Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

¥® ROYAL SOCIETY
PP OF CHEMISTRY

Soft Matter

View Article Online

View Journal | View Issue

Preparation of polymer nanoparticle-based
complex coacervate hydrogels using
polymerisation-induced self-assembly
derived nanogelsy

’ '.) Check for updates ‘

Cite this: Soft Matter, 2023,
19, 2074

*ab

Ruiling Du {2 2° and Lee A. Fielding
This paper reports a generic method to prepare polymer nanoparticle-based complex coacervate
(PNCC) hydrogels by employing rationally designed nanogels synthesised by reversible addition-
fragmentation chain-transfer (RAFT)-mediated polymerisation-induced self-assembly (PISA). Specifically,
a poly(potassium 3-sulfopropyl methacrylate) (PKSPMA) macromolecular chain-transfer agent (macro-
CTA) was synthesised via RAFT solution polymerisation followed by chain-extension with a statistical
copolymer of benzyl methacrylate (BzMA) and methacrylic acid (MAA) at pH 2. Thus, pH-responsive
nanoparticles (NPs) comprising a hydrophobic polyacid core-forming block and a sulfonate-functional
stabiliser block were formed. With the introduction of methacrylic acid into the core of the NPs, they
become swollen with increasing pH, as judged by dynamic light scattering (DLS), indicating nanogel-
type behaviour. PNCC hydrogels were prepared by simply mixing the PISA-derived nanogels and
cationic branched polyethyleneimine (bPEl) at 20% w/w. In the absence of MAA in the core of the NPs,
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gel formation was not observed. The mass ratio between the nanogels and bPEI affected resulting
hydrogel strength and a mixture of bPEl and PKSPMAgg-P(BzMAg g-stat-MAAg 4)300 NPs with a mass ratio
of 0.14 at pH ~7 resulted in a hydrogel with a storage modulus of approximately 2000 Pa, as
determined by oscillatory rheology. This PNCC hydrogel was shear-thinning and injectable, with
recovery of gel strength occurring rapidly after the removal of shear.
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Introduction

Hydrogels are widely used in everyday and specialist applications
such as contact lenses," adsorbents for water purification,” soft
tissue engineering,® drug delivery,* and energy storage® owing to
their high water content and highly tuneable mechanical proper-
ties. An important class of hydrogels are ‘polymeric complex
coacervates’.® These gels are typically formed from two oppositely
charged macromolecules via reversible ionic bonds.”® Complex
coacervate gels have been studied for decades to yield an interest-
ing range of soft materials, and have been widely used as a strategy
for encapsulation in cosmetic, pharmaceutical industry and food
science industries.>'® Complex coacervate-based underwater
adhesives inspired by marine organisms, such as sandcastle
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worms which secrete coacervated proteins, have also been
reported.’*?

Another interesting class of soft hydrogels are particle-based
gels. Polymer-nanoparticle interactions have been employed to
allow the formation of tuneable and self-healing hydrogels."?
For instance, Appel et al.'* synthesized self-assembled hydro-
gels by mixing hydroxypropylmethylcellulose derivatives and
PEG-poly(lactic acid) nanoparticles. Similarly, collagen-gold
hybrid hydrogels with adjustable mechanical properties were
prepared using a biomineralization-inspired trigger.'> Highly
swellable microgels synthesized via seed-feed emulsion poly-
merisation have been investigated as injectable materials that
can form macroscopic hydrogels.'® Substantial swelling of such
microgels (in excess of 200 times by volume) facilitates their
pH-triggered physical gelation, which is subsequently followed
by re-enforcement by chemical crosslinking."”

