAC-BIS microgels was used as building block.
(NIPMAm is N-isopropylmethacrylamide, BAC is N,N'-bis(acryloyl)cystamine and BIS
is N,N'-methylenebis(acrylamide)). BIS is a non-degradable crosslinker while the
disulfide group in BAC can cleave into two —SH groups in reducing conditions. The —SH
group can conjugate to the disulfide group via intra- and inter- MGs in the oxidation
environment and a hydrogel formed. This process was reversible and so was sol-gel

polymer network formation.

A team at the University of Manchester reported pH responsive poly(ethylacrylate-
methacrylic acid-butanediol diacrylate) (PEA-MAA-BDDA) and poly(methyl

methacrylate-methacrylic acid-ethyleneglycol dimethacrylate) (PMMA-MAA-EGDMA)
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DX MGs. The MGs were prepared by emulsion polymerisation and was then
functionalised by reaction with glycidyl methacrylate (GMA) to create vinyl group at the
surface of the MGs. The concentrated functionalised MGs are closely located when they
are swollen in a basic environment. The inter-crosslinking can be achieved to form
covalent bond between particles via free-radical reaction between vinyl group on the
surface of particles at physiological conditions (37 °C and pH 7.4)°>. This kind of
injectable and biocompatible DX MG hydrogel has been shown to improve the
mechanical properties of degenerated intervertebral discs (DIVD) and have potential
application for restoring the mechanical properties of degenerated load-bearing soft
tissue!*?. Figure 2.22 shows the method for preparing DX MG and reinforcing the

degenerated soft tissue by this DX MG.

Poly(MMA/MAA/EGD)-GM

T
o9 oo 0™y
H HO{

SXmicrogel particles

(B)

Healthy tissue

Microgel dispersion
and APS

fr ¥ re! :
l \ . (Mixture 1)
Tissue-free space [ S
NaOHq,
TEMED
(Mixture 2)

DX microgelreinforced tissue

Degenerated tissue

Figure 2.22. (A) Shows general method for preparing doubly crosslinked (DX) microgels using
singly crosslinked (SX) GM-M-EGD microgel particles. (B) Shows the contents of the twin
syringe used to inject the dispersion into a tissue-free space within degenerated soft tissue. APS

is ammonium persulfate. TEMED is N,N,N’,N -tetramethylethylenediamine ',
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The aim of the present work is developing light responsive DX MG gels. This new gels
can be injected into DIVD and support the degenerated load-bearing soft tissue. The
mechanical property and swelling of gel located in the DIVD or tissue can be adjusted by
light remotely. In Chapter 4, the preparation of the multi-responsive DX MG is based on
this strategy. This uses functionalisation of GMA and formation of hydrogel via free-
radical recation between vinyl groups within the MGs. In Chapter 6, GMA is replaced by
reversibly photodimerised and photocleavable coumarin groups that are copolymerised

within the MGs.
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Chapter 3: Characterisation methods

3.1 Dynamic light scattering

Dynamic light scattering (DLS), also called photon correlation spectroscopy (PCS), is a
technique which can be used to measure the average size and size distribution of particles
dispersed in a liquid. It is used to detect the size and (pH-, temperature- and light-)
responses of MGs in this thesis. This technique is based on the time-dependent fluctuation
and intensity of moving particles in scattered light!. Particles in suspension move
randomly and constantly due to Brownian motion, which causes fluctuations of scattering
light intensity. The velocity of moving particles is dependent on the particle size,
temperature and viscosity of the medium. Smaller particles in a low viscosity of the
medium move faster than larger particles in a viscous medium. The particle size can be
calculated by the mean translational diffusion coefficient using the Stokes-Einstein
equation. The fluctuations of scattered light are converted to mean translational diffusion

coefficient’. A typical measurement set-up is depicted in Figure 3.1.
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Figure 3.23. Schematic of a DLS instrument and the main components®.
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A vertically polarised laser beam passes through the sample. A detector is set up at a
certain angle which is connected to a correlator. When the light passes through the particle,
the irregular moving particles scatter light in all directions. The intensity of the scattered
light will fluctuate over time. If small particles are measured the intensity of a scattered
spot of light fluctuates quickly due to their quick motion. In contrast, the scattered
intensity from large particles shows slow fluctuations because they move slowly (see
Figure 3.2A and B). The fluctuating intensity at a certain angle is measured as a function
of time by a detector. The intensity trace is further used to generate a correlation function
(see Figure 3.2C and D). The correlation function is a measure of correlation of intensity
from one moment to the next. At the beginning of the delay times, the correlation function
(g2) is linear and almost constant. Later, there is an exponential decay of the correlation
function, which means that the particle is moving. Small particles move quickly so the

decay of the correlation function is fast. Larger particles move more slowly and therefore

the decay is delayed®.
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Figure 3.24 Differences in the intensity trace of small (A) and large (B) particles and correlation
function of small (C) and large (D) particles. Smaller particles show faster fluctuations of the

scattered light and a faster decay of the correlation function®.
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The fluctuations can be quantified by a second order correlation function given by?,

_ <I(®)I(t+1)>
<I(t)>2

g2(t) (2.17)

where I(?) is the intensity of the scattered light at time t, and the brackets indicate
averaging over all t. The correlation function depends on the delay time (t). The latter is
the amount of time that a duplicate intensity trace is shifted from the original before the

averaging is performed.

For monodisperse sample, g2(t) can by analysed by the equation,
g2(t)=A[1+B exp(-2I7)] (2.18)

where A is a constant and often called the baseline. A can be directly measured for the
experiment at infinite delay. B is the spatial coherence factor, which is primarily

determined by the optical properties of the system. I" is the characteristic decay rate.

I" can be converted to the diffusion constant D for the particles via relation,

D=— (2.19)

Here, g is the magnitude of the scattering vector and is given by,

g=""sin 2 (2.20)
0

where ny is the refractive index of dispersed medium, A, is wavelength of light in the
medium, 0 is the scattering angle. The diffusion constant D can be used to calculated as

the hydrodynamic diameter d: of a diffusing sphere via the Stokes-Einstein equation,

kT
3nndy,

2.21)
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where k is the Boltzmann constant, T is the absolute temperature and 1) is the viscosity of

the dispersion medium.

In this study, the DLS measurements were performed using a Malvern Zetasizer NanoZS
scattering apparatus at a scattering angle of 173°, fitted with a 20 mW HeNe laser. The
MGs were dispersed in series of phosphate buffer at a concentration of 1.0 mg/mL. The
change of hydrodynamic average size was monitored with heating from 10 to 60 °C for
investigating the thermal-responsive behaviours, and was dispersed with series of
phosphate buffer solution at 25 °C for investigating the pH-responsive behaviours of MGs.
The samples were kept at each temperature for 300 s before testing. Each sample were

run for 3 times and obtained the average values.

3.2 Ultraviolet—visible spectroscopy

Ultraviolet-visible (UV-Vis) spectra refers to the absorption spectra measured in the
ultraviolet range (190 nm to 400 nm) to adjacent visible spectral regions (400 nm to 800
nm)®. UV-Vis spectroscopy is most commonly applied to measure solution or solid state
samples. In my study, this technique is used to characterise the light induced-degradation
process of photo-sensitive corsslinker (nPh) and reversible photo-dimerisation/ cleavage

of photo-liable monomer (CMA) within the MGs.

When light illuminates the sample, the light with energy sufficiently are enough to excite
an electron from lower energy level of the highest occupied molecular orbital (HOMO)
to the higher energy level of lowest unoccupied molecular orbital (LUMO). The resulting
species is called an excited state and this process refers to electronic transitions®. Figure
3.3 shows the electronic transitions that are involved in the UV-visible region. The energy
level of each electronic state is in order: oc<n<n<m*<c*. The usual order of energy

required for electronic transitions: n—n*, n—n*, n—c*, c—c*.
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Figure 3.25. Relative energies of electronic transitions’

For the c—o* transition, an electron from a bonding ¢ orbital is excited to the antibonding
o orbital and the high energy is required because ¢ bonds are very strong. Thus, this
transition does not occur in normal UV-visible regions (200-800 nm). The transition of
an electron form non-bonding orbital to an antibonding ¢ orbital in saturated compounds
containing atoms with lone pair of electron such as O,N,S is called the n—c* transition
and requires lower energy than c—oc* transition. The n—n* transition is the promotion
of an electron from a m bonding orbital to a m antibonding orbital which occurs in
compounds containing one or more covalently unsaturated groups such as C=C, C=0 and

NOas. This transition requires lower energy than n—c™* transition. The n—n* transition

needs the lowest energy and the compounds containing double bond involving atoms
(C=0, N=0) undergo such transitions. That means that the molecule containing either ©
bonds or atoms with non-bonding orbitals can absorb light in the region from 200 - 800
nm and can be measured using UV-Vis spectroscopy. The groups in a molecule absorbing

light are known as chromophores.

Figure 3.3 shows the components of a UV-Vis spectrometer. A beam from a visible or
UV light source is separated into its component wavelengths using a diffraction grating.
The beam is split into two parallel equal intensity beams by a half-mirror, each of which

transmits through a cuvette. One cuvette contains the sample in a transparent solvent

90



being studied and the other cuvette contains the solvent only as the reference. Some light

will be absorbed and the remainder will be transmitted through the sample.

Light Source UV

Diffraction | \ .
Grating I Mirror 1
Slit 1 /
Slit 2 e Light Source Vis
Filter
Reference
Mirror 4 Cuvette Detector 2
Reference I
Beam Iu' 0
Lens 1
Half Mirror

¢ Mirror 2 Sample
Cuvette Detector 1
¥ Sample lnl . I
Mirrar 3 Beam II,II Lens 2

Figure 3.26. A diagram of the components of a UV-Vis spectrometer

The detectors measure the intensities of light passed through reference cuvette (/p) and
sample cuvette (/). The absorbance (4) is calculated from the relationship between 7y and

I, shown in equation (2.22)%,
A= logr (2.22)

The absorption can also be presented as transmittance (T = I/Iy)®. The reference beam
intensity is considered as 100% Transmission (or 4=0). The absorption is recorded as a
function of wavelength, and the obtained absorption curve is an UV-Vis absorption

spectrum.

The absorbance of a sample is proportional to its molar concentration. A corrected
absorption value (the molar absorptivity (€)) is a measure of the intensity of the absorption
and used when comparing the spectra of different compounds. This can be expressed by

the Beer—Lambert law’, given as:
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A=¢ec'L (2.23)

c is the concentration of the sample (mol L), and L is the path length (cm), ¢ is called
the molar extinction coefficient (L mol! cm™). The greater the probability electronic

transitions of molecule, the greater the value for «.

UV-Vis absorption of sample was measured on a PerkinElmer Lambda 25 UV/VIS
spectrometer. The ¢ values for nPh and CMA were determined by the absorption of
different concentration of nPh and CMA solution, so that the amount of CMA or nPh
polymerised into MGs can be calculated based on the & values. In order to study the
photosensitivity of MG-x-nPh and MG-CMA via the change of absorption, the MGs
solution with 0.01 wt.% was treated by UV light for pre-determined time and test its

absorption.

3.3 Fourier Transform Infra-Red Spectroscopy

Fourier transform infrared (FTIR) spectroscopy is a technique used for detection of
chemical bonds in a molecule by production an infrared absorption spectrum of a solid,
liquid or gas. This technique usually uses the electromagnetic spectrum in the IR regions
(2.5-15 um, 4000-667 cm!)’. When a molecule absorbs energy in IR regions, the
absorbed radiation causes transitions in molecular vibrational energy levels that can
change its dipole moment. This occurs when the frequency of the electromagnetic field
within IR regions is equal to the vibrational frequency!®. Planck’s equation defines this
frequency as v = AE/h, where AE is the difference in energy between the upper and lower

vibrational energy levels of the bond deformation and # is Planck’s constant!®

. Figure 3.4
shows two types of molecular vibration: (A) stretching vibration (symmetrical stretching

and asymmetrical stretching) and (B) bending vibration (scissoring, rocking, wagging and

twisting)’. The constituent atoms responsible for dipole moments will influence the
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energy requirement of vibration, allowing IR absorption peaks to be linked with chemical
structure. Usually, the greater the change in dipole moment, the higher is intensity of
absorption’. Hence, infrared spectroscopy provides information on chemical structure and

bonding.

(B) (€
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Figure 3.27. (A) Stretching vibrations and (B) bending vibration (+ and - means the atom
moves up and down the plane respectively)’. (C) Schematic diagram of a FTIR instrument. 1 is
a moving mirror; 2 is a fixed mirror; 3 is a beam splitter; ADC is an analog-digital-converter''.

Figure 3.4C illustrates the main components of an FTIR spectrophotometer. The IR beam
from an IR source is split into two equal beams by a beam splitter. One beam reflects
from a fixed mirror and other beam reflects from a moving mirror which travels a short
distance away from the beam splitter. The two beams recombine together after being
reflected by two mirrors which creates an interference wave. When the interference light
beam passed through a sample, the specific frequency of radiation is absorbed by a sample
due to the excited vibration of a bond in the molecules and some radiation is transmitted.
The resulting beam is recorded by a detector, digitised by analog-digital-converter and
stored in a computer. The computer performs the Fourier transformation calculation and
presents the data as an infrared spectrum. This plots absorbance (or transmittance) versus
wavenumber. A background spectrum is recorded when analysing the result. The

transmittance spectrum is obtained as following equation:

93



%= x 100% (2.24)

where 7% is the percent transmittance. / is the intensity measured from the sample and /o

is the intensity measured from the background.

The absorbance spectrum can be calculated using the following equation (where 4 is the

absorbance):
A=logio~ (2.24)

FTIR spectroscopy is applied for investigating the reversible photo-dimerisation/
cleavage of photo-labile monomer (CMA) within the MGs and hydrogels in this thesis.
All samples were freeze dried to remove the solvent and obtained the dried samples before
measuring. The change of absorption peak at 1620 cm™ due to C=C stretching of CMA

in the FTIR spectra indicates the photo-crosslinking and cleavage of MGs or hydrogels.
3.4 Proton Nuclear Magnetic Resonance Spectroscopy

Nuclear magnetic resonance (NMR) Spectroscopy is a spectroscopic method and samples
absorb electromagnetic radiation in the radio-frequency region (3 MHZ to 30,000 MHZ).
Nuclei of some atoms possess magnetic moments () due to the spin (I) of the positive
charged nuclei along the nuclear axis. The magnetic nuclei are orientated irregularly in
the absence of an external magnetic field as shown in Figure 3.5A. In the presence of an

external magnetic field (Bo), spinning nuclei behave like a tiny bar magnet and will orient
themselves in 21+1 way'2. For 'H (I = %), the number of orientations for their orientation

is 2. One way is parallel to the applied magnetic field and other way is anti-paralled to

the applied magnetic field (Figure 3.5B).
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Figure 3.28. Orientation of spinning nuclei in the absence (A) and present (B) of an external
magnetic field”.

The nuclei aligned with the applied magnetic field has lower energy and refers to the a-

spin state when I is % , while the nuclei aligned against the applied magnetic field possess

higher energy. This is referred to as the B-spin state when I is - % The energy difference

(AE) between the two spin states increase with the applied magnetic field strength (Figure
3.6). The two spin states of hydrogen nuclei have the same energy when the external field

is zero, but diverge as the field increases.

Zero field, AE=0 L1

Energy (E)

Strength of applied magnetic field (Bo)

Figure 3.29. The relationship between the energy difference of two spin states and the strength
of external magnetic field'?.

When the applied energy of electromagnetic radiation is equal to the AE, the hydrogen
nuclei can transit from the more stable state to the less stable state. This indicates
magnetic resonance occurs. The value of AE is a function of the magnetogyric ratio (y),

the strength of the external magnetic field (Bo) and Plank’s constant (h).

AE=vBoh (2.25)
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The electromagnetic frequency (v) of the radiation needed to cause a transition of the

hydrogen nuclei is given by equation (2.26)".

y =120 (2.26)

2w

However, in every nucleus of molecule, a secondary magnetic field will be generated as
a result of the moving of the electron surrounding the nucleus in response to an applied
magnetic field (Bo). The orientation of this second field is opposite to the external field
and it can shield the nucleus from the external field. Although the shielding effect is only
of the order of parts per million of By, this can be measured using the NMR spectroscopy.
A chemical group which is bonded to the hydrogen nucleus and donates electrons
increases the shielding effect; whereas, if it withdraws electrons such as any group
containing « bond, it can de-shield the nucleus. Hence, the hydrogen nucleus in the same
molecules but in different local environment (different group) have different magnetic
field (B) and absorb energy at different frequency. Hence, magnetic resonance occurs at
a different frequency. The hydrogen nucleus can then be identified. The absorptions for
a sample are referred to as chemical shifts compared to those of a reference standard. The
tetramethylsilane (TMS), Si(CH3)4, is reference compound since its protons signal and
the signal from sample cannot overlap because the silicon atom is more electropositive

than carbon’. The chemical shifts () can be calculated by the following equation:

Vs—vrinHyg

c (or ppm) = x 106 (2.27)

Oscillator frequency in Hz

where the v; and v, are the absorption frequencies of the sample and the reference in Hz,

respectively’.

Figure 3.7 shows the design for a typical NMR spectrometer. A solution of sample in a

5 mm glass tube is oriented between two strong magnets to increase the homogeneity of
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magnetic field on samples. Radio frequency radiation of appropriate energy is broadcast
to the sample from radio-frequency transmitter via a transmitter coil. A receiver coil
surrounds the sample tube. The absorption of energy causes a tiny electric current to flow
from the radio-frequency receiver via the receiver coil. The current is amplified and
recorded as a signal by the recorder. A 'H NMR spectrum is displayed as a plot of a series
of signals (or peaks) of chemical shifts (). Each peak represents hydrogen protons in the
same local environment and the areas under the peaks (the intensities of the peaks) are
proportional to the number of hydrogen protons. 'H NMR spectroscopy is used to
characterise the synthesised photo-labile o-nitrobenzyl moiety crosslinker (nPh) and

coumarin moiety monomer (CMA) in this study.
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Figure 3.30. Schematic diagram of a NMR spectrometer’.

3.5 Potentiometric titration

Potentiometric titration is a method for analysis of acidic groups and basic groups in
which the change of pH is measured as a function of the added reagent volume. The
change of pH is monitored using a pH electrode. Herein, it is used to measure the

carboxylic acid groups (RCOOH) in MG particles and the pK, values of MGs in this
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thesis. In this way, a strong standardising base (NaOH, 0.01 M) is introduced to the
mixture of MG dispersion (0.1 wt. %) and electrolyte solution (NaCl, 0.05 M), the
RCOOH can be deprotonated to an anion of a conjugate base (RCOQO"). The electrolyte
solution was used in order to keep the NaOH contacting the RCOOH fully. The

deprotonation of RCOOH groups in water as shown in the following equations'#!3:

RCOOH g + H,0 <> RCOO (ag) + H30" (a9 (2.28)
- +
K, = [products] _ [RCOOT|[H307] (2.29)
[Reactants] [RCOOH]
pKa = —10g10 Ka (2.30)

K, is the acid dissociation constant. [RCOOH] and [RCOQ] are the molar concentrations
of acid and conjugate base, respectively. The pK, indicates the relative acidities of acids
and bases. Compared with the strong acids which completely dissociate acid, the weak
acids tend to dissociate partially until achieving equilibrium in an aqueous solution.
Figure 3.8 shows a typical potentiometric titration plot of weak acid. It can be seen that

the mixture reaches an equivalence point where the acid is neutralised.

14

Equivalence point. All acid
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Figure 3.31. A typical plot of potential titration used to determine equivalence points and pKa
values'®.
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According to the Henderson-Hasselbalch, the relationship between pH and pK. can be

expressed by Equation'* (2.31).

[RCOO™]
[RCOOH]

pH = pK, + logio (2.31)

The degree of neutralisation (@) can be expressed by Equation'’(2.32),

_ [RCOO™]
4~ TrRcooH]+ [Rco0] (2.32)

The Henderson-Hasselbalch equation can be further expressed as the following equation

18

3

pH = pKa+log1o% (2.33)

In the case of 50% of ionisation of the acid, a half equivalence point is attained. According
to Equation 2.33, pH = pK, can at this position. The pK, values of MGs in this thesis were
around 6.0, which means 50% of RCOOH was deprotonated to RCOO™ and MGs swell
due to electrostatic repulsion of negative charge. The amount of RCOOH can be

calculated based on the consumption of NaOH when all RCOOH is converted to RCOO".

3.6 Transmission electron microscopy

Transmission electron microscopy (TEM) is a very powerful tool for visualisation of
specimens in the realms of microscale to nanoscale with high-resolution. The electron
microscope uses an electron beam. The resolution of microscopy depends on the
wavelength of beam. Illumination with a smaller wavelength results in better resolution'?.
The electron microscope produces higher resolution images than the light microscope
because the wavelength of an electron beam (~ 4 x 1072 m with 100 keV acceleration) is
much smaller than visible light (~ 500 nm). For this reason, the TEM requires a vacuum

to avoid the scattering of beam from molecules present in air.
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TEM has three essential systems: an electron gun, the image-producing system and the
image-recording system. The electron gun is located in the top of instrument and
generates the electron beam via heating the tungsten filament. The intensity and angular
aperture of the beam are controlled by the condenser lens system between the gun and the
specimen. Normally, two condenser lenses are employed. The first condenser lens
produces a reduced image of the source, which is then imaged by the second lens onto
the specimen. When the electron beam illuminates the specimen, some areas of the
specimen scatter or absorb electrons and other areas transmit electrons. In the image-
producing system, the scattered electrons pass through an objective lens and are focued
to form the primary image. The primary image is magnified using additional lenses
(Intermediate lens and Projector lens) to form a highly magnified final image. For
practical reasons of image stability and brightness, the microscope is often operated to
give a final magnification of 1,000-250,000x on the screen. The image-recording system
consists of a charge coupled device (CCD) camera, binoculars and viewing screen. The
monochromatic image is projected onto the fluorescent viewing screen to allow it visible
to eye. The binoculars are used to focus the image. The image in screen is a temporary
image. To collect a permanent image a CCD camera is inserted into the path of the beam
and collects the image in a digital form. Figure 3.9 shows the schematic diagram of a

TEM.

