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The capacity to control the dispersed or aggregated state of colloidal particles is particularly attractive for
facilitating a diverse range of smart applications. For this reason, stimuli-responsive nanoparticles have
garnered much attention in recent years. Colloidal systems that exhibit multi-stimuli-responsive behaviour
are particularly interesting materials due to the greater spatial and temporal control they display in terms
of dispersion/aggregation status; such behaviour can be exploited for implant formation, easy separation
of a previously dispersed material or for the blocking of unwanted pores. This review will provide an over-
view of the recent publications regarding multi-stimuli-responsive microgels and hybrid core—shell nano-
particles. These polymer-based nanoparticles are highly sensitive to environmental conditions and can
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form aggregated clusters due to a loss of colloidal stability, triggered by temperature, pH and ionic
strength stimuli. We aim to provide the reader with a discussion of the recent developments in this area,
as well as an understanding of the fundamental concepts which underpin the responsive behaviour, and
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1. Introduction

Nanoparticle (NP) suspensions which are sensitive to changes
in the chemical and physical environment are one of the latest
developments of so-called smart materials. The colloidal stabi-
lity of smart NPs can be manipulated through changes in
various stimuli, allowing for an often reversible transition
between stable dispersion and aggregated clusters. Stimuli-
responsive NP aggregation while often a property that is delib-
erately avoided in many colloidal systems, is actually an
appealing behaviour for many applications. For example trig-
gered aggregation behaviour has been exploited in appli-
cations such as drug delivery,' membrane blocking," recov-
ery/responsive control of colloidal catalysts,” nanosensing,*’
and enhancing oil recovery.®® In these application areas,
ability to form aggregates or large assemblies of nanoparticles
on demand offers the potential for implant formation, easy
removal of a previously dispersed system or the blocking of
unwanted pores. Temperature-responsive NPs have received
particular interest as the stimulus is easily applied and the
behaviour of temperature-responsive polymers is typically well-
understood, particularly in the case of one of the most
common temperature-responsive polymers, poly(N-isopropyl-
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acrylamide) (PNIPAM).'"® Recently, there has been a drive
towards multi-stimuli-responsive NPs whose temperature-
responsive behaviour is modulated by a secondary/tertiary
stimuli such as pH and ionic strength. The multi-stimuli-
responsive character of NPs provides an increased degree of
control over the response of the NPs, affording increased versa-
tility and suitability to deliver more complex behaviour and
thus benefits for a range of applications."’ ™™ A particular
application area of interest for responsive NPs is in biomedical
applications, where stimuli such as temperature, pH and ionic
strength have significance, as these stimuli vary across physio-
logical environments.

The stimuli-responsive nature of dispersed NPs is derived
from changes in the colloidal stability of the particles (which
will be discussed in more detail in section 3). The colloidal
stability of NPs is derived from the surface chemistry of the
particles, as such, a common feature of all multi-stimuli-
responsive NPs is a particle architecture that facilitates surface
changes of the particles. There are two typical particle struc-
tures that are common for stimuli-responsive NPs, core-shell
NPs and microgel particles. Core-shell NPs are hybrid particles
consisting of a solid, hard-sphere core (e.g. metal, metal oxide,
silica, glassy polymer) and a dense polymer brush layer
forming the shell." The polymer brush layer is usually formed
through covalent bonding to the surface of the core by graft-
to'® or graft-from'® methodologies. On the other hand, micro-
gel particles are cross-linked polymer networks which swell in
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a good solvent but can reversibly de-swell in response to
changes in the surrounding conditions.'””'® All the NPs dis-
cussed in this review are responsive to changes in temperature,
PH and/or ionic strength, and as a result can undergo an often
reversible transition between a dispersed and aggregated state.
This review article will provide the reader with an overview of
recent developments and examples of their application, under-
pinned by discussions of the interactions between colloidal
NPs and the processes of destabilisation which result in
aggregation.

2. Stimuli-responsive polymers

Stimuli-responsive polymers undergo changes in their physico-
chemical properties as a function of external stimuli. Polymers
have been shown to exhibit responsive behaviour to a variety of
stimuli such as temperature,">* pH,>>** ionic strength,>
light,***” enzymes®®*° and redox conditions.**>* For the
purpose of this review, only polymers responsive towards
temperature and pH stimuli shall be discussed. Ionic strength
is also a stimulus which influences polymer properties, and its
effect on the colloidal stability of NPs through ionic screening
will be covered in this review. We direct readers to a recent
review by Zhao et al.®® for a broader discussion of a range of
stimuli-responsive polymers for smart NPs.

2.1. Temperature-responsive polymers

Temperature-responsive polymers undergo significant changes
in solubility as a critical solution temperature is passed. At the
critical solution temperature, polymers experience an abrupt
shift in the balance of hydrophilic/hydrophobic interactions,
resulting in a shift in solubility. This solubility change can be
observed in various solvents but is most commonly observed
in aqueous conditions. Therefore, discussion of solubility
throughout this review should be assumed as aqueous solubi-
lity unless stated otherwise. Polymers with a lower critical solu-
tion temperature (LCST) hydrogen bond with water at low
temperatures.”®> However, upon heating, polymer-polymer
interactions become more favourable than the polymer-water
interactions, and begin to dominate above the LCST. As a
result, polymer chains undergo conformational change from a
solvated coil to a collapsed globule structure (coil-to-globule
transition) and precipitate from the aqueous continuous
phase. Polymers with an upper critical solution temperature
(UCST) display opposing behaviour, switching from hydro-
phobic at low temperatures to hydrophilic above the UCST.
LCST polymers have broadly received more interest as many
possess a transition temperature close to body temperature,
hinting potential suitability for a range of biomedical
applications.'®?* For this reason, PNIPAM is by far the most
intensely studied temperature-responsive polymer, with an
LCST of ~32 °C.'® However, there are a wide variety of tempera-
ture-responsive polymers with varying LCSTs, such as: poly(N-
vinylcaprolactam) (PVCL), LCST ~ 32 °C;** poly(vinyl methyl
ether) (PVME), LCST ~ 37 ©°C;*® poly(N-ethyl oxazoline)
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(PEtOx), LCST ~ 65 °C;*” and poly(oligo(ethylene glycol)methyl
ether methacrylate) (POEGMA), LCST 26-90 °C*® (the LCST is
highly dependent on the length of the oligo(ethylene glycol)
side chains). Cross-linked polymer networks, such as micro-
gels, undergo swelling and conformational changes at the
volume phase transition temperature (VPTT) - a parameter
which can be considered analogous to the LCST of linear
chains.*® Below the VPTT, the polymer network is hydrophilic
and is swollen in water. As the temperature increases above
the VPTT polymer-polymer interactions become dominant
and water is expelled as the cross-linked network dramatically
de-swells."®