Recently, there has been an interest in preparing nano-
particle-based complex coacervate gels. Wu et al.'® prepared
polymer/microgel complex coacervate gels by mixing pre-
formed polyacid microgel nanoparticles (NPs) and cationic
branched poly(ethylene imine) (bPEI) followed by thermal
annealing under mild conditions. This new family of gels was

This journal is © The Royal Society of Chemistry 2023
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shapeable, super-stretchable, self-healing, adhesive, had low
cytotoxicity and could be toughened using Ca®". More recently,
graphene nanoplatelets were introduced to these hydrogels,
conferring electrical conductivity as well as tensile and com-
pressive strain-sensing capability.'® However, such microgels
were prepared by seed-feed emulsion polymerisation. This has
the benefit of producing particles of tuneable size with adjus-
table swelling ratios but it is relatively limited in allowing the
formation of NPs with precise molecular weight, functionality
distribution and morphological control.

Polymerisation-induced self-assembly (PISA) via reversible
addition-fragmentation chain-transfer (RAFT) polymerisation is
a popular method for preparing self-assembled block copoly-
mer NPs in recent years.>* It is a robust and efficient route
to generate amphiphilic copolymer NPs of controllable size,
morphology, and surface chemistry. Typically, a solvophilic
homopolymer, also known as a macromolecular chain-
transfer agent (macro-CTA) or stabiliser, is prepared and
extended with monomer(s) in a selective solvent for the second
block, resulting in NP formation during polymerisation.
Depending on the initial solubility of the monomers used, PISA
can proceed by either emulsion polymerisation (insoluble
monomer), and dispersion polymerisation (soluble monomer).*>**
PISA can be used to prepare block copolymer NPs at high solids
content (up to 50% w/w) and is suitable for large-scale industrial
production.”**® Furthermore, the surface chemistry of PISA-
derived NPs can be readily modified by selecting macro-CTA(s)
with the desired distribution of functional groups, which
enables the precise design of NPs exhibiting e.g., non-ionic,***”
anionic®®*° or cationic coronas.>'**> For example, Wen et al.?®
prepared poly(potassium 3-sulfopropyl methacrylate)-poly(benzyl
methacrylate) (PKSPMA-PBzMA) spherical diblock copolymer NPs
with tuneable diameters (20-200 nm) in alcohol/water mixtures by
varying the copolymer composition, and/or by altering the co-
solvent composition. Douverne and co-workers®® explored the
effect of varying the anionic charge density in the steric stabilizer
block on the occlusion efficiency of the nanoparticles within host
crystals via statistical copolymerisation of anionic and non-ionic
monomers. In addition, Fielding and co-workers® pre-mixed
poly(methacrylic acid) (PMAA) and poly(glycerol monomethacry-
late) macro-CTAs prior to the extension of 2-hydroxypropyl metha-
crylate via RAFT aqueous dispersion polymerization in order to
prepare NPs with tuneable morphologies and adjustable anionic
character.

Whilst there have been many examples of PISA-derived
NPs with functional coronas, there are relatively limited exam-
ples where the core of the nanoparticle also provides function-
ality. For example, Mable et al.,** demonstrated the preparation
of framboidal triblock copolymer vesicles where the core-
forming blocks phase separated within the wall of the
assembled structure. Additionally, schizophrenic NPs have
recently been reported whereby the core and the corona invert
depending on the external pH.*>* There are a few reports on
PISA-derived thermosensitive nanogels based on thermosensitive
monomers (e.g. N-acryloyl glycinamide,*® N-isopropylacrylamide,®
3-dimethyl-(methacryloyloxyethyl)lammonium propanesulfonate).®®
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However, there are no examples of PISA-derived particles
which display pH-sensitive nanogel-type behaviour. In this
work, we hypothesize that PISA can be used to prepare pH-
sensitive nanogel particles by incorporating a carboxylic acid
comonomer into the insoluble block. Furthermore, we expect
that this new class of copolymer nanoparticles should be
useful for the preparation of functional NP coacervate gels
with tuneable properties.

