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pH-responsive physical gels from poly(meth)acrylic
acid-containing crosslinked particles: the relationship
between structure and mechanical propertiest

Silvia S. Halacheva,*? Tony J. Freemont® and Brian R. Saunders*?

Gels that feature high internal porosity and have both high elasticity and ductility have potential to provide
immediate load support and enable subsequent tissue regeneration of damaged soft tissue if combined
with cells. Herein, we report results from a recent investigation of novel poly(methyl methacrylate-co-
methacrylic acid), (PMMA-MAA) and poly(ethyl acrylate-co-methacrylic acid), (PEA-MAA) biodegradable,
pH-sensitive particle gels which are with high porosity, elasticity and ductility. These gels formed at
physiological pH range and are potentially injectable. The particles were prepared using solvent
evaporation. They were functionalized by crosslinking the MAA groups of the particles via bis-amide
formation with either cystamine (CYS) or 3,3'-dithiodipropionic acid dihydrazide (DTP) which
simultaneously incorporated reversibility due to the presence of disulphide bonds within the crosslinker.
The crosslinked particles were observed by dynamic light scattering to swell appreciably in size upon
increasing the pH. Concentrated dispersions formed elastic and ductile physical gels within the
physiological pH range. A key finding of this study was that for crosslinked particles of similar
composition the formation of considerably more elastic and ductile gels was observed from the most
lightly crosslinked particles. Furthermore, compared to the PMMA-MAA/CYS and PEA-MAA/CYS gels,
those formed from DTP-crosslinked particles had higher elasticity, thicker pore walls and improved
interconnectivity. For the PMMA-MAA/DTP gels an elastic modulus value as high as 100 kPa and a yield
strain greater than 100% were observed for a gel containing only 5 wt% of particles. The improved
mechanical properties of these new gel-forming dispersions imply that they now have good potential
for future application as injectable gels for regenerative medicine.

1 Introduction

The use of injectable polymer/cell dispersions to repair tissue
defects could constitute a superior minimally-invasive alternative
to current approaches which involve surgery. As well as signifi-
cantly improving patient comfort and recovery time, the inject-
able therapy would be simple and eliminate post-treatment
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1 Electronic supplementary information (ESI) available:'H NMR and '*C NMR
spectra of DTP in DMSO-ds;; 'H NMR spectra (DMSO-d,) and GPC traces for
some of the PMMA-MAA and PEA-MAA copolymers; potentiometric titration
data for non-crosslinked PMMA-MAA and PEA-MAA particles; a table showing
the variation of the hydrodynamic diameter (D,, in nm) with pH for
non-crosslinked and crosslinked particles; size distribution functions for
non-crosslinked and crosslinked PMMA-MAA-containing particles taken at
different pH values; SEM images of freeze-dried PMMA-25MAA/4DTP gels
formed at pH 7.0; strain sweep data for all PMMA-MAA and PEA-MAA
crosslinked particle gels studied. See DOI: 10.1039/c3tb20758g
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complications."” Recently, dispersions of star-shaped poly((S)-
lactic acid)-based particles, prepared by emulsification of the
polymer in glycerol, were successfully utilized as an injectable
delivery system for hyaline cartilage regeneration in rabbits.?
However, the dispersions did not form physical gels and therefore
could not provide immediate load support. The key essential
properties of materials intended for soft tissue repair are
biocompatibility, biodegradability, interconnected porosity,
mechanical strength, durability and ease of preparation.
Furthermore, for potential load-bearing applications they are
required to transform to a high elasticity gel immediately upon
application of appropriate conditions.* A range of biocompatible
hydrogels have been extensively explored for biomaterial appli-
cations.>™ In particular, stimuli-responsive degradable hydro-
gels have recently attracted a great deal of attention in drug
delivery, film coating, tissue engineering and in fabrication of
stimuli-responsive sensors due to their ability to undergo
reversible sol-gel transition in response to external chemical,
physical or biochemical triggers such as temperature and pH.**"**

The porosity of a hydrogel can be easily tuned by varying
the structure of the polymer, the crosslinker and the extent of
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inter-chain crosslinks in the hydrogel's matrix. Elucidation of
the structure-properties relationship can potentially enable
control over the loading and release behaviour.' In order to
facilitate their removal from the body on demand a range of
crosslinkers with biodegradable groups, such as disulphides,
have been investigated.”**?® The disulphide linkage can be
readily cleaved to the corresponding thiol(s) in the presence of
reducing agents such as glutathione, which occurs naturally in
the body.”* Disulphide-functionalized hydrogels have been
widely explored for the preparation of stimuli-responsive gela-
tors, reversibly crosslinked polyplexes and polymer capsules.?**
To achieve long-lasting, injectable hydrogels that can incorpo-
rate cells into their 3D structure Lee et al.>® developed a hyalur-
onic acid, (HA)-Pluronic composite with tissue adhesive
properties. Shu et al.*® prepared thiol modified HA using carbo-
diimide-mediated hydrazide chemistry. The HA hydrogels were
then formed under physiological conditions by air oxidation of
thiol groups to disulphides. Ghosh et al.*” crosslinked the thiol-
modified HA with poly(ethylene glycol) diacrylate, (PEGDA) to
form HA-based hydrogels. Their mechanical properties were
evaluated as a function of the concentration and the molecular
weight of the crosslinker. Synthetic physical hydrogels that
incorporate biocompatible hydrophilic poly(ethylene oxide),
poly(glycidol) segments along with biodegradable domains
such as poly(lactic acid), poly(caprolactone) and poly(glycolic
acid) or biocompatible poly(propylene glycol) have been also
explored.?®>? Chitosan and alginate have emerged as promising
polysaccharide-based biomaterials in the synthesis of natural 3D
stimuli-responsive  hydrogel scaffolds.**** Unfortunately,
conventional hydrogels possess several disadvantages which
have restricted their use in tissue engineering and drug delivery
applications. Some of the disadvantages of these materials
include low solubility at physiological pH, higher swelling
capacity which leads to rapid dissolution and premature release
of drugs, potential variability of the natural materials, depending
on the source, as well as the necessity to ensure purity prior to
implantation to avoid activating an immune response. Further-
more, these scaffolds often have a limited range of mechanical
properties and may need to be optimized for stem cell culture.*
Increasing the elasticity and ductility remains a challenge for
load-bearing applications.®**®

To generate durable microgels with interconnected micro-
metre-scale porosity and increased elasticity, Liu et al®
prepared permanently crosslinked poly(MMA-co-MAA/EGD)
(where EGD is ethylene glycol dimethacrylate) microgels by
emulsion polymerization. Bird et al.*® prepared vinyl-function-
alized pH-responsive hollow poly(MMA-co-MAA) particles which
were covalently interlinked to give injectable pH-responsive
gels. However, the poly(MMA-co-MAA/EGD) and vinyl-function-
alized poly(MMA-co-MAA) particle-based gels did not contain
any labile groups, such as disulphides, and therefore were
stable under physiological conditions.