2.2. pH-Responsive polymers

pH-Responsive polymers can be regarded as either weak polya-
cids or weak polybases, whose degree of ionisation is depen-
dent on their pK, and the solution pH.>* In a highly ionised
state, the charged groups along the polymer chain promote an
extended coil conformation due to enhanced hydrophilicity
and intra-chain electrostatic repulsion. As the degree of ionis-
ation decreases in response to changes in pH or ionic strength,
hydrophobic interactions begin to dominate, with the loss of
intra-chain repulsion allowing polymers to collapse into a
globule conformation. Thus, through the pH-modulated
degree of ionisation, the polymer solubility and conformation
can be regulated. Weak polyacids typically contain carboxylic
or phosphoric acid functionalities, which are protonated at
low pH and dissociate to become the anionic analogue as pH
increases above the pK,. The inverse behaviour is observed
with weak polybases, which predominantly utilise tertiary
amine functionalities to accept protons and become polycatio-
nic at low pH. Therefore, the pH range where the coil-to-
globule transition occurs is largely determined by the balance
of hydrophilic/hydrophobic interactions and the pK, of the
ionisable functionality.*°

3. Dispersed and aggregated states
of colloidal systems

3.1. Colloidal stability of nanoparticle suspensions

The stimuli-responsive aggregation behaviour of NPs is driven
by control of colloidal stability and by utilising the natural pro-
pensity of NPs to aggregate. This tendency for nanoparticles to
aggregate is due to the innate attractive interactions (London
dispersion force) between particles and their high specific
surface area, which may be associated with a considerable con-
tribution to the free energy. Therefore, understanding the
interaction of forces which dictate the colloidal stability is
central to the design of these responsive systems. Colloidal
stability describes a system where NPs remain well dispersed
in the continuous phase, avoiding aggregation and sedimen-
tation. The dispersed or aggregated state of a colloidal NP can
generally be attributed to the pair interaction energy, the value
of which is equal to the sum of attractive and repulsive forces
between two NPs. Derjaguin-Landau-Verwey-Overbeek (DLVO)

This journal is © The Royal Society of Chemistry 2021
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theory considers the pair interaction energy to be the balance
of the attractive London dispersion force and the repulsive
electrostatic force of the ionic double layer.""** In actuality,
the delicate interplay of several additional forces must be con-
sidered, including steric and electro-steric repulsion, as well as
solvation and hydrophobic interactions.”> Core-shell NPs
attain colloidal stability through the swollen polymer brush
layer providing steric stabilisation when well-solvated by the
continuous phase. Upon Brownian collision of two sterically
stabilised particles, interpenetration and compression of sol-
vated polymer chains is met with a steep entropic energy
barrier, due to a localised increase in osmotic pressure.** By
this mechanism, core-shell NPs can remain well-dispersed
over long periods of time. Swollen microgel particles often also
assume a core-shell structure,"”*>*® possessing a dense and
highly cross-linked core and a more loosely cross-linked outer
shell with chain ends extending into the continuous phase -
so called “dangling ends”.*” The structure of microgels natu-
rally imparts good colloidal stability. The low density of the
particles results in a weak attractive potential,’”*® whilst dan-
gling chain ends facilitate steric stabilisation. The presence of
ionised groups, e.g. polyelectrolyte, produces the electro-steric
stabilisation of NPs. Ionised groups provide an electrostatic
charge and promote a swollen microgel or brush layer through
inter-/intra-chain repulsion and increased solubility.

3.2. Driving forces for aggregation

The stimuli-responsive aggregation is discussed in this review
is induced by triggering destabilisation of colloidal NPs,
whereby the repulsive force(s) which previously stabilised the
NPs are suppressed and a shift in the balance of interactions
results in attractive forces emerging dominant. Fig. 1 provides
an illustration of the various stimuli-responsive destabilisation
mechanisms discussed in this section.

NPs which primarily rely on electrostatic repulsion to
remain dispersed often result in metastable suspensions, with
only a low kinetic energy barrier preventing aggregation. As a
result, these systems can encounter problems with maintain-
ing stability at high particle concentration and upon shear-
ing.*® Electrostatic stabilisation is also heavily influenced by
the presence of ions, as the electrostatic charge can be effec-
tively screened at sufficient ionic strength. The critical coagu-
lation concentration (CCC) describes the threshold ionic con-
centration at which electrostatic stabilisation is screened,
resulting in a loss of colloidal stability and NP
aggregation,’** see Fig. 1A.

To provide effective steric stabilisation, polymer chains
must remain well-solvated in the continuous phase to provide
a sufficiently thick barrier.>® Therefore, steric stabilisation can
be switched “on” and “off” by a stimuli-responsive coil-to-
globule transition. For example, core-shell NPs with a temp-
erature-responsive polymer brush layer are sterically stabilised
by a swollen brush layer at low temperatures. As the LCST is
surpassed, the polymer brush collapses as a result of the coil-
to-globule transition and steric stabilisation is lost (Fig. 1B).
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Fig. 1 Illustration of various responsive NP aggregation processes: (A)
jonic screening of electrostatically stabilised NP (I = ionic strength); (B)
temperature-responsive loss of steric stabilisation and subsequent
aggregation of core—shell NPs above LCST (T = temperature); (C) pH-
responsive loss of electro-steric stabilisation and subsequent aggrega-
tion of core—shell NPs; (D) temperature-responsive de-swelling and
aggregation of microgels above VPTT.

Similarly, temperature-responsive microgels dramatically
de-swell as temperature increases above the VPTT (Fig. 1C).
Steric stabilisation is lost as dangling chain ends collapse,*
whilst the increased density of the de-swollen particle results
in an increased attractive potential between particles.'® If the
suppression of the steric component results in a loss of col-
loidal stability, aggregation shall follow.