Herein, the formation of PISA-derived copolymer NP coacer-
vate gels was investigated (Scheme 1). Firstly, nanogels were
prepared by chain extending PKSPMAg; with a statistical copo-
lymer of BzZMA and MAA at pH 2. This allowed pH-responsive
spherical NPs with an anionic sulfonate corona and a hydro-
phobic polyacid core to be obtained. The resulting size,
morphology and swellability of the NPs were characterised via
dynamic light scattering (DLS) and aqueous electrophoresis.
Subsequently, a series of polymer/NP complex coacervate
(PNCC) gels were prepared by the addition of bPEI at various
bPEI-to-NPs mass ratios (MR). The gel strength and shear
thinning behaviour of these coacervate gels were characterised
via strain-dependent oscillatory shear rheology.

Experimental
Materials

Potassium 3-sulfopropyl methacrylate (KSPMA, 98%), methacrylic
acid (MAA, 99%), branched polyethyleneimine (bPEI, 10 kDa) and
4,4'-azobis(4-cyanovaleric acid) (ACVA, 98%) were purchased from
Sigma-Aldrich (UK) and used as received. Benzyl methacrylate
(98%) was purchased from Alfa Aesar (UK) and passed through a
column of activated basic alumina to remove inhibitors and
impurities before use. 4-Cyano-4-(2-phenylethane sulfanylthiocar-
bonyl) sulfanylpentanoic acid (PETTC) was synthesised in-house
using previously reported protocols.”® 1,4-dioxane was purchased
from Honeywell (UK) and used as received. PKSPMA¢; (denoted
Ses) was prepared in-house (see ESIt) following literature protocols
via RAFT solution polymerisation (M, 11100 g mol* and M,/M,,
of 1.34, Fig. S2, ESI{).>***** Deuterium oxide (D,O) for NMR
characterisation was purchased from Cambridge Isotope Labora-
tories (UK). Methanol (> 99.9%) was purchased from Fisher
Scientific (UK) and used as received. Dialysis tubing (regenerated
cellulose, MWCO = 3.5 kDa, diameter = 29 mm) was received from
Fisher Scientific (UK). Deionised water (DI water) was used in all
experiments.

Preparation of PKSPMAgg-P(BZzMA,,-stat-MAA; ,,)300 block
copolymer nanoparticles via RAFT aqueous
emulsion polymerisation

A typical protocol for the synthesis of PKSPMAgg-P(BzMA ¢-stat-
MAA, 4)300, denoted Seg-P(Bo.6-Ag.4)300, iS as follows. PKSPMAgg
macro-CTA (0.40 g, 0.03 mmol), BZMA monomer (879 mg,
5.00 mmol), MAA monomer (286 mg, 3.33 mmol), ACVA
(1.6 mg, 5.5 pmol; CTA/initiator molar ratio = 5.0) were weighed
into a 25 mL round bottomed flask. Deionised water and 0.25 M
HCI were added to adjust the reaction solution to pH 2.0 to
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Scheme 1 Synthesis of poly(potassium 3-sulfopropyl methacrylate) (PKSPMA) macro-CTA via RAFT solution polymerisation at 70 °C (15% w/w, pH 5.5),
followed by RAFT-mediated PISA of benzyl methacrylate (BzMA) and methacrylic acid (MAA) in water at pH 2 at 70 °C (20% w/w). (b) Schematic
representation of how the solution pH affects the resulting nanoparticle diameter and bPEI/NPs hydrogel preparation.

prevent ionisation of the -COOH groups on MAA during the
polymerisation and produce a 20% w/w aqueous solution. The
solution was then purged with N, for 30 min prior to immer-
sion in an oil bath set at 70 °C. The heated reaction solution
was stirred for 6 h before the polymerisation was quenched by
cooling in an ice bath and exposure to air. Monomer conver-
sions were determined via gravimetry by drying approximately
0.1 g of the final dispersion at 120 °C until constant weight
using a Kern DBS 60-3 Moisture Analyser. Conversions were
calculated based on the measured solids content and the
theoretical solids content at full monomer conversion (see
ESIt). In subsequent reactions, the ratio between BzMA and
MAA was varied. Unfortunately, neither GPC nor NMR could be
utilised to characterise Sgg-P(B,,-A1_)300 Nanoparticles owing
to their inability to dissolve in any common solvents due to
their highly amphiphilic nature.®