Herein, the size and light-induced morphology changes of MGs are characterised by TEM
using a FEI Tecnai 12 BioTwin instrument at an accelerating voltage of 100 kV. The
samples were stained with uranyl acetate solution and supported by 300 mesh carbon
supported film on copper TEM grids. The TEM grid was plasma glow-discharged for 1

min to create a hydrophilic surface. The TEM grid was placed onto particle dispersion
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droplet and then uranyl acetate solution for 1 min respectively, and then blotted with filter

paper to remove excess solution. Each grid was then carefully dried at room temperature.

High voltage
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Figure 3.32. Schematic diagram of a TEM?.
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Chapter 4: Triply-responsive hydrogels assembled from
OEGMA-based microgels containing a photo-cleavable

crosslinker

4.1 Abstract

In this chapter, a series of triply responsive microgels (MGs) were prepared using the co-
monomers oligo(ethylene glycol) methacrylate (OEGMA), 2-(2-methoxyethoxy)ethyl
methacrylate (MEO:MA), methacrylic acid (MAA) and a synthesised o-nitrobenzyl-
based UV photocleavable crosslinker (nPh) and studied fully. This MGs containing
different amount of crosslinker can swell or collapse in response to pH and temperature
and degradatiom when irradiated with UV light. The MGs were then functionalised with
glycidyl methacrylate (GMA) to prepare GMA-functionalised MGs that were formed as
doubly cross-linked microgels (DX MGs) through pH-induced swelling and free-radical
coupling of the vinyl groups. The swellings and mechanical properties of OEGMA-based
DX MG gels were then investigated and were pH-, temperature- and UV-light responsive.
Those DX MGs were compared with the parent MGs. Unexpectedly, increasing the
crosslinker content in the MGs did not restrict MG particle swelling, but the swelling ratio
and mechanical properties of DX MGs were affected by crosslinker content significantly.
The UV light treatment degraded the MGs but enhanced the mechanical properties of DX
MGs compared with a control. This was attributed to the light-triggered polyampholyte
network formation in the DX MGs. Besides, the DX MGs are injectable gels that were
not cytotoxic to nucleus pulposus cells. Hence, this new family of multi-responsive DX
MGs had potential application for soft tissue repair as injectable gels or as gel implants

which report sterilisation.
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4.2 Introduction

Multiple stimuli-responsive microgels (MGs) and hydrogels have raised considerable
attention and interest in recent years for biomedical applications such as anticancer
therapies!, protein release® °, drug delivery*® and tissue regeneration’"® because of their
smart properties. For smart microgels, the physico- chemical properties such as size,
water content, shape, cross-linker density or hydrophilicity and hydrophobicity will
change if environmental factors change. They include chemical factors (pH”'°, ionic
species'!, biological*) and physical factors (temperature'?, light'®, magnetic field'#). For
those stimuli, light has excellent potential. This is because light is an external stimulus
that can be controlled in a very precise manner in terms of control over wavelength,

intensities, and duration times and does not require physical contact!>1°,

Thermal- and pH- sensitive MGs are also well studied. Thermally responsive MGs
undergo a temperature-induced swelling and deswelling transition at the volume phase
transition temperature (VPTT) due to a conformational change of the polymer chains'”
18 The introduction of functional monomer (e.g., carboxylic acids, amines) by random
copolymerisation provides the pH sensitivity to the MGs. Poly(N-isopropylacrylamide)

(PNIPAM) which is the most known temperature-responsive polymer'’

undergos a
temperature induced phase transition with a lower critical solution temperature (LCST)
at 31 °C'8. But the toxicity of NIPAM limit may the application of this kind of microgles
in biomaterial’?®. A more biocompatible alternative to PNIPAM MGs, poly(N-
vinylcaprolactam) (PVCL) MGs, which exhibits an LCST of 32 - 36 °C was reported for
biomedical applications* . However, care is needed to introduce an acid-based
comonomer into these MGs because VCL monomer is prone to hydrolysis under acid
condition’!. As an alternative, the POEGMA-based MGs have gained considerable

interests due to its excelled biocompatibility and stability to acid conditions?>**. These
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type of MGs can be traced to the seminal work of Lutz et al. who discovered that thermo-
responsive behaviour could be obtained from copolymers of oligo(ethylene glycol)
methacrylate (OEGMA) and 2-(2-methoxyethoxy)ethyl methacrylate (MEO,MA)*.
PMEO;MA and POEGMA have lower critical solution temperatures (LCSTs) of 29 and
90 °C, respectively®>. MGs containing different ratios of these monomers have volume-
phase transition temperatures (VPTTs) that can be tuned within this temperature range®.
P(MEO2MA-co-OEGMA-co-MAA) MGs are responsive to both pH and temperature®”
28 For this kind of MG, MAA was distributed uniformly but the nature of hydrophobicity
or hydrophilicity of crosslinker strongly affects their morphology. Boularas et al found
that the ethylene glycol dimethacrylate (EGD)-crosslinked MG strongly differed from
oligo(ethylene glycol) diacrylate (OEGDMA) and N,N-methylenebisacrylamide (MBA).
The EGD-based MGs showed the structure of densely crosslinked core and loosely
crosslinked shell, whereas the OEGDMA-based MGs showed homogeneously
crosslinked distribution and MBA-crosslinked MGs showed the crosslinking enrichment

in the shell with a slightly crosslinked core**-!.

In this chapter, the photo-cleavable crosslinker, 2,2°-(2-nitro-1,4-
phenylene)bis(methylene)bis(oxy)bis(oxomethylene) bis(azane-diyl)bis(ethane-2,1-diyl)
bis(2-methylacrylate) (denoted as nPh), is synthesised (Shown in Scheme 4.1.) This
crosslinker would degrade with irradiation by 254 nm light and form the cationic —-NH3"

groups.
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Scheme 4.1. Depiction of synthesis of nPh and photo-triggered degradation

A triple-responsive precursor MG-x-nPh (where x is the mol% of nPh used during MG
synthesis) containing MEO2MA, OEGMA, MAA and photo-cleavable crosslinker (nPh)
was prepared by free-radical aqueous batch precipitation copolymerisation. Due to the
hydrophobicity of nPh, I used EGD as a model crosslinker to form a control MGs (MG-
x-EGD, where x is the mol% of EGD used during MG synthesis) for comparison. In
contrast to an earlier MG study using nPh*, here it has been included within a water-
swellable MG for the first time. [ show that OEGMA-based MGs containing nPh are pH-
and thermally- responsive and UV-light degradable. The generation of cationic ~NH3"
groups results from UV cleavage of nPh which leads to ionic bonding for the gels

(Scheme 4.2).

Scheme 4.2. Depiction of the UV light-triggered cleavage of nPh crosslinker resulting in ionic

bond formation (yellow arrow). The ionic crosslinks are weak and the MGs disassemble in water.
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Scheme 4.3A depicts the approach used to prepare the triply responsive precursor MGs.
The precursor MGs were functionalised with glycidyl methacrylate (GMA) which reacted
with a minor proportion of carboxylic group of MAA via an epoxide ring-opening
reaction®® to form the functionalised MGs. The concentrated MG dispersions become
viscous when the pH is increased due to electrostatic repulsion of -COO™ groups. Inter-
MG crosslinking was achieved via free-radical inter-MG linking in the presence of
ammonium persulfate (APS) to give triply responsive DX MGs (Scheme 4.3B). The DX
MG-x-nPh gels had two crosslink networks present; one inside the MGs that was

photocleavable (via nPh) and a second from coupling between GMA.

GMA o
A { Of 0:2= 0)= o Jlg
§ g OH g‘ o é-OH
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Scheme 4.3. Synthesis of triply responsive (A) microgels (MGs) and (B) DX MG gels. The pH,
temperature and UV-light triggered responses are depicted. The structure of the control
ethyleneglycol dimethacrylate (EGD) crosslinker is shown in (A). The precursor MGs were
functionalised with GMA. The GMA units are crosslinked to form the DX MG gel (B). We
propose that nPh and GMA, respectively, are relatively concentrated in each MG core and evenly

distributed throughout the MGs.
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This study begins with an investigation of properties of parent MG-x-nPh. All MGs
showed significant pH- and temperature- sensitivity and light degradation behaviours.
The higher concentration of nPh or EGD did not restrict the swelling behaviours of MGs
due to the densely crosslinked core and loosely crosslinked shell structure. The
relationship between UV light-triggered disassembly of the MG-x-nPh particles and nPh
concentration was also investigated. I found that the lower concentration of nPh triggered
faster degradation of the MGs. The DX MGs also showed the strong pH-, temperature-
and UV light-dependence in swelling ratio and mechanical properties. The GMA-based
crosslinking that occurs during the DX MG formation is prepared to have engaged the
previously core-rich and shell-poor crosslinks. The gels are also UV light-responsive and
mechanical behaviours and remarkably different to those of the parent MGs. The photo-
generation of a nanostructured polyampholyte hydrogel is shown to strengthen the gel.
Live/Dead assays show that the gels are not cytotoxic. These new gels have potential
applications as injectable gels for soft tissue repair or as gel implants with a built-in visual

display for UV-light sterilisation.
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4.3 Experimental details

4.3.1 Materials

MEO:MA (95%), OEGMA (Mn = 500 g/mol, 95%), EGD (98%), MAA (98%), GMA
(97 %), sodium dodecyl sulfate (SDS, 98.5 %), N,N,N',N'-tetramethylethylenediamine
(TEMED, 99%), potassium persulfate (KPS, 99%), ammonium persulfate (APS, 98%,),
2-isocyanatoethyl methacrylate (98%), CHCl3 (99%), methanol (99.8%), hexane (95%)
and tetrahydrofuran (THF, 99%) were all purchased from Aldrich. Mono-2-
(methacryloyloxy)ethyl succinate (95%) was purchased from Tokyo Chemical Industry.

All chemicals were used as received. The water used was doubly filtered and deionised.

4.3.2 Synthesis of photocleavable crosslinker

The synthesis method of UV-cleavable crosslinker nPh followed that of Klinger and
Landfester*?. Briefly, mono-2-(methacryloyloxy)ethyl succinate (1.00 g, 5.5 mmol) was
dissolved in anhydrous THF (10.0 mL) and added dropwise to a solution of 2-
isocyanatoethyl methacrylate (1.71 g, 11.0 mmol) in anhydrous THF (15.0 mL) under
nitrogen. The reaction mixture was heated to 65 °C and stirred for 24 h. After cooling to
room temperature the solvent was evaporated and the residue was purified by column
chromatography over silica using CHCI3/MeOH (10:1) as eluent yielding 70% of nPh

(1.90 g, 4.9 mmol).

4.3.3 Microgel synthesis

The MGs were prepared by aqueous precipitation copolymerisation with different
comonomer compositions as shown in Table 4.1. The synthesis for MG-1.00-nPh is given
as an example. Briefly, SDS (60 mg) was dissolved in water (240 mL) and the solution

was purged with nitrogen gas in a three-neck reactor for 60 min. A comonomer solution
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(2.765 mL) of MEO:MA, OEGMA and MAA was prepared with a mass ratio of
MEO:;MA and OEGMA of 9:1, 10.5 wt.% of MAA. This ratio was kept constant for all
the MG-x-nPh systems. The nPh (84.0 mg) was added. An aqueous solution of KPS (60
mg in 12 mL water) was subsequently added after the temperature reached 70 °C. The
polymerisation was continued for 6 h under a nitrogen atmosphere and cooled to room
temperature. The dispersion was extensively dialysed against water for 7 days. The MG-
x-EGD dispersions were prepared following the same procedure but replacing nPh with

EGDMA on a mol basis (see Table 4.1).

Table 4.1 Comonomer formulations used to prepare the MGs

MEO:MA / OEGMA / MAA/  nPh/ EGD/

Microgels W% wt% W%  wt%  wt%
MG-0.15-nPh 80.2 8.9 105 04 i
MG-0.45-nPh 79.4 8.8 105 13 i
MG-0.65-nPh 79.0 8.8 104 18 .
MG-1.00-nPh 78.2 8.7 103 28 i
MG-0.15-EGD 803 8.9 106 - 020
MG-1.00-EGD 796 8.8 105 - 11

4.3.4 GMA functionalisation of the microgels

The pH of the MG dispersion (1.0 wt.%, 120 mL) was adjusted to 5.0 then GMA (0.65
mL) was added while stirring. The mole ratio of GMA to MAA used was fixed at 3.0.
The dispersion was left to stir for 8 h at 40 °C. The dispersion was then washed with

hexane twice and residual solvent removed by rotary evaporation.

4.3.5 DX MG preparation

DX MG gel preparations were performed at 37 or 50 °C. The gels used for cytotoxicity
studies were prepared at 37 °C. All other gels were prepared at 50 °C. To prepare the DX

MG at 50 °C, GMA functionalised MG (1.0 mL, 14.0 wt% ) was mixed with APS (78.0
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mM, 70 pL) and then NaOH (4.0 M, 30 pL) added and mixed. The mixture became
viscous when the pH was adjusted to 7.4. The viscous mixture was transfered to an O-
ring and sandwiched between two glass slides and then fixed using clamps and cured at
50 °C for 12 h. To prepare the DX MG at 37 °C, the NaOH solution used above was
changed to alkaline TEMED solution (31 pL) which contained NaOH solution (4.0 M)
and TEMED at a volume ratio of 48:2. The mixed dispersion was cured at 37 °C for 12

h. Other procedures are the same as described above.

4.3.6 Photodegradation experiments

Irradiation of MGs and DXMGs was conducted using a CL 1000 Ultraviolet Crosslinker
equipped with five lamps which provided a wavelength of 254 nm and an intensity of 10
mW/cm? unless otherwise stated. The MG dispersions were irradiated in Quartz cuvettes.
The DX MGs were sealed in a mold (inner diameter = 12.0 mm and height = 12.0 mm)

with quartz slides at the ends.

4.3.7 Cytotoxicity experiments

The following experiments were conducted by Dr. Daman Adlam (School of Biological
Sciences, University of Manchester). Human nucleus pulposus (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). It was put in a humidified 5% CO. incubator at 37 °C.
NP Cells were harvested by trypsinisation and seeded at a density of 5 x10* cells per well
onto 13 mm sterile glass coverslips in 24 well culture plates. In this experiment, two kinds
of DX MG gel (DX MG-0.65-nPh and DX MG-1.00-EGD) were used. After overnight
incubation, NP cell culture media was changed and Toroid shaped gels, sterilized in 70%

ethanol for 10 mins and rehydrated with several changes of sterile phosphate buffered
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saline (PBS), were introduced into the appropriate wells. Control NP 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 each time-point (n=2) according to the
manufacturer’s instructions. Images were obtained with an Olympus BX51 fluorescence

microscope and a Lietz Diavert inverted phase contrast light microscope.

4.3.8 Physical Measurements

'"H NMR (400 MHz) spectra of nPh were measured using a Bruker spertrometer with
CDCl3 as solvent. UV-Vis absorption of the nPh and microgel dispersions was measured
on a PerkinElmer Lambda 25 UV/VIS spectrometer Titration measurements were used to
characterize the pK, of synthesized MG and GMA functionalised MGs in the presence of
aqueous 0.05M NaCl using a Mettler Toledo Titration instrument. The titrant was
aqueous NaOH solution (0.01M). Dynamic Light Scattering (DLS) measurements were
performed using a Malvern Zetasizer NanoZS scattering apparatus, fitted with a 20 mW
HeNe laser. Backscatter measurement were performed to characterise the size of MG and
GMA functionalised MGs. TEM images were obtained using a FEI Tecnai 12 BioTwin
instrument and were stained using uranyl acetate solution. The number-average diameters
from TEM images were obtained using Image-J software which produces such output
parameters as number of particles, maximum and minimum length, mean length and
standard deviation. Uniaxial compression stress-strain data for the gels were obtained
using an Instron series 5569 load frame equipped with a 10 N compression testing head.
A cylindrical sample geometry with diameter of 12 mm and height of 12.5 mm was used.
The volume swelling ratio values for the gels were determined by gravimetrical method.
The DX MGs were placed into 0.10 M buffer solution and weighed every day for 5 days.

The Q values were calculated using equation (4.1).
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Where QO n is the ratio of swollen gel mass to the dry gel mass. The parameters p, and ps

are the density of solvent and polymer, which are taken as 1.0 and 1.2 g/mL, respectively.
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4.4 Results and Discussion

4.4.1 Characterisation of nPh crosslinker

The photo-cleavable crosslinker nPh was characterised by 'H NMR and UV-vis spectrum.
Figure 4.1 shows the 'TH NMR for nPh, 'H NMR (CDCls) ppm: 8.01 (s, 1H), 7.55(d, 2H),

7.50(s, 2H), 6.06(t, 2H), 5.43-5.53(s, 4H), 5.09(s, 4H), 4.18(t, 4H), 3.47(m, 4H), 1.87(s,

6H).
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Figure 4.1.'"H NMR spectrum and assignments for nPh

The time-dependence UV-vis spectrum measurements for crosslinker nPh in MeOH were
also measured (Figure 4.2A). Before UV treatment, nPh shows an absorption maximum
at 260 nm accompanied by a tail up to 370 nm. With the UV light irradiation, the
absorption peak at 260 nm decreased gradually and diminished, wheareas the absorption
peak at at 312 increased. This indicates the successful photoreaction which forms the
nitroso-benezaldehyde photolysis product (Scheme 4.1). Although it indicates a
successful photoreaction, there are no defined isosbestic points in the spectra of nP. It is

impossible to find the same absorbance at all range of wavelength in inserted Figure 4.2A
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during the photoreaction. This indicates the production of photoreaction side products?Z.
The side products (structure was shown in Figure 4.2B), is a dimeric azobenzene
compound formed by dimerisation of the primary nitroso groups at longer irradiation
times*** and was proved to form the new divinyl group2. Irradiation with light at a
wavelength A > 300 nm does not affect this new divinyl group. Light at a wavelength of
254 nm needs to be applied which is well known to cleave azobenzene groups*?. Hence,

in this study, we used the UV-C (200 - 280 nm) light to illuminate the MGs and DX MGs.
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Figure 4.2. (A) Time-dependent UV-vis spectrum for the photocleavage of nPh in CH30H (0.15
mM) as a consequence of irradiation with UV light (365 nm). (B) Molecular structure of

photoreaction dimeric products of nPh*.

4.4.2 Composition and properties of the MGs

Four precursor MG-x-nPh were synthsised containing different amounts of crosslinker
nPh (x) ranging from 0.15 to 1.00 mol%. Two control precursor MG-x-EGDs (where x is
0.15 and 1.00 mol%) were prepared as well. Synthesis details are given above and in
Table 4.1. All precursor MGs were functionalised with GMA to form vinyl-functionalised
MGs (namely, MG-0.15-nPh, MG-0.45-nPh, MG-0.65-nPh, MG-1.00-nPh, MG-0.15-

EGD and MG-1.00-EGD).
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Figure 4.3. TEM images measured for (A) MG-0.15-nPh, (B) MG-0.45-nPh, (C) MG-0.65-nPh,
(D) MG-1.00-nPh,(E) MG-0.15-EGD and (F) MG-1.00-EGD. The scale bars are 500 nm.

Figure 4.3 shows those six functionalized MGs are spherical particles via TEM images
and have collapsed number-average diameters (dreum) in the rang 50 - 59 nm. The drem
values are smaller than the respective average diameter measured with DLS (d:) at thre
collapsed stage ie., pH 5.4 at 60 °C at 55 - 65 nm (see Table 4.2). This is because the d-

values are strongly weighted towards the largest particles and there was significant size
polydispersity for each of the MGs.
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Figure 4.4. The mechanism of the GMA functionlisation reaction.

O=0

GMA reacted with the carboxylic acid group in MGs via a ring-open reaction. The
mechanism is shown in Figure 4.4°¢. The carbon in epoxide ring of GMA is attacked by
the R-COOH group causing a reaction. The MAA content in each MG was determined

by the potentiometric titration data. The apparent pK, is the pH value corresponding to
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50 % neutralisation. The GMA content in each MG was calculated from the difference of

MAA content before and after functionalisation.
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Figure 4.5. Potentiometric titration data for (A) precursor MG and (B) functionalised MG
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dispersions. The data were obtained at 25 °C.

The potentiometric titration data are shown in Figure 4.5A. These data showed that the
precursor MG-0.15-nPh, MG-0.45-nPh, MG-0.65-nPh, MG-1.00-nPh, MG-0.15-EGD
and MG-1.00-EGD contained MAA with 23.2 mol%, 24.79 mol%, 22.61 mol%, 23.32
mol%, 24.68 mol% and 23.77 mol% respectively. The functionalised MG-0.15-nPh, MG-
0.45-nPh, MG-0.65-nPh, MG-1.00-nPh, MG-0.15-EGD and MG-1.00-EGD contained
MAA with 18.18 mol%, 19.65 mol%, 18.53 mol%, 19.05 mol%, 20.27 mol% and 19.09
mol% as well as have GMA with 5.02 mol%, 5.17 mol%, 4.08 mol%, 4.27 mol%, 4.41
mol% and 4.68 mol%, respectively (see Figure 4.5B and Table 4.2). The mole ratio of
GMA to MAA used was fixed at 3.0 during the experiment of GMA functionalisation,
but only a part of GMA was functionalized with carboxylic group of MAA. It is due to

hydrolysis of GMA in absence of any catalyst via the hydroxy group of water attacking
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the epoxy group of GMA?’. The pK, for those six MGs were 5.9, 5.8, 5.9, 6.0, 5.9 and

5.9, respectively (Table 4.2). The pK, values are much less than physiological pH (~7.4)

indicating that the MG particles and DX MGs would be swollen in such an environment.
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Figure 4.6. (A) UV-visible spectra for the MG-x-nPh dispersions measured at pH=7.4 and 25 °C.