Electro-steric stabilisation can be regulated in a comparable
manner through the use of pH-responsive polymers. At a pH
where the polymer is highly ionised and hydrophilic, NPs are
stabilised by a swollen and charged brush layer or microgel
structure. Upon pH-induced loss of these ionised moieties,
hydrophobic interactions begin to dominate, leading to
polymer collapse and simultaneous loss of electro-steric stabil-
isation, see Fig. 1D.

4. Multi-stimuli-responsive
nanoparticle aggregation

The multi-stimuli-responsive behaviours of NPs that provide
aggregation as a primary response to the stimuli (shown in
Fig. 1) thus use a combination of the different mechanisms of
colloidal stability. Such systems thus require the combination
of two or more different stimuli to remove colloidal stability
and result in NP aggregation. In the following sections, we will
discuss the examples of systems that use different combi-
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Table 1 Chemical structures of some of the common polymers used in
multi-stimuli-responsive nanoparticle aggregation systems

Structure Name Abbr. Stimuli
Poly(ethylene glycol) PEG Temperature
(6)
n
Poly(N- PNIPAM Temperature
isopropylacrylamide)
n
Poly(2-(2- PMEO2MA Temperature
methoxyethoxy)-ethyl
n methacrylate)
HO O
O\/\O/
Poly(N-vinyl PNVCL Temperature
caprolactam)
n
Poly(2-(dimethylamino) PDMAEMA Temperature
ethyl methacrylate) and pH
n
O 6]
i
Poly(acrylic acid) PAA pH
n
HO 6]
Poly(methacrylic acid) PMAA pH
n
HO o
Poly(2-succinyloxyethyl ~ PSEMA pH

methacrylate) (PSEMA)

L

(o}

NOH
o

O

nations of stimuli and their behaviour. Examples of the poly-
mers that are commonly used in the multi-stimuli-responsive
nanoparticle aggregation systems are shown in Table 1.

4.1. Temperature- and ionic strength-responsive nanoparticle
aggregation

The preparation of dual temperature- and ionic strength-
responsive NPs involves the incorporation of temperature-
responsive polymers and strongly ionised functionalities.
Strongly ionised moieties are a requirement as they largely
avoid the influence of pH. Below the LCST and at low ionic
strength, electro-steric repulsion produces a well-dispersed NP
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suspension. As temperature increases above the LCST and the
ionic strength surpasses CCC, both steric and electrostatic
components can be individually suppressed (through the
mechanisms discussed in section 3.2.). Therefore, the dual-
stimuli-responsive NPs discussed in this section require the
influence of both temperature and ionic strength stimuli to
lose colloidal stability and aggregate.

Numerous studies have reported the influence of ionic
strength on the LCST of temperature-responsive polymers,
with findings typically showing an increase in ionic strength
results in a decrease of the LCST due to the salting-out effect,
i.e. an increased salt concentration results in a poorer solvent
environment.>>®” Z4mbé et al. utilised this effect to facilitate
the aggregation of gold nanoparticles (AuNPs) with a grafted
poly(ethylene glycol) (PEG) brush layer (Fig. 2A).>® The temp-
erature-responsivity of PEG homopolymers is often dismissed
as the LCST usually far exceeds 100 °C in water, limiting its
usability.>® However, they found with a low molecular weight
PEG brush layer (<2000 g mol™") and the addition of ionic
strength, the LCST could be reduced. In 0.2 M K,SO, solution,
aggregation of PEG-coated AuNPs was observed at 60 °C,
decreasing to 50 °C in 0.3 M solution (Fig. 2B). Rasmusson
and Vincent also observed the influence of ionic strength on
the LCST when investigating the dual-stimuli-responsivity of
PNIPAM microgels with anionic sulfate chain ends, derived
from the potassium persulfate (KPS) initiator used in the syn-
thesis.®® They also found the aggregation temperature
decreased as salt concentration increased - from 39.5 °C in
0.027 M NaCl solution, to 25.5 °C in 0.8 M NaCl solution.
Below the NaCl concentration of 0.025 M, the ionic strength
was insufficient to screen the electrostatic charge of the sulfate
chain ends, allowing microgels to remain dispersed above the
VPTT.®!

Our group also recently synthesised dual temperature- and
ionic strength-responsive PNIPAM-based microgels for use in
sustained drug release applications (Fig. 2C)* - discussed
further in section 5 (Application). The microgels were prepared
by precipitation polymerisation using a KPS initiator, resulting
in anionic sulfate chain ends. Dynamic light scattering (DLS)
was used to observe the stimuli-responsive behaviour of the
PNIPAM-based microgels by measuring changes in their
hydrodynamic diameter. This analysis revealed that the micro-
gels de-swelled above the VPTT (32 °C) but remained dispersed
in water due to electrostatic stabilisation provided by the
anionic sulfate chain ends. Indeed, the de-swelling of the
microgels lead to an increase in the surface charge, with the
zeta potential values becoming increasingly negative at the
VPTT as the charge was condensed onto a smaller surface
area. Repeating these measurements at physiological ionic
strength using phosphate buffered saline (PBS) showed slight
de-swelling on the fringe of the VPTT, with the average size of
the dispersed microgels dramatically increasing as the micro-
gels aggregated above the VPTT (Fig. 2D). Thereby, demonstrat-
ing the requirement of both temperature and ionic strength
stimuli to lose colloidal stability and induce aggregation,
which was crucial for the nature of the application.> Heating

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Examples of systems demonstrating temperature- and ionic strength-responsive nanoparticle aggregation behaviour. (A) AuNPs with a
grafted PEG brush layer showing temperature and ionic strength responsive aggregation. (B) DLS size distribution of AuUNPs with increasing tempera-
ture and ionic strength obtained with either 0.20, or 0.30 M potassium sulfate. The colour bars represent the intensity distribution as measured by
DLS; the vertical cuts of these intensity maps give the size distributions of the samples at the corresponding temperature.>® (C) Use of the combined
stimuli of temperature and increased ionic strength to trigger the aggregation of PNIPAM microgels that would function as a drug delivery implant.
(D) Characterisation of the behaviour of the microgels; mean diameter by DLS in both water and PBS, with the zeta potential of the microgels (in
water only). The rapid increase in diameter of the nanogels when heated to >32 °C in PBS was due to microgel aggregation. (E) The microgels aggre-
gated into a single monolith upon heating to 37 °C in PBS.* (F) Study of the effect of temperature, microgel concentration and ionic strength on the
responsive behaviour of differently sized microgels (mean diameter at 25 °C 65, 160, 310 and 450 nm). (A) and (B) adapted with permission from
Zambo et al.>8 (C)—(F) adapted with permission from Town et al.%?