Recently, a simple technique for preparing hollow, biode-
gradable polymer-based particles that are both pH-responsive
and redox-sensitive has been developed.”>* The method used is
based on a solvent evaporation approach and does not require
the use of colloid templates, layer-by-layer assembly, small-
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molecule surfactants or highly hazardous materials.***® The
particles were based on amphiphilic PMMA-MAA or PEA-MAA
copolymers and were formed via copolymer migration to the
dichloromethane-water interface. An advantage of this system
for potential application is that MMA is used in bone cement
and MAA is a hydrolysis product of MMA. In that work up to
37% of the available carboxylic acid groups in MAA were
crosslinked via bis-amide formation with CYS, which simulta-
neously imparted elasticity and reversibility to the crosslinking
procedure due to the disulphide bonds, which can be readily
broken upon treatment with a reducing agent. The crosslinked
hollow particles swelled in the physiological pH range and
formed physical gels from their concentrated dispersions. The
gels had micrometer-scale interconnected porosity and were
readily disassembled upon addition of glutathione. Unfortu-
nately, the elastic modulus values of those gels were low and did
not exceed 4 kPa. Those gels were too weak to support a
moderate biomechanical load.

MMA-containing biomaterials are frequently exceptional in
mechanical strength and show various biological benefits in
clinical applications.”” We have continued our investigation of
poly(meth)acrylate based-biomaterials for use as tissue scaffold
and report herein on the synthesis, characterisation and
mechanical properties of new types of high porosity, high
elasticity PMMA-MAA and PEA-MAA gels, which are potentially
suitable for future use in minimally-invasive tissue repair. EA is
used here to demonstrate the generality of our approach. A
physiologically compatible strategy for preparation of the
PMMA-MAA and PEA-MAA particle-based gels was employed,
utilizing DTP or CYS as crosslinkers. DTP has been used
previously for the preparation of reversibly crosslinked hyalur-
onan hydrogels, which demonstrated good potential for in situ
encapsulation.>**”*%% The strategy for the preparation of
PMMA-MAA/DTP- and PEA-MAA/DTP-based gels
incorporation of the DTP crosslinker into the particle shells
using carbodiimide-mediated amide formation, followed by
formation of the physical gels under physiological conditions.
As the disulphide linkage of the DTP can be readily cleaved to
the corresponding thiol in the presence of reducing agents, the
formation of PMMA-MAA/DTP- and PEA-MAA/DTP-based gels
offers an alternative redox route (¢f CYS) for biodegradation.
Herein, the mechanical properties and porosity of the CYS- or
DTP-containing particle gels are explored and compared in
terms of the particles’ compositions, structures and pK, values.
Avariety of complementary characterisation methods have been
employed, including dynamic light scattering (DLS), potentio-
metric titration, scanning electron microscopy, optical micros-
copy and dynamic rheology.

involves

2 Experimental section
Materials

Tetrahydrofuran (Aldrich, anhydrous, inhibitor-free, =99.9%),
dichloromethane (Aldrich, HPLC grade, =99.8%), methanol
(Aldrich, HPLC grade, =99.9%), 2,2’-azobis(2-methylpropioni-
trile) (AIBN, Aldrich, 98%), methyl methacrylate (MMA, Aldrich,
=>98.5%), methacrylic acid (MAA, Aldrich, 99%), ethyl acrylate

This journal is © The Royal Society of Chemistry 2013
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(EA, Fluka, =99.5%), cystamine dihydrochloride (CYS, Aldrich,
96%), N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydro-
chloride (EDC, Aldrich, =99%), N-hydroxysuccinimide (NHS,
Aldrich, 98%), 3,3'-dithiodipropionic acid (Aldrich, 99%),
hydrazine monohydrate (Fluka, purum, =98%), concentrated
sulphuric acid (Aldrich, ACS reagent, 95-98%), poly(vinyl pyr-
rolidone) (PVP, Aldrich, average molecular weight 40 000 g
mol '), were used as received from the chemical supplier. Milli-
Q water was used throughout, unless otherwise stated. Reac-
tions requiring anhydrous conditions were performed under a
positive pressure of nitrogen.

Synthesis of copolymers

All free-radical polymerisations were carried out in anhydrous
THF, under a nitrogen atmosphere, using AIBN as an initiator.
The copolymer abbreviations used here identify the percentage
MAA content. For example, PMMA-29MAA contains 29 mol%
MAA and 71 mol% MMA units. The following synthesis of
PMMA-29MAA is representative of the procedure employed for
the other copolymers. A three-neck flask, fitted with a condenser
and nitrogen inlet, was charged with AIBN (0.25 g) and anhy-
drous THF (85 ml). The stirred solution was nitrogen purged at
55 °C for 30 min. A mixture of MMA (6.06 g, 0.7 equiv.), MAA
(2.24 g, 0.3 equiv.) and AIBN (0.025 g) was dissolved in anhy-
drous THF (17 ml) and added to the solution at a uniform rate
over a period of 90 min. After the feed the reaction was allowed
to proceed at 70 °C overnight (18 h approx.). After cooling to
room temperature, the reaction mixture was concentrated
under reduced pressure to a volume of approximately 100 ml
and then poured into 1000 ml of cold water. The precipitated
polymer was removed by filtration, rinsed thoroughly with water
and air-dried. Residual water was removed by freeze-drying. The
molar ratio of MMA to MAA in the co-polymer was determined
by 'H NMR spectroscopic analysis. The other co-polymer
compositions were obtained in an analogous manner from
appropriate mixtures of either MMA or EA, with MAA.

Synthesis of 3,3'-dithiodipropionic acid dihydrazide

DTP was synthesized according to a previously reported
method.* Into a 250 ml flask were placed 3,3’-dithiodipropionic
acid (5.00 g, 23.8 mmol) and methanol (50 ml). Three drops of
concentrated sulphuric acid were added to the resulting solu-
tion and the mixture was refluxed for two hours. The reaction
mixture was then cooled to room temperature and the methanol
was evaporated under reduced pressure. The residue was then
diluted with diethyl ether (60 ml), transferred to a separating
funnel, washed sequentially with saturated NaHCO; solution
(30 ml) and water (30 ml). The organic phase was dried (MgSO,)
and evaporated under reduced pressure to afford crude
dimethyl 3,3'-dithiodipropionate as a transparent, pale amber
oil (5.21 g, 92%), which was used without further purification.*
Dimethyl 3,3’-dithiodipropionate (5.00 g) was dissolved in
methanol (100 ml) at room temperature. Hydrazine mono-
hydrate (6.30 g, 6.0 equiv.) was then added and the reaction
mixture stirred overnight (18 h approx.) at room temperature.
The resulting suspension was filtered and the white solid

This journal is © The Royal Society of Chemistry 2013

View Article Online

washed sequentially with methanol (50 ml), water (10 ml) and
methanol (25 ml), before being air-dried to constant weight. The
desired product, DTP, was obtained as a white solid (3.10 g,
62%).** The 'H and "*C NMR spectra of DTP in DMSO-d, are
presented in Fig. S1, ESL.{

Particle preparation

A solvent evaporation method was used for the preparation of
the PMMA-MAA and PEA-MAA particles. The following proce-
dure is representative for the preparation of the non-cross-
linked PMMA-MAA and PEA-MAA particles. Firstly, 2.0 g of
PMMA-MAA was dissolved in 44 ml of a mixed CH,Cl,-MeOH
(84 : 16, v/v) solvent. This was then added, at a uniform rate of
10 ml min~?, into 120 ml of water, containing 1 wt% PVP,
sheared at 10 000 rpm (whilst cooled to 0 °C), using a Silverson
LR4 high speed mixer. The emulsification was continued for 30
seconds after addition of the polymer solution. The emulsion
was then allowed to stir gently overnight to enable removal of
the CH,Cl,. The product was purified by repeated centrifuga-
tion and redispersion in water in order to remove excess PVP.
The resultant suspension was then filtered through a 50 um
filter and stored at 2-4 °C.