(B) Absorbance measured at 258 nm versus concentration of crosslinker used for MG. The

concentration of MG dispersion is 0.01 wt.%.

The nPh content was also investigated using UV-vis spectra. In Figure 4.6A, there is a

maximum absorption at 258 nm (Azsg) for MG-x-nPh which is evident for nPh

copolymerised in the MGs. The line of best fit between Azsg and nominal nPh

concentration for the MG-x-nPh dispersion data are shown (Figure 4.6B). Data measured

for a MG-1.00-EGD dispersion are shown for comparison.

The composition and properties of the MGs are summerised as shown in Table 4.2.

Clearly, the MAA content are still high even after functionalisation with GMA.
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Table 4.2. Composition and properties of the MGs.

MEO,MA OEGMA MAA/ nPh‘/ EGDY GMA/ VPTT  dmw  d-/nm®
Microgels /mol%® /mol%® mol%’ mol% mol% mol%? PX .54 am/  (pH54,60°C)
MG-015.apn 7368 310 1818 015 - 502 59 255  51(6) 55(0.081)
MG-045.apn 7163 311 19.65 045 - 517 58 244 52(9)  54(0.089)
MG-065.apn 7365 316 1853 065 - 408 59 243 50(6) 54 (0.087)
MG-L00mpn 7280 316 1905 100 - 427 60 234 50(7) 60 (0.058)
MGOISEGD 7244 309 2027 - 015 441 59 234 59(7)  57(0.085)
MG.L00.EGD 7021 311 1909 - 100 468 59 250 S547)  65(0.074)

“ Based on the assumption that that all OEGMA had reacted. ” Determined from potentiometric
titration data. “Nominal values based on formulation used. ¢ Calculated using the difference of the
MAA content before and after functionalisation. ‘Apparent pK, value determined from
potentiometric titration data.’ The numbers in brackets are the standard deviation. ¢ The numbers

in brackets are the polydispersity index (PDI) values.

4.4.3 Study of the pH and thermal responsive of the MGs by DLS

The pH and thermal responsive behaviours of the MGs were investigated using DLS.
Figure 4.7A shows the variation of d. with different pH buffer solution for MG-1.00-nPh
at 10 °C, 25 °C and 37 °C. It is clear that the diameter increases with pH increase. Also
the pK, is different for different temperatures. At 10 °C and 37 °C, respectively, the
hydration between P(MEO:MA-OEGMA) and water is maximised and minimised,
respectively. This strongly influences the pH-dependence of d.. At 37 °C and low pH, the
P(MEO>:MA-OEGMA) are dehydrated and —-COOH groups are deprotonated, the MGs
are at the most collapsed stage. The d: increases strongly with pH 6.0 and pK, is 6.0. By
contrast, d- increases gradually with increasing pH without a sharp swelling transition at
10°C. The data measured at 10 °C show a incomplete collapse at pH 4.4 which is due to
hydrogen bonding of water to the P(IMEO2MA-OEGMA). Hence, at high temperature,
the swelling ability of MGs was dominated by electrostatic interactions and was more

affected by hydrogen bonds between the P(MEO:MA-OEGMA) and water at low
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temperature. Figure 4.7B shows the electrophoretic mobility vs pH curves for MG-1.00-
nPh at 10 °C, 25 °C and 37 °C. Presumably, the negative charge near the functionalised
MG surface increases in magnitude with increasing pH and reached a plateau for pH
values greater than 7.4. This behaviour is due to deprotonation of the -COOH groups and
confirms that an increasing concentration of -COO™ groups causes pH-triggered MG
swelling. The mobility also increased with increasing temperature. This is due to local

segment rearrangement with more negatively charged groups residing closer to the MG

periphery.
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Figure 4.7. Variation of the (A) z-average diameter (d.) and (B) electrophoretic mobility data
with pH measured for MG-1.00-nPh dispersions at 10, 25 and 37 °C. The temperature-dependent
d- values measured for MG-x-nPh and MG-1.00-EGD dispersions at (C) pH 5.4, (D) pH 6.4 and
(E) pH 7.4 are shown. The legend for (C) shows the mol% of nPh or EGD used and also applies
to (D) and (E).

The effect of temperature was investigated. Variable temperature DLS data were

measured for the MG-x-nPh (x = 0.15 - 1.00) and MG-1.00-EGD dispersions at pH 5.4,
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6.4 and 7.4 (Figure 4.7C-E). The microgels are thermally sensitive with a decrease of d:
by increasing temperature. This is because of a decrease in solvent quality due to
thermally-triggered disruption of hydrogen bonding of water to P(MEO>2MA-OEGMA).
Such disruption causes attractive, hydrophobic, segment-segment interactions to
dominate®®. The VPTTs were estimated from the point of inflection of the data shown in
Figure 4.6C-E. The VPTTs increased from 23.4 - 25.5 °C at pH 5.4 to ~ 60 °C at pH 6.4
(see Table 4.2). The d- decreased around 2 times at pH 5.4 and less than 2 times at pH
6.4. This difference is due to all MGs becoming totally collapsed when T > 30 °C at pH
5.4. However, all MGs still swell at pH 6.4 even when the temperature reaches to 60 °C
because electrostatic repulsion by some —COO™ groups. At pH 7.4, the de-swelling
behaviour was limited for all MGs and the VPTTs were much greater than 60 °C. Hence,
changing the pH value of a dispersion can turn on or off the thermal responsive behaviours

of these MGs.

4.4.4 The relationship between swelling behaviour and crosslinker content of the

MGs

Figure 4.7C-E shows that the swelling behaviour of MGs is not restricted by crosslinker
content. This trend is also shown by d: in Figure 4.8A. The maximum d- for all six MGs
increases as the crosslinker content increases. The particle swelling ratio (Qwmg) was
estimated using the d: values in the fully collapsed state (d-(coi)) and swollen state (dz(sweir)
via the equation QG = (dxsweiy/ d-comy)’. The values for dcomy were the d- values
measured at pH 5.4 and 60 °C. The values for d:(swen) were obtained at pH 7.4 and 7.5 °C

from Figure 4.8A.
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Figure 4.8. (A) Effect of crosslinker concentration (x..ss) and type used on the z-average diameter
(d:) measured for MG-x-nPh and MG-x-EGD dispersions. (B) The Qwc vs. crosslinker
concentration for MG-x-nPh and MG-x-EGD dispersions

Figure 4.8B shows that the Quc values do not significantly depend on x. This result is
unexpected because increasing the concentration of crosslinker decreases particle
swelling in well-studied MGs such as polystyrene and PNIPAM*-, Hence, the higher
crosslinker content within the MGs did not restrict the swelling behaviour of MGs.
OEGMA-based MGs prepared using EGD have a core-shell structure with core-rich and
shell-poor crosslinker?-3!. Both EGD and nPh are hydrophobic and I propose that a core-
shell structure was present in both MG-x-nPh and MG-x-EGD. Within the MGs, most of
crosslinker (EGD or nPh) is incorporated into the core. The crosslinker in the core does
not contribute shell swelling. As the separation between crosslinkers decreases the
average functionality decreases*!. Hence, closely situated crosslinkers that occupy the

MG cores do not efficiently oppose particle swelling.

4.4.5 UV light-triggered degradation behaviours of the MGs

I next explored the responsive of the MG-x-nPh dispersion to UV-irradiation. The MG-
1.00-EGD system was used to comparison. The nPh crosslinker in MGs has an absorption
maximum at 258 nm that was evident in UV-visible spectra for MG-x-nPh dispersion

(Figure 4.6).
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Figure 4.9. UV-visible spectra measured after different periods of UV irradiation for (A) MG-
0.15-nPh, (B) MG-0.45-nPh, (C) MG-0.65-nPh, (D) MG-1.00-nPh and (E) MG-1.00-EGD. The
pH andtemperature were 7.4 and 25 °C. (F) The % relative absorbance measured at 258 nm vs.
UV irradiation time for MG-x-nPh and MG-1.00-EGD. The relative absorbance is measured

relative to the baseline value.

In Figure 4.9A-D, the UV-visible spectra show that the absorption maximum at 258 nm
for the MG-x-nPh decreased with UV light irradiation. The scattering of MG-1.00-EGD
decreased with UV light irradiation (Figure 4.9E). The relative absorption at 258 nm
decreased with UV light irradiation for MG-x-nPh as shown in Figure 4.9F. MG-0.15-
nPh had the fastest decreasing relative absorption reaching 0 % in 10 min. The other nPh-
based MGs needed 15 min to reach this value. The relative absorption at 258 nm for MG-
1.00-EGD decreased to 40% which means limited degradation occurs. This is due to
Norrish type I cleavage of ester bonds*? ** of EGD. Therefore, the MG-x-nPh with the

smallest crosslinker content dissemble at the fastest rate.
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Figure 4.10. (A) DLS size distributions for MG-1.0-nPh and MG-1.0-EGD measured at 0, 10 and
20 min after UV irradiation. (B) Electrophoretic mobility after different irradiation times for the

dispersions at pH 7.4 and 25 °C.

The change of d: was probed by DLS for MG-1.00-nPh and MG-1.00-EGD as well after
UV treatment for 0, 10 and 20 mins. Figure 4.10A shows the peak for MG-1.00-nPh
moved from 200 nm to 90 nm in 10 mins and became biomodal in 20 mins. However, the
peak for MG-1.00-EGD was much less affected. Moreover, in order to investigate the UV
light-triggered degradation mechanism of nPh-based MGs, electrophoretic mobility data
were measured for MG-1.00-nPh and MG-1.00-EGD (Figure 4.10B). The mobility
becomes less negative with longer UV treatment for MG-1.00-nPh, while the mobility
became stable for MG-1.00-EGD after UV treatment. This is due to an amine cationic
species being photo-generated within the disassembled MG-1.00-nPh particles®?. These
cationic species are -NH3 " groups®*(shown in Scheme 4.2) at pH 7.4. In this case, the ionic
bonds form from such groups and nearby —COO™ groups. However, ionic bonds are

dynamic and not sufficiently robust to prevent MG disassembly.
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Figure 4.11. TEM images of MG-1.00-nPh deposited from solution (pH 7.4) before (A) and after
(B) UV irradiation for 20 min. MG-1.00-EGD deposited from solution (pH 7.4) before (C) and

after (D) UV irradiation for 20 min. The scare bars are 200 nm.

The TEM images also show that the original MG-1.00-nPh spherical particles degrade
into small particle which had a diameter of about 10 nm after UV treatment for 20 min
(Figure 4.11A-B). In contrast, the MG-1.00-EGD was still intact after UV treatment

(Figure 4.11C-D).
4.4.6 pH and thermal responsive of the DX MGs

DX MGs were next prepared by covalently interlinking the MGs via GMA groups
(Scheme 4.3B). In this study, the inter-MG crosslinker GMA were kept between 4.1 and

5.2 mol% (shown in Table 4.2). The as-made DX MGs are transparent as shown in Figure

4.12.

126



A -
niﬁogeh he
0 their jatre

-
MOOOO1Y ry s~
pre-luruun

le’ sesha 2h E;linking. It . Fnl-p-kfllgh
5. , icr 101}1 /C;t\mt:] i WW <
1d\NTanse jren of ‘TT.X WCIG tl'x@?,nlc
re Bigg Eee_n“ _: nkmg oceun amine) mi
Figure 4.12. Digital photographs of (A) DX MG-0.15-nPh, (B) DX MG-0.45-nPh, (C) DX MG-

0.65-nPh, (D) DX MG-1.00-nPh, (E) DX MG-1.00-EGD, (F) DX MG-0.15-EGD gels. All scale

bars are 5 mm

The swelling ratio (Qpxmc) of the DX MGs was investigated. They show strong pH
triggered swelling at all temperatures. Taking DX MG-1.00-nPh as an example, the
Qpxumc increased to about 4 times from pH 5.4 to pH 7.4 at three temperatures (10 °C,
25°C, 37 °C) (Figure 4.13A). This gel can swell most strongly when both the electrostatic
repulsion is highest (pH 7.4) and hydration is strongest (10 °C). Besides, In Figure 4.13B-
D, all gels have significant temperature dependent changes in Qpxwc at pH 5.4, 6.4 but
this is limited at pH 7.4. This matched the trend for the parent MGs (Figure 4.7C-E). The
DX MG-x-nPh gels retains high Qpxwmc values at pH 7.4 and 37 °C which are potentially

important as the gels should be strongly swollen at physiological conditions.
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Figure 4.13. (A) Variation of the DX MG volume-swelling ratio (Qpxug) with pH for DX MG-
1.00-nPh gels measured at 10, 25 and 37 °C. The temperature-dependence of QpxasG is shown for
the gels at (B) pH 5.4, (C) pH 6.4 and (D) pH 7.4. The legend shown in (B) also applies to (C)
and (D). (E) Dependencies of Qpxuc at pH 5.4 and 7.4 on x.

Figure 4.13E shows that the Qpxuc value decreases as the nPh content increases. It can
be seen that at 10 °C and pH 7.4 those gels were in the fully swollen state. This agrees
with the behaviour expected for conventional hydrogels*®, but it is opposite to the trend
observed for the parent MGs as shown in Figure 4.8B. Hence, the Qpxuc values are

strongly affected by the intra-MG crosslinking.

4.47 The relationship between the mechanical properties and intra-MG

crosslinking for the DX MGs

The compressive stress-strain properties for all gels were studied (Figure 4.14). The
modulus increases (from 4.5 to 20.5 kPa) and breaking strain (ez) decreases (from 81.4 to
63.3 %) as crosslinker nPh increases (from 0.15 to 1.00 mol%). This trend also is shown
for DX MG-x-EGD. Interestingly, the modulus for DX MG-1.00-EGD is much lower

than DX MG-1.00-nPh, which means the crosslinker types affect the mechanical
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properties strongly for these gels. Hence, the most deformable DX MGs are obtained with

the MGs containing the lowest crosslinker contents.
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Figure 4.14. Compressive stress-strain data for (A) DX MG-x-nPh and (C) DX MG-x-EGD gels.
The modulus (£) and breaking strain (ez) values were obtained from the data shown in (A) and
(C) and are plotted as a function of the crosslinker concentration used for the MG building blocks

in (B) and (D), respectively. The data were obtained at pH 7.4 and 25 °C.

In order to prove the mechanical properties of the DX MGs can be tuned via blending.
DX MG was prepared using a 50:50 blend of the MG-1.00-nPh and MG-1.00-EGD
particles, which is denoted as DX MG-1.00-nPh/EGD. The modulus and breaking strain
values were measured from the compressive stress-strain data and were found to be
between those for the DX MG-1.00-nPh and DX MG-1.00-EGD gels (see Figure 4.15).
This highlights the ability to tune the mechanical properties of these gels by using

colloidal scale building blocks with different inherent stiffness.
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Figure 4.15. (A) Compression stress-strain data measured for DX MG-1.00-nPh, DX MG-1.00-

EGD and DX MG-1.00-nPh/EGD. (B) Modulus and strain-at-break values for the gels from (A).

The error bar from (B) is determined for 3 measurements for each sample.

The important question is why the intra-MG crosslinking does not contribute to the
swelling behaviours for the parent MG dispersion but affects the DX MGs in swelling
ratio and mechanical properties strongly? When functionalising the MGs, the temperature
of dispersion is 40 °C and the pH is 5.0 which is lower than pKa (pKa is shown in Table
4.2). In this condition, MEO>2MA and MAA are hydrophobic. It is proposed that they both
distribute uniformly within the MGs due to a similar conversion ratio of them according
to Boularas et al.** . GMA is hydrophobic monomer with a logP of 0.34* and so GMA
penetrates and distributes uniformly within the MGs and then reacts with -COOH via
epoxide ring-opening reaction. I propose that the GMA units form a second network
which provided additional linkages to the highly crosslinked cores of the MGs which

enable the cores to contribute to stress distribution in the DX MG gel.

4.4.8 UV light-triggered mechanical behaviours change of the DX MGs

I next investigated UV light-triggered variation swelling ratio and mechanical properties
of all DX MGs. For the colour variation of gels, the gels containing nPh became yellow
after UV treatment which is due to formation of the nitroso-benezaldehyde photolysis
product®?. While for the DX MG-x-EGD, they remained colourless and transparent after

UV treatment (Figure 4.16A).
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Figure 4.16 (A) Digital photographs of DX MGs before (top row) and after (bottom row) UV-
irradiation. The scale bars are 5 mm. (B) Measured % initial gel cylinder height after UV-

irradiation versus the crosslinker concentration used to prepare the parent MGs.

Figure 4.16B shows the height of DX MG-0.15-nPh and DX MG-x-EGD decreases
noticeably as a consequence of UV irradiation. However, the heights of DX MG-0.45-
nPh, DX MG-0.65-nPh and DX MG-1.00-nPh do not change. The partial dissolution of
DX MG-x-EGD is due to Norrish type I cleavage of ester bonds** ** including EGD and
GMA. While for the gels containing relative high content nPh (>0.45 mol%), the photo-
generated cationic species amine can associate the carboxylic acid group of MAA which
avoids UV-C light weakening the gels. The UV-C light can be used to sterilise
biomaterials*®. Hence, this gel may provide a visual indication of UV-sterilsation for

load-supporting soft tissue gel implants.
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Figure 4.17. The effects of UV-irradiation on the £ and ¢ values for the DX MG gels prepared
using nPh and EGD are shown in (A) and (B), respectively. The data were obtained at pH 7.4 and

25 °C.
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The mechanical properties of the DX MGs change because of the UV light effect. The
compressive stress-strain measurements were conducted. Figure 4.17 shows the modulus
(E) and breaking strain (¢3) values before and after UV treatment for all gels. Obviously,
after UV treatment, the £ values for DX MG-1.00-nPh, DX MG-0.65-nPh and DX MG-
0.45-nPh increase from 20.3 to 28.0, 7.5 to 10.6 and 4.8 to 5.8 kPa, respectively. The ¢z
values decrease from 63.3 to 54.8 %, 76.2 to 68.9 %, and 78.5 to 73.1 % respectively.
This indicates that the UV irradiation leads to stiffening of these gels. The increase of
stiffness is due to the formation of multiple ionic crosslinks between -COO™ and
photogenerated —~NH3" groups. In contrast, the control gels (DX MG-1.00-EGD) shows
the opposite trend with £ value decreasing from 7.4 to 4.2 kPa and ¢p increasing from

70.1 to 74.6 %. The Norrish type I reactions of the crosslinkers contributed to these

behaviours.
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Figure 4.18. (A) Compression stress-strain data measured for DX MG-1.00-nPh, DX MG-1.00-
EGD and DX MG-1.00-nPh/EGD after UV irradiation. (B) shows the effects of UV irradiation

on the modulus and breaking strain values, respectively, for the gels from (A).

To address the question of whether the UV light-triggered E increase via nPh cleavage or
E decrease via Norrish type I is stronger, the mechanical properties of 50:50 blend of DX
MG-1.00-EGD and DX MG-1.00 nPh was measured. In Figure 4.18, the E value increases

from 12.4 to 16.0 kPa and ep value decreases from 66.3 to 60.6 % for this gel after UV
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irradiation. So the mechanical property changes caused by UV light are stronger than that

caused by Norrish type I reaction.

4.4.9 Effects of UV light on swelling behaviours of the DX MGs

The effect of UV light irradiation on the Qpxac was measured as function of temperature
for DX MG-1.00-nPh as shown in Figure 4.19A. The pH values of 5.4 and 7.4 were used
for this study. UV irradiation caused Qpxuc to decrease at pH 7.4 while it increased at
pH 5.4 at the three temperatures. It is important note that Qpxuc increased at two pH
values for the control DX MG-1.00-EGD at 37 °C. Hence, when the pH value is higher
than the pK, of parent particle (6.0), the UV-triggered decrease Qpxac for DX MG-1.00-
nPh gels is due to the association of photo-generated -NH3" and -COO™ which decreases
the electrostatic repulsion within the gel. When the pH value is smaller than the pK,, the
-COOH is deprotonated and the electrostatic repulsion of -NH3 " in acid environment leads
to a Qpxumc increase after UV treatment. These data imply that photocleavage of the nPh

crosslinker generated a polyampholyte gel.
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Figure 4.19. (A) Volume swelling ratios (Qpxmc) for DX MG-1.00-nPh gel measured at different
temperatures before and after UV irradiation. Data for control DX MG-1.00-EGD gels are also
shown. The effects of NaCl concentration on the Qpxac measured for (B) DX MG-0.45-nPh and
DX MG-0.65-nPh gel as well as (C) DX MG-1.00-nPh and DX MG-1.00-EGD gels before and
after UV irradiation are shown. The arrows indicate cross-over points for QpxuG (see text). The

data shown in (B) and (C) were measured at pH 7.4 and 37 °C.
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If ionic bonds are formed as a consequence of UV irradiation, this effect can be decrease
through electrostatic screening*’ when increasing the ionic strength of buffer and then
increased gel swelling should be expected compared to the non-UV irradiated gel. Figure
4.19B-C shows the Qpxwc in different concentration NaCl solution at pH 7.4. The Qpxue
values for all non-UV light irradiated gels decrease while recover to some extent for DX
MG-1.00-nPh, DX MG-0.65-nPh and DX MG-0.45-nPh when treated with UV light. This
behaviour confirms that polyampholyte behaviour occurred for those gels. NaCl can
disrupt the ionic bond from the photo-generated NH3" and COO™ and then the swelling
ratio increase. This conclusion was verified by the controlled gel DX MG-1.00-EGD. It
did not show the increasing trend in Qpxwmc as NaCl concentration increase. The Norrish
Type I cleavage of crosslinks was responsible higher Qpxuc for the gel after UV

irradiation compared with that without UV treatment.
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Figure 4.20. Depiction of proposed mechanisms to explain UV-light triggered MG-x-nPh
disassembly (A) and DX MG-x-nPh de-swelling (B). The UV-triggered cleavage of the nPh
crosslinks groups generates positive charge which associates with nearby —COO" groups. For the
MGs (A) the dynamic ionic bonds allow the MGs to disassemble. In the case of the DX MGs (B)
the permanent linkages from the second DX network prevent disassembly and the segments
rearrange to form multiple ionic crosslinks. The latter can be disrupted and unzipped by addition

of electrolyte.