Preparation of bPEI/PKSPMAgg-P(BzMA,,-stat-MAA; _,,)300
mixtures

The following gives an example of the synthesis of a binary
polyelectrolyte combination of Seg-P(Bg 6-Ao.4)300 NPs and bPEI
at a bPEI-to-NP mass ratio of 0.14 (denoted as bPEI/Sgq-
P(By.6-Ao.4)300_MRO0.14). The mixture was prepared by first
transferring NP dispersion (2.0 mL; 20% w/w; pH~ 2.5) to a
7 mL vial. Then bPEI (10 kDa) was diluted to 20% w/w with
water (resulting solution pH ~11.8) and 0.28 mL was injected
into the NP dispersion dropwise. The mixture was mechanically
stirred until it formed a smooth and uniform soft gel. Polymer/
NP complex coacervates (PNCCs) with bPEI-to-NP mass ratios of
0.06 to 0.22 were subsequently prepared. The pH of the
subsequent mixture was not adjusted unless otherwise noted.

2076 | Soft Matter, 2023,19, 2074-2081

Characterization

'H NMR spectroscopy. Proton nuclear magnetic resonance
("H NMR) spectra were recorded on a Bruker Advance III
400 MHz spectrometer with 128 scans averaged per spectrum
at 25 °C. PKSPMAg; was dissolved in D,O prior to "H NMR
analysis.

Aqueous gel permeation chromatography (GPC). Aqueous
gel permeation chromatography measurements were conducted
using phosphate buffer eluent (pH 9) containing 30% v/v methanol
at a flow rate of 1.0 mL min~' at ambient temperature. The
instrument was equipped with two PL aquagel-OH MIXED-H
8 um columns and a refractive index detector (Shodex RI-101)
was used to assess molar mass distributions. The system was
calibrated with a series of near-monodisperse poly(ethylene oxide)
standards. Sample solutions were prepared in the phosphate
buffer eluent at 5 mg mL™".

Dynamic light scattering (DLS) and aqueous electrophoresis.
DLS studies were conducted using a Malvern Zetasizer Ultra
instrument to measure both hydrodynamic diameters (Dy,) and
zeta potential. The instrument is equipped with a He-Ne solid-
state laser operating at 633 nm, detecting back-scattered light
at a scattering angle of 173°. All samples were diluted to 0.1%
w/w and data were averaged over three consecutive runs at
25 °C. Plastic cells (DTS0012) were used for measuring Dy,. For
zeta potential measurements, samples were prepared in the
presence of 1.0 mM KCl. An MPT-3 autotitrator equipped with
an auto degasser was used for autotitration using disposable
folded capillary cells (Malvern DTS1070) and dilute (0.025-
0.25 M) KOH and HCI.

Rheology measurements. A HAAKE MARS iQ Air rheometer
(Thermo Scientific instruments) equipped with a Peltier stage

This journal is © The Royal Society of Chemistry 2023
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and a 35 mm, 2° cone geometry was used for all experiments.
Storage modulus (G’) and loss modulus (G”) as a function of
strain were measured between 0.03% and 130% at 25 °C via
dynamic oscillatory strain amplitude sweep mode at a fre-
quency of 10 rad s™'. Angular frequency sweep measure-
ments were conducted at 0.2% strain amplitude from 0.1 to
100 rad s~ '. The recovery of material properties following
network rupture at high strains was investigated via step-
strain measurements. A high magnitude strain (¢ = 500%)
was applied to break the hydrogel structure, followed by a low
magnitude strain (¢ = 0.5%) to monitor the rate and extent of
recovery of bulk properties. RheoWin 4 software was used to
analyse the rheology data.