Preparation of crosslinked particles

The following procedure for the preparation of PMMA-20MAA/
9CYS is representative of the general procedure employed: 4.25
ml of the concentrated PMMA-29MAA particle stock dispersion
(8 wt%, 1 mmol COOH groups) was diluted with 18.4 ml of 0.1
M pH 6.0 phosphate buffer to afford a final concentration of 1.5
wt%. The pH of the buffer utilized depended upon the pK, of
the particles. (The relationship between the pH at which
crosslinking was performed and the particle pkK, is discussed
later.) To the resulting stirred suspension, NHS (0.140 g, 1.22
equiv.) was added followed by EDC hydrochloride (0.153 g, 0.80
equiv.). Stirring was continued for a further fifteen minutes
before CYS (0.095 g, 0.42 equiv.) was added. The reaction
mixture was then stirred at room temperature for 24 hours and
the crosslinked particles were isolated by centrifugation, fol-
lowed by three cycles of redispersion in water and centrifuga-
tion. The DTP crosslinked particles were prepared in an
analogous manner by substituting DTP for CYS. The cross-
linked particle abbreviation used here identifies the mol%
non-functionalized MAA groups and the mol% CYS or DTP
incorporated into the particles. For example PMMA-20MAA/
9CYS contained 20 mol% MAA and 9 mol% CYS.

Analysis

Proton magnetic resonance spectra (*H NMR) were recorded on
Bruker Avance 400 and 500 MHz spectrometers. Chemical shifts
(6H) are quoted in parts per million and are referenced to the
residual solvent peak. GPC analyses were performed on a Sho-
dex R101 Refractive index detector. Samples were dissolved in
anhydrous, inhibitor-free THF (1 mg ml™') at room tempera-
ture. The columns contained Phenomenex Phenogel 5 pum
beads with 500, 10* and 10° A pore sizes. The flow rate was 1 ml
min~". Potentiometric titration was conducted using a Mettler
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Toledo DL15 titrator. Measurements were performed on 40 ml
of a 1 wt% non-crosslinked dispersion using standardized
NaOH solutions. All pK, values reported here are apparent
values. Optical microscopy was conducted with an Olympus
BX41 microscope and white transmitted light. Dispersions were
deposited on SEM stubs by evaporation at room temperature.
Thin sections of gel were rapidly frozen in liquid nitrogen and
residual moisture removed by freeze-drying. Rheology
measurements were performed at 25 °C using a TA AR-G2
rheometer and a 250 pm gap with a 20 mm diameter steel plate
at 25 °C. All strain-sweep measurements were conducted at a
frequency of 1 Hz. All frequency-sweep measurements were
conducted at a strain of 0.1%. A particle concentration of 5.0
wt% was used for these studies. DLS measurements were per-
formed on a light scattering photometer consisting of a 50 mW
He/Ne laser, operating at 633 nm, with a standard avalanche
photodiode (APD) and 90° detection optics connected to a
Malvern Zetasizer Nano ZS90 autocorrelator. The measure-
ments were carried out at pH values ranging from 5.4-8.0 and at
a constant solution concentration of 0.1 wt%. The dispersions
were treated with 1.0 M NaOH solution until the desired pH
value was reached, then allowed to equilibrate for 15 min. The
hydrodynamic diameter (D, in nm) of the particles was
measured at 90° using a Malvern Zetasizer Nano ZS90. At least
10 correlation functions were analyzed per sample, at each pH
value, in order to obtain an average measurement. The volume
swelling ratio, Q, of the PMMA-MAA and PEA-MAA particles,
functionalized with either CYS or DTP, was estimated using Q =
(Dh/Dh(co11apse))3, where Dy, and Dy (collapse) are the hydrodynamic
diameters of the particles at a given pH (well below the particles’
pK, values) and in the collapsed non-swollen state, respectively.
All Dpcollapse) Values were measured at the lowest pH values
tested. The degree of neutralization, «, of the available RCOOH
groups was calculated using the Henderson-Hasselbalch
equation: & = 1/(10P%<"PH + 1),

3 Results and discussion
Synthesis and characterisation of the copolymers

PMMA-MAA and PEA-MAA were synthesized by free-radical
polymerisation of the appropriate mixture of monomers in the
presence of AIBN using a previously reported method.>* The
copolymers were characterized by GPC and "H NMR. The weight
average molecular weight and polydispersity of the copolymers
were determined by GPC (Fig. S2, ESIT). The copolymers had
molecular weights ranging from 18 120 to 40390 g mol ™"
(Table 1). GPC analyses gave monomodal distributions with
polydispersities ranging from 1.75 to 1.96. The copolymers'
structural compositions were determined from their *H NMR
spectra in DMSO-d, (Fig. S3, ESIf). The compositions of the
PMMA-MAA samples were calculated by examining the relative
ratios of signal intensities of the methoxyl protons of MMA
groups and the methyl and methylene protons of both MMA
and MAA groups. The composition of the PEA-30MAA polymer
was determined from the ratios of the signal intensities of the
methylene protons of the ethyl ester units to the methylene
protons of both EA and MAA groups (see Fig. S3, ESIT). The
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Table 1 Characterisation data of PMMA-MAA and PEA-MAA
Mol% MAA

Composition ~ M,* (g mol™") PDI* Theor. Exper.” Exper.’ pK,°
PMMA-29MAA 40 390 1.89 30 29 34.3 7.3
PMMA-38MAA 31 130 1.89 40 38 38.5 6.9
PMMA-65MAA 23 410 1.96 70 65 68.3 6.3
PEA-30MAA 20 370 1.75 30 30 26.1 6.2
PEA-65MAA 18 120 1.85 70 65 66.9 5.6

“ Determined by GPC. ° Determined by 'H NMR. ¢ Determined by
potentiometric titration.

experimental values obtained by "H NMR were in good agree-
ment with the theoretical values (Table 1).

Preparation and characterisation of PMMA-MAA and PEA-
MAA non-crosslinked particles

Dispersions of PMMA-29MAA-, PMMA-38MAA-, PMMA-65MAA-,
PEA-30MAA- and PEA-65MAA-based non-crosslinked particles
were prepared by the sequential emulsification-solvent evapo-
ration protocol described previously (Scheme 1a).>* An impor-
tant discovery in this work was that the rate of addition of the
copolymer solution greatly affected the dispersion stability. In
this study an optimized addition rate of the CH,Cl,-MeOH/
copolymer solution was established (10 ml min '), which was
much lower than that employed previously* and resulted in the
formation of homogeneous, colloidally stable particle disper-
sions (Fig. 1a). These dispersions remained stable for at least
two months after their preparation. After the crosslinking step,
highly elastic gels were formed when the pH was raised by
treatment with sodium hydroxide solution. Optical micro-
graphs of PMMA-38MAA dispersions taken after CH,Cl, evap-
oration are presented in Fig. 1a. Some of the collapsed particles
are with doughnut-like morphology, which is often reported for
hollow particles.> A representative SEM image of non-cross-
linked PEA-30MAA particles is shown in Fig. 1b. Both the optical
(Fig. 1a) and SEM images of all non-crosslinked dispersions
studied indicated collapsed objects of various sizes and shapes.
The particles' diameters range from less than 1 um up to around
5 um. The polydispersity of the samples was due to the turbu-
lent shear flow during the high shear mixing.** If required, the
polydispersity could be reduced by fractionation.