Figure 4.20 depicts the remarkably contrasting behaviours observed for the MG-x-nPh
particles and DX MG-x-nPh gels as a result of UV irradiation. The MG-x-nPh particles
degraded upon UV irradiation because the ionic crosslinks are not stabilised and are
dynamic*® (Figure 4.20A). In contrast, the DX MG-x-nPh gels have a second DX network
formed by GMA that stabilises gel and prevents disassembly (Figure 4.20B). The photo-
generated ionic bonds form and rearrange within the core of the MGs. This causes an
increase in the modulus and decreased swelling. The energy of a covalent bond is 360

kJ/mol® (i.e., 145 kT). In contrast the ionic bonds should have an energy of ~ kT*’. Hence,
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the rearranged segments should contain multiple ionic bonds for every cleaved covalent
bond and be arranged to provide cooperative bonding>’. According to discussion above,
the original nPh covalent bonds are probably closely associated within the core. This kind
of nPh distribution would have decreased their average functionality*! and decreased their
efficiency in contributing elastically effective chains to a network. I propose that the
inefficient stress distribution network would be replaced by a more efficient one through
local rearrangement via photocleavage. The ionic bonds can be disrupted by addition of
electrolyte (e.g., NaCl) due to electrostatic screening. This model implies that the UV-
irradiated DX MG-x-nPh gels are nanostructured gels of inter-linked core-shell MGs with

a polyampholyte core.

4.4.10 Cytotoxicity study of DX MGs

These gels can also be prepared at 37 °C with the aid of the accelerator TEMED. Two
representative gels (DX MG-0.65-nPh and DX MG-1.00-EGD) were prepared. Since
these gels have potential for injectable formulations in the context load supporting gels’’,
a cell challenge test was performed. The cytotoxicity of DX MG-0.65-nPh and DX MG-
1.00-EGD were studied by cultured human NP cells for 8 days and was assessed by
Live/Dead assays. Live cells are distinguished by the presence of calcein (green) and dead
cells are stained with ethidium homodimer-1 (red). Figure 4.21 shows the adherence and
morphology of NP cells (top three rows) and live/dead assay fluorescent microscopy
images of NP cells (bottom three rows). It is evident there was a very high proportion of
live NP cells in contact with two gels. Hence, these gels were not cytotoxic to NP cells

over a period of 8 days using Live/Dead assays.
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Figure 4.21. Cell challenge data for human nucleus pulposus (NP) cells in the contact of DX MG-
0.65-nPh and DX MG-1.00-EGD. Cell morphology images are shown (top three rows).
Live/Dead assay images (bottom three rows) were obtained using fluorescence microscope. The

control group used an equal volume of PBS. The scale bar applies to all images and is 100 um.
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4.5 Conclusions

Novel OEG-based triply responsive MGs and DX MGs which are pH, temperature and
UV light were prepared in this study. The effects of intra-MG-crosslinker on MGs and
DX MGs are very different. Firstly, a higher content of hydrophobic crosslinker (x) used
to prepare MGs did not affect MG swelling. This is probably due to core-rich and shell-
poor crosslinker structure of the MGs. However, the modulus increases and the swelling
ratio decreases as x increases which is opposite to the trend of parent MGs. This difference
was attributed to second network from GMA which connected the previous crosslinker
within MGs. Secondly, the MGs can disassemble when irradiated with UV. But the UV
irradiation of the gels gave the result that the photo-cleavage of the crosslinker enhanced
the strength of the gel. This result is opposite to the behaviour of the parent MGs and is
attributed to stabilised ionic crosslink formation and rearrangement in the DX MG gels.
The mechanical and swelling properties of the DX MG-x-nPh gels could be tuned via UV
irradiation. This study has shown that the effect of intra-MG crosslinker and the response
to UV irradiation of MG-x-nPh and DX MG-x-nPh gels can be altered by using a second
network. Cytotoxicity data for an injectable version showed these gels are not cytotoxic
to NP cells over a period for 8 days. This new injectable gel has potential for use in soft
tissue repair. An additional potential application is in the context of visual monitoring of

UV sterilsation for gel implants.
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Chapter 5: Reversible light triggered swelling changes of

temperature and pH-responsive OEGMA-based microgels

5.1 Abstract

In this chapter, four different size microgels (MG-CMA) ranging from 25 nm to 124 nm
(TEM diameters) which are photo-, pH-, temperature- responsive are synthesised. The
poly(MEO:MA-MAA-CMA) MGs were prepared by copolymerisation of 2-(2-
methoxyethoxy)ethyl methacrylate (MEO;MA), methacrylic acid (MAA) and 7-(2-
methacryloyloxyethoxy)-4-methylcoumarin (CMA) via one step precipitation
polymerisation. The crosslinker density was easily controlled by alternating irradiation
wavelengths of 365 nm (photo-crosslinked state) and 254 nm (photo-decrosslinked state).
The pH- and temperature-triggered swelling changes for the MGs were photo-tunable.
The relative volume increase upon photo-de-crosslinking is much greater than reported
for other works. This is attributed to the uniform distributions of CMA and photo-induced
crosslinker within the MGs. Unexpectedly, it was found that the extent of photo-induced
dimerisation increased with decreasing as-made MG size. The photo-induced swelling of
the MGs was used to accelerate release of the encapsulated anti-cancer drug doxorubicin

(DOX) to demonstrate potential for on-demand drug release.
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5.2 Introduction

Coumarin is well known molecule to prepare photoswitchable particles as reversible
photo-induced formation of cyclobutane rings (dimerisation) occurs under irradiation
with a wavelength (1) > 310 nm and photocleavage of the dimers occurs under irradiation
at A < 260 nm! 2. The first photocontrollable particles using coumarin were
macromicelles®. An encapsulated solute was released via photo-de-crosslinking®. But the
photo-tuneable change of size is negligible. He et al.* developed polymer micelles PEO-
b-P(MEO2MA-co-CMA) bearing coumarin methacrylate (CMA) side groups. (EO is
ethylene oxide, MEO>MA is 2-(2-methoxyethoxy)ethyl methacrylate). They found the
photocleavage of coumarin could reduce the cross-linking density and lead to an increase
in volume of nanoparticles by ~90%. The first pH-responsive and photo crosslink
nanogel was prepared using photo-crosslinkable diblock copolymer micelles containing
DMEMA and coumarin’. (DMEMA is 2-(diethylamino)ethyl methacrylate). Furthermore,
He et al.® synthesised a series of nanoparticles with coumarin randomly incorporated into
two polymer block P(DMA-co-CMA)-b-P(NIPAM-co-CMA) (DMA and NIPAM are
N,N-dimethylacrylamide and N-isopropylacrylamide, respectively). They concluded the
photo-controllable size change of nanoparticles was much stronger for coumarin
copolymerised in both core and shell than in core or shell only. Dong et al.” synthesised
photo-, temperature-, pH-, and ion-responsive weak polyelectrolyte spherical brushes
under different modes of confinement by copolymerisation the DMEMA and CMA
anchored to silica nanoparticles via surface-initiated atom transfer radical polymerisation
(si-ATRP). The synthesis methods (ATRP or PAFT) for those micelle or nanoparticles
involve several steps and may be difficult to scale up. In contrast, precipitation
polymerisation, which is used here, provides the possibility to tune the properties of MGs

conveniently and is also scalable®.
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Triply responsive MGs have been developed in recent decades for the delivery of various
therapeutic agents®'!. Zhan et al.'? reported biocompatible nanogels with thermos-, redox,
and pH-triple sensitivity, prepared through in situ polymerisation of NIPAM, acrylic acid
(AA) and N,N-bis(acryloyl)cystamine (BAC) as a biodegradable crosslinker. Jiang et al.
13 reported a photo-, temperature- and pH-responsive copolymer poly(DMAEMA-SP)
(DMAEMA is dimethylaminoethyl methacrylate and SP is spiropyran) system which
could self-assemble into nanoparticles. Hydrophobic dyes could be released upon
stimulation using UV light, temperature and pH'®. Chen et al. '* reported a photo-, pH-,
and redox-responsive MGs of poly(acrylic acid-co-spiropyran methacrylate) crosslinked
by BAC. Wang et al.' synthesised poly(vinylcaprolactam) (PVCL)-based biodegradable
MGs with BAC as cross-linker, methacrylic acid (MAA), VCL and polyethylene glycol
methyl ether methacrylate (POEGMA) as comonomer. They found the VPTT shifted to
higher temperature with increasing MAA content.'> In chapter 4, I reported a triply
responsive MGs copolymerised with oligo(ethylene glycol)methacrylate (OEGMA),
MEO:MA, MAA and a o-nitrobenzyl-based UV photocleavable crosslinker. The MGs
showed temperature-, pH- and light- responsive behaviours. However, the photo-cleavage
of that crosslinker is irreversible, which limits it potential application. This limitation is
overcome in this study where we replaced that crosslinker with CMA and study reversibly

photo-switchable MGs.

The previous photo-switchable particles were of a size range less than 50 nm* > '€,

Realising the potential of precipitation polymerisation (which is scalable) to provide MGs
with TEM diameters in the range of 25 to 124 nm, named MG-CMAT1 to MG-CMAA4,
respectively, were prepared based on poly(MEO:MA-MAA-CMA). The CMA was

synthesised with two steps following the reported work as shown in Scheme 5.1.
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Scheme 5.1. Depiction of synthesis of CMA

The triply responsive MG-CMA copolymerizing by comonomer MEO;MA, MAA and
CMA with precipitation polymerization (Scheme 5.2A) show photo-, thermal- and pH-
responsive behaviours. The pH and thermal sensitivity of the MGs can be reversibly tuned
by UV light with two different wavelengths. The CMA groups present can be photo-

crosslinked or de-crosslinked using 365 nm and 254 nm, respectively (Scheme 5.2B).

This study begins with the investigation of temperature- and pH-responsive behaviours
properties of four MGs. The effects of photo-crosslinking and de-crosslinking on these
behaviours with tuning the two wavelength of UV light (365 nm and 254 nm) are then
studied as well as the reversibility of photo-switching. The crosslinked MGs could
undergo reversible photocleavage leading to substantial particle volume swelling ratio
increases. The photo-triggered volume ratio increases are the highest for CMA-containing
responsive MGs. The release behaviour for encapsulated anti-cancer drug DOX from
MG-CMAA4 is investigated to demonstrate photo-triggered the potential for drug delivery.
This study provides insight into the structure-property relationships for new photo-
switchable MGs and also an indication that these new MGs have potential application in

on-demand drug delivery.
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Scheme 5.2. (A) Synthesis of Poly(MEO,MA-MAA-CMA) MGs. The table gives the as made
TEM diameters of the four different MGs systems studied. (B) MGs show reversible pH-,
temperature- and photo-responsive behaviours. The CMA monomers can be reversibly photo-

crosslinked to give crosslinked dimers (green arrows).
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5.3 Experimental detail

5.3.1 Materials

2-(2-methoxyethoxy)ethyl methacrylate (MEO2MA, 95%), methacrylic acid (MAA,
98%), sodium dodecyl sulphate (SDS, 98.5 %), potassium persulfate (KPS, 99%),
ammonium persulfate (APS, 98%,), potassium carbonate (K,COs, ACS grade),
chloroform (CHCl3, > 99.5%), chloroform-d (CDCl3, 99.8 atom % D), methanol (MeOH,
>99.9%), methacryloyl chloride (97.0%) were all purchased from Aldrich. 4-
Methylumbelliferone (> 98%), 2-bromoethanol (95%), N,N-dimethylformamide (DMF,
ACS grade), ethanol (100%), triethylamine (TEA, 99%), dichloromethane (CH2Cl, >
99.8%) , doxorubicin hydrochloride (DOX) were purchased from Fisher Scientific. All
materials were used as received. Ultrahigh purity water was used that had been doubly
filtered and deionised. The dialysis tubing (8000 MWCQO) was purchased from

Thermofisher Scientific.

5.3.2 Synthesis of 7-(2-methacryloyloxyethoxy)-4-methylcoumarin (CMA)

The synthesis route for CMA involved two steps!’ (Scheme 5.1). To synthesise the
precursor, 7-(2-hydroxyethoxy)-4-methylcoumarin ((I)), 4-methylumbelliferone (4.00 g,
22.7 mmol) and K>COs (6.23 g 45.4 mmol) in anhydrous DMF (40 mL) were heated to
90 °C under a N> atmosphere. Then, 2-bromoethanol (2.24 mL, 34.0 mmol) was added
dropwise. The reaction was refluxed for 20 h. After being cooled to room temperature the
reaction mixture was poured into ice-cold water (800 mL) and then maintained at 5 °C
for a further 6 h. The precipitate was collected by vacuum filtration and dried in vacuum
for three days. (I) was obtained as a white solid (4.85 g, 97.0 % yield) which was stored

in the dark until required.
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To synthesise CMA, (I) (4.50 g, 20.4 mmol) and TEA (4.50 g, 44.2 mmol) were dissolved
in CHCI3 (72.0 mL). Methacryloyl chloride (4.50 g, 43.0 mmol) was added dropwise to
the stirred solution at 0 °C. After being allowed to warm to room temperature the solution
was stirred overnight. The solution was diluted with CH>Cl», washed with brine three
times and dried over MgSOs, The product was concentrated using rotary evaporation. The
crude product was recrystallised from ethanol to obtain CMA. The white solid (3.53 g,

60 % yield) was stored in the dark until required.

5.3.3 Synthesis of MGs

5.3.3.1 Synthesis of MG-CMA1 and MG-CMAZ2 using continuous precipitation

copolymerisation

The first two MGs (MG-CMA1 and MG-CMA2) were synthesised via continuous
precipitation copolymerisation. The total mass of comonomers used was larger for MG-
CMAZ2 (1.80 g) compared to MG-CMA1 (1.35 g) in order to increase the final MGs size
of MG-CMAZ2. (The comonomer mixture compositions employed are shown in Table 5.1.
The synthesis for MG-CMAL is given as an example. SDS (0.11 g) was dissolved in water
(19.6 mL), and the solution purged with N> for 60 min to remove dissolved oxygen and
heated to 80 °C. APS solution (10 mg in 0.40 g water) was added to the reaction flask. A
comonomer solution containing MEO>MA (1.13 g, 6.0 mmol), CMA (0.25 g, 0.80 mmol)
and MAA (0.17 g, 2.1 mmol) was added at a uniform rate of 0.10 mL/min until the
required mass had been added. The reaction was continued for 1.0 h and the nitrogen
atmosphere was maintained. The reaction mixture was then cooled to room temperature
and the dispersion dialysed against water for 7 days. The dispersion was washed with

CHCI; three times to remove unreacted monomer and residual chloroform removed by

152



rotary evaporation. The pH for as made MGs was 2.8. The dispersion was protected from

light using aluminium foil.

5.3.3.2 Synthesis of MG-CMA3 and MG-CMA4 using batch precipitation

copolymerisation

The second two MGs systems (MG-CMA3 and MG-CMA4) were prepared by aqueous
batch precipitation copolymerisation. The synthesis for MG-CMA3 is given as an
example. (See Table 5.1 for composition details). Briefly, SDS (5.0 mg) was dissolved in
water (20.0 mL) and the solution purged with N> for 60 min and heated to 70 °C. A
comonomer solution containing MEO;MA (0.17 g, 0.9 mmol), CMA (0.04 g, 0.14 mmol)
and MAA (0.029 g, 0.34 mmol) was added. An aqueous KPS solution (5.0 mg in 1.0 g
water) was then added quickly. The polymerisation was continued for 6 h, cooled to room
temperature and the dispersion dialysed against water. The dispersion was washed with
chloroform three times to remove unreacted monomer and residual chloroform removed
by rotary evaporation. The pH was 3.0. The dispersion was protected from light using

aluminium foil.

To probe the CMA distribution within the MG-CMA3 particles as a function of time
samples were removed during particle growth to obtain the d- value and then extensively
dialysed against DMF. The content of polymerised CMA was obtained using UV-visible
spectra of the dispersions, the calibration graph shown in Figure 5.2 and Beer’s law.

Table 5.1 Comonomer formulations used to prepare the MGs

MGs MEO:;MA / mol.% MAA /mol.% | CMA /mol.% | Total mass/g*
MG-CMA1 66.0 24.0 10.0 1.35
MG-CMA2 66.0 24.0 10.0 1.80
MG-CMA3 65.5 24.5 10.0 0.24
MG-CMA4 60.4 23.6 16.0 0.24

¢ Total mass of monomers.
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5.3.4 Photo-induced crosslinking and de-crosslinking

Irradiation of all MGs dispersion were conducted using a CL 1000 Ultraviolet Crosslinker
equipped with five lamps which provided a wavelength of 365 nm and 254 nm and an
intensity of 14 mW/cm? and 10 mW/cm? respectively. For obtaining UV-vis spectra and
dynamic light scattering (DLS) data the MG dispersions (0.010 wt %) in quartz cuvettes
were incubated at 60°C (pH 5.4) for 20 min and irradiated with UV light (365 nm) to
photo-crosslink the MGs. The dispersion was then diluted in 0.10 M buffer solution of
the required pH to obtain DLS data. The dispersions were irradiated with 254 nm UV
light for photo-de-crosslinking in the swollen state (typically pH 7.4) and UV-vis spectra
and DLS data measured. The dimerisation degree (DD) is a measure of the efficiency of

photo-crosslinking and was estimated using’

pD =100(1-2) (5.1)

0

where Ay and A; are the initial absorbance and the absorbance after an irradiation time ¢

measured using UV-vis spectroscopy.
5.3.5 Photo-induced release of DOX from MG-CMA4 particles

To load the anticancer drug DOX into photo-crosslinked MG-CMA4 particles the
dispersion (0.066 wt%, 2.1 mL) was irradiated for 6 h at 365 nm. The dispersion (pH 3.8)
was then mixed with aqueous DOX solution (0.50 mg/mL, 750 uL). The pH value of the
mixture was adjusted to 7.4 with aqueous NaOH solution (0.50 M) to swell the particles
and the dispersion stirred vigorously overnight in the dark at room temperature. The
DOX-loaded crosslinked MG-CMA4 particles were then centrifuged three times to
remove the free DOX. The dispersion was then diluted to 0.020 wt% with water. The final
pH was 6.35.
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For the determination of drug-loading content, DOX loaded MG-CMAA4 particles were
analysed by UV-vis spectra at 485 nm, using a calibration curve obtained with different
DOX concentrations (Figure 5.16). The drug loading content (DLC) and drug loading

efficiency (DLE) were calculated according to:

pLC = 2 (5.2)
Mpg

DLE = —%%o (5.3)
Mpox(Feed)

where M,, Myc and Mpoxreeq) are the original masses of DOX in the MGs, mass of the

dry MGs and mass of DOX used to load the particles, respectively.

The release behaviour of the DOX-loaded MG-CMA4 was investigated at pH 6.0 and 7.4
with or without 254 nm UV light irradiation. For the release of DOX of photo-de-
crosslinked MG-CMAA4, the pH of the DOX-loaded particles (0.02 wt%, 0.75 mL) was
adjusted to 6.0 or 7.4 with aqueous NaOH and HCI solution respectively, and then
irradiated with UV light 254 nm for 2 min. For the release of DOX of photo-crosslinked
MG-CMAA4, the pH of the DOX-loaded particles was adjusted to 6.0 or 7.4 directly. All
dispersions were then centrifuged (14,500 rpm for 60 min) and the supernatant solution
(0.70 mL) analysed using UV-vis spectra at 480 nm to determine the released DOX
content. The release is discussed in terms of the cumulative fractional release (M, /M,) of
DOX from the particles where M, is the total mass of DOX released to the supernatant at

time, ¢.

5.3.6 Physical Measurements

"H NMR spectra were measured using a B400 Bruker Avance 111 400 MHz spectrometer.
UV-vis spectra were measured using a PerkinElmer Lambda 25 UV/VIS spectrometer.

FTIR spectra were measured using Nicolet 5700 ATR-FTIR spectrometer. Titration
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measurements were conducted in the presence of aqueous NaCl (0.050 M) using a Mettler
Toledo titration instrument. TEM images were obtained using a FEI Tecnai 12 BioTwin
instrument and were stained using uranyl acetate solution (0.50 wt.%). Number-average
diameters from TEM images were obtained using Image-J software. DLS data and
electrophoretic mobility data were obtained using a Malvern Zetasizer NanoZS

instrument fitted with a 20 mW HeNe laser and the angle of detection was set at 173°.
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5.4 Results and Discussion

5.5.1 Characterization of the crosslinker nPh

The photo-sensitive monomer CMA was characterised by '"H NMR and UV-vis spectra.
Figure 5.1 shows the 'H NMR spectra for the nPh. The peak positions and integrations
confirmed the identify and high conversion (95%) of CMA. The calculation of the
conversion is shown as below. The integrations of peak (i) and (h) are 0.96 and 3.03

respectively.