Results and discussion

Preparation of pH-responsive diblock copolymer nanoparticles
PKSPMAs-P(BzMA,,-stat-MAA; _,,,)300 via PISA

PKSPMA4s macro-CTA (Fig. S1 and S2, ESIf) was chain-
extended via RAFT-mediated PISA of BzZMA and MAA in acidic
aqueous solution (pH 2) at 20% w/w to form sulfonate-
functional NPs (Scheme 1). MAA was introduced as a statistical
comonomer to confer carboxylic acid functionality to the core-
forming block during the polymerisation and therefore intro-
duce pH-responsive functionality to the core of these NPs. A low
reaction pH was chosen to ensure the formation of a relatively
hydrophobic second block during the polymerisation to ensure
particle self-assembly. Specifically, a series of Sgg-P(B,,-stat-
A;_m)300 copolymer nanoparticles were prepared while target-
ing core-forming block compositions with m ranging from 0.2
to 1.0. The target DP of the second block was fixed at 300
to ensure self-assembly, and high comonomer conversions
(> 99%) were obtained within 6 h in all cases, as judged by
gravimetry, which is consistent with previous literature on
related PISA formulations.?®*®

The diluted BzMA-rich NP dispersions (m = 1.0, 0.8, 0.6) had
diameters of approximately 50 nm at pH 2 (Table S1, ESI¥).
However, with decreasing BzMA content (m = 0.4, 0.2), the
particles were found to be both somewhat larger (111 nm and
256 nm respectively) and more polydisperse, even though the
MAA component should be in its protonated, non-ionic form at
pH 2. Thus, the inclusion of relatively high amounts of MAA
comonomer results in the formation of swollen, or less com-
pact, micelles even at low pH. When the pH was increased to
10, the MAA-based NPs became swollen due to ionisation of the
carboxylic acid groups in the NP cores (Fig. 1a), with the degree
of swelling correlating with the MAA content.

The response of the Sgg-P(B,,-stat-A; _,)300 NPs as a function
of pH was analysed by titrating the dispersions and monitoring
their size and zeta potential (Fig. 1b). The zeta potentials of
both Seg-Bsgo and Seg-P(Bo.6-Ag.4)300 are highly anionic and pH-
independent (approximately —45 mV), even at relatively low pH.
This is because the PKSPMA corona block is a strong anionic
polyelectrolyte. The Sgs-B3go particle diameter was independent
of pH, with a constant diameter of ~50 nm. In contrast, the

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Sgg-P(Bn-A1_m)300 diblock copolymer nanoparticles prepared at
20% w/w solids via RAFT-mediated statistical copolymerisation of BzMA
and MAA in water at pH 2. (a) DLS intensity-average size distributions of
Seg-P(Bm-A1_m)s00 (M = 0.2, 0.4, 0.6, 0.8, 1.0) dispersions at pH 10; (b)
dynamic light scattering and aqueous electrophoresis data as a function of
pH obtained for Seg-Bsgo (triangles) and Seg-P(Bog-Ao.4)s00 (circles)
diblock copolymer nanoparticles. Measurements were conducted at a
copolymer concentration of approximately 0.1% w/w in the presence of
1 mM KCl as a background electrolyte.

Ses~P(Bo.6-Ao.4)300 particles are swollen at high pH (51 nm at pH
2 to 84 nm at pH 10). This is due to ionisation of the MAA
residues in the NP core and subsequent nanogel behaviour.

Binary polyelectrolyte combinations of anionic PKSPMAgg-
PBzMA;,, NPs and cationic bPEI

Initially, aqueous solutions of PKSPMAgg-PBzMA3, (20% w/w)
NPs and commercially available cationic branched poly(ethylene
imine) (bPEL; 10 kD; 20% w/w) were mixed at various bPEI-to-NP
mass ratios (0.02 to 0.80) to give an overall polymer concentration
of 20% w/w. It was initially envisaged that these amphiphilic
diblock NPs would act as nanosized crosslinkers with bPEI linking
adjacent Seg-B3oo NPs via ionic interactions between amine groups
on bPEI and sulfonate groups on PKSPMA. Unfortunately, after
mixing at their native pH, all samples remained as homogeneous
dispersions. Zeta potential data for diluted bPEI/Sgs-Bsgo disper-
sions (0.1% w/w) were recorded to investigate the interaction