The formation of the PMMA-MAA and PEA-MAA particles is
mainly controlled by the amphiphilic nature of the copolymers.
The formation of spherical core-shell micelles has been
reported for both random and crosslinked PMMA-MAA and
PEA-MAA, poly(styrene-b-methacrylic acid), poly(S-b-MAA),
poly(isobutylene-b-methacrylic acid), poly(IB-b-MAA), poly-
(styrene-b-acrylic acid) and poly(S-b-AA) copolymers in aqueous
solution.”” In the present study, PMMA-MAA and PEA-MAA
particles were prepared using the solvent evaporation approach.
This type of technique has been previously used to manu-
facture solid polymeric microparticles or core-shell micelles
from amphiphilic block copolymers (such as poly(n-butyl

This journal is © The Royal Society of Chemistry 2013
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(a) i
1 2
R EOR 1. Dissolve in CH,Cl,-MeOH RO
(84:16)
o
2. Pour into 1% w/v PVP solution OH
10,000 rpm, 0 °C RO
X y O™ Non
copolymer - -

3. Stir overnight at rt

(b)

[0} 0O
RO OH
0}
OH
RO o

Collapsed non-crosslinked
hollow microparticles

O o}
1. EDC, NHS,
RO OH pH 5.4-6.0 buffer, rt, 15 min
o) 2,
® )
<] ® S NH;CI
. 4 OH C|H3N/\/ \S/\/ 3

Collapsed non-crosslinked
hollow microparticles

(c)

1. EDC, NHS,
RO OH

pH 5.4-6.0 buffer, rt, 15 min

cystamine dihydrochloride, CYS

Crosslinked
hollow microparticles

o 2

HoN~ S\s
RO o

3,3'-dithiodipropionic acid dihydrazide, DTP

Collapsed non-crosslinked
hollow microparticles

PMMA-MAA R'=R2=Me

PEA-MAA R'=H, R?=Et

Scheme 1

Crosslinked
hollow microparticles

Method for preparation of pH-responsive, crosslinked doughnut-like particles: (a) depicts the preparation of the non-crosslinked particles; (b) and (c) depict

the preparation of crosslinked particles using CYS and DTP, respectively. For clarity the PVP stabilizer is not shown.

methacrylate)-b-poly(2-methacryloyloxyethyl phosphorylcho-
line)).*** The solvent evaporation approach has also been used
to generate hollow particles.®~® For the earlier investigated
PMMA-MAA and PEA-MAA copolymer analogues, the formation
of hollow particles shortly after emulsification was attributed to
the polymers' precipitation at the CH,Cl, droplet/water inter-
face due to transfer of methanol to the aqueous phase.”
Unfortunately, based on the optical and SEM images of the
present PMMA-MAA and PEA-MAA non-crosslinked particles
(Fig. 1) it is difficult to unambiguously determine the particle
morphologies present. However, a coexistence of hollow parti-
cles and solid particles is favoured in the aqueous dispersions

This journal is © The Royal Society of Chemistry 2013

of the new PMMA-MMA and PEA-MAA. This is supported by the
doughnut-like particles highlighted in Fig. 1a and c. However,
the gels formed from the crosslinked particles, under physio-
logical conditions, are shown to have high elasticities and
ductilities, which was the ultimate aim of this research.

The molar percentages (mol%) of MAA in the PMMA-MAA
and PEA-MAA non-crosslinked particles were measured by
potentiometric titration. The values calculated by potentio-
metric titration and those estimated from the '"H NMR spectra
of the copolymers were in reasonable agreement with each
other and with the theoretical values (Table 1). The pH vs.
degree of neutralisation («) plots for PMMA-MAA and PEA-MAA
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Fig. 1 (a) and (b) show an optical micrograph and SEM image for PMMA-
38MAA (pH = 6.5) and PEA-30MAA (pH = 6.0), respectively. (c) and (d) show an
optical micrograph and SEM image of PMMA-20MAA/9CYS (pH = 6.5) and PEA-
T0MAA/20DTP (pH = 6.0), respectively.

dispersions are shown in Fig. S4, ESL.1 The pK, values decrease
as the MAA content increases (see Table 1). The pK, values for
the PMMA-MAA particles were higher than those of PEA-30MAA,
which is proposed to be the result of lower chain flexibility due
to the higher glass transition temperature of poly(MMA).*”%*

Preparation and characterisation of crosslinked particles

The particles were crosslinked by bis-amide formation through
their carboxylic acid groups with the symmetrical diamines CYS
or DTP, using EDC-mediated coupling methodology (Scheme 1b
and c¢).***® It is important to note that although the amide
bonds formed are stable, the crosslinking itself is reversible due
to the presence of labile disulphide bonds within the cross-
linker molecules.”**”*” In all crosslinking reactions, the same
molar proportions of reagents (EDC, NHS, CYS or DTP) relative
to the number of available COOH groups were employed.
Elemental analysis measurements revealed that the proportion

Table 2 Crosslinked particle compositions, swelling ratios and gel properties
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of available RCOOH groups which were successfully reacted
with either CYS or DTP were 5-31% for the MMA-containing
copolymers and 9-67% for the PEA-MAA (Table 2). These results
were lower than the theoretically predicted values which would
correspond to a 100% chemical yield (see the Experimental
section). It was found that the extent of crosslinking achieved
was highly dependent upon the pH of the reaction mixture and
this effect has been reported for related systems.***® For
example, a previously reported investigation into the reaction
between carboxylic acids and EDC, as well as subsequent amide
formation, showed that a pH of 3.5-4.5 was optimal for the
activation of carboxyl groups by EDC.* However, the amine
groups of CYS (pK, of CYS = 8.35)*® would be extensively
protonated under such acidic conditions and therefore less
reactive,”®” but as the pH increases toward neutrality the
percentage of successfully activated carboxyl groups falls
sharply. In contrast, the terminal nitrogen atoms of hydrazides
have been found to retain their nucleophilicity at acidic pH
values which would render amines relatively unreactive.”®***
This allowed the highest extent of crosslinker incorporation to
be achieved for DTP (Table 2, entry 7). However, we show below
that these high levels of DTP incorporation were not beneficial
in terms of the resulting gel's mechanical properties.
Consideration of the pK, values of the non-crosslinked
particles was of critical importance during the crosslinking
reactions (Scheme 1b and c), as the dispersions dissolved when
the solution pH reached their corresponding pK, values. For
PMMA-29MAA and PMMA-38MAA particles (Table 2, entries 1-
4) the crosslinking reactions were performed in pH 6.0 phos-
phate buffer, whereas, due to their relatively low pK, values of
5.6-6.3, PMMA-65MAA, PEA-30MAA and PEA-65MAA particles,
(Table 2, entries 5-8) were crosslinked in pH 5.4 buffer. The
collapsed crosslinked PMMA-20MAA/9CYS and PEA-10MAA/
20DTP particles were visualized by optical microscopy (Fig. 1c)
and SEM (Fig. 1d). The collapsed morphology was also apparent
for the respective parent non-crosslinked particles (see Fig. 1a
and b). Some of the particles folded inwards upon themselves, a
feature which has been previously observed for other related

systems.>"3%34

Crosslinked copolymer

Entry Copolymer RCONHR? (%) particles composition Omax” pHg ° Gnax” (kPa) Ve (brg;, )¢ (%)
1 PMMA-29MAA 31 PMMA-20MAA/9CYS 5.9 7.0 8.7 —