So the calculated ratio for the peak (i) and (h) is 0.317. (0'96/3_03 =0.317)
The theoretical ratio for the peak (i) and (h) should be 0.333. (1/ 3 = 0.333),

Hence, the conversion can be calculated: 0'317/ 0.333~ 95.2%
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Figure 5.1.'"H NMR spectrum and assignments for CMA
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UV-vis spectra measurements for CMA at different concentration in solvent (MeOH)
were also carried out (Figure 5.2A). Figure 5.2B shows that the variation of absorbance
at 320 nm is fitting well and the calculated molar extincition coefficient is 13947 mol’!

dm? cm™. The calibration graphs (Figure 5.2B) allowed the CMA contents in the MG-

CMA to be determined.
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Figure 5.2. (A) UV-visible spectra for CMA at various concentrations in methanol. (B) Variation
of absorbance at 320 nm with CMA concentration. The molar extinction coefficient was

calculated from (B) as 13947 mol™! dm?® cm™.

5.5.2 Composition and properties of the MG-CMA

The synthetic methods used to prepare the four MG-CMA systems were continuous
precipitation copolymerisation (for MG-CMAT1 and MG-CMAZ2) and batch precipitation
copolymerisation (for MG-CMA3 and MG-CMA4). Continuous precipitation
copolymerisation uses a high surfactant concentrations together with a uniform
comonomer feed rate to form sub-100 nm particles's. The batch precipitation
copolymerisations used lower DS concentrations to grow relatively large MG-CMA3 and

MG-CMAA4 particles.
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Figure 5.3. TEM images for (A) MG-CMALI, (B) MG-CMA2, (C) MG-CMA3 and (D) MG-
CMAS. The scar bars are 200 nm. The inset of (D) shows the UV-Vis spectra for the MGs with a
maximum due to coumarin. Similar spectra were obtained for MG-CMA1, MG-CMA?2 and MG-
CMA3. (E) DLS size distributions for the as made MGs measured at pH 6.0 and 65°C.

The morphology of obtained MGs is shown in Figure 5.3. TEM images measured for the
MGs show that they had as-made diameters (drey) ranging from 25 nm to 124 nm. The
larger size of the d. values compared to those measured from TEM is because the MGs
contained some water at pH 6.0 and 60 °C. DLS data obtained using the later conditions
(Figure 1E) confirmed that MG-CMAL1 (d: = 28 nm) was considerably smaller than MG-
CMA2 (39 nm); whereas, MG-CMA3 (77 nm) was about half the size of MG-CMA4
(150 nm). The MG-CMA1 particles were smaller than the MG-CMA2 particles because
the total comonomer fed into the reactor was 25% less for the former system (Table 5.1).
We discovered that the MGs size could be increased when prepared using batch
precipitation polymerisation samples (MG-CMA3 and MG-CMA4) by increasing the
CMA concentration used during preparation. It follows that increasing the CMA
concentration decreases the colloidal stability of the initially formed pre-particles which

enhances aggregation before stabilised particles grow. However, this did not translate into
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significant differences in CMA contents for the purified MGs. Unreacted CMA was

removed by chloroform washing.
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Figure 5.4. Potentiometric titration data for MG-CMA dispersions

Potentiometric titration data (Figure 5.4) were used to determine the MAA contents and
these ranged from 27.9 to 30.5 mol%. The apparent pK, values for the MGs were 5.9 to
6.2 (Table 5.2). The CMA content in the MGs was determined using UV-vis spectra and
the absorption maximum at 320 nm from coumarin. The CMA content for each MG
system was in the range 7.5 - 7.9 mol%. The MEO2MA units comprised the majority of
these MGs. The calculation of CMA content in MGs (take MG-CMA4 as example) is
shown as below. The 320 nm absorbance of 0.0001 g/mL MG-CMA4 particle dispersion
was found to be 0.605 (Figure 5.3D insert). Using the line of best fit equation given Figure

5.2B, this corresponds to CMA concentration in MG-CMA4 is:
0.605/. 2947 = 4.35 x10° mol/L=1.27x10"° g/ mL

Therefore, 1.27x107° g/mL +0.0001 g/ mL = 12.70 wt.% = 7.5 mol%
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The compositions and particle size data for the four MG-CMA are shown in Table 5.2.

Table 5.2. Composition and properties of the MGs.

MEO:MA/ MAA/ CMA / drem d. /mm°*
MGs pK.*
mol% mol% ¢ mol%” /mm? | (pH 6.0, 60°C)
MG-CMAL 64.2 27.9 7.9 6.1 255 28 [0.060]
MG-CMA2 61.7 30.5 7.8 6.2 29+5 39 [0.020]
MG-CMA3 64.1 28.1 7.8 5.9 757 77 [0.048]
MG-CMA4 62.7 29.8 7.5 5.9 124 £ 11 150 [0.105]

“ Determined from potentiometric titration data (Figure 5.4). ® Calculated using the UV-vis spectra
for CMA (Figure 5.2) and those for each MGs. “ Apparent pK, value determined from
potentiometric titration data. ¢ The + values are the standard deviation. ¢ z-average diameters. The

numbers in brackets are the polydispersity index (PDI) values.

5.5.3 Studying the pH and thermal responsive properties of the as-made (non-

irradiated) MGs by DLS
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Figure 5.5. Temperature responsive properties for as-made (A) MG-CMA1 and MG-CMA?2 and
(B) MG-CMA3 and MG-CMAA4 dispersions. The pH-responsive properties are also shown for (C)
MG-CMA1 and MG-CMA2 and (D) MG-CMA3 and MG-CMA4 dispersions at 25 °C. (E)
Variation of electrophoretic mobility with pH for as-made MG-CMA4 at 25 °C.

Variable temperature DLS data for the as-made, non-irradiated, MG dispersions at 6.0

are shown in Figure 5.5A and B. The d. values decreased by a factor of ~ 2 when the
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temperature was increased from 10 to 60 °C due to the disruption of hydrogen bond
between water and P(IMEO>;MA). The size distributions remained monomodal (see Figure
5.6A-D). Figures 5.5C and D show the variation of d. with pH for all the MGs at 25 °C.
The d- values increased strongly as the pH approached the respective apparent pK, values
(of 5.9 - 6.2, Table 5.2) due to increasing electrostatic repulsion between —COQO" groups.
This is supported by electrophoretic mobility measurements for MG-CMA4 where the

values became increasingly negative as the pH increased (Figure 5.5E).
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Figure 5.6. DLS size distributions for as-made (non-irradiated) MG-CMA1 (A), MG-CMA2 (B),
MG-CMA3 (C) and MG-CMA4 (D) at different temperatures. The pH was 6.0. DLS size
distributions for as-made (non-irradiated) MG-CMA1 (E), MG-CMA2 (F), MG-CMA3 (G) and
MG-CMA4 (H) at different temperatures. The temperature was 25 °C. The scale in (E) applies to
(F)-(H).
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The DLS size distributions remained monomodal with no evidence of particle
fragmentation as the pH increased or temperature decreased (Figure 5.6A-H). It is
interesting that the microgels did not disassemble when swelling despites the fact that no
crosslinking monomer was used during preparation. Self-crosslinking is not possible for
methacrylate monomers cause lacking the tert-C on the main chain during synthesis'®.
The self-crosslinking is due to chain transfer reactions via the hydrogen atom on the tert-
C of the polymer main chain'®. Consequently, this result is attributed to polymer chain
entanglement as well as reversible photodimerisation and cleavage through two-photon
absorption of visible light of coumarins®. Even though we protected the MG dispersion
from visible light as much as possible, some light exposure was inevitable during

synthesis.

5.5.4 UV light induced MG property changes

Irradiation at 365 nm was used to form the coumarin dimer via the [2ms+ 27s]
cycloaddition formation of cyclobutane the ring (see Scheme 5.1)" 2. This photoreaction
added crosslinks to the MGs. The dimers also underwent photocleavage on exposure to
UV light at 254 nm. This photo-crosslinking reaction is new in the context of MGs and
was therefore investigated. Figure 5.7A shows the UV-vis spectra change of as-made
MG-CMA4 particles upon irradiation at 365 nm. The decrease of absorption peak at 320
nm is due to photo-dimerisation of CMA and formation of crosslinks in the MG (depicted
in Scheme 5.2). The time-dependent DD is shown in Figure 5.7B and reveals the DD
increased relatively rapidly at first and then reached a plateau value of ~ 60% after 150
min of irradiation. It should be noted that the photo-crosslinking was performed at pH 5.4
and 60 °C. Samples were then diluted in buffer at pH 7.4 and the DLS data measured at

25°C. These data showed that d, decreased from 370 to 260 nm.

163



o
o

Absorbance
o o
N H

01— . . v 0.01— . . .
250 300 350 400 450 500 250 300 350 400 450 500

(B) Wavelength (nm) D) Wavelength (nm)
100 400
100 400 a—n-i—n .
Wy 80{ =
801, L300 . 300
? .I'I-I—-.T_l = :O\ 60. =
£ 60 - 1200 E < \ .2005
a 40 - = 8 %0a 1
[}
20 ! L100 20 Sppumssn-u-s—u—8 100
0 r . 0 0 r . . r 0
0 100 200 300 0 30 ) 60 90 120 150
Time (mins) Time (sec)

Figure 5.7. UV-vis spectra of MG-CMA4 during (A) photo-crosslinking at 365 nm and (B)
variation of d: and DD with time. (C) UV-vis spectra measured during photo-de-crosslinking at
254 nm and (D) Variation of d. and DD with time. The pH and temperature used to obtain the d.
data were 7.4 and 25°C.

When the photo-crosslinked MG-CMAA4 dispersion was subsequently irradiated at 254
nm the absorbance at 320 nm increased rapidly due to photocleavage of the dimers (see
Figure 5.7C). The DD reached a minimum value of 24.9 % in only 18 sec and the d:
increased from 258 to 366 nm (see Figure 5.7D). The rate of change of DD during photo-
de-crosslinking was much faster rate than photo-crosslinking. Photo-de-crosslinking was
faster because the MGs were swollen (pH 7.4, 25 °C) which favoured light penetration
into the particle interior. In contrast photo-crosslinking was performed using deswollen
particles (pH 5.4, 60 °C). Additionally, the photocleavage activation energy is much

lower than that for photo-dimerisation?’.

It can be seen from Figure 5.7D that a stable DD degree of 25 % was reached upon 254

nm irradiation. This result implies that photocleavage was incomplete. Presumably, stable
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isomers of coumarin dimer components formed (e.g., anti-head-to-tail coumarin dimers)
that are difficult to photocleave?!. Additionally, upon irradiation with 254 nm light, some
photo-dimerisation inevitably occurs because of the relatively high concentration of
monomeric coumarin groups>2. The diameter recovered to 366 nm even though the DD
remained at 25 %. It follows that the residual coumarin dimers did not form elastically

effective chains.
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Figure 5.8. DLS size distributions measured for MG-CMA4 during (A) photo-crosslinking using
365 nm irradiation and (B) photo-de-crosslinking using 254 nm irradiation. The data were

measured at pH 7.4 and 25 °C. The dotted lines highlight the changes that occurred.

The corresponding DLS distribution data (Figure 5.8) showed that the distributions
remained monomodal during photo-triggered crosslinking and de-crosslinking, which
shows that fragmentation of the MGs did not occur. Hence, the dz decrease and increase

was due to photo-crosslinking via coumarin dimerisation.
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Figure 5.9. Variation of d: and DD with time for MG-CMAL1 (A), MG-CMA2 (B), MG-CMA3
(C) during UV light irradiation at 365 nm. Variation of d. and DD with time for MG-CMA1 (D),
MG-CMA2 (E), MG-CMA3 (F) during UV light irradiation at 254 nm. The pH and temperature
used to obtain the d. data were 7.4 and 25°C. (G) Time when DD reached to 50% vs. dreum.

The calculated DD and DLS data during irradiation (365 nm) were also measured for
MG-CMALI - MG-CMA3 (see Figure 5.9A -C). The d: decreased from 66 nm to 45 nm,
124 nm to 73 nm and 237 nm to 165 nm for MG-CMA1, MG-CMA2 and MG-CMA3,

respectively. Figure 5.9D- F shows the changes of DD and d. during the short wavelength
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of UV light (254 nm) irradiation. It can be seen that the d. can increase back to 66 nm,
116 nm and 240 nm for MG-CMA1, MG-CMA2 and MG-CMA3, respectively.
Interestingly, the time of DD reaching to 50% were 35 min, 38 min, 60 min and 80 min
for MG-CMA1, MG-CMA2, MG-CMA3 and MG-CMA4, which showed a linear
dependent with d(reyy) of as-made MGs (Figure 5.9F). This is due to the light can penetrate
to the interior MGs better for the smaller size of MGs, which contributes to faster
dimerization of coumairn. However, the time for DD going back to maximum is similar

for all MGs causes all MGs were swollen and the cleavage process is very fast.

Figure 5.10. TEM images of as-made (A), photo-crosslinking (B), photo-de-crosslinking (C)
MG-CMAL1 and as-made (D), photo-crosslinking (E), photo-de-crosslinking (F) MG-CMAA4,
respectively. The pH and temperature used were 7.4 and 25°C. The scale bars for (A)-(C) are
100nm and for (D)-(E) are 400 nm, respectively.

TEM was used to study the effects of UV light on the MGs particle morphology. TEM
images are shown for MG-CMA1 and MG-CMA4 (Figure 5.10). Because crosslinker
monomer was not used during synthesis and inevitable dimerization at visible light, the

as made MG-CMA1 and MG-CMA4 at pH 7.4 did not dissemble but tended to coalesce
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(Figure 5.10A and D). However, the particles were well-defined spheres when photo-
crosslinked when swollen (Figure 5.10B and E). They deformed and tended to coalesce
when photo-de-crosslinked which made it difficult to clearly identify the individual
particles (Figure 5.10C and F). It is well known that crosslinking opposes coalescence of
MGs?. Our results provide indirect evidence that the extent of crosslinking was

substantially changed using UV-irradiation.
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Figure 5.11. (A) Absorbance measured at 320 nm as a function of time for MG-CMA4 after four
cycles of photo-crosslinking at 365 nm and photo-de-crosslinking at 254 nm. (B) DD and d: values
for MG-CM A4 measured during the photo-switching cycles. The d. data were obtained at pH 7.4
and 25 °C.

Photo-switching reversibility is an important property for potential applications such as
drug delivery. MG-CMA4 was subjected to four photo-crosslinking / photo-de-
crosslinking cycles. The absorbance study of MG-CMA4 was shown in Figure 5.11A.
Recovery to the maximum absorbance before subsequent photo-crosslinking did not
occur. However, improved reversibility is evident after the first cycle. The calculated DD
values as well as the d: values are shown in Figure 5.11B. The gradual decrease in the
difference between the minimum and maximum DD achieved for each cycle is due to
accumulation of residual non-cleaved dimers?® as discussed above. The reversibility for
the d. values (blue data points) was very good. Hence, it was possible to reversibly change
the crosslinking for these new MGs using UV-irradiation.
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5.5.5 Effects of photo-switching on MGs temperature- and pH-responsive

behaviours

I next investigated the effects of photo-switching on the temperature- and pH-responsive
behaviours of the MGs. Variable-temperature DLS data obtained at pH 6.0 are shown in
Figure 5.12A and B. For all of the MGs systems irradiation at 254 nm (photo-de-
crosslinked state) resulted in much higher swelling at 10 °C than that present for 365 nm
irradiation (photo-crosslinked state) as expected. Interestingly, the VPTTs varied
considerably between the photo-crosslinked and de-crosslinked states (see Figure 5.12C).
(Each VPTT was determined from the point of inflection of the d. vs. temperature data).
The VPTTs for the photo-crosslinked MGs were much smaller than those for the
respective photo-de-crosslinked MGs. This large VPTT difference (12 - 17 °C) is likely
because dimerised coumarin is more hydrophobic than the monomer?*. It follows that the
increased hydrophobicity of CMA dimers opposed temperature-triggered swelling.

Hence, the MGs VPTT is strongly photo-switchable.
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Figure 5.12. Variation of d. with temperature at pH 6.0 for (A) MG-CMA1 and MG-CMA2 and
(B) MG-CMA3 and MG-CMA4 after photo-crosslinking at 365 nm and photo-de-crosslinking at
254 nm. (C) Variation of the volume-phase transition temperature (VPTT) with MAA content for
the microgels measured after photo-crosslinking or photo-de-crosslinking. Measured d- values vs.
pH at 25 °C for (D) MG-CMA1 and MG-CMA? and (E) MG-CMA3 and MG-CMA4 after photo-
crosslinking at 365 nm and photo-de-crosslinking at 254 nm. (F) Summary of d. at pH 7.4 and
25 °C after being photo-crosslinked or photo-de-crosslinked.

Figures 5.12D and E shows the variation of d. with pH for the MGs irradiated with 365
nm and 254 nm light at 25 °C. The d. values for all systems increased as the pH
approached the respective apparent pKa values, as expected. Notably, the pH-induced
diameter increase was less pronounced after photo-crosslinking. Figure 5.12F
summarises the effect of irradiation on the d: values in the swollen state at pH 7.5. The
absolute d. increase due to photo-de-crosslinking became more pronounced as the as-
made MG size increased. The photo-switching for MG-CMA4 (the largest MG system)
caused a d: change of ~ 100 nm. This is a large photo-triggered size change compared to

other CMA-containing systems® > 16,
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Figure 5.13. Variation of electrophoretic mobility with pH for MG-CMA4 at 25 °C when photo-

crosslinked (365 nm irradiation) or photo-decrosslinked (254 nm).

Electrophoretic mobility data for MG-CMA4 after photo-crosslinking and photo-de-
crosslinking was measured to probe changes in the charge distribution at the MG
periphery (see Figure 5.13). The data for the photo-crosslinked MGs were not dependent
on pH which may indicate that the carboxylate groups were forced to reside inside the
MGs particle periphery. In contrast, the mobilities for the photo-de-crosslinked MGs
increased with increasing pH. This result implies greater conformational flexibility. The
latter trend 1s similar to that apparent for the as-made MGs (Figure 5.5E), implying that
some of the carboxylate groups in photo-de-crosslinked MG-CMA4 could reside at the

periphery once again.

5.5.6 CMA distribution within the MGs and implications for photo-switching

Because of the strong photo-switching behaviour observed for the MGs in Figure 5.12, |
speculated that precipitation copolymerisation resulted in a uniform distribution of CMA
throughout the particles. This proposal was tested by determining the content of CMA
copolymerised in the growing MG particles. These data, which were obtained using MG-
CMA3, clearly show CMA was incorporated into the growing particles from the earliest
time measurable (see Figure 5.14A and inset). Most of the CMA was incorporated in the
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interior of the particles with less in the shell. Such an arrangement would be beneficial
for “whole particle” swelling because the shell would be forced to swell in response to

strong photo-triggered core swelling.
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Figure 5.14. (A) Variation of d. and amount (n) of CMA copolymerised within MG-CMA3 with
time during synthesis. The inset shows a plot of » against d.. The data were measured at 25 °C

and pH 5.5. (B) Dimerisation degree vs. d. of the as-made deswollen particles (pH 5.4 and 60 °C).

Figure 5.14B shows the DD value (and the proportion of CMA monomers that could be
photo-dimerised) increased as the size of as-made particles decreased. This is attributed
to better UV light penetration of the particles due to less light scattering in the smaller
MG systems. The extent of scattering is well known to decrease with decreasing colloid

particle size?.
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Figure 5.15. Volume ratios (V/Vo) for MG-CMAT1 to MG-CMA4 and those from studies on
related CMA-nanoparticles. The data from this study were measured using (blue stars) variable
pH at 25 °C or (black stars) variable temperature at pH 6.0. PP refers to precipitation

copolymerisation. The d: values were obtained from DLS data for the de-swollen particles.
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To compare the photo-switching particle size changes obtained here with other studies I
use the volume ratio (V/V,) introduced by He et al.*. The values for V, and V are the
average volumes determined from DLS before and after photo-de-crosslinking,
respectively. A comparison of V/V, for MG-CMAIl to MG-CMA4 with reported
nanoparticles is shown in Figure 5.15. We calculated these values using particle size data
reported in each study. The MGs in this work exhibit much higher V/V, values compared
to those in the related CMA-containing systems® > '®. Those reports used methods such
as RAFT or ATRP to construct copolymers and macromicelles containing CMA. In such
approaches it is usually the case that CMA is added at specific locations within the
copolymer. In contrast, CMA units in this work distributed more uniformly within the
particle (Figure 5.14A) which contributed to the high V/V, values. Hence, the range of
diameters for the photo-switchable particles as well as their relative photo-triggered
volume changes achieved here is greatly increased compared to the nanoparticles in

previous studies.

5.5.7 UV-triggered release of a DOX from photo-switchable microgels

Because our MGs showed pronounced photo-switching behaviour we investigated the
ability to photo-trigger release of an anticancer drug. DOX is widely used in cancer
chemotherapy and was selected. DOX was encapsulated into the MG-CMA4 particles
and the non-adsorbed DOX removed by centrifugation (see Experimental detail). For the
determination of drug-loading content, DOX loaded MG-CMAA4 particles were analysed
by UV-vis spectra spectroscopy at 485 nm using a calibration curve obtained with
different DOX concentrations (Figure 5.16). The drug loading content (DLC) and drug
loading efficiency (DLE) were calculated to be 22.6 % and 79.1 %, respectively, using

equations (5.2) and (5.3).
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Figure 5.16. (A) UV-vis spectra for DOX at various concentrations. (B) Variation of absorbance

at 480 nm with DOX concentration. The molar extinction coefficient was calculated from (B) as

8845.7 mol! dm?cm™.