the microgels from 25 °C to 37 °C in the presence of PBS
resulted a transition from a water swollen gel to a phase separ-
ated gel due to the complete aggregation of the microgels
(Fig. 2E). The swollen gel morphology was formed due to the
volume blocking and jamming of the swollen microgels, pre-
venting the NPs moving past one another. A subsequent study
focused on the effect of the average diameter (65, 160, 310 and
450 nm) and concentration of PNIPAM microgels on their
aggregation behaviour and morphological transitions.®? In
dilute dispersions (0.1 wt%), the temperature-responsive

This journal is © The Royal Society of Chemistry 2021

behaviour of PNIPAM was found to be independent of micro-
gel size, as all samples displayed similar de-swelling behaviour
in water and aggregation behaviour in PBS at ~33 °C by DLS.
However, more concentrated microgel dispersions showed
varying morphological transitions upon temperature increase,
depending on the ionic strength, the microgel concentration
and the average particle size (Fig. 2F). If the microgels did not
occupy a sufficient volume fraction to lead to volume blocking
and jamming of the NPs then the sample was able to flow as a
liquid. Therefore, liquids were typically observed at lower con-

Nanoscale, 2021,13, 7879-7896 | 7883
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centrations of swollen microgels and up to much higher con-
centrations above the VPTT of the NPs when the microgels
were deswollen/collapsed. The swollen gels were self-support-
ing gels formed by the volume blocking and jamming of the
swollen microgels. Shrunken gels were also self-supporting
gels but were formed above the VPTT, when the microgels were
in the deswollen/collapsed state. In this case, the self-support-
ing nature of the shrunken gels occurred when there was close
association of the microgels, which was balanced by sufficient
electrostatic repulsion to prevent complete aggregation of the
microgels, allowing network formation. Finally, if there was
insufficient electrostatic repulsion between the particles then
complete aggregation occurred which was seen as the for-
mation of phase-separated aggregates, these samples were not
self-supporting and had a large excess of water visible. In
water, below 7 wt% all the microgel produced were free
flowing liquid morphologies, even above the LCST of PNIPAM.
Concentrated dispersions (>12 wt% in water) of the two smal-
lest microgel samples (60 and 160 nm) could form partially
aggregated shrunken gel networks and phase-separated aggre-
gates when heated above the VPTT in water. Whereas for the
larger microgel samples (310 and 450 nm), aggregation was
not possible in water at the temperatures and concentrations
tested, due to the strong electrostatic stabilisation indicated by
their high zeta potential values (—33 mV and —37 mV respect-
ively for 310 and 450 nm microgel samples).®® All microgel
samples formed phase-separated aggregates above the VPTT in
PBS at 12 wt%, as the ionic strength was sufficient to screen
the electrostatic repulsion of the charged chain ends.
Oscillatory rheology was used to characterise morphology tran-
sitions, through measurements of the storage modulus (G')
and the loss modulus (G") that corresponded to the phase and
morphology changes that were visually observed. These find-
ings show the controllable morphology and rheological pro-
perties of PNIPAM-based microgels which can be achieved
through aggregation behaviour in response to temperature and
ionic strength stimuli.

Dual-stimuli-responsive core-shell NPs were reported by
Zhang et al, who synthesised PNIPAM via reversible
addition-fragmentation chain-transfer (RAFT) polymerisation
and grafted the polymer chains to citrate-functionalised
AuNPs vig ligand exchange.®® At room temperature these NPs
produced a red suspension due to the localised surface
plasmon resonance (LSPR) peak at 529 nm, typical for dis-
persed AuNPs.*> When heated above the LCST in water
aggregation was not observed. It was determined by zeta
potential measurements that residual citrate units remained
on the AuNP surface, providing electrostatic stabilisation
above the LCST. The addition of 0.1 M NaCl was enough to
screen this surface charge and result in reversible tempera-
ture-responsive aggregation. Aggregation was identified by
DLS measurements and a red shift in the LSPR peak, typical
for AuNPs within close proximity of each other.®*®® This
publication therefore shows how controlled radical polymer-
ization techniques can be useful in generating aggregating
particle systems.
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4.2. Temperature- and pH-responsive nanoparticle
aggregation

NPs which can aggregate as a result of a synergistic interaction
between temperature and pH are likely the most common type
of multi-responsive NP currently studied. These NPs utilise the
intrinsic responsive behaviour of the stabilising polymers to
regulate electro-steric repulsion, whilst the interplay between
temperature- and pH-responsivity can result in varied tran-
sitions between dispersed and aggregated states.

4.2.1. Dual-stimuli-responsive homopolymers for nano-
particle aggregation. Dual-responsive homopolymers, such as
poly(2-(dimethylamino) ethyl methacrylate) (PDMAEMA),
possess a pH-modulated LCST which can be utilised to facili-
tate temperature- and pH-responsive NP aggregation.
PDMAEMA contains tertiary amine moieties which are weakly
basic, with a pK, of ~7-7.5.7%® Accordingly, PDMAEMA is
highly protonated at acidic pH and acts as a typical polyelectro-
lyte, being highly water-soluble and thus lacking temperature-
responsivity at this pH.®® As pH increases through neutral to
weakly basic conditions, the degree of ionisation declines and
the hydrophobic interactions begin to increase. Due to this,
PDMAEMA remains water-soluble below LCST but water-in-
soluble above. At high pH (generally pH > 9) PDMAEMA can
be considered entirely non-ionised and as a result, polymer-
polymer interactions are dominant and the polymer is water-
insoluble.”® Therefore, the LCST of PDMAEMA is highly depen-
dent on the pH and can be used to impart dual-responsive
aggregation of colloidal microgels”* and core-shell NPs.”?
Dong et al. grafted a PDMAEMA brush layer from silica NPs via
surface-initiated atom transfer radical polymerisation
(ATRP).”> DLS measurements revealed the expected dual-
responsivity, showing a decrease in the aggregation tempera-
ture from 48-53 °C at pH 6, to 28-35 °C at pH 8. At pH 9 the
hydrophobicity of the PDMAEMA brush layer resulted in the
aggregation of PDMAEMA coated silica NPs at room tempera-
ture. This large change in VPTT of these particles shows the
need to investigate these systems thoroughly.