2 14 PMMA-25MAA/4DTP 11.4 7.0 56.3 —

3 PMMA-38MAA 37 PMMA-24MAA/14CYS 3.4 7.0 5.4 17.7

4 5 PMMA-36MAA/2DTP 11.9 7.0 100.0 —

5 PMMA-65MAA 31 PMMA-45MAA/20DTP 4.7 6.5 0.2 43.7

6 PEA-30MAA 33 PEA-20MAA/10CYS 11.5 6.5 7.3 53.9

7 67 PEA-10MAA/20DTP 8.4 6.5 1.4 18.3

8 PEA-65MAA 9 PEA-59MAA/6DTP — 6.5 24.2 —

“ percentage of RCONHR formed. * Swelling ratio at PHg, , In each case this value of Q corresponded to the maximum swelling ratio. © pH at which
gels with G, are formed. ¢ The maximum storage modulus value. ¢ Yield strain at pHg, - The swelling ratio for entry 8 was not determined, as the

particles were already swollen at the lowest pH tested (pH 5.4). For entries 1, 2, 4 and 8 the 7c(

exceeded the maximum v values used in the experiments.
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Fig.2 Size distribution function data for the parent non-crosslinked particles are
shown in (a). The Dy, as a function of « are shown in (b). For PEA-65MAA and
PMMA-38MAA, only the D§°™ are considered.

Dynamic light scattering data

The sizes of the non-crosslinked and crosslinked particles were
investigated by DLS as a function of the solution pH. The
measurements were carried out at pH values ranging from 5.4-
8.0. Examples of size distributions for PMMA-38MAA-, PEA-
30MAA- and PMMA-29MAA-based non-crosslinked particles are
shown in Fig. 2a as well as in Fig. S5a, ESI.T The Dy, values are
summarized in Table S1, ESL{ For the dispersions of non-
crosslinked PMMA-29MAA (Fig. S5a, ESIT), PMMA-65MAA and
PEA-30MAA, the distributions were monomodal at all pH values
tested. For the PMMA-38MAA (Fig. 2a) and PEA-65MAA disper-
sions two modes particles slow (D§°") and fast (Df*") (small
particles) were apparent at pH 6.0-6.5. The data in Table S1 and
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Fig. S5a, ESIf show that upon increasing the pH any large
particles which were present gradually dissociated into smaller
aggregates and eventually the particles dissolved.

Fig. 2b shows the variation of the particle size (Dy,) with a.
The data in Fig. 2b show that for all systems, particle size
decreases as the value of « increases, resulting in complete
dissolution of the non-crosslinked particles at 100% neutrali-
sation (¢ = 1). The increasing solubility of the particles with
increasing pH is due to the ionisation of RCOOH groups along
the polymer chain, which causes the polymer chains to repel
each other due to their mutual negative charges and thus
weaken their hydrophobic interactions.””* Eventually (at high
) the polymer chains became hydrophilic enough to overcome
the intermolecular forces between adjacent water molecules
and dissolve. The particles shrink in size due to individual
chains undergoing this process of dissolution.”” As will be
shown below, this process can lead to particle swelling rather
than disintegration if interchain crosslinks are present. For
PMMA-38MAA and PEA-30MAA the Dy, decreases gradually with
a over the entire course of neutralisation, reflecting the
comparatively lower solubility of these copolymers. The Dy, vs. «
curves exhibit a gentle slope in «, ranging from ~0.1 to 0.8 and
the slope becomes steeper as « increases until complete neu-
tralisation is reached. This suggests that the particles may
undergo a conformational transition during the course of
neutralisation.”””> For PMMA-65MAA and PEA-65MAA the
particle size decreased sharply as « increased, indicating that

(b)
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Effect of pH on the Dy, of crosslinked and non-crosslinked particles. Selected size distribution functions for crosslinked particles are shown in (a) and (b). The Dy, as

a function of pH for (c) PMMA-38MAA, PMMA-36MAA/2DTP and PMMA-24MAA/14CYS and (d) PEA-30MAA, PEA-10MAA/20DTP and PEA-20MAA/10CYS. For

PMMA-38MAA and PEA-20MAA/10CYS, Dy, refers specifically to Dii°" only.
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dissociation of the carboxylic acid groups for these particles
leads to a correspondingly greater increase in copolymer chain
solubility compared to their less hydrophilic, (meth)acrylate-
rich counterparts. Compared to the PMMA-65MAA, the particles
formed from PEA-65MAA are larger, which could be due to the
greater flexibility of PEA compared to PMMA segments.

Compared to the non-crosslinked particles, dispersions of
particles crosslinked with CYS or DTP showed an initial sharp
increase in the particles’ diameter, i.e., pH-triggered swelling
(see Fig. 3). This was followed by a peak in Dy and then a
subsequent decrease at higher pH values after the Dy, reached
its maximum value. This was due to pH-triggered dissolution
(see Fig. 3c and d). Representative crosslinked particle size
distributions for PMMA-24MAA/14CYS, PEA-20MAA/10CYS and
for PMMA-25MAA/4DTP are presented in Fig. 3a and b and in
Fig. S5b, ESL.T The corresponding Dy, are summarized in Table
S1, ESL For the crosslinked particle dispersions containing
MMA, the distributions were monomodal at all pH values
tested. For the PEA-20MAA/10CYS- (Fig. 3b), PEA-10MAA/
20DTP- and PEA-59MAA/6DTP-based crosslinked particles the
distributions were typically bimodal or an intermediate mode
was also apparent. Although the fast and intermediate particles
appear to swell to a lesser extent than the slow particles, similar
variations in their Dy, values with changes in the solution pH
were clearly observed (see Table S1, ESIt).

For the particles crosslinked with either CYS or DTP, the
maximum swelling values (Qnax) are presented in Table 2. For
the PMMA-20MAA/9CYS, PMMA-25MAA/ADTP, PMMA-24MAA/
14CYS and PMMA-36MAA/2DTP particles Quax is observed at
pH 7.0 (Fig. 3c), whereas for the PMMA-45MAA/20DTP, PEA-
20MAA/10CYS and PEA-10MAA/20DTP this maximum is shifted
downwards to pH 6.5 (Fig. 3d). This correlates well with the pK,
values of the corresponding (parent) non-crosslinked particles
(see Table 1). The Q values for all crosslinked particle disper-
sions at various pH values are listed in Table S1, ESL.{ Swelling
ratios of up to 11.5 and 11.9 for CYS- and DTP-functionalized
particles, respectively, were measured. Unfortunately, for PEA-
59MAA/6DTP the swelling ratio was not measured as the parti-
cles were already swollen at pH 5.4 (Table S1, ESL} entry 13).

The crosslinked particles initially expand to swollen
hydrated particles as the pH increases and this process is driven
by electrostatic repulsion between negatively charged carboxy-
late groups. Whereas the non-crosslinked particles gradually
disintegrate into unimers or small clusters when this electro-
static repulsion exceeds the hydrophobic attraction between
MMA or EA groups, the polymer chains of the swollen cross-
linked particles are effectively held together by their crosslinks
(see Fig. 3c and d). However, disulphide groups, such as those
present in CYS and DTP, are known to be readily cleaved under
alkaline conditions.”*”® As a consequence the crosslinked
particles also succumb to disintegration and for this reason the
pK, values of the crosslinked particles (necessary in order to
correlate solution pH with « values) were not determined.