Release experiments were performed at pH 6.0 or 7.4 and the temperature was 25 °C.
These pH values were selected because they matched the pH environment in
endo/lysosmal compartments (pH 5.0 - 6.0)*> 27 and extracellular pH (of 7.4). Figure
5.17B shows the fraction of drug released (M,/M,) as a function of time. (M; and M, are
the cumulative mass of DOX released at time ¢ and the total mass of DOX initially loaded
into the MG-CMAA4, respectively.) The release fraction after 6 h was 0.44 and 0.12 at pH
6.0 and 7.4, respectively, for the photo-crosslinked state. At pH 6.0, there was less
electrostatic attraction between positive charged ammonium ion of DOX and MGs due to
increased protonation of the RCOO™ groups. After photo-de-crosslinking (254 nm
irradiation), DOX was released from the drug loaded MG-CMA4 much faster than that
from the photo-crosslinked MG-CMAS. The cumulative release for 6 h increased to 0.75
and 0.48 at pH 6.0 and 7.4, respectively. Hence, the photo-crosslinking retarded drug
release. The drug release is incomplete at pH 6.0 because ~ 50 % RCOOH was protonated
to RCOO" (pK. 1s 5.9 for MG-CMA4) which means the electrostatic interaction between
DOX and MGs still existed. It is difficult to obtained the 100% release even at strong acid

environment due to the initiator provides the negative charge in polymer network of MG.
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The unreleased drug is not available for treatment, which may lead to low utilization of

drug. The loaded DOX can keep stable within the MGs at this condition?® .
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Figure 5.17. (A) Depiction of the proposed mechanism for photo-triggered release. (B) Release
data for DOX from MG-CMA4 at pH 6.0 (photo-crosslinking, 365 nm), pH 6.0 (photo-de-
crosslinking, 254 nm), pH 7.4 (photo-crosslinking, 365 nm) and pH 7.4 (photo-de- crosslinking,
254 nm). M, and M, are the cumulative mass of DOX released at time ¢ and the mass of DOX
originally loaded into MG-CMAA4, respectively. The data in (C) are re-plotted from (B) in terms

of /2. (D) Initial rates of DOX release for the various dispersions.

Figure 5.17C shows that the fraction of DOX released exhibited a linear dependence with
t %3, (¢ is releasing time). This is evidence that release was diffusion limited®°. The

following equation was used to model the early-stage release data.

My

— 0.5
=kt (5.4)

For the above equation £ is the rate constant. This kind of time-dependent release profile

has been shown to apply for conventional MGs>!. Values for k are shown in Figure 5.17D.
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The greatly increased & due to photo-de-crosslinking at both pH values is due to enhanced
diffusion of DOX from the MG interior. Hence, DOX release was accelerated using UV
light. The short wavelength UV light (254 nm used here) cannot penetrate skin effectively
and might damage tissue. For potential application, two-photon absorption (TPA) using
light of 532 nm should be viable*?. The successful use of TPA has been reported for

33-35

coumarin photodimer reactions®” . Accordingly, the new MGs have potential

application for light triggered drug release.
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5.5 Conclusions

In summary, I investigated new multi-responsive photo-switchable MGs with as-made
drem values that spanned the range 25 - 124 nm. The MGs diameter could be controlled
using synthesis conditions. All the MGs can be reversibly photo-cross-linked and photo-
de-crosslinked using UV light of two different wavelengths. The irradiation was also
shown to cause a major change of the VPTT. The results indicate that CMA is distributed
reasonably uniformly within the MGs interior and this is a key reason why the photo-
switching behaviours for the MGs in this work is stronger than other related systems. The
photo-triggered changes in DD and d. were found to be generally similar, but important
differences were also present. The data in this work show that a significant proportion of
the dimerised CMA monomer was not involved in controlling the swelling of the MG
particles. An unexpected discovery of this study is that DD increased with decreasing size
of as made particles. This result demonstrates the importance of MGs size to the photo-
response and was proposed to be due to better UV light penetration of smaller particles.
The release for encapsulated DOX showed considerable enhancement upon photo-de-
crosslinking which indicates good potential for future photo-switchable MGs for on-

demand drug delivery.
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Chapter 6: Multi-responsive gels prepared without small
molecule reactants or free-radical crosslinking by reversible

light-triggered microgel interlinking

6.1 Abstract

Environmentally responsive hydrogels have been widely studied because of their
attractive properties and potential for applications in areas ranging from biomedical
implants to displays. In this chapter, multi-responsive hydrogels are constructed by using
microgels (MG) from chapter 4 as building blocks with UV light (365 nm) irradiation
without involving any free-radicals or small molecules. The hydrogel can be prepared by
inter- and intra-particle dimerised coumarin formation (crosslinker). The dimerized
coumarin can be cleaved to monomeric coumarin easily upon short wavelength of UV
light (254 nm) illumination. I demonstrate facile preparation of triply responsive
hydrogels that are reversibly responsive to light, pH and temperature using photo-
triggered covalent interlinking of coumarin-based MGs. The gels have a phototunable
modulus and swelling ratio. They also show light-assisted healing and re-shapeability.
The gels can be formed as cyotocompatible actuators and grippers which are triply
responsive and their use in an electrical circuit is also demonstrated. The fluorescence of
the gels is reversibly light-tunable and undergoes a blue-shift in the photo-crosslinked
state. This property is used to embed hidden information within the gels. The gels can
also be constructed using either positive or negative photo-patterning using a shadow
mask. These new gels as well as their construction method open the door to new smart

biomaterial and anti-counterfeit applications.
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6.2 Introduction

Hydrogels are crosslinked hydrophilic three dimensional polymer networks containing a
large amount of water! 2. Responsive hydrogels exhibit swelling or mechanical responses
to pre-determined stimuli such as pH>#, temperature™, light”-8, ionic® or redox'? changes.

11,12

They arise great interest for “smart” applications such as drug delivery'! 2, robotics'?,

t!> and photonics!®. For example, Gawade et al. put

bioelectronics'®, anti-counterfei
forwarded a modular semisynthetic method to govern the release of site-specifically
modified proteins independently and sequentially from gels upon enzyme, reductant, and
light stimulus'’. Wang et al. reported light induced association or disassociation of host-
guest complexes between a-CD and azobenzene using different wavelengths of light
within gels. A remote control of the ionic mobility in the gel was realized by reversibly
switching an electric circuit on and off by light irradiation'®. Such hydrogels with
reversible or tuneable functional groups provide enhanced potential for application as
biomaterials'® and maintenance-free self-healing materials?® with an added recyclability?!.
However, most gels are prepared using either free-radical polymerization or small

molecules, which often limits spatial and temporal control and may adversely affect

cells?2.

Photo-curing is a good method to control gel formation spatially during gel construction®*
24 However, it often involves small molecules such as photo-initiators which may diffuse
away from the point of application or may be harmful to strongly proliferating cell types®.
Coumarin is well known photo-sensitive chemical that can dimerize upon UV irradiation
at wavelengths above 310 nm. The resulting coumarin dimers can be seperated into
monomeric coumarin molecules upon UV irradiation at below 260 nm?®. Some studies
have reported that coumarin-based polymers exhibit photo-shapping®’, reversibility of

sol-gel®® and viscoelastic changes® solely by UV light irradiation.
184



In chapter 4, the triply-responsive MGs were introduced whose crosslinker density and
pH- and thermally-triggered swelling ratio can be adjusted by two different UV
wavelength. Herein, I study stimuli-responsive hydrogels constructed using this MG as a
building block. These hydrogels are formed in the absence of a photoinitiator or other
chemical reagents. In the beginning, The poly(MEO:MA-co-MAA-co-CMA) MGs
(denoted as MG-CMA) are prepared using 2-(2-methoxyethoxy)ethyl methacrylate
(MEO2MA), methacrylic acid (MAA) and 7-(2-methacryloyloxyethoxy)-4-
methylcoumarin (CMA) via emulsion polymerization as shown in Scheme 6.1. The
effects of photo-crosslinking and de-crosslinking on temperature- and pH-responsive

behaviours of MG-CMA are then studied.
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Scheme 6.1. Depiction of synthesis of CMA
The pH value of concentrated MG-CMA dispersion is then adjusted to 7.4 so that the MG
polymer chains can interpenetrate and form a physical gel. The starting point is a
shapeable physical gel of MG-CMA particles (Scheme 6.2A). It is then photo-crosslinked
using 365 nm light due to photo-induced formation of cyclobutane rings (dimerisation)
of CMA (Scheme 6.2B) and subsequently photocleaved to monomeric CMA using 254

nm light so the photo-de-crosslinked gel is formed (Scheme 6.2C).
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Scheme 6.2. Schematic illustration of the initial non-irradiated gel of (A) MG-CMA particles (no
UV exposure), (B) photo-crosslinked gel (with 365 nm irradiation) and (C)photo-cleaved gel
(with 254 nm irradiation), respectively. The non-irradiated gel is a physical gel and re-shapeable.
The photo-crosslinked gel is an elastic gel. The photo-cleaved gel retains its original shape but is

less stiff than the photo-crosslinked gel. The scale bar is 5.0 mm and applied in all images.

The gel shows pH-, temperature- and light-responsive behaviors as well as light-triggered
self-healing and re-processing to different shapes. The modulus value is photo-tuneable
via changing the wavelength of UV light. The gel is used to construct cytocompatible
actuators for ON/OFF switching and gripping by combination the acrylamide (AAm) gel
or MG/PEI gel, respectively. The gels can be photo-patterned to give various shapes or
hidden messages for anti-counterfeit applications. Interestingly, these gels exhibit photo-
reversible fluorescence blue-shift which is rarely reported for fluorescent gels. The gel
can be photo-patterned. The data show that spatiotemporal construction of hydrogels
using CMA-functionalised MGs is a potentially powerful method for constructing next-

generation functional hydrogels.
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6.3 Experimental detail

6.3.1 Materials

2-(2-methoxyethoxy)ethyl methacrylate (MEO:MA, 95%), methacrylic acid (MAA,
98%), sodium dodecyl sulphate (SDS, 98%), ammonium persulfate (APS, 98%),
potassium carbonate (K>CO3, ACS grade), CHCI3 (> 99.5%), chloroform-d (CDCl3, 99.8
atom % D), methanol (MeOH, >99.9%), methacryloyl chloride (97.0%), Rhodamine B,
N-N'-Methylene bisacrylamide (BIS, >99.5%), acrylamide (AAm, >99.5%), 2,2'-
Azobis(2-methylpropionamidine) dihydrochloride (V-50, 97%), ethylacrylate (EA, 99%)
and divinylbenzene (DVB, 80%) were all purchased from Aldrich. 4-
Methylumbelliferone (>98%), 2-bromoethanol (95%), N,N-dimethylformamide (DMF,
ACS grade), ethanol (100%), triethylamine (TEA, 99%), CH2Cl> (>99.8%), Nile blue A
were purchased from Fisher Scientific. Methacryloxyethyl thiocarbamoyl Rhodamine B
(Me-RDB), Branched polyethylenimine (PEI) with molecular weights of 10 kD were
purchased from Polysciences. All materials were used as received. Ultrahigh purity water

was used that had been doubly filtered and deionised.

6.3.2 Synthesis of MG-CMA

The synthesis route MG-CMA was similar MG-CMA1 in Chapter 5 but scale for 2 times.
Briefly, SDS solution (0.22 g SDS in 39.2 g water) was add to three neck round flask
equipped with magnetic stirrer and reflux condenser, heated to 80 °C and purged with N>
for 60 min to de-oxygenate. Aqueous APS (0.8 g of solution with a concentration of 2.5
wt.%) was added to the reaction flask. A comonomer solution used to prepare microgels
containing MEO>2MA (2.26 g, 12.0 mmol), CMA (0.418 g, 14.5 mmol) and MAA (0.365

g, 4.2 mmol) was feed into reaction flask at a uniform rate of 0.10 mL/min until the
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required mass had been added. The reaction was continued for 1.0 h at 80 °C and the
nitrogen atmosphere was maintained. The reaction mixture was then cooled to room
temperature and the dispersion extensively dialysed MG against water for 7 days. The
dialysed was washed with fresh CHCI3 three times to remove un-reacted monomer and
the residual CHCIl3 in the dispersion was removed by rotary evaporation at 25 °C. The

dispersion was protected from light using aluminium foil.

6.3.3 Photo-crosslinking and photo-de-crosslinking for MG-CMA

Irradiation of all MGs dispersion was conducted using a CL 1000 Ultraviolet Crosslinker
equipped with five lamps which provided a wavelength of 365 nm or 254 nm and an
intensity of 14 mW/cm? and 10 mW/cm?, respectively. The MG-CMA dispersions in
quartz cuvettes were heated at 60 °C (pH 5.4) for 20 min and irradiated with UV light
(365 nm) to photo-crosslink. The dispersion was then diluted in buffer solution (0.10 M)
of the required pH to obtain dynamic light scattering (DLS) data. The dispersions were
photo-de-crosslinked in the swollen state (typically pH 7.4) by irradiation with 254 nm

UV light to obtain DLS data.

6.3.4 Photo-triggered gel preparation

To prepare the photo-triggered crosslinked gel, aqueous NaOH solution (4.0 M, 33 uL)
was added to a concentrated MG dispersion (1.0 mL, 12.0 wt.%) and the dispersion mixed
manually until homogeneous. The mixture became viscous when the pH was adjusted to
7.4 and this pH was used for gel preparation unless otherwise stated. The viscous mixture
was transferred to an O-ring and sandwiched between two quartz glass slides and then
fixed using clamps and cured with UV light (365 nm, 14 mW/cm?) for 10 h. In the case

of photo-de-crosslinking using short wavelength UV light (254 nm), the formed gel was
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placed in an O-ring and sandwiched between two quartz glass slides and then irradiated

by UV light (254 nm, 10 mW/cm?) for 1 h.

6.3.5 Bilayer Hydrogel preparation

The first layer gel is the AAm-based non-responsive gel which is based on literature
method>® and the second layer gel is photo-crosslinked gel. AAm (62.9 mg, 2.08 mmol),
BIS (1.8 mg, 11.7 pmol), Me-RDB (0.15 mg, 0.23 pmol), V-50 (1.06 mg) were dissolved
1.0 g water and mixed uniformly. Then, the mixture was transferred to O-ring (inner
diameter = 15.0 mm and thickness = 1.5 mm), sandwiched between two quartz glass
slides, fixed using clamps and cured with UV light at 365 nm for 10 min. After the first
layer gel was formed, the gel was taken off from the O-ring and fixed to another O-ring
(inner diameter = 15.0 mm and thickness = 2.5 mm). The concentrated MG dispersion
(0.50 mL, 12.0 wt.%, pH 7.4) was added to the top of the first layer gel within the O-ring,
sandwiched between two quartz glass slides and then fixed using clamps and cured at UV
light at 365 nm for 10 h. The bilayer gel was taken from the O-ring and cut into rectangle

shape (13.0 mmx>6.0 mmx 2.5 mm).

6.3.6 Multi-responsive actuator circuit component for ON/OFF LED switching

An electrically conductive actuator was prepared as a bilayer gel. Firstly, the AAm gel
was replaced with a cationic MG/PEI gel. The MG/PEI gel preparation is described in
detail elsewhere®!. Briefly, MG(EA-MAA-DVB) dispersion (0.50 mL, 18.0 wt.%) was
transferred to a vial. (The MG(EA-MAA-DVB) dispersion was prepared according to the
method reported®!). PEI solution (10 kg/mol, 0.50 mL, 18.0 wt.%) was injected into the
MG(EA-MAA-DVB) dispersion and mixed mechanically and vigorously by hand using

a small spatula to form a white coloured pre-gel. A pre-cut circular sheet of Al foil
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(thickness 10 pm) was placed in the O-ring. The MG(EA-MAA-DVB)/PEI pre-gel was
added to the top of the Al foil within the O-ring (inner diameter = 13 mm and thickness
= 1.5 mm) and heated at the 37 °C for 20 h. The next step involved adding a photo-
crosslinked MG-CMA layer and was the same as that used above for the bilayer gel. The
Al foil and the photo-crosslinked MG-CMA gel can be attached to the MG(EA-MAA-

DVB)/PEI gel due to the adhesive property of MG(EA-MAA-DVB)/PEI gel.

6.3.7 Reversibly transferring fluorescent images to the gels

To transfer images of the shadow mask a photo-crosslinked gel in an O-ring (inner
diameter = 15 mm and thickness = 1.5 mm) was sealed with two slides and clamps. The
shadow mask was placed on the top surface and irradiated at 254 nm for 1 h. To remove
the encoding, the encoded gel was put in an O-ring, and sealed on both side using

microscope slides fixed with clamps and then irradiated at 365 nm for 6 h.

6.3.8 Live/Dead and MTT assays

The Live/Dead and MTT assays experiments were conducted by Dr. Daman Adlam
(School of Biological Sciences, University of Manchester). T/C28a2, immortalised
human chondrocyte cells, were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS, Gibco) and
antibiotic/antimycotic (Sigma-Aldrich, UK) at 37 °C in a humidified 5% CO, atmosphere.
Cells were seeded at a density of 5 x 10% onto 13 mm glass coverslips in 24 well plates.
Exposure to 30 mg of gel was achieved via 0.4 um cell-culture inserts (BD Biosciences).
The viability of the cells was determined at 24, 48 and 72 hour time-points versus gel-
free controls by live/dead assay (Life Technologies, UK) and MTT assay (Sigma-Aldrich)

as per manufacturers instructions. Images and absorbance were obtained with an Olympus
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BX51 fluorescence microscope and a FLUOstar OMEGA plate reader respectively.
6.3.9 Physical Measurements

"H NMR spectra were measured using a B400 Bruker Avance I1I 400 MHz spectrometer.
UV-visible spectra were measured using a PerkinElmer Lambda 25 UV/VIS spectrometer.
FTIR spectra were measured using Nicolet 5700 ATR-FTIR spectrometer. Titration
measurements were conducted in the presence of aqueous NaCl (0.050 M) using a Mettler
Toledo titration instrument. The photoluminescence (PL) spectra were obtained using
Edinburgh Instruments FLS980 spectrometer and the excitation wavelength was 302 nm.
TEM images were obtained using a FEI Tecnai 12 BioTwin instrument and were stained
using uranyl acetate solution (0.50 wt.%). Number-average diameters from TEM images
were obtained using Image-J software. Samples for SEM were freeze-dried and coated
with Au/Pd. All SEM data were obtained using a FEI Quanta 650 FEG-SEM at 10 kV.
DLS data and electrophoretic mobility data were obtained using a Malvern Zetasizer
NanoZS instrument fitted with a 20 mW HeNe laser and the angle of detection was set at
173°. Dynamic rheology measurements were conducted with a TA Instruments AR G2

rheometer. A 20 mm diameter plate geometry was used and the gap was set to 2500 pum.

The volume swelling ratio values for the gel (Q) were determined gravimetrically. The
photo-crosslinked gel and photo-de-crosslinked gel were placed into 0.10 M buffer
solution and weighed once daily for 3 days after being carefully wiped using tissue paper.

The Q values were calculated using equation (6.1).

0=py(L2+L)-2 (6.1)

Ps Pp Ps
Where Oy 1s the ratio of swollen gel mass to the dry mass. The parameters p, and ps are

the densities of water and the polymer (1.2 g/mL), respectively.
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6.4 Results and Discussion

6.4.1 Characterization of MG-CMA

The TEM images in Figure 6.1A show that the MG-CMA was a spherical particle (drem

=37 nm). The intensity DLS distribution data in poor solvency conditions, pH 5.4 and

60 °C, is shown in Figure 6.1B. The z-average diameters (d: = 41 nm) are larger than the

respective drem values because the MGs dispersion contain residual water and strong

dependence of d: values on scattering form the largest particles. The CMA content in the

MGs was determined using UV-visible spectra (Figure 6.1C) and the absorption

maximum at 320 nm from CMA according to Beer-Lambert law. The CMA content was

calculated as 7.4 mol%. Potentiometric titration data (Figure 6.1D) were used to

determine the MAA contents and this was 28.9 mol%. The apparent pK, value for the

MG-CMA was 6.2 (Figure 6.1E).
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Figure 6.1. (A) TEM images of MG-CMA, (B) DLS distribution data of as-made MG-CMA at
pH 5.4, 60 °C. (C) UV-visible spectra of MG-CMA (D) Titration data for MG-CMA. (E)

Composition and properties of the MG.
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The variation of d: with pH was measured at 25 °C for the as-made, photo-crosslinked
and photo-de-crosslinked MG-CMA dispersions (Figure 6.2A). For both of them, the d-
values increased as the pH approached the respective apparent pK, values due to
increasing electrostatic repulsion between -COO™ groups (Figure 6.2B). However, the
swelling ability for the photo-crosslinked MG-CMA (365 nm) was smallest and that for

the as-made, photo-de-crosslinked MG-CMA was much stronger.
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Figure 6.2. (A) d. vs pH for as made (Non-irrad), photo-crosslinked (365 nm) and photo-de-
crosslinked (254 nm) MG-CMA at 25°C. (B) Zeta potential vs pH for as made MG-CMA (Non-
irrad) at 25°C. Variation of d. with temperature at pH 5.4 (C), pH 6.0 (D) and pH 7.4 (E) for as
made (Non-irrad), photo-crosslinked (365 nm) and photo-de-crosslinked (254 nm) MG-CMA.

Variable temperature DLS data were measured for MG-CMA at pH 5.4, 6.0 and 7.4
(Figure 6.2C - E). At pH 5.4, with increasing the temperature, the d. decreases from 45
nm to 40 nm for the photo-crosslinked MG-CMA, 77 nm to 41 nm for as made and 79
nm to 40 nm for photo-de-crosslinked one (Figure 6.2C). The d. change for the photo-
crosslinked MG-CMA was much smaller than the as-made and photo-de-crosslinked one.
At pH 6.0, the d. decreases from 55 nm to 47 nm for the photo-crosslinked MG-CMA, 86

nm to 41 nm for the as-made and 88 nm to 49 nm for photo-de-crosslinked one,
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respectively (Figure 6.2D). At pH 7.4, the d. remained stable at ~ 65 nm for photo-

crosslinked MG-CMA, at ~ 110 nm for as-made and photo-de-crosslinked one (Figure

6.2E).
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Figure 6.3. UV-visible spectra of MG-CMA measured during photo-crosslinking at 365 nm
irradiation (A) and photo-de-crosslinking at 254 nm irradiation (B). The absorbance at 320 nm
with UV-vis and the calculated dimerization degree (DD) change during photo-crosslinking at

365 nm irradiation (C) and photo-de-crosslinking at 254 nm irradiation (D).