Soft Matter, 2023,19, 2074-2081 | 2077
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Fig. 2 (a) Zeta potential vs. pH curves for dilute aqueous dispersions
containing mixture of bPEI/Seg-Bsoo mixtures with various bPEI-to-NPs
MRs; (b) Digital image of fluids and precipitates for bPEI/Sgg-Bzoo mixtures
at MR 0.10 (20% w/w) obtained at different pH values.

between the cationic bPEI and anionic Seg-Bsoo NPs (Fig. 2a). At a
low mass ratio of 0.02, bPEI/Ses-Bsgo dispersions remained highly
anionic (approximately —45 mV). This is due to the large amount
of sulfonate groups being in excess of the amine groups present
from bPEI (bPEI has a reported a pK, of 8.5'%). At a relatively high
mass ratio of 0.80, the behaviour of polycationic bPEI dominated
the electrophoretic behaviour of the mixture, with highly cationic
and pH-independent zeta potentials being observed below pH 7
(~55 mV). However, when the pH of the dispersion was increased
from 7 to 10 the zeta potential gradually decreased from 55 mV to
20 mV as the bPEI gradually became deprotonated. At intermedi-
ate MRs, charge reversal was observed. For example, at an MR of
0.10, bPEI/Seg-B30o dispersions were positively charged below pH
6.5 (due to protonation of amine groups) and became negatively
charged when the pH increased above 6.5 (deprotonation of amine
groups). This suggested that this MR should potentially be the
optimum value for investigating gel formation as a function of pH.
Therefore bPEI/Sgg-Bsgo mixtures at an MR of 0.10 and total
polymer concentration of 20% w/w were prepared over a range
of solution pH through the addition of 1.0 M HCI during mixing.

At pH 10, it is likely that the neutral amine groups of bPEI
are not efficient at forming ionic bonds with PKSPMA residues
and thus did not efficiently bridge the NPs. This resulted in a

2078 | Soft Matter, 2023, 19, 2074-2081
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homogeneous dispersion (Fig. 2b, left image). On lowering the
pH of the DPEI/S¢g-B3go mixture (MR 0.10) the dispersion
gradually became turbid. At pH 5.6, the mixture became
relatively viscous (Fig. 2b, middle), which upon further inspec-
tion was not due to gelation but rather the formation of
compact flocs (Fig. S3a, ESIt) at the isoelectric point (IEP) for
this MR (Fig. 2a). At this pH, the protonated cationic amine
groups from bPEI readily complex with the anionic Seg-Bzoo
NPs, and cause bulk flocculation of the mixture.

At pH 2.0 the mixture became free-flowing again (Fig. 2b,
right) due to the NP/bPEI complexes gaining a net-cationic
charge (Fig. 2a), but it remained inhomogeneous and not fully
redispersed. Thus, simply mixing bPEI with charged NPs does
not allow the formation of PNCCs: the use of nanogel particles
is critical for the preparation of such materials.

Preparation of polymer/NPs complex coacervate (PNCC) gels via
mixing PKSMAgs-P(BZMA 6-stat-MAA, 4)300 and cationic bPEI