Close examination of the pH-dependent swelling data results
(Fig. 3 and Table 2) reveals some important general trends.
Firstly, between particles of similar composition such as PMMA-
20MAA/9CYS and PMMA-24MAA/14CYS, the larger swelling
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ratio (of about 5.9 at pH 7.0) was observed for the former, which
features a lower level of crosslinking (see Table 2, entries 1 and
3). The same trend is present for the dispersions of PMMA-
36MAA/2DTP, PMMA-25MAA/4DTP and PMMA-45MAA/20DTP
where the larger swelling ratio (of about 11.9 at pH 7.0) is found
for the PMMA-36MAA/2DTP particles (see Table 2, entries 2, 4
and 5). This is due to the increased expansion of the polymer
chains as the extent of the crosslinking decreases.”” Particles
composed of EA-containing copolymers were found to swell
more at a given pH than their structurally isomeric MMA-based
counterparts. This can be explained by their relatively lower pK,
values, which results in a correspondingly greater extent of
carboxyl group ionisation at a particular pH. For example,
compare PMMA-20MAA/9CYS with PEA-20MAA/10CYS, where
the EA-copolymer particles, with an approximately equivalent
percentage of functionalized COOH groups, swell to almost
twice the volume (see Table 2, entries 1 and 6). This difference
also has a contribution from the increased chain mobility due
to more flexible EA segments. The same trend occurs for the
dispersions of PMMA-45MAA/20DTP and PEA-10MAA/20DTP,
which feature swelling ratios of 4.7 and 8.4, respectively (Table
2, entries 5 and 7). Furthermore, particles crosslinked with DTP
swell to a larger extent than those which are crosslinked with a
comparable proportion of CYS, presumably due to the increased
length of the DTP molecule. For example, for PMMA-24MAA/
14CYS the swelling ratio at pH 7.0 was 3.4, whereas for PMMA-
45MAA/20DTP particles at the same pH, the value was 4.7
(Table 2, entries 3 and 5). This is particularly illustrative of the
lowered restriction toward the particles’ expansion afforded by
DTP, as the notably higher level of crosslinking, which reduces
swelling ratios, has been adequately compensated for. The
effect of the crosslinker structure (CYS versus DTP) upon the
mechanical properties of the gels is discussed below.

Particle gel morphology and dynamic rheology

For the PMMA-29MAA and PMMA-38MAA patrticles crosslinked
with either CYS or DTP strong physical gels were formed at
particle concentrations of only 5 wt% and in the pH range of
7.0-7.5, which is highly desirable for future potential applica-
tion in vivo. Gelation occurred at pH 6.5-7.0 for PMMA-45MAA/
20DTP, PEA-20MAA/10CYS, PEA-10MAA/20DTP and PEA-
59MAA/6DTP. Formation of physical gels under these condi-
tions occurred when the effective volume fraction occupied by
the swollen particles exceeded that which permits inter-particle
movement.”>*** The particles swelled to the point of inter-
particle contact and this physically locked them in their loca-
tions. At this point the gels were able to distribute load
throughout the network of physically interconnected particles.

Representative SEM images of freeze-dried gels formed from
swollen PMMA-24MAA/14CYS, PMMA-36MAA/2DTP and PMMA-
25MAA/ADTP gels, at pH 7.0, are shown in Fig. 4 and in Fig. S6,
ESL{ All gels studied feature a highly porous interconnected
morphology, similar to what has been previously reported for
analogous systems.>*"**3° Their pore sizes range from 1 to 5 um
and are comparable to those observed in the corresponding
crosslinked particle precursors (Fig. 1). Compared to gels derived
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Fig. 4 SEM images of freeze-dried (a) and (b) PMMA-36MAA/2DTP and (c)
PMMA-24MAA/14CYS gels formed at pH 7.0.

from PMMA-20MAA/9CYS, PEA-10MAA/20DTP, PMMA-45MAA/
20DTP, PEA-20MAA/10CYS and PMMA-24MAA/14CYS (Fig. 4c),
those gels which are formed from PMMA-36MAA/2DTP (Fig. 4a
and b), PEA-59MAA/6DTP and PMMA-25MAA/4DTP (Fig. S6,
ESIT) particles had much thicker pore walls and high inter-
connectivities. We stress that these new PMMA-36MAA/2DTP,
PMMA-25MAA/ADTP and PEA-59MAA/6DTP gels also gave
outstanding elasticity values (see below).

The mechanical properties of the physical gels were evalu-
ated by dynamic rheology measurements. Dispersions of the
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crosslinked copolymer particles (5 wt% concentration) were
subjected to frequency-sweep studies from 0.1 to 100 Hz at a
constant strain of 0.1%. The variation of G’ and tan ¢ (tan 6 =
G"/|G") with the oscillatory frequencies for PMMA-24MAA/
14CYS, PMMA-36MAA/2DTP at pH 7.0 and PEA-20MAA/10CYS,
PMMA-45MAA/20DTP physical gels at pH 6.5 are shown in
Fig. 5a and b. The data are characterized by G’ exhibiting a
plateau in the whole frequency range which is indicative of a
stable crosslinked network. Within the frequency range 1-10 Hz
all systems behaved as elastic gels with tan ¢ values less than
1.0, ie., G > G’ (Fig. 5b). At higher frequencies, from 20-100 Hz,
the structures did not have time to relax upon application of the
deformation stress which resulted in tan J values increasing to
greater than 1.0 and occurrence of network breakdown. The
observed differences in G’ arise from the different number
density of elastically effective chains in the gels which corre-
spond well with those obtained from the strain-sweep test
(Fig. 5c¢ and d). The lowest G’ values were observed for the
heavily crosslinked PMMA-45MAA/20DTP. For this physical gel
the frequency at which tan 6 = 1.0 (a critical frequency, fe)
occurred was about 20 Hz, compared to 80-90 Hz for the other
PMMA-containing gels. This corresponds to a critical relaxation
time (Teric = 1/ferie) of about 0.05 s for PMMA-45MAA/20DTP and
around 0.011-0.013 s for rearrangements of the PMMA-24MAA/
14CYS and PMMA-36MAA/2DTP physical gels. The data for PEA-
20MAA/10CYS had a higher f,,; (about 100 Hz) and a shorter 7.
(<0.01 s). This shorter relaxation time corresponds to an
increased rate at which the inter-particle network repairs under
dynamic strain and is consistent with the greater mobility of the
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Fig.5 Frequency-sweep data (a) and (b) and strain-sweep data (c) and (d) for PMMA-36MAA/2DTP, PMMA-24MAA/14CYS, PEA-20MAA/10CYS and PMMA-45MAA/
20DTP at pH = 7.0. The frequency-sweep data were measured at a strain of 0.1%. The strain-sweep measurements were conducted at a frequency of 1 Hz.
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PEA chains.””® For the PMMA-containing gels the data are
consistent with a decrease in chain mobility as the extent of
crosslinking increases.