The molecular weight of PDMAEMA has also been recog-
nised to hold influence over the LCST, and thus must be con-
sidered when designing these dual-stimuli-responsive NPs. A
comprehensive study of the aqueous solubility properties of
PDMAEMA was reported by Biitiin et al. who observed the
monotonic decrease of the cloud point of free PDMAEMA as
molecular weight was increased.”?> The cloud point was
measured by turbidimetry analysis of PDMAEMA samples with
varying number-average molecular weight (M,,). At pH 8, the
cloud point could be tuned from 46 °C when M, = 1450 g
mol ™, to 32 °C when M, = 53000 g mol~". This relationship
can be utilised to further tune the dual-stimuli-responsive
aggregation of PDMAEMA-based NPs. Dong et al. also utilised
this relationship between molecular weight and LCST with
PDMAEMA coated silica NPs where the temperature responsive
behaviour could be tweaked by 5-7 °C by varying M,, between
136 000 g mol™" and 231000 g mol~".”> However, there are
limitations to this, as Mohammadi et al. found a low mole-

This journal is © The Royal Society of Chemistry 2021
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cular weight PDMAEMA brush layer (M,, = 6280 g mol™") could
not exhibit temperature-responsive behaviour, regardless of
pH.”* It is important to note that there are many examples of
other homopolymer stabilized NP systems that are likely to
aggregate in response to pH and temperature changes,
however, many publications focus on the stabilization of these
systems.

Another recent example of an aggregating homopolymer
system stabilized silica nanoparticles using poly(sulfobetaine
methacrylate) (PSBA) brushes.”> ATRP was used to synthesise
varying molecular weight PSBA chains with different grafting
densities. This had an effect on the temperature response,
with UCST-style VPTT values increasing with increasing graft-
ing density and molecular weight of the polymer. These par-
ticles were stable at pH 5 to pH 9, with D;, values around
100 nm for all particles, but above pH 9 the particles doubled
and tripled in diameter indicating some level of particle floc-
culation. While at pH 1 the particle diameter increased by 8
times. However, the number of available dual-responsive
homopolymers is limited, and as a result, the addition of a
comonomer is often needed to achieve dual-stimuli-response.

4.2.2. Dual-stimuli-responsive copolymers for nanoparticle
aggregation. An approach most commonly taken for obtaining
dual temperature- and pH-responsivity involves the copolymer-
isation of two or more monomers with orthogonal responsiv-
ity. These copolymers can present unique stimuli-responsive
behaviour which can be fine-tuned through alterations in the
monomers used, the ratio between monomers and the
polymer architecture.”®”® Poly(acrylic acid) (PAA) and poly
(methacrylic acid) (PMAA) are pH-responsive polyanions which
are commonly copolymerised or interpenetrated with PNIPAM
to produce dual-stimuli-responsive microgels,””*° or help to
stabilise Au or Ag nanoparticles.®"** Al-Manasir et al. investi-
gated the aggregation behaviour of P(NIPAM-co-AA) microgels,
finding 6 mol% PAA was sufficient to impart dual-stimuli-
responsive behaviour. Analysis by DLS revealed an enhanced
swelling behaviour of P(NIPAM-co-AA) microgels below the
VPTT, and a reduced de-swelling above the VPTT at pH > 7.%°
This behaviour can be attributed to the deprotonated car-
boxylic acid groups of PAA generating inter-/intra-chain repul-
sion, enhanced hydrophilicity and electrostatic stabilisation.
However, aggregation occurred above the VPTT at pH 2, when
the PAA units are protonated.

Aggregating microgels have also been synthesised by copo-
lymerizing N-vinyl caprolactam (NVCL) with AA or itaconic
acid (1A).*® DLS data obtained at increasing temperatures dis-
played a decrease in the Dy, as the microgels deswelled due to
the thermoresponsive behaviour of PNVCL. The swelling ratio
obtained from this data (ratio of Dy, at the highest and lowest
temperature values) decreased when the concentration of AA
or IAwas increased. Additionally, the inclusion of the ionisable
groups on the AA or IA resulted in increased in hydrodynamic
diameter as the pH was increased, attributed to electrostatic
repulsion of AA or IA units. Below pH 4, the microgels aggre-
gated due to the lack of charge from the comonomers (as
shown by zeta potential values trending to zero). However, it
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was possible for the particles to be redispersed when the pH
was increased, likely due to the generation of electrostatic
interactions between the microgels.

Core-shell NPs can utilise either random copolymer or
block copolymer brush layers to produce a varied and diverse
collection of dual-responsive systems. Shi et al. grafted a block
copolymer of temperature-responsive PNIPAM and pH-respon-
sive poly(2-succinyloxyethyl methacrylate) (PSEMA) — P(NIPAM-
b-SEMA) - from AuNPs by surface-initiated ATRP.®” PSEMA
contains a carboxylic acid functionality which facilitates its
pH-responsive behaviour. At pH > 7.5, the PSEMA block main-
tained the colloidal stability when the PNIPAM block collapsed
above the LCST. Decreasing the pH from 7.5 to 5.5 was
accompanied by a change in the zeta potential from —27 mV
to 0 mV, indicating the complete protonation of PSEMA at pH
5.5. Consequently, NPs aggregated at pH < 5.5, although this
was unexpectedly independent of temperature. This aggrega-
tion below the LCST was attributed to the protonated PSEMA
which makes up the second block, doubling back and prefer-
entially hydrogen bonding with the PNIPAM block. This prefer-
ential inter-block hydrogen bonding minimises the inter-
actions with water, increasing the hydrophobicity and destabi-
lising the NPs. Similar findings of inter-block hydrogen
bonding were reported by Chen et al. who grafted P(NIPAM-b-
AA) from a poly(styrene) core by a surface-initiated polymeris-
ation.®® They similarly observed temperature-independent NP
aggregation at pH 4 as a result of inter-block hydrogen
bonding between PNIPAM and protonated PAA blocks.
Another interesting example is this inter-block hydrogen
bonding has been shown with a copolymer of oligo(ethylene
glycol) diacrylate and methacrylic acid.®® This system had a
LCST-type VPTT in water, showing pH dependence by aggrega-
tion at pH 1 and 3 but not at pH 5 in 150 mM Nacl solution.
But these particles also display a UCST-type VPTT in ethanol,
allowing the particles to disperse and swell in ethanol above
45 °C. This was also concentration dependant, with broader
increases in transmittance seen with higher concentration dis-
persions. While this is review is focussed on aggregating
systems in water, this article shows that the use of other
solvent systems is also possible may enable new future
applications.