Swellable Sgg-P(Bo.6-A¢.4)300 NPs were chosen to investigate the
preparation of PNCCs because they have good colloidal stabi-
lity, and a low PDI at both low and high pH (Table S1, ESIY).
Aqueous dispersions of Sgg-P(Bg 6-A¢.4)300 (20% w/w) and bPEI
(10 kD; 20% w/w) were mixed at different bPEI-to-NPs mass
ratio (0.06 to 0.22) to investigate the formation of PNCCs with
these PISA-derived nanogels. On the addition of bPEI to
Ses~P(Bo.6-Ao.4)300 dispersions, the mixtures gradually became
Gelation occurred, as judged by tube inversion
(Fig. 3a), for samples with a MR above 0.10. Soft gels were
formed at a MR of 0.12, 0.14 and 0.16 (Fig. 3a). The prepared
gels remain homogeneous at room temperature under stan-
dard conditions but when subjected to centrifugation liquid-
liquid phase separation occurs (Fig. S4, ESIt), indicating a
complex coacervation gelation mechanism. When excess bPEI
was added (> MR 0.18), the mixture became a low-viscosity
fluid again. These observations are likely a combination of both
MR and pH: as the quantity of bPEI added increases so does the
pH of the mixture. Thus, gelation occurs between approxi-
mately pH 6 and 8, with a MR between 0.12 and 0.16 facilitating
this. This behaviour correlates with Fig. 2b but, in contrast to
the Seg-Bsoo mixtures described above, all dispersions/gels
prepared using Seg-P(Bo.s-Ao.4)300 Were homogeneous and the
presence of flocs was not evident (Fig. S3, ESIt). This supports
the hypothesis that the formation of PNCC gels requires NPs
with (nano)gel behaviour. In this case the bPEI interacts and
bridges the NPs through the anionic corona and the swollen NP
cores provide the necessary gel-like behaviour.

Dilute aqueous dispersions of bPEI/Seg-P(Bg.6-Ag.4)300 PNCC
gels formed at various MRs were analysed by DLS and aqueous
electrophoresis as a function of pH (Fig. 3b and c). In most
cases, relatively small (~100 nm) anionic NPs were observed
above pH 6.0 with zeta potentials of approximately —45 mV. On
lowering the pH, the zeta potential became more positive for
samples with an MR > 0.12, with isoelectric points between pH
4 and 8. The size of these anionic NPs slightly decreased from
PH 10 to 7 followed by flocculation at pH values corresponding
to observed increases in zeta potential. When the MR was 0.06

viscous.

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a) Digital image of fluids and gels for bPEI/Seg-P(Bo.s-Ao.4)300
mixtures (20% w/w) at different bPEI-to-NPs mass ratios (MR = 0.06,
0.10, 0.12, 0.16, 0.18, 0.22); (b) mean hydrodynamic diameters and (c)
aqueous electrophoresis data as a function of pH obtained for dilute
aqueous dispersions containing mixtures of bPEI/Sgg-P(Bog-Ao.4)300 at
various bPEI-to-NPs mass ratios (MR = 0.06, 0.14, 0.16, 0.22). Measure-
ments were conducted at a copolymer concentration of approximately
0.1% w/w in the presence of 1 mM KCl as a background electrolyte.

(i.e. a low DPEI concentration), the behaviour of the NPs
predominated and the zeta potential and size remained rela-
tively consistent until very low pH, whereupon aggregation
occurred due to the increase in zeta potential. These observa-
tions suggest that a bPEI to NP MR which balances the number
of ionic species results in optimal conditions for PNCC gel
formation.

The effect of varying the bPEI-to-NPs MR on PNCC gel
strength was investigated via strain-dependent oscillatory
rheology (Fig. 4 and Fig. S5, ESIT). For MRs between 0.10 and
0.18, G’ was higher than G” at low strain, which is consistent
with the tube inversion tests for hydrogel formation in Fig. 3a.

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Rheological characterisation of PNCC hydrogels containing bPEl
and PISA derived nanoparticles; (a) strain-dependent (w = 10 rad s, 25 °C)
oscillatory shear rheology of bPEI/Sgg-P(Bo.g-Ao.4)300-MR0O.14 hydrogel
(20% w/w); (b) gel strength of bPEI/Sgg-P(Bog-Ao4)s00 Mixtures (20% w/w)
at different bPEI-to-NPs mass ratios (MR = 0.10, 0.12, 0.14, 0.16, 0.18); (c) high
(500%) and low (0.5%) strain steps for bPEI/Seg-P(Bo.s-Ao.4)300-MR0.14 hydro-
gel (20% w/w) over three cycles (w = 10 rad s7%, 25 °C).