Strain-sweep dynamic rheology experiments were performed
on the crosslinked particle gels over a broad pH range (from pH
6.0-11.0). Fig. 5¢ and d show data for PMMA-24MAA/14CYS,
PMMA-36MAA/2DTP, PEA-20MAA/10CYS and PMMA-45MAA/
20DTP measured at pH = 7.0. For strains () less than 10%, the
gels had tan ¢ values less than 1.0. The critical yield strain (y.) is
the v value corresponding to tan 6 =1.0. When v is greater than vy,
more energy is dissipated (as heat) than stored and the gel is
considered to be fluid. Throughout the strain range studied the
concentrated dispersions of PMMA-24MAA/14CYS, PMMA-
45MAA/20DTP, PEA-20MAA/10CYS (Fig. 5¢ and d) and PEA-
10MAA/20DTP particles at pH = 6.5 (Fig. S9e and f, ESI{) showed
both fluid-like and gel-like behaviour. At low deformations the
dispersions were more elastic, with tan 6 < 1.0 (G’ > G”'), whereas
at higher deformations the response was clearly non-elastic.
However, under the same conditions, the behaviour of the
PMMA-36MAA/2DTP dispersion was distinctly different and
showed entirely elastic responses at all strain percentages. Whilst
there was a modest decrease in G’ for PMMA-36MAA/2DTP, with y
values greater than 0.15% (Fig. 5¢) and a corresponding increase
intan ¢ (Fig. 5d), the values for tan ¢ remained well below 1.0 over
the entire strain range studied (up to 100%). Elastic behaviour
over the entire range of strain percentages tested was also
observed for the PMMA-25MAA/4ADTP, PMMA-20MAA/9CYS and
PEA-59MAA/6DTP particle gels at pH = 7.0 and 6.5, respectively
(see Fig. S8c, d, g, h, S9c and d, ESI¥).

The variations of G’ and tan é with pH measured at 1% strain
for PMMA-24MAA/14CYS, PMMA-20MAA/9CYS, PMMA-36MAA/
2DTP, PMMA-45MAA/20DTP, PEA-10MAA/20DTP and PEA-
20MAA/10CYS are shown in Fig. 6 and S7, ESL.T The full set of
data for all the gels are shown in Fig. S8 and S9, ESI.{ Similar to
what has been previously reported for analogous systems,*"**
the initial increase in pH resulted in an increase in G’ (Fig. 6a
and b) and a decrease in tan 6 (Fig. S7, ESIT). This is attributed
to the swelling of the particles as the pH increased. As the
particles swelled, and impinged on each other, a greater inter-
particle contact area resulted and this, in turn, increased the
number density of elastically effective chains within each
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particle that contributed to stress distribution. Gels with an
optimum elastic response were observed at pH 6.5-7.5, which is
the ideal pH range for future physiological applications. In this
pH region maximum values of G’ (Gpa) and minimum tan 6
values were observed. Values for the Gp,.x of each gel and the
corresponding pH value (pHG:n ) are shown in Table 2. Inter-
estingly, the pH, values correspond to the pH where Qmax
occurs, demonstrating a strong correlation between maximum
particle swelling and gel elasticity. Further increases in pH
resulted in a decrease in G’ (Fig. 6a and b) and an increase in
tan 6 (Fig. S7, ESIf) as a consequence of decreased particle
swelling and particle interpenetration. The particles partially
deswelled due to the increased ionic strength. This decreased
the extent of inter-particle contact and hence the number
density of elastically effective chains. Interestingly, the corre-
sponding decreases in G’ were more pronounced for PMMA-
24MAA/14CYS and PMMA-45MAA/20DTP than for the related
PMMA-36MAA/2DTP, PMMA-20MAA/9CYS gels (Fig. 6a). The
first two systems were more highly crosslinked and had lower
respective Quax values than the latter. This implies that inter-
particle molecular entanglements (ie., inter-particle contact
area at the particle peripheries) were more extensive for the
more highly swollen (PMMA-36MAA/2DTP and PMMA-20MAA/
9CYS) particle gels. Interestingly, those gels were also less
susceptible to pH-triggered dissolution. For those (physical)
particle gels a decrease in crosslink density actually increased
gel elasticity. This is opposite to the trend predicted from
rubber elasticity theory and is a unique feature of these pH-
responsive particle gels. Similar trends were observed for the
PEA-containing gels. As seen in Fig. 6b the decrease in G’ was
more pronounced for PEA-10MAA/20DTP compared to PEA-
20MAA/10CYS. The PEA-20MAA/10CYS gel was less extensively
crosslinked and also had a lower Q. value.

The values of Gp,a for these PMMA- and PEA-containing gels
are up to factors of 10 and 2 greater, respectively, compared to
the related gels which were reported previously.*** Along with
the optimized particle compositions, which resulted in forma-
tion of highly elastic MAA-containing physical gels, another
reason for these high G values is the improved dispersion
stability achieved by the slower feed employed during particle
preparation. A particle gel that forms from well dispersed,
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Fig. 6 Variation of G’ with pH for PMMA-MAA and PEA-MAA-based crosslinked particles.
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swollen particles, will have a more uniform distribution of
elastically effective chains per unit volume than a gel that forms
from aggregated particles. A higher number density of elasti-
cally effective chains will, in turn, increase G'. For the PMMA-
MAA-containing crosslinked particle gels the Gp,ax values were
found to decrease in the following order: PMMA-36MAA/2DTP >
PMMA-25MAA/ADTP > PMMA-20MAA/9CYS > PMMA-24MAA/
14CYS > PMMA-45MAA/20DTP. This also corresponds to an
increasing extent of crosslinking and decreasing swelling ratio.
For the PMMA-36MAA/2DTP gel G;,,.x was 100.0 kPa, compared
to 56.3 kPa for PMMA-25MAA/4DTP, 8.7 kPa for PMMA-20MAA/
9CYS, 5.4 kPa for the PMMA-24MAA/14CYS and 0.2 kPa for
PMMA-45MAA/20DTP (Table 2). The results correlate well with
the DLS data, where larger pH-dependent swelling ratios (4.9-
11.9) were observed for the PMMA-36MAA/2DTP compared to
the PMMA-25MAA/4DTP (4.2-11.4), PMMA-20MAA/9CYS (4.6—
5.9), PMMA-24MAA/14CYS (2.3-3.4) and PMMA-45MAA/20DTP
(1.2-4.7) (see Table S1, ESIt). The same trend was observed for
the PEA-MAA-containing gels where the highest Gy, values of
24.2 kPa were observed for the gel derived from the lightly
crosslinked PEA-59MAA/6DTP. The decrease in G' can be
rationalized by the increased crosslink concentration, which
reduces the particles' swelling ratios (Table 2) and therefore the
level of inter-particle contact, which was an integral part of gel
formation.