The d. varation of MG-CMA at swollen state is due to dimerisation of CMA at 365nm
UV light irradiation. This leads to high crosslinker density and restricts the swelling.
Figure 6.3A and C shows the absorption of CMA at 320 nm decreases and the
dimerization degree (DD) increases to ~80 % upon irradiation at 365 nm. The DD is
calculated according to equation 5.1 in Chapter 5. However, 254 nm light can cleave the
dimerised CMA so the absorption at 320 nm increases again and the DD decreases to 29 %

(Figure 6.3D). This contributes to the increase of swelling ability.
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6.4.2 UV-triggered Morphology changes of the gels

The pH of concentrated non-irradiated MG-CMA dispersion (12.0 wt.%) was adjusted to
7.4 to form a physical gel and the neighboring MGs then covalently interlinked using
photo-crosslinking of peripheral CMA groups to form a gel of covalently interlinked MGs.
The crosslinked gel can transform to de-crosslinked gel with low crosslinker density upon

254 nm light illumination. SEM images for the freeze-dried gels are shown in Figure 6.4.
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Figure 6.4. SEM images of (A) Non-irradiated, (B) photo-crosslinked (365 nm) and (C) photo-
cleaved (254 nm) gels. Pore size distributions for (D) physical gel (Non-irrad), (E) photo-
crosslinked gel (365 nm) and (F) photo-cleaved gel (254 nm).

The pore size is photo-tuneable. The non-irradiated gels (Figure 6.4A) and photo-
crosslinked gels (Figure 6.4B) had the largest (5.6 um) and smallest (1.7 pum) average
pore sizes, respectively. The pore size for the photo-cleaved gel (3.14 pm) was between
those values (Figure 6.4C). Pore size distributions for three gels are shown in Figure 6.4D

- F.

6.4.3 UV-triggered FTIR spectra changes of gels

In Figure 6.5, the FTIR spectra for the non-irradiated gel shows a photo-labile band at
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1620 cm™ due to C=C stretching’?. Photo-crosslinking at 365 nm caused coumarin photo-
dimerisation and the absorbance of the C=C stretching band decreased due to formation
of the cyclobutane ring via [27ns+ 2ns] cycloaddition®?. Subsequent photo-cleavage of the
dimers (by 254 nm irradiation) reformed the C=C bonds and the absorbance at 1620 cm"

increased.

—— Non-irrad

— 365

J\/\m\/\/

W

1800 1600 1400 1200
Wavenumbers (cm™)

Absorbance (AU)

Figure 6.5. FTIR spectra for the non-irradiated, photo-crosslinked (365 nm) and photo-cleaved
(254 nm) gels.

During the photo-crosslinking process, the C=C stretching of CMA is decreasing from 0
h to 4 h with increase time of light irradiation (365 nm) (see Figure 6.6A). Subsequently,
the C=C stretching occurs reversely upon irradiation at 254 nm for 1 h and does not

further increase after longer time irradiation (Figure 6.6B).
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Figure 6.33 (A) FTIR spectra measured for concentrated MG-CMA (pH 7.4) during photo-
crosslinking (365 nm irradiation) for different irradiation times and (B) subsequently photo-
cleaved (254 nm irradiation). (C) Relative absorbance for the C=C stretch vs. time. The latter is
the peak area ratio between 1620 cm™ and 1710 cm™’. Note that the point for “0” in (A) and (C)

corresponds to the initial non-irradiated gel.

In order to study the change of peak at 1620 cm™ with treatment of UV light, the peak
area ratio between 1620 cm™ and 1710 cm™ was calculated. As shown in Figure 6.6C, the
ratio decreases from 0.34 to 0.21 with first 4 h and remained stable at 0.20 for further 8 h
with 365 nm irradiation. With further treatment with 254 nm light, the ratio increases to
0.32 and is stable at 0.30. Hence, photo-cleavage is ~ four times faster than photo-

crosslinking. This is because the latter is a bi-molecular process™>.
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Figure 6.7. (A) FTIR spectra for the gels after photo-crosslinking (365 nm) and photo-cleaving
(254 nm) cycles. (B) Variation of relative absorbance from FTIR spectra with cycle number. The
latter is the peak area ratio between 1620 cm™ and 1710 cm™!. Note that the point for “0” in (A)

and (B) corresponds to the initial non-irradiated gel.

The reversibility of photo-dimerisation and photo-cleavage of coumarin in the gels was
probed by FTIR spectra. It can be seen in Figure 6.7A that the peak at 1620 cm™ from the
C=C stretching band decreased and grew when the gel was repeatedly irradiated at 365
nm and 254 nm, respectively. However, the reversibility of peak area ratio between 1620
cm™ and 1710 cm™ decreased with cycling (Figure 6.7B). This may be due to stable photo
reaction side-products such as anti-head-to-tail coumarin dimers**** being formed that

are difficult to photocleave.
6.4.4 UV-triggered mechanical property change of gel

The physical gel (12.0 wt.%, Non-irrad), photo-crosslinked gel (365 nm) and photo-

cleaved gel (254 nm) were investigated using dynamic rheology.
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Figure 6.8. (A) Frequency-sweep and (B) strain-sweep rheology data for the gels. G’ and G” are
the storage modulus and loss modulus, respectively. The arrows in (B) show the yield strain (y*).
(C) G' and tan 6 (= G"/G'") for the non-irradiated, photo-crosslinked and photo-cleaved gels. (D)
G’ and (E) tan o variation with photo-crosslinking / photo-cleaving cycles. Note that the point for

“0” in (D) and (E) corresponds to the initial non-irradiated gel.

Frequency-sweep (Figure 6.8A) and strain-sweep (Figure 6.8B) rheology data for the gels
show mechanical property photo-tuning. The photo-crosslinked gel (365 nm) showed an
almost frequency independent storage modulus (G'). The non-irradiated and photo-
cleaved gels had frequency-dependent G as expected for viscous gels. The curves for
strain-sweep rheology data (Figure 6.8B) started with linear viscoelastic behaviour at a
low strain before the gel can no longer withstand the strain and began to break.
Subsequently, the G’ started to decrease because of the breaking of elastic networks. The
G" values increased until reaching its maximum when G’ and G” crossed. After that, the
gel networks were increasingly destroyed and both G" and G” decreased. Figure 6.8B also
showed major changes upon photo-crosslinking with a strong maximum of the loss
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modulus (G"). The yield strain (»*) is a measure of ductility and was determined from the
cross-over point of G’ and the loss modulus (G")*¢. The y* values for the non-irradiated,
photo-crosslinked and photo-cleaved gels were 740%, 400% and 660%, respectively, and
they were all ductile. The storage modulus (G') for the photo-crosslinked gel (390 Pa)
was five times higher than that for the parent non-irradiated gel (77 Pa) and decreased to
72 Pa upon photo-cleaving at 1 Hz and 1% strain (Figure 6.8C). Values of tan o (=
G"/G" less than 1.0 are signatures of elastic behavior’’” and are lowest for the photo-
crosslinked gel. This is due to the higher number-density of elastically effective chains
afforded by the coumarin dimers at 365 nm treatments compared to the gels not with UV
light and also the 254 nm treatment. The reversibility of modulus photo-tuning was
probed (Figure 6.8D - E). The modulus could be repeatedly increased and then decreased.
Also, tano can be repeatedly decreased and then increased. These changes occurred using

alternate cycles of irradiation at 365 nm and 254 nm.
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Figure 6.9. Frequency-sweep (A) and strain-sweep (B) rheology data for photo-crosslinked-gel
(365 nm) after 2 h UV light treatment using 225 mW/cm? irradiation. Frequency-sweep (C) and
strain-sweep (D) rheology data for a gel prepared from high concentration MG-CMA (22.0 wt.%).

From Figure 6.6, the photo-crosslinking process needs to at least 4 hours to be completed.
In order to decrease the irradiation time, the higher intensity irradiation (225 mW/cm?)
was used to shorten the photo-crosslinking time to 2 h. The polymer content of gel was
kept at 12.0 wt.%. The obtained gel showed an almost frequency independent storage
modulus (G'), indicating that the elastic state is achieved (Figure 6.9A). The G’ can reach
to 311 Pa (Figure 6.9B) which means that the photo-crosslinked gel can be formed more
quickly by increase the light intensity. The modulus also can be adjusted by the
concentration of MG-CMA. The high concentrated MG-CMA (22.0 wt.%) was treated
with UV light and formed the more stiff hydrogel and G’ can increase to 1619 Pa (y*

value is 566 %) ((Figure 6.9C - D).
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Figure 6.10. Frequency-sweep (A) and strain-sweep (B) rheology data for physical gel, photo-
crosslinked-gel and photo-cleaved gel in DMF solvent. (C) Variation of the storage modulus (G')
and tan & (= G"/G") for the gels.

I studied the effect of several parameters on the gels mechanical properties. To
demonstrate versatility non-aqueous gels (donated as Non-aqu gel) were prepared by
exchanging water to DMF. The MG-CMA (13.0 wt.%) can swell in DMF and the physical
non-aqueous gels formed. The crosslinked and photo-cleaved non-aqueous gels were
obtained using UV light treatment (365 nm and 254 nm, respectively). The photo-
crosslinked non-aqueous gel has almost frequency independent storage modulus (G')
while the non-irradiated and photo-cleaved non-aqueous gels had frequency-dependent
G’ values (Figure 6.10 A). The values of G’ for the physical (110 Pa) photo-cleaved non-
aqueous (112 Pa) were around a factors of 4 less than the photo-crosslinked one (386 Pa).
The y* values for these gels are 1002%, 871% and 673% respectively (Figure 6.10 B -

Q).

6.4.5 UV-triggered self-healing and reshaping of gel

The photo-reversible covalent bonding enabled light-triggered self-healing and re-
shaping. Two halves of a photo-cleaved gel from a disk that had been severed were

stained with two dyes (Rhodamine B and Nile Blue A).
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Figure 6.11. (A) Depiction of light-triggered self-healing. (B) Reversible self-healing using
photo-crosslinking (365 nm) and photo-de-crosslinking (254 nm). The two halves of a photo-
cleaved gel were reversibly joined and separated with the aid of 365 nm or 254 nm light. A control
experiment (C) where two halves of a photo-cleaved gel were kept in the dark and pushed together

resulted in them separating without self-healing. The scale bar is applied in all images.

Figure 6.11A depicts the mechanism of light triggered self-healing. As shown in Figure
6.11B, the two halves of the gel could be joined together by photo-crosslinking (365 nm).
The joined gel could then be easily separated upon photo-cleaving (254 nm) and re-joined
with 365 nm irradiation. The re-joined hydrogel cannot separate even it was suspended.
Optical microscopy showed that the crack vanished due to photo-crosslinking. In contrast,

self-healing did not occur when the gel was kept in the dark (Figure 6.11C).
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Figure 6.12. Light-assisted re-shaping of photo-crosslinked gels into a triangular, rectangular and
circular shapes using photo-de-crosslinking followed by mechanical breaking and photo-

crosslinking. The scale bar is applied in all images.

Because of the reversible nature of cycloaddition (UV, 365 nm) and photo-cleavage (UV,
254 nm) of coumarin, this hydrogel had another benefit, which allowed the de-crosslinked
hydrogel to be recycled different shape hydrogel. Figure 6.12 shows the light-assisted
reshaping of gel. A circle crosslinked hydrogel disc was decrosslinked by UV light (254
nm) irradiation and shear into small fragments and reprocessed into a triangular shape via
UV light (365 nm) illumination for 6 hours. This triangular hydrogel can be transferred
to a square one by photo-cleaving with UV light (254 nm), shearing, re-crosslinked with
UV light (365 nm). After being reshaping according to the same procedure, a disc
specimen was achieved. The light-assisted re-shaping was performed several times,

which is a potential advantage for gel re-processing.
6.4.6 The effects of pH, temperature, UV light on the swelling of the gels

The triple sensitivity (light, pH and thermal) of gels was investigated using the volume
swelling ratio (Q). Figure 6.13A shows the Q for the photo-crosslinked gel at three
different temperatures and pH values. The smallest Q is 1.4 at pH 5.4 buffer solution and

37 °C, which is due to temperature-triggered hydrophobic interaction between MEO2MA
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segments as well as pH-triggered hydrogen bond formation between protonated -COOH
groups within MAA3%%°_ O increase with decreasing temperature cause the hydrogel bond
formation between poly(MEO2MA) and water. There is a similar trend for Q at pH 6.0
(Figure 6.13A). The difference of Q values is not as distinct as the one at pH 5.4. At pH
7.4 the gels swelled strongly (Q = 48) because of electrostatic repulsion between -COO"
groups and the Q values did not change significantly because the electrostatic repulsion
is strong enough to inhibit temperature-triggered hydrophobic-hydrophobic interactions.
Figure 6.13B shows the Q values for the photo-cleaved gel. The Q values at pH 6.0 and
7.4 at all temperatures are much higher than the photo-crosslinked gel. This is because of
a low degree of cross-linking within polymer network contributed to stronger swelling.
The temperature-triggered Q values changes at pH 5.4 are similar for the photo-cleaved
and photo-crosslinked gel. Hydrogel bond form between -COOH and -COOH group as
well as poly(MEO>MA) and -COOH group at low pH (smaller than pK,). The polymer
network mainly occupied by poly(MEO2MA) and poly(MAA), hence the effect of

hydrogen bond exceeds the effect of crosslinker density changes on Q values.
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Figure 6.13. Volume swelling ratio (Q) for (A) photo-crosslinked (B) and photo-cleaved gel. The
values of O can be changed by pH, temperature and light irradiation. The scale bar is 5.0 mm and
applies to all images. Variation of Q with (C) temperature cycling at pH 5.4 and (D) pH cycling
at 37 °C for the photo-crosslinked gels.

The reversibility of O to temperature and pH switching response for the photo-crosslinked
gel was also studied (Figure 6.13C - D). The temperature dependence of Q at pH 5.4 can
be reversed for 6 cycles but gradually decreases at low temperature (10°C). This may be
due accumulated hydrogen bonding between poly(MEO2MA) and -COOH groups at low
pH and high temperature (37°C) for each cycle (Figure 6.13C). This leads to a decrease
swelling of the hydrogel at low temperature. The pH dependence of Q at 37°C can also
be reversed for 6 cycles and exhibits a small decrease (Figure 6.13D). This may be due

to an increase of the ionic concentration in pH cycling.
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6.4.7 Multi-responsive actuator

Bilayered hydrogels or hydrogel actuators have attracted great research interests because

40,41 , Walking42,

of the anisotropic deformation (expansion or contraction), causing bending
folding*> **. Herein, the multi-responsive gel actuator was constructed by adsorbing the
multi-responsive MG gel layer onto a non-responsive polyacrylamide (PAAm) gel and
subsequent photo-crosslinking (see Experimental detail and Figure 6.14A). The PAAm
layer contained a cationic dye (Me-RDB) to enhance visibility. The dye also provided a
positive charge to the surface which assisted adhesion of the negatively charged MGs

(Figure 6.2B). Figure 6.14B depicts swelling changes of the MG gel layer as well as the

bending angle.
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Figure 6.14. (A) Bilayer hydrogel actuator design. (B) Depiction of changes of the MG gel layer
causing actuation as well as the bending angle. (C) The temperature-responsive bending and
shrinking behaviours of the bilayer gel at pH 5.4, 6.0 and 7.4 as well as temperatures between
10 °C and 50 °C. The scale bar is 10.0 mm and applied to all images. (D) Effects of temperature
and pH on the actuator bending angle. (E) Variation of bending angle with volume swelling ratio
(Q) of the gels. (F) Reversibility of actuation behavior at pH 5.4 due to temperature switching.
(H) The actuator could be used as a gripper by increasing the pH from 4.5 to 7.4 at 25 °C. The

scale bar is 10.0 mm and applied to all images.
At pH 7.4 the actuator was concave and the bending angle stabilised at around 250°
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(Figure 6.14D) at all temperatures (top row of Figure 6.14C) due to a high O for the MG
gel layer (Figure 6.13A). At pH 6.0 (middle row of Figure 6.14C) the actuator changed
from concave at 10 °C to convex at 50 °C with bending angle changing from 200° to
127°(Figure 6.14D) because the Q value was temperature dependent at this pH (Figure
6.13A). At pH 5.4 the temperature-triggered changes were very large with convex bilayer
resulted at 37 °C and 50 °C (bottom row of Figure 6.14C). This is because the pH-
dependence of Q was strongest at pH 5.4 (Figure 6.13A). The bending angle had a change
of 167° at pH 5.4 (Figure 6.14D). The data show that actuation was tuneable by pH and
temperature in physiological conditions. The actuator bending angle was proportional to
O (for O <30) as shown in Figure 6.14E which is potentially useful for application. The
bilayer also showed very good reversibility to temperature-triggered actuation (Figure
6.14F). A gripper was constructed that released a load (an O-ring, 85 mg) via a pH-
triggered increase (from 4.5 to 7.4) as shown in Figure 6.14H. The bilayer gel did not
exhibit any detectable cytotoxicity to chondroycte cells (Figure 6.15). Hence, the data
raise the interesting prospect of using such actuators as biomedical micro-grippers* in

the future.
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Figure 6.15. (A) Live/Dead cell assay and (B) cell viability calculated from the MTT assay for
the bilayer gel used to construct the actuator. The chondrocyte cells were used. The control is the

cells in the absence of the gel. The scale bar is 200 um.

Subsequently, the swelling actuator (pH 7.4) was irradiated by 254 nm UV light. As
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shown in Figure 6.16A, the height of second layer gel increase from 0 min to 20 min
irradiation due to the photo-cleavage the dimers within polymer network of the
crosslinked gel. This caused the gel to swell further at pH 7.4. After that, the height started
to decrease until to second layer hydrogel totally disassociated. This is due to 254 nm UV
light further cleaves the dimerised coumrine and the ignorable covalent bonds were not
strong enough to keep the MG layer hydrogel intact. At the same time, the bending angle
decrease gradually from 245° to 182° (Figure 6.16B). The bending angle for resulting
one layer gel cannot change and remains stable at 180° at pH 6.0 at variation temperatures
(Figure 6.16C). It is conclude that the pre-swelling of the crosslinked gel decreased the
MG particle concentration and the strength of the residual crosslinking. This property was
taken advantage of during bilayer construction so that photo-cleavage could be used to
permanently remove the MG layer at pH 7.4. Hence, actuation could be terminated using

254 nm irradiation.
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Figure 6.16. (A) Images and (B) Change of bending angle of the actuator during photo-cleaving
(254 nm irradiation). (C) Temperature variation no longer has any effect on the photo-cleaved

system. The scale bar is 10.0 mm and applied to all images.

The multi-responsive actuator can be used to control current flow. A conductive bilayer
actuator was constructed using the photo-triggered crosslinked gel at the surface of
MG(EA-MAA-DVB)/PEI hydrogel. The other side of MG(EA-MAA-DVB)/PEI
hydrogel was absorbed to a thin layer of aluminate foil due to gel’s adhesive property.
The MG(EA-MAA-DVB)/PEI hydrogel is adhesive because the ionic crosslinker. The

device design and properties are shown in Figures 5.17A.
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Figure 6.17. (A) Schematic of a circuit containing the actuator consisting of Al foil, a cationic
adhesive gel layer and the multi-responsive MG layer. The Al foil touches both electrodes (ON
state) in (B) to complete the circuit when the MG layer is de-swollen. The current can be
interrupted (OFF state) by (C) decreasing the temperature or (D) increasing the pH. The current
can be re-connected to give a permanent ON state by photo-cleaving (E) to remove the MG layer.
The scale bar in (A) is 5.0 mm. The scale bar in (B) is 10 mm and applies to (B) - (E). Rhodamine
B was absorbed into the MG layers in (A), (C) and (D) to improve the visual contrast.

The conductive actuator completed the circuit when convex (ON state) by allowing the
top Al foil to touch two electrodes when the MG layer was in the de-swollen state and the
actuator was convex (Figures 5.17B). When the MG gel was in the swollen state, the
actuator became concave and the current flow was interrupted (OFF state) because the
connection between the electrodes and aluminate foil was removed. This could be

achieved by increasing the pH to 7.4 or decreasing the temperature to 10 °C (Figures
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5.17C - D). Furthermore, the MG layer of this device could also be removed by photo-

cleaving (ON state) (Figures 5.17E).

6.4.8 Studying the photochromic behaviour of the gels

The MG-CMA dispersions are fluorescent due to the coumarin groups*® (Figure 6.18A).
For the dilute dispersions (0.01 wt.%), there a emission peak at 380 nm for monomeric
coumarin (Figure 6.18B). The PL spectra (Figure 6.18B) show that the intensity decreases
strongly upon photo-crosslinking due to a loss of conjugation as a result of photo-
dimerisation of CMA*’. This suggestion is supported by UV-visible spectra (Figure 6.3A)
which show a decrease of the CMA absorption band. Figure 6.18B shows that most of
the intensity lost due to photo-crosslinking is mostly recovered upon photo-cleaving. It is
important to note that the wavelength of maximum intensity (Anax) for the dispersions is
not affected by irradiation (Figure 6.18C). The pictures of diluted dispersion at three
stages are shown in Figure 6.18A. The colours of the MG-CMA dispersion without UV
treatment and 254 nm irradiation are dark blue. The colour becomes much light blue with
UV light irradiation at 365 nm. This is due to a decrease in CMA fluorophore

concentration upon 365 nm light irradiation.
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Figure 6.18. (A) Photographs of MG-CMA dispersions (0.010 wt.%) under UV light (302 nm)
after various treatments. (B) Photoluminescence (PL) spectra for MG-CMA dispersion as made
(non-irradiated), after photo-crosslinking (365 nm) and photo-cleaving (254 nm). (C) Maximum
PL intensity (/) and wavelength at /. (Anar) for the dispersions. (D) Photographs of the gels
(12 wt.%). The non-irradiated physical gel is in a tube. (E) PL spectra for the gels. (F) /. and

Amax for the gels. Tube and gel diameters: 10 mm.