More complex and varied aggregation behaviours have been
achieved in recent years through the copolymerisation of dual-
responsive polymers such a PDMAEMA and a second stimuli-
responsive monomer. Thus, doubly temperature- and pH-
responsive NPs can be prepared. Song et al. copolymerised
dual-responsive PDMAEMA and temperature-responsive poly
(2-(2-methoxyethoxy)-ethyl methacrylate) (PMEO,MA) via ATRP,
and compared the responsive behaviour of AuNPs coated with
either P(DMAEMA-b-MEO,MA) (Fig. 3A top) or P(MEO,MA-b-
DMAEMA) (Fig. 3A bottom).** As PMEO,MA has a LCST of
~35 °C and PDMAEMA has a pH-dependent LCST, a two-step
collapse of the polymer brush was observed upon heating
(Fig. 3B), with maximum NP aggregation occurring close to the
isoelectric point; pH 7.7 for AuNPs coated with P(DMAEMA-b-
MEO,MA) (Fig. 3C) and 8.1 when the polymer coating was
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adapted with permission from Song et al.®* (E)-(G) adapted with permission from Chen et al.®®
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P(MEO,MA-b-DMAEMA) (Fig. 3D). A diverse range of pH-tune-
able, double LCST aggregation processes were demonstrated
by Chen et al., who grafted random copolymer P(DMAEMA-co-
NIPAM) from the surface of silica NPs by one-pot surface-
initiated ATRP.*® At pH 5, PDMAEMA units were protonated
and heating resulted in a gradual decrease of turbidity,
observed by UV-vis spectroscopy. This indicates some degree
of polymer brush collapse (confirmed by DLS) but no aggrega-
tion due to the electrostatic charge of PDMAEMA (Fig. 3E).
Heating in neutral conditions resulted in a three-step tran-
sition due to the sequential collapse of PNIPAM and then
PDMAEMA units, followed by NP aggregation at higher temp-
eratures (Fig. 3F). However, an unexpected two-step transition
was observed at pH 10 as NPs weakly assembled due to inter-
particle association at ~35 °C and then fully aggregated above
55 °C (Fig. 3G). This is likely due to a two-phase transition of
grafted PNIPAM which has been reported prior.’® Note the
DLS data shown in Fig. 3E-G are the measurements recorded
for Si0, NPs coated with P(DMAEMA,,-co-NIPAMg;), however
similar data was found for 50:50 monomer ratios. While a
comonomer may add more complexity to a system, the ability
to have dual-responsive aggregating systems far outweighs this
additional complexity.

4.3. Temperature-, pH- and ionic strength-responsive
nanoparticle aggregation

Multi-responsive NPs which are sensitive to all three stimuli
(temperature, pH and ionic strength) yield even greater control
over their dispersed/aggregated states. These systems combine
the intrinsic temperature- and pH-responsive polymer behav-
iour with the ionic screening of charged surfactants or chain
ends. Mohsen et al. synthesised multi-responsive P(NIPAM-co-
AA), at 5 and 10 wt% AA monomer concentration, via surfac-
tant-free emulsion polymerisation with a KPS initiator." A
temperature-responsive de-swelling transition was observed for
both microgels upon heating above the VPTT in water at pH 3.
De-swelling was reduced at pH 6 due to electrostatic repulsion
between anionic PAA units hindering a full collapse, which
was more prominent in the 10 wt% PAA microgels. The de-
swollen microgels remained colloidally dispersed above the
VPTT at pH 3-6 due to electrostatic stabilisation from the
sulfate chain ends. With the addition of electrolyte (0.1 M
NaCl), both microgels reversibly aggregated when heated and
cooled past the VPTT at pH 3. However, at pH 6 both microgels
remained dispersed above the VPTT, even with the addition of
ionic strength. Alongside the dependence upon all three
stimuli to induce aggregation, Farooqi et al. reported the influ-
ence of ionic strength on the size of P(NIPAM-co-AA) microgel
aggregates.”’ DLS data obtained when heating P(NIPAM-co-AA)
microgels with varying ionic strength at pH 9 showed no
change in microgel size at any of the ionic strengths tested,
while at pH 3 an increase in ionic strength from 0.05 M to 0.1
M NaCl solution resulted in a much larger aggregate for-
mation. This can be attributed to the salting-out effect dis-
cussed in section 4.1.°> At pH 9, temperature-responsive de-
swelling was inhibited by the ionised PAA, but ionic strength-
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responsive de-swelling could be seen with the microgels con-
tracting as the increased ionic strength reduced the quality of
the solvent environment.