The weaker gels (MRs of 0.10 and 0.18) showed moderate strain
hardening until the yield point between strains of approxi-
mately 1 to 10%. More robust gels were formed with MRs
between 0.12 and 0.16 (Fig. 4b), with linear viscoelastic beha-
viour from 0.03% to ~5% strain. bPEI/Sgs-P(Bo.6-Ao.4)300_ MR
0.14 had the highest gel strength in the linear viscoelastic

Soft Matter, 2023,19, 2074-2081 | 2079
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region (G’ = 2 kPa). As noted above, this empirical observation
is most likely a result of both the MR and pH being optimal for
this NG. For example, the NG size and composition, PEI
molecular architecture, solution pH and NG-to-PEI stoichio-
metry will influence the observed gel properties and are the
subject of ongoing studies. Angular frequency sweep data at
0.2% strain for bPEI/Seg-P(By.¢-Ao.4)300_MR 0.14 (Fig. S6, ESIT)
indicated that this mixture remains a gel with increasing
angular frequency with highly frequency dependent moduli
observed (G’ ~ 6.5 kPa at 100 rad s~ ).

Shear-thinning behaviour occurred at ¢ > 1.2% and, as
expected, at relatively high strains (12.7%) G” became larger
than G’ indicating network breakdown. The recovery of the gels
after the application of high shear was investigated by the
cyclical application of high and low strain (Fig. 4c). At high
strain (500%), G’ and G” are both dramatically reduced and
cross-over, indicating liquid like behaviour. When high strain
was removed (0.5% strain), the gel recovered rapidly back to its
original strength. Over repeated cycles the gel strength
increased slightly which can be attributed to water loss over
the course of this measurement, rather than an intrinsic
stiffening effect. The relatively low strength, rapid recovery
and shear-thinning behaviour enables these PNCC gels to be
readily injectable (see Fig. S7, ESI{) which may allow them to be
used in applications such as gel printing or as an injectable/
mouldable material.

Compared to the microgel-based complex coacervate gels
reported by Wu et. al. (before heat or salt treatment, known as
pre-gels),’® the PNCC gels prepared herein are relatively weak.
This is likely due to the relatively low swelling ratio of the PISA-
derived Sgg-P(Bo.6-Ao.4)300 NPs in relation to the microgels used
by Wu et al. Additionally, the differences in copolymer particle
morphology, such as the use of a strongly anionic sulfonate
corona, may explain the differences in gel strength. Never-
theless, this demonstration that PISA-derived NGs can be
synthesised and used to prepare injectable PNCCs provides a
platform for development of future systems with improved
strengths, tuneable functionalities, and responsive behaviour.*'*>

Conclusions

Sulfonate functional nanogels containing P(MAA-stat-BzMA)
nanoparticle cores were prepared by RAFT mediated PISA.
These NPs can be conveniently prepared in water at pH 2 and
swell with increasing pH. Interestingly, these particles do not
require the use of a cross-linking monomer to maintain their
structure at high pH.

PKSPMAs-P(BzMA, ¢-stat-MAA, 4)300 NPs were subsequently
used to prepare polymer-NPs hybrid coacervate gels by mixing
them with oppositely charged bPEL It was demonstrated that the
incorporation of MAA within the core-forming block of the NPs is
very important for gel formation, since NPs with fully hydrophobic
PBzMA cores did not form gels upon the addition of bPEL

The mixture of DbPEI and PKSPMAgs-P(BzMA, 6-stat-
MAA, 4)300 NPs resulted in either a low-viscosity liquid or

2080 | Soft Matter, 2023,19, 2074-2081
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mouldable coacervate hydrogel depending on the bPEI-to-NPs
MR. At an MR of 0.14 at pH ~ 7, the hybrid coacervate gel had
a storage modulus of approximately 2000 Pa and exhibited
shear-thinning behaviour, allowing these gels to be injectable.

This PISA-derived complex coacervate gel formation strategy
is versatile and can be modified e.g., by changing the NPs to
other swellable PISA-derived NPs. This may ultimately allow
them to be readily tailored for applications in areas such as
injectable or structural biomaterials, scaffolds for biominerali-
sation, soft robotics and additive manufacturing.
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