An unexpected and new finding in this study was that
functionalisation of PMMA- and PEA-containing particles with
the DTP crosslinker caused a significant increase in Gp,,x and a
decrease in tan J, relative to their CYS-functionalized analogues
(Fig. 6 and S7, ESIT). The Gayx values for the DTP-functionalized
gels are up to factors of 11 greater than for the CYS-function-
alized gels. Furthermore, the relatively thick-walled morphology
observed by SEM for PMMA-36MAA/2DTP and PMMA-25MAA/
4DTP gels (Fig. 4a, b and S6, ESIt) implies that the walls have
higher elasticity and toughness than the thinner walls observed
for their CYS-functionalized analogue (Fig. 4c). The remarkable
rheology data for the DTP-crosslinked gels require further
comment. Our data demonstrate for the first time that the
identity of the crosslinker exerts a major influence upon the
extent of particle swelling and particle-based gel elasticity. This
may be rationalized by considering the molecular structures of
the two crosslinkers. It is further proposed that the formation of
stronger physical gels from the DTP-based crosslinked struc-
tures is associated with the different conformational
constraints and rigidities of the CYS and DTP crosslink units.
Due to the restricted rotation in the C-N bonds™”® of the two
amides at each end of the DTP molecule, it possesses less
freedom of movement compared to the CYS crosslinked struc-
ture and is therefore able to confer a more rigid, extended
conformation upon the elastically effective chains. This may in
turn increase G'. Further study regarding the effect of cross-
linker structure and physical gel elasticity is required in order to
fully explore the potential benefits of this type of modification.

Fig. 7 shows the variation of vy, with pH for the gels. In many
cases the vy. values were particularly high and exceeded the
maximum v values used in the experiments, which prevented
determination of those values. This was the case for the highly
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Fig. 7 Variation of y. with pH for PMMA-MAA and PEA-MAA-based crosslinked
particles.

elastic PMMA-36MAA/2DTP, PMMA-25MAA/ADTP, PMMA-
20MAA/9CYS, PEA-59MAA/6DTP gels (Fig. S8 and S9, ESIY).
Initially, v. for PMMA-24MAA/14CYS, PMMA-45MAA/20DTP and
PEA-20MA/10CYS increased with pH, up until pH 7.0, followed by
a decrease (Fig. 7). For each of these gels the maximum v, value
was recorded at pH 6.5-7.0. Compared to the PMMA-24MAA/
14CYS and PMMA-45MAA/20DTP, the lightly crosslinked PEA-
20MAA/10CYS gel was more ductile and also had higher elas-

ticity. The 7C(pH ) for the highly elastic gels such as PMMA-

25MAA/ADTP, PMMA-36MAA/2DTP, PEA-59MAA/6DTP and
PMMA-20MAA/9CYS exceeded 100% (Table 2). These gels were
formed from the most lightly crosslinked particles and were able
to deform rapidly and reversibly in response to the strain,
whereas for the heavily crosslinked systems (e.g., PMMA-24MAA/
14CYS and PEA-10MAA/20DTP) a decreased rearrangement
ability of the polymer segments in response to strain would have
reduced their ductility, as observed by experiment.

Particle composition-gel properties relationship

Numerous researchers have established a linear relationship
between the value of G' and a hydrogel's swelling ratio.””®
These literature data are in good agreement with the swelling
ratio studies which we have carried out with the new PMMA-
MAA and PEA-MAA crosslinked particle gels. The swelling is pH-
triggered and is caused by electrostatic repulsion between
negatively charged carboxylate groups on neighboring polymer
chains, which are effectively held together by their crosslinks.
The non-crosslinked PMMA-MAA and PEA-MAA dispersions did
not swell. Instead, they gradually disintegrated into unimers or
small clusters when this electrostatic repulsion exceeded the
hydrophobic attraction between MMA or EA groups (see DLS
results, Fig. 3c and d). The new PMMA-MAA and PEA-MAA
crosslinked particle-based gels were prepared under physio-
logical pH conditions by employing biodegradable DTP or CYS
as crosslinkers which were incorporated into the particle shells
using carbodiimide-mediated amide formation. A conceptual
model is proposed to explain the process of gelation for PMMA-
MAA and PEA-MAA functionalized particles. Gelation occurs
from sufficiently concentrated PMMA- or PEA-containing
crosslinked particle dispersions (Fig. 8a) upon raising the pH to
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Fig.8 Representation of (a) PMMA-MAA and PEA-MAA crosslinked particles in non-swollen state at pH < 6.5-7.0; (b) PMMA-MAA and PEA-MAA crosslinked particles
in swollen state at physiological pH; (c) the process of gelation for the PMMA-MAA/DTP crosslinked particles at pH = 6.5-7.0.

a level where particle swelling is maximized and the particles’
shells begin to come into contact. The process of gelation clearly
involves a system-wide structural transformation from discrete,
crosslinked swollen particles (Fig. 8b), to a continuous undif-
ferentiated, physical network of crosslinked copolymer chains
(Fig. 8c). For both PMMA- and PEA-containing crosslinked
particle gels the G values were found to decrease as the
extent of crosslinking increased and the corresponding swelling
ratio decreased (Table 2, compare entries 2, 4 and 5; 1 and 3; 6
and 7). Furthermore, the ductilities of these highly elastic gels
were found to exceed 100% (Table 2). The decreases in gel
elasticity and ductility could be attributed to a reduction in
flexibility of the polymer chains due to the increased extent of
crosslinks and, therefore, the level of particle interpenetration,
which is an integral part of the gel formation process. The
lightly crosslinked gels, which displayed the highest mechan-
ical strengths, are able to deform rapidly and reversibly in
response to an applied strain, unlike the heavily crosslinked
systems. Interestingly, gels derived from DTP-crosslinked
particles feature considerably higher mechanical strengths than
their CYS-functionalized counterparts (see Table 2). Further-
more, the DTP-functionalized gels feature a thicker-walled
morphology which implies a more efficient use of the cross-
linker (see SEM images, Fig. 4 and S6, ESIT). The extra amide
bonds (which feature restricted rotation, similar to alkene
bonds)* within the DTP molecule impart an increased degree of
rigidity to the interchain linkages. This would, in turn, lead to a
greater resistance toward compressive stress forces which are
trying to push the chains closer together. The extra length of the
DTP molecule compared to CYS also imparts an increased level
of ductility to the DTP-functionalized particles’ gels.
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4 Conclusions

In the present study we explored new types of high porosity,
high elasticity and ductility PMMA-MAA- and PEA-MAA-based
pH-responsive particle gels, which are potentially suitable for
future use in minimally-invasive tissue repair applications. The
gels were formed from concentrated dispersions of the parti-
cles, which were crosslinked with either CYS or DTP, in the
physiological pH range. The CYS-crosslinked particles formed
physical gels featuring much higher elasticities than those
reported previously.”** Moreover, we have described for the
first time the preparation and properties of particles derived
from PMMA- and PEA-based copolymers crosslinked with DTP.
The resulting gels were found to display excellent mechanical
properties. We have also reported the pH-dependent study of
the non-crosslinked and crosslinked particles using DLS. We
have established control over the particles' properties, as well as
the mechanical stability, interconnected porosity and ductility
of their gels by varying the copolymer composition, the chem-
ical structure of the crosslinker and the extent of crosslinking.
Compared to the physical gels crosslinked with CYS, the DTP-
crosslinked gels had both higher elasticity and ductility values.
Furthermore, in this study for the first time particle-based
physical gels with a G}« value of 100 kPa were prepared (with a
yield strain greater than 100%). Compared to the CYS-cross-
linked particle gels, PMMA-25MAA/4DTP, PMMA-36MAA/2DTP
and PEA-59MAA/6DTP gels featured thicker pore walls and
improved interconnectivity. This latter property is anticipated
to encourage tissue growth, in addition to allowing the rapid
diffusion of nutrients and oxygen in vivo. Because these gels
can be formed under physiological pH conditions and the
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PMMA-containing systems contain components generally
regarded as clinically safe, this work will bring their future
application as injectable gels for soft tissue repair much closer.
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