Pinheiro et al. developed multi-stimuli-responsive core-
shell microgels consisting of a poly(methyl methacrylate)
(PMMA) core and a cross-linked P(NIPAM-co-AA) or P(NIPAM-
co-MAA) shell (Fig. 4A).°> Core-shell microgels can be con-
sidered a hybrid between microgels and core-shell NPs, often
possessing a denser core and a more loosely cross-linked
polymer shell.”®®* Due to differences in reactivity ratios
between NIPAM/AA and NIPAM/MAA, the two core-shell
microgels incorporated the same bulk -COOH/-COO™ content,
but differed in its distribution.”””®” Thus, PMAA of P(NIPAM-
c0-MAA) resided mainly towards the PMMA core, whereas
slower reacting PAA comonomer was distributed more towards
the surface. This is represented graphically in Fig. 4A. The
responsive behaviour of both core-shell microgels were
measured primarily by DLS, Fig. 4B. The LCST values of these
systems were obtained from Fig. 4B(i), which showed slight
differences in the VPTT values observed: P(NIPAM-co-MAA)
30 °C; P(NIPAM-co-AA) 34 °C (at 0.005 wt%, pH 3.8). This is
likely due to the surface PAA enhancing solvation of the cross-
linked shell. Pinheiro et al. observed no aggregation above the
VPTT at pH 5.5, for either P(NIPAM-co-AA) (Fig. 4B(ii)) or
P(NIPAM-co-MAA) (Fig. 4B(iii)) despite high ionic strength (0.1
M NaNOj;). This behaviour indicated that the degree of ionis-
ation was too high at this point to be screened by ionic
strength. The anionic charge of P(NIPAM-co-MAA) was found
to be fully screened at lower ionic strength (0.015 M NaNOs,
pH 5.5) compared to P(NIPAM-co-AA) coated particles (0.1 M
NaNOg, pH 5). This was thought to be due to the higher charge
density in P(NIPAM-co-MAA), compared with P(NIPAM-co-AA),
whose charge is more difficult to screen as PAA is distributed
towards the surface and occupies a larger area. It was found
that at pH 5 microgel aggregation was induced for the PAA
containing particles above the VPTT due to the ionic strength
(0.1 M NaNO;) being sufficient to screen the anionic charge
from ionised PAA, Fig. 4B(iv). This differed to the findings of
Mohsen et al., who found high ionic strength was insufficient
to screen ionised PAA at pH 6, this difference likely demon-
strates the delicate interplay of interactions. The difference in
salts used in the two studies (NaCl vs. NaNO;) may also influ-
ence the screening and salting-out abilities.”®>” However, no
data is given for PMAA containing particles. Ultimately both of
the core-shell microgels showed multi-responsive aggregation
dependent on temperature, pH and ionic strength, however
the distribution of charge does allow for slight variations in
the aggregating conditions.

Li et al. synthesised hyperbranched poly(ether amine) (PEA)
microgels by assembly of PEA and pentaerythritol tetra(3-mer-
captopropionate) (PTMP) in water and the subsequent cross-
linking of these reagents via a thiol-ene photo-click reaction -
see Fig. 4C.°® The resulting 250 nm particles (PDI 0.15) were
comprised of a poly(ethylene oxide) (PEO) shell and a PTMP
cross-linked hydrophobic poly(propylene oxide) (PPO) core.
The PEO shell was determined to be temperature responsive
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and became hydrophobic at ~70 °C at pH 7.2. This was deter-
mined from UV-Vis spectroscopy data using transmittance to
determine the cloud point, and therefore the aggregation
temperature, of the microgels. Increasing the pH decreased
the aggregation temperature of the microgels, Fig. 4D. This
was attributed to the deprotonation of amino groups resulting
in an overall more hydrophilic polymer. Similar results were
also seen with increasing ionic strength, Fig. 4E.
Unfortunately, the effect of increasing both of these variables
was not studied. Yin’s group also published results on the sep-
aration of dyes using silica particles with a PEA shell.”*™*
These particles are again responsive to temperature, pH and
ionic strength, and the aggregation of these particles is
observed. The greater number of aggregating particle systems
that are discovered and the more in-depth knowledge we gene-
rate of them, the more possible applications of these systems
will be discovered.

5. Applications

Multi-stimuli-responsive NPs can be designed to aggregate
under a diverse set of conditions, offering a wide variety of
potential applications. The following sections will discussion
examples of multi-stimuli-responsive aggregation of nano-
particles for applications in nanomedicine, pore-blocking, sep-
aration and extraction, and colloidal catalysts.

5.1. Nanomedicine

Temperature- and pH-responsive NPs have received particular
interest for the diagnosis and treatment of cancerous tumours,
as slight differences in the tumour microenvironment com-
pared with healthy tissue allows for site-specific aggrega-
tion.'® This application is the focus of a recent review by Yu
et al., which we direct readers to read for more information on
this specific application.'® More broadly, stimuli-responsive
microgels are commonly utilised as biomaterials due to their
typically good biocompatibility and permeability, indicating
suitability for tissue engineering and drug delivery
applications."® % The stimuli-responsive NP aggregation
behaviour can be used to produce a (semi-) solid material that
can be injected into the body in a minimally invasion manner.
Our group recently utilised dual stimuli-responsive PNIPAM
microgels with solid drug NPs to produce an in situ forming
implant (ISFI).*> ISFIs are a low viscosity, injectable solution
which transforms into a (semi-) solid depot in the body for
sustained drug release'® - see Fig. 2C. Once injected into a
tissue environment, the PNIPAM microgels aggregated in
response to physiological conditions, entrapping solid drug
NPs in the process and producing a drug depot. This system
benefitted from the dual temperature- and ionic strength-
responsivity of the microgels, as this avoided premature aggre-
gation in the needle from the elevated temperatures during
injection. Sustained release of a HIV drug (lopinavir) from the
ISFI was observed over a 120-day period in vitro. Subsequent
studies revealed drug release rate could be fine-tuned through
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the adjustment of microgel size and solid drug NP loading,
enhancing the suitability for real world applicability.'
Kjoniksen et al. reported a similar system using PNIPAM-
based microgels for the sustained release of naltrexone.'*’
They demonstrated naltrexone permeated microgels at low
temperatures and became entrapped upon de-swelling and
aggregation in physiological conditions. Sustained release
could be prolonged by the copolymerisation of 1 mol% PAA,
which increased affinity to the positively charged naltrexone
without compromising aggregation. Although these findings
are conceptually promising, considerations of biocompatibility
and biodegradability of polymer materials persist as the main
obstacle for fulfilling drug delivery applications.

5.2. Pore blocking

The aggregation of temperature-responsive PNIPAM-based
microgels may also be exploited for pore blocking applications,
such as for enhancing oil recovery from petroleum reservoirs.
The oil recovery process involves injecting pumping material
(often seawater) into oil-bearing rock, thus displacing the oil
and forcing it out of the reservoir. The pumping material
follows the path of least resistance through the most per-
meable layers of rock, often resulting in <50% yield."""'"?
However, the process efficiency may be improved through the
injection of dual-stimuli-responsive microgels which aggregate
in response to the high temperatures of oil-bearing rock and
the ionic strength of seawater.®® Aggregated NPs can block the
highly permeable channels and redirect the pumping material
to mobilise oil from less permeable rock. Mohsen et al
demonstrated the ability of PNIPAM and multi-responsive
P(NIPAM-co-AA) microgels ability to block a 5 pm porous mem-
brane by measuring flow rate against time (Fig. 5A)." A
decrease in flow rate by up to 96% was observed after
180 minutes, indicating the membrane was almost fully
blocked by aggregated NPs. The authors suggested this pore
blocking may be suitable for the treatment of dentin hypersen-
sitivity, where ~3 pm tubules in the teeth expose the nerve to
the external environment.'"?