However, the MG-CMA gels showed very different fluorescent behaviours compared to
the dilute dispersions. The concentrated (12.0 wt.%) non-irradiated physical gel and also
the photo-cleaved gel were light blue (Figure 6.18D); whereas, the photo-crosslinked gel
(365 nm) was deep blue. The PL spectra (Figure 6.18E) show a blue-shift upon photo-
crosslinking which is followed by a red-shift when subsequently photo-cleaved (254 nm).
The Amax shifts may be due to m-n* overlap of coumarin groups*®. Furthermore, the
maximum PL intensity (/n.x) increases and decreases, respectively, for the photo-
crosslinked and photo-cleaved gels compared to the non-irradiated gel (Figure 6.18F).

The Inax changes are indicative of an inner-filter effect’. Such effects have been
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50, 51

previously used for analyte detection”™ ', whereas, here this effect is used to reversibly

encode hidden information in gels.
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Figure 6.19. Changes of PL spectra for the gel during UV light at (A) 254 nm and (B) 365 nm
irradiation. The PL intensity changes at 394 nm and the wavelength at maximum intensity from

(A) and (B) are shown in (C) and (D), respectively.

The trend in the PL spectra change of gel upon irradiation was studied as a function of
irradiation time (see Figure 6.19). The PL intensity decreased from ~10 counts to 2 x10-
> counts and red-shifted from 394 nm to 413 nm and the high-wavelength shoulder
appeared after 30 min when the photo-crosslinked gel was irradiated with 254 nm light
and then stabilised (Figure 6.19A and C). Subsequently, the photo-de-crosslinked gel was
photo-crosslinked by 365 nm irradiation and the intensity increased to above 10 counts

over a period of 300 min. The red-shift was mostly lost after 120 min of irradiation and

the maximum intensity increased (Figure 6.19B and D).
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Figure 6.20. (A) PL spectra for MG-CMA dispersion obtained using different concentrations
(shown). (B) Maximum intensity and wavelength of maximum intensity for the dispersions. (C)

Digital photographs of the dispersions obtained using UV-light (302 nm).

The coumarin groups are closely located in the gels. Indeed, increasing the concentration
of MG-CMA (without irradiation) caused a red-shift of A and also decreased lnax
(Figure 6.20). These results confirm that the red-shift is due to coumarin overlap and that
Inax decreases when the coumarin concentration increases. For the gels in Figure 6.18D,
photo-crosslinking (365 nm irradiation) decreases the concentration of coumarin,
resulting in less m-t* overlap and a blue shift. Because the chromophore concentration
decreases and less light is absorbed due to the inner filter effect, increased light

penetration occurs and the emitted PL intensity increases from the remaining groups.
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The light-triggered changes for lu. and Anax show very good reversibility (Figure 6.21).
Hence, the emission wavelength and intensity of these gels are photo-reversible. In
contrast to other approaches that require complementary dyes to achieve such effects™,
the present system used only built in fluorescence of the photo-responsive CMA

crosslinker.

Because a colour change occurred that was only visible in UV light and was reversible
using the irradiation wavelength, I sought to demonstrate that hidden images could be

transferred from a shadow mask to the gel and subsequently photo-erased.
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Figure 6.22. Depiction of reversible photo-imaging of a mask pattern using a photo-crosslinked
gel (top row). The gels were viewed using UV light (302 nm, 2™ row) and white light (3™ row).

The scale bar applies to all images.

As shown in Figure 6.22, photo-patterning at specific regions of the blue fluorescent
photo-crosslinked hydrogel was realised by using a photo mask to direct the UV
irradiation (254 nm) for 60 min. The fluorescent colour of UV-exposed regions changed
from dark blue to light blue, whereas the protected regions maintained the dark blue
fluorescent colour. The fluorescent pattern was displayed on the gel under UV light
irradiation because of the considerable contrast of distinct fluorescent colours between
the irradiated and protected regions. The colour of the treated region of gel can be photo-
erased by photo-crosslinking (365 nm). The “star” and “moon” shape can be patterned
and removed reversibly by switching the wavelength of UV light. However, the irradiated
and protected region of gel was transparent under daylight because of the high
transmittance of the blue fluorescent hydrogels over the range of visible light (bottom

row). Such a gel could be an ideal material for an anti-counterfeit system.
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6.4.9 The photolithography of gels

Different shape gels can be formed by using concentrated non-irradiated gels. In a positive
photopatterning mode the non-irradiated MG-CMA physical gel was placed in an O-ring
on a glass slide and another slide was placed on the top. A flower shape shadow mask
was placed on the top of slide (Figure 6.23A). The gel was then photo-crosslinked (365
nm) in the exposed flower-shaped region. The gel was swollen in water and the non-
photo-crosslinked gel in the shadow mask protected region re-dispersed in water to
provide a flower shaped photo-crosslinked gel. Negative photopatterning was also
demonstrated (Figure 6.23B). A photo-crosslinked gel was swollen in water. Next, a
“heart” shape shadow mask was placed on top of the gel, and the gel photo-cleaved (254
nm) to photo-de-crosslink the exposed regions. These photo-cleaved sections detached.
The gel protected from irradiation by the shadow mask remained intact so that the heart-

shaped gel was formed.

(A) positive photopatterning
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Figure 6.23. (A) Schematic (top row) and example preparation (bottom row) of flower shaped
gel using positive photo-crosslinking and a shadow mask. (B) Schematic and example of
preparation of heart shape gel-CMA by negative photo-patterning. The scale bars are 15.0 mm
and apply to all images. Gel images were obtained under 302 nm or white light. The pink colour

of the gels when viewed under white-light is due to an added Rhodamine B. The pH was 7.4.
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6.5 Conclusions

In this chapter, a new method was introduced for fabrication of hydrogels with the help
of UV light using only multi-responsive MG-CMA as the building blocks. MG-CMA
contained coumarin groups. The pH and thermal triggered size change of MG-CMA was
photo-tuneable. MGs enabled light to direct gel assembly and tune the mechanical and
swelling properties without the use of small molecules or free-radical polymerization.
The gels were triply-responsive with photo-tuneable modulus values. They were used to
demonstrate multi-responsive cytocompatible actuators, grippers and ON/OFF circuit
components via combining the non-responsive AAm gel and cationic gel, respectively. A
reversible light-triggered blue-shift provided an anti-counterfeit property. The gels could
be photo-patterned and exhibited light-triggered self-healing and re-processing. This
chapter showcases the increased versatility to be obtained by including photo-
crosslinkable groups within responsive MG-CMA building blocks. The results indicated
that this approach should be quite general and is likely to apply to other aqueous and non-
aqueous MG-CMA and nanogel gels. In terms of potential application, the actuators may

lead to development of biocompatible micro-grippers for biomedical applications.

220



6.6 References

10.

11.

12.

13.

14.

15.

E. M. Ahmed, J. Adv. Res. 2015, 6, 105-121.

A. M. Jonker, A. Borrmann, E. R. van Eck, F. L. van Delft, D. W. Lowik and J.
C. van Hest, Adv. Mater. 2015, 27, 1235-1240.

J. Gacanin, J. Hedrich, S. Sieste, G. GlaBer, I. Lieberwirth, C. Schilling, S. Fischer,
H. Barth, B. Kndll and C. V. Synatschke, Adv. Mater. 2019, 31, 1805044.

J. D. Tang, C. Mura and K. J. Lampe, J. Am. Chem. Soc. 2019, 141, 4886-4899.
X. Wang, H. Huang, H. Liu, F. Rehfeldt, X. Wang and K. Zhang, Macromol.
Chem. Phys. 2019, 220, 1800562.

Y. Ke, C. Zhou, Y. Zhou, S. Wang, S. H. Chan and Y. Long, Adv. Funct. Mater.
2018, 28, 1800113.

Z. 7. Ming, X. Ruan, C. Y. Bao, Q. N. Lin, Y. Yang and L. Y. Zhu, Adv. Funct.
Mater. 2017, 27.

Y. Takashima, S. Hatanaka, M. Otsubo, M. Nakahata, T. Kakuta, A. Hashidzume,
H. Yamaguchi and A. Harada, Nat. Commun. 2012, 3, 1270.

J. J. Shang and P. Theato, Soft Matter 2018, 14, 8401-8407.

Z.Y. Li, G. Davidson-Rozenfeld, M. Vazquez-Gonzalez, M. Fadeev, J. J. Zhang,
H. Tian and 1. Willner, J. Am. Chem. Soc. 2018, 140, 17691-17701.

R. Langer and D. A. Tirrell, Nature 2004, 428, 487-492.

M. P. Lutolf and J. A. Hubbell, Nat. Biotechnol. 2005, 23, 47-55.

T. Matsuda, R. Kawakami, R. Namba, T. Nakajima and J. P. Gong, Science 2019,
363, 504.

H. Yuk, B. Lu and X. Zhao, Chem. Soc. Rev. 2019, 48, 1642-1667.

S. Han, H. J. Bae, J. Kim, S. Shin, S.-E. Choi, S. H. Lee, S. Kwon and W. Park,

Adv. Mater, 2012, 24, 5924-5929.

221



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

S. H. Jung, J. Jeon, H. Kim, J. Jaworski and J. H. Jung, J. Am. Chem. Soc. 2014,
136, 6446-6452.

P. M. Gawade, J. A. Shadish, B. A. Badeau and C. A. DeForest, Adv. Mater. 2019,
1902462.

H. Wang, C. N. Zhu, H. Zeng, X. Ji, T. Xie, X. Yan, Z. L. Wu and F. Huang, Adv.
Mater. 2019, 31, 1807328.

J. Lou, F. Liu, C. D. Lindsay, O. Chaudhuri, S. C. Heilshorn and Y. Xia, Adv.
Mater. 2018, 30, 1705215.

M. Nakahata, Y. Takashima, H. Yamaguchi and A. Harada, Nat. Commun., 2011,
2,511.

B. Rybtchinski, ACS Nano 2011, 5, 6791-6818.

Z. Liu, Q. Lin, Y. Sun, T. Liu, C. Bao, F. Li and L. Zhu, Adv. Mater. 2014, 26,
3912-3917.

B. D. Fairbanks, M. P. Schwartz, A. E. Halevi, C. R. Nuttelman, C. N. Bowman
and K. S. Anseth, Adv. Mater. 2009, 21, 5005-5010.

H. Shin, B. D. Olsen and A. Khademhosseini, Biomaterials 2012, 33, 3143-3152.
C. G. Williams, A. N. Malik, T. K. Kim, P. N. Manson and J. H. Elisseeff,
Biomaterials 2005, 26, 1211-1218.

S. R. Trenor, A. R. Shultz, B. J. Love and T. E. Long, Chem. Rev. 2004, 104,
3059-3078.

Y. M. Zhang and L. Tonov, Langmuir 2015, 31, 4552-4557.

C. P. Kabb, C. S. O'Bryan, C. C. Deng, T. E. Angelini and B. S. Sumerlin, ACS
Appl. Mater. Interfaces 2018, 10, 16793-16801.

R. Tamate, T. Ueki, Y. Kitazawa, M. Kuzunuki, M. Watanabe, A. M. Akimoto
and R. Yoshida, Chem. Mater. 2016, 28, 6401-6408.

222



30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

M. N. Zhu, D. D. Lu, S. L. Wu, Q. Lian, W. K. Wang, A. H. Milani, Z. X. Cui, N.
T. Nguyen, M. Chen, L. A. Lyon, D. J. Adlam, A.J. Freemont, J. A. Hoyland and
B. R. Saunders, ACS Macro Lett. 2017, 6, 1245-1250.

S. L. Wu, M. N. Zhu, D. D. Lu, A. H. Milani, Q. Lian, L. A. Fielding, B. R.
Saunders, M. J. Derry, S. P. Armes, D. Adlam and J. A. Hoyland, Chem. Sci. 2019,
10, 8832-8839.

A. Concellén, T. Liang, A. P. H. J. Schenning, J. L. Serrano, P. Romero and M.
Marcos, J. Mater. Chem. C 2018, 6, 1000-1007.

S. R. Trenor, A. R. Shultz, B. J. Love and T. E. Long, Chem. Rev. 2004, 104,
3059-3078.

Y. Chen and J. L. Geh, Polymer 1996, 37, 4481-4486.

N. Yonezawa, T. Yoshida and M. Hasegawa, J. Chem. Soc., Perkin Trans. 1 1983,
1083-1086.

Y. Yuan, S. Basu, M. H. Lin, S. Shukla and D. Sarkar, ACS Appl. Mater.
Interfaces 2019, 11, 31709-31728.

R. Tamate, T. Ueki, Y. Kitazawa, M. Kuzunuki, M. Watanabe, A. M. Akimoto
and R. Yoshida, Chem. Mater. 2016, 28, 6401-6408.
M. Boularas, E. Deniau-Lejeune, V. Alard, J.-F. Tranchant, L. Billon and M. Save,
Polym. Chem. 2016, 7, 350-363.

L. Teng, Y. Chen, M. Jin, Y. Jia, Y. Wang and L. Ren, Biomacromolecules 2018,
19, 1939-1949.

C. Yao, Z. Liu, C. Yang, W. Wang, X. J. Ju, R. Xie and L. Y. Chu, 4dv. Funct.
Mater. 2015, 25, 2980-2991.

Y. Tan, D. Wang, H. X. Xu, Y. Yang, X. L. Wang, F. Tian, P. P. Xu, W. L. An,
X. Zhao and S. M. Xu, ACS Appl. Mater. Interfaces 2018, 10, 40125-40131.

223



42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

C. Yang, W. Wang, C. Yao, R. Xie, X. J. Ju,Z. Liuand L. Y. Chu, Sci. Rep. 2015,
5.

J. C. Breger, C. Yoon, R. Xiao, H. R. Kwag, M. O. Wang, J. P. Fisher, T. D.
Nguyen and D. H. Gracias, ACS Appl. Mater. Interfaces 2015, 7, 3398-3405.

E. Wang, M. S. Desai and S. W. Lee, Nano Lett. 2013, 13, 2826-2830.

K. Kobayashi, C. Yoon, S. H. Oh, J. V. Pagaduan and D. H. Gracias, ACS Appl.
Mater. Interfaces, 2019, 11, 151-159.

J. S. de Melo and P. F. Fernandes, J. Mol. Struct. 2001, 565, 69-78.

X. Zhang, Y. P. Wang, G. Li, Z. T. Liu, Z. W. Liu and J. Q. Jiang, Macromol.
Rapid Commun. 2017, 38.

R.R.Cui, Y.C.Lv, Y. S. Zhao, N. Zhao and N. Li, Mater. Chem. Front. 2018, 2,
910-916.

D. Cortecchia, H. A. Dewi, J. Yin, A. Bruno, S. Chen, T. Baikie, P. P. Boix, M.
Gritzel, S. Mhaisalkar, C. Soci and N. Mathews, Inorg. Chem. 2016, 55, 1044-
1052.

L. Shang and S. Dong, Anal. Chem. 2009, 81, 1465-1470.

A. S. Tanwar, S. Hussain, A. H. Malik, M. A. Afroz and P. K. Iyer, ACS Sens.
2016, 1, 1070-1077.

D. Wang, T. Zhang, B. Wu, C. Ye, Z. Wei, Z. Cao and G. Wang, Macromolecules

2019, 52, 7130-7136.

224



Chapter 7: Conclusions and future work

7.1 Summary of conclusions

The main aim of this research was design and develop most of the multi-responsive (pH,
temperature, and light) microgels (MGs) and doubly crosslinked microgels (DX MGs)
for potential use in biomedical applications, such as drug delivery and degenerated
intervertebral disc (DIVD) repair. The light sensitivity of MGs and DX MGs were
specially focused upon as light can control the mechanical property of gels directly and
remotely. Besides, other properties like swelling properties and cytotoxicity were also

studied to comprehensively understand MG and DX MGs.

At the beginning of the project, the UV-C light induced MG-x-nPh degradation and
enhancement of mechanical property of DX MG-x-nPh were studied (Chapter 4). The DX
MG-x-nPh was constructed from the concentrated vinyl functionalised MG-x-nPh in the
presence of an initiator. The degradation speed and degree of mechanical property
enhancement induced by UV light (254nm) is related to the content of copolymerised
photo-cleavage crosslinker (nPh). The degradation rate was shown to be strongly
dependent on the crosslinker amount copolymerised in MGs. It is possible to load the
drug to MGs and design the MGs with different crosslinker amount according to the
release rate of drug via UV irradiation. A higher crosslinker content increased the stiffness
of gels due to the formation of multiple ionic crosslinks between -COO™ groups and
photogenerated —NH3" groups. Both MG-x-nPh and DX MG-x-nPh were pH- and
temperature- responsive. High pH and low temperature can trigger MG and DX MG

swelling, while low pH and high temperature deswell MG-x-nPh and DX MG-x-nPh. The
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live/dead assay for the gels demonstrates the gels were not toxic, which indicates the gel

had potential application in biomaterials such us IVD repair.

Next, I replaced the photo-cleavage crosslinker (nPh) in Chapter 4 with the reversible
photo-dimerisation/cleavage monomer (CMA). Four different size poly(MEO:MA-
MAA-CMA) MGs (MG-CMA ) which are photo-, pH-, temperature- responsive were
synthesised. The crosslinker density can be increased or decreased reversibly by
switching the wavelength of light (365 nm and 254 nm). Hence, the UV light can adjust
the pH- and temperature- induced swelling of the MGs. Unexpectedly, the time of
dimerisation degree to equilibrium is faster for the smaller diameters of the as-made MGs.
These MGs can be used to enhance the anticancer drug release, which indicates that it has
potential application in real time drug delivery and release. As the different sized MGs
exhibits different drug release rates due to the size of the porous water filled pores in the
matrix', it would be useful to control the release rate by adjusting the size of MGs. This
could also combinate two or more drugs with requirement of combination therapies such

as those used to treat cancer® and HIV*.

Concentrated swollen MGs are constructed to form CMA-based gels. This method for
fabrication of hydrogels uses only multi-responsive MGs as the building blocks via photo-
crosslinking peripheral CMA groups without the use of small molecules or free-radical
polymerization. The gels were triply-responsive with photo-tuneable modulus values,
light-assisted healing and re-processing capacity. The light-controllable reparability and
re-processability can realize intelligent resolution of recyclability and sustainable
development of hydrogel or polymer. They can be constructed as multi-responsive
cytocompatible actuators, grippers and ON/OFF circuit components. The gel with those

properties could be exploited in chemical and mechanical systems, including on-demand
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drug delivery platforms® and microfluidic valves® which control the drug release and
fluidic flow respectively remotely by light. The gels also can be photo-patterned and
photo-imaged. Such hydrogels provide an idea plan to protect information with improved
security. Hence, the hydrogels in this study could be exploited novel methods to design

multi-function and multi-application materials.

7.2 Future work

The results from Chapter 4 to Chapter 6 indicate that new gels were prepared successfully.
The mechanical property and the swelling behaviour of those gels can be adjusted
remotely by UV light (254 nm and 365 nm). However, the UV light (A <360 nm) hardly
penetrates to tissue (< 0.5 mm)’, which limited the application of this gels and MGs into
DIVD. UV irradiation may also cause negative effect such as erythema, shin ageing,
strong pigmentation and skin cancer’. To surmount those, two-photon absorption (TPA)
via stimulataneously absorbing two low energy near infrared (NIR) photons is proposed.
NIR light can penetrate deeper (5 - 10 mm)® because skin consists of a range of
chromophores which have scattering and absorption coefficients which are highly
wavelength dependent’!!. To control the local stress distributions of gels in the DIVD via
a non-invasive way, NIR light is worthwhile to use. The photo-degradation of o-
nitrobenzyl moiety via TPA has been fully studied'?'*. The use of TPA process instead

of UV light is reported for the cyclo-reversion reaction of comarin as well '>-17.

More investigations of the NIR irradiation of TPA for the photo responsive DX MG-x-
nPh are required in future studies. For the DX MG-x-nPh prepared from the vinyl
functionalised MG-x-nPh via free radical polymerisation in Chapter 4, more study about
the injectability of physical gel and the NIR light tuneable modules of chemical gel within

DIVD should be carried on. This hydrogels also were proposed as gel implants which
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report sterilisation. Hence, the sterilisation ability of UV-A light (254 nm) to this gel will

be studied in the future.

The photo-enhancement of the anticancer drug (DOX) release from MG-CMA and photo-
tuneable modulus values of CMA-based gels were achieved in Chapter 5 and Chapter 6,
respectively. Loading the growth factor or protein into MG-CMA and mixing the
encapsulated MG-CMA with concentrated swollen MG-CMA and then NIR light
triggered formation the CMA-based gels within the DIVD are also worthwhile to study.
They can both provide NIR light-controlled tuning of the mechanical properties and

releasing the growth factor that can promote the repairing of DIVD.

Our group has established ratiometric fluorescent nanosensor based on dye labelled pH-
responsive nanoprobes and core-shell-shell nanoparticles which can report the strain
distribution of gels based on Forster resonance energy transfer (FRET)!32°, Next, the new
theranostic methodology could be forwarded via combining the NIR responsive
injectable gels and nanosensor to provide an injectable load supporting NIR gels medical
device that has mechanical property tuning capabilities, repairing the DIVD and strain-

reporting.
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