5.2.1. Separation and extraction. Favourable interactions
between polymer-based NPs and certain compounds or pro-
teins can result in their adsorption and encapsulation upon
stimuli-responsive aggregation, which may prove useful for
selective chemical separations or bioseparation applications.’
Di et al'® demonstrated the capability of multi-stimuli-
responsive core-shell NPs, consisting of a novel poly(ether
amine) (PEA) grafted to a poly(dimethylsiloxane) (PDMS) core,
for the selective separation of water-soluble dyes. Dyes could
be separated from water upon aggregation of the NPs, produ-
cing coloured precipitates or transferring to an organic solvent
phase, and leaving the aqueous phase almost colourless.
Superparamagnetic NPs, such as iron oxide core-shell NPs,
have received particular interest for separation applications, as
the aggregate can be easily separated by magnetic
extraction.""*'"> For example, Paulus et al integrated ion-
exchange monomers into the PNIPAM polymer brush layer of
a superparamagnetic core-shell NP, to act as binding sites for
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protein adsorption and extraction.'*® This resulted in high
protein adsorption (57-132 mg protein per g NPs) which
remained unaffected upon heating to 40 °C, and close to 100%
desorption could be achieved by elution with NaCl.

5.2.2. Colloidal catalysis. Reversible stimuli-responsive NP
aggregation has found interest in colloidal catalysis, as this
may facilitate the recovery of the catalyst from the products/
solvent and enhance reusability.>''”''® Chakraborty and
Kitchens recently prepared AuNPs with a grafted PAA shell to
aid the recovery and reusability for multiple catalytic cycles of
4-nitrophenol reduction.” The catalyst particles could be effec-
tively recovered by two approaches: responsive aggregation and
redispersion in fresh solvent/reagent mixture, or responsive
phase transfer to an organic solvent, see Fig. 5B and C. In the
responsive aggregation and redispersion approach, the use of
a pH switch was used to trigger aggregation under acidic con-
ditions which allowed the catalyst to then be easily separated
from the solvent and products before being redispersed in
fresh reactants. The phase transfer approach utilised the
addition of acid to trigger a pH responsive transfer of the col-
loidal catalyst from the aqueous phase into an organic phase.
This allowed easy separation of the products from the catalyst,
the addition of base then resulted in the catalyst transferring
back into the aqueous phase ready for reuse.

The activity of colloidal catalysts can also be modulated
through responsive aggregation behaviour. Self-inhibition of
catalytic activity can be achieved through aggregation in
response to the evolving reaction conditions. For example, the
stimuli-responsive collapse of the brush layer and subsequent

7890 | Nanoscale, 2021,13, 7879-7896

aggregation of catalytic core-shell NPs can hinder activity by
preventing reagent diffusion to the NP surface.''® Another
approach involves embedding catalytic NPs within stimuli-
responsive microgel matrices."*>'*' The cross-linked polymer
network supports the embedded NPs and assists their colloidal
stability, whilst stimuli-responsive swelling and de-swelling
behaviour regulates catalytic activity by hindering or facilitat-
ing the access of reagents to the surface of the embedded cata-
Iytic NPs. This regulation of reaction rate is particularly useful
for avoiding overheating in the catalysis of exothermic
reactions." "

6. Conclusions

To summarise, this review has provided an overview of the
recent developments of stimuli-responsive core-shell NPs and
microgels, which can form aggregates in response to the syner-
gistic interplay between temperature, pH and ionic strength
stimuli. The delicate balance of hydrophilic/hydrophobic inter-
actions of the polymer-based NPs is key to achieving this
responsive aggregation, as the balance can be shifted through
changes in the external stimuli, leading to a loss of colloidal
stability. As a result of multi-stimuli-responsivity, a complex
and varied range of aggregation behaviours can be ascertained
under potentially tightly defined conditions. Such spatial and
temporal control of the aggregation behaviour offers the poten-
tial for such systems to fulfil a wide range of applications.
These multi-responsive NPs are particularly interesting in the

This journal is © The Royal Society of Chemistry 2021
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field of biomaterials, with temperature, pH and ionic strength
stimuli all contributing to the physiological environment. The
specificity of multi-responsive aggregating colloidal systems
may also be further improved for biomedical application by
designing in responsive elements that respond to biomarkers
for disease. For example, enzymes have been previously shown
to provide a single stimulus that triggered a change in the col-
loidal stability of NPs."?>™*** In the future, the inclusion of
such responsive elements into multi-responsive NP systems
might offer the potential to trigger nanoparticle aggregation in
response very tightly defined conditions, such as the presence
of a certain enzyme while also in the appropriate pH or temp-
erature range.

Although impressive progress has been made in this field
over a short period of time, there are still shortcomings which
may limit advances. PNIPAM heavily dominates the field of
stimuli-responsive materials due to the LCST being within
close proximity of body temperature. However, such PNIPAM
based-systems are rarely degradable within the body which
may limit their clinical suitability for some applications. This
can be achieved either through the addition of degradable
units within the polymer backbone or, for macro- or nanogels,
the inclusion of a degradable cross-linker."*>™**' Future
research is required to develop PNIPAM polymers that are truly
biodegradable, with predictable or tailorable degraded
polymer molecular weights for excretion. Additionally,
although PNIPAM-based NPs remain desirable for biomedical
applications, the relatively low LCST may lack suitability for
chemical processing applications such as selective separations
and reusable/responsive catalysis. It could be suggested that a
stronger emphasis should be placed on the development of a
wider understanding of stimuli-responsive polymers, which in
turn would facilitate the development of a broader range of
responsive NPs, and progress their usefulness for a variety of
applications. The aggregation of colloidal systems is often
seen as a negative occurrence and as such is often overlooked
or ignored in studies. Therefore, more detailed disclosure of
the conditions under which responsive aggregation occurred
would be a great aid to this research area. However, as shown
in this review triggered aggregation is a useful behaviour that
could be exploited in existing applications but also many
future applications exist. One possible application is using
in situ aggregation to cause targeted tissue embolization.
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