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ARTICLE INFO ABSTRACT
Keywords: Poly(N-isopropylacrylamide) (PNIPAM) nanogels are promising responsive colloidal particles
PNIPAM nanogels that can be used in pharmaceutical applications as drug carriers. This work investigates the
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Cation induced morphology
Debye screening model
Zeta potential

temperature-dependent morphological changes and agglomeration of PNIPAM nanogels in the
presence of mono- and multi-valent cationic electrolytes. We described the deswelling, floccu-
lation, thermal reversibility behaviour and aggregated morphology of PNIPAM nanogels over a
range of electrolyte concentrations and temperatures revealing the critical transition points from
stable suspension to spontaneous agglomeration. We demonstrated that the flocculating ability
and the rate of aggregate formation follow the order of deswelling behaviour. Transmission
electron microscopy and atomic force microscopy analysis revealed the presence of a shell-like
layer with varying density in the multivalent electrolyte solutions when compared to those in
aqueous medium. We identified a concentration threshold of the thermally induced reversible
aggregation/dispersion for the PNIPAM nanogels in the presence of Na* and K* ions at 10 mM,
for Mg?* and Ca* ions at 1 mM and for AI®* ions at 0.1 mM concentrations. Such concentration
thresholds indicated the effective destabilization of the electrolyte system with multivalency
following the Schulze-Hardy rule. Our findings were supported by applying a Debye screening
model that accounts for the shielding effect of multivalent cationic electrolytes on these nanogel
systems. Our experiments and the models confirmed the compression of the electric double layer
as the valency and ionic strength increased, except for Al* at higher concentrations which
seemed to disrupt the electrical double layer and cause reversal of zeta potential. Our work
highlights the significant impact the presence of multivalent cations can impose on the stability
and morphology of nanogels, and this understanding will help in designing responsive nanogel
systems based on PNIPAM nanogels.

1. Introduction

Poly(N-isopropylacrylamide) (PNIPAM) nanogels are cross-linked polymer particles that exhibit a temperature-responsive tran-
sition at ~ 32 °C, known as the volume phase transition temperature (VPTT) [1]. These nanogels have received growing attention due
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to their VPTT being close to body temperature and their rapid phase transition [2-4]. Such temperature responsiveness of the PNIPAM
nanogels has generated great interest in potential applications such as drug delivery [5-9], tissue engineering [10-12], and wound
dressing [13,14].

The colloidal stability of PNIPAM nanogels is dependent on both steric repulsion and electrostatic repulsion, these types of stability
result of the interplay between the solvated polymer chains on the surface and the initiator-derived anionic charges on the particles,
respectively [15,16]. While the steric repulsion has a strong temperature dependency and will disappear as the nanogels deswell above
the VPTT [17], in the presence of ions, the electrostatic repulsion also plays a critical role in the colloidal stability of the nanogel
dispersion. Such electrostatic repulsion between colloids is demonstrated to be diminished by the increased ionic strengths [18].
Therefore, the nanogels are responsive to both temperature and ionic strength changes. Understanding such response with respect to
these stimuli is therefore crucial in terms of designing smart nanogel systems with controlled agglomeration and dispersion states in
complex biological environments.

There have been studies investigating the flocculation behaviour and VPTT of PNIPAM particles in the presence of cation- or anion-
based electrolyte systems with respect to their valency (mono- and di-valency) [19-24]. The cation-based studies revealed that the
flocculation of the nanogels was predominantly determined by the electrolyte species and their concentration [19] and their VPTT
became broader and shifted to a lower temperature with increasing the electrolyte valency and concentration [20]. Additionally,
Pastoor et al. reported that the phase behaviour of PNIPAM hydrogel was determined by the competing hydrophilic and hydrophobic
forces, where cation solvation aided the stabilization [22]. Such power of facilitating the volume phase transition follow the order
Ca?* < Mg?" < Na¥. In terms of the effects of anions, it has been shown that the flocculation behaviour correlates with the lyotropic
series (Hofmeister series) [25,26]. Such that the solvating ions such as Cl™ had greater efficiency in deswelling than non-solvating
(SCN) ions [27]. Lopez-Leon et al. further revealed the mechanism of Hofmeister effect on PNIPAM particles in their study, which
focused on the investigation of the polymer network configuration and interfacial properties. They revealed the change in structure at
the water interface around the PNIPAM chains and ionic adsorption-exclusion phenomena at the polymer surface in the presence of
Hofmeister ions [28]. Similarly, Fanaian et al. studied the Hofmeister anions effect on PNIPAM and PNIPAM-co-PAA (poly(acrylic
acid)) polymer particles, and found that PNIPAM-co-PAA microgels exhibited a greater sensitivity to flocculation compared to PNIPAM
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Scheme 1. Schematic representation of PNIPAM synthesis and their thermo-responsive properties. (a) Free radical dispersion polymerization of
PNIPAM nanogels and (b) graphical representation of the polymer nanogel response to changes in temperature.
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[29]. This increased sensitivity was due to the stronger interaction capacity of those ions with the PAA moieties in the microgels [29].
To use these findings in the practical application of ion identification, Carvalho et al. developed PNIPAM-based optical etalons to
investigate how various salts in the Hofmeister series influenced the microgel hydration state by observing the shift of the reflectance
peak [30]. Their work revealed the contribution of the counter anion to the swelling behaviour. As such, the understanding of the
colloidal stability of the PNIPAM nanogels has improved by employing different experimental approaches. Our work complements and
adds new insights to the prior work by comprehensively investigating cation-induced deswelling and flocculating behaviour and
morphological changes occurring due to electrolyte interactions. Greater understanding of the combined effect between the cationic
valency and temperature on the particle stability holds significant value, in particular for the design of drug delivery systems based on
PNIPAM nanogels, where the precise control over flocculation is crucial [18].

In this paper, we investigated the phase and morphological change (i.e., deswelling, aggregation and thermal reversibility
behaviour) of PNIPAM nanogels in the presence of multivalent electrolytes (NaCl, KCl, MgCl,, CaCl, and AlCl3) spanning mono-to tri-
valent electrolytes, varying their ionic strength as a function of temperature. Moreover, we implemented a Debye screening model by
accounting for the electrostatic interactions, which can be applied to the multivalent electrolyte systems to determine the thickness of
the electric double layer. Combination of this model and our experimental work will help further the understanding of the colloidal
stability of PNIPAM nanogels in multivalent electrolyte solutions in a predictive way.

2. Results and discussion
2.1. Synthesis of PNIPAM nanogels and their thermo-dependent size variation

Scheme 1 shows the synthesis of the PNIPAM nanogels by free radical dispersion polymerization under an inert environment,
forming a 3-dimensional cross-linked polymer particle. These PNIPAM nanogels are sensitive to temperature, i.e. they deswell when
the temperature increases above their VPTT [5,15]. At this temperature, the PNIPAM nanogels undergo the phase transition from a
hydrated state to a dehydrated state, due to the disruption of the amide-water hydrogen bonds [31,32]. Below the VPTT, the hy-
drophilic polymer chains extend into the continuous phase by forming hydrogen bonds between the polymer and the solvent [33]. On
the other hand, when the temperature is above the VPTT, the hydrogen bonding becomes weaker, which results in a contraction of the
main chains forming hard globules [33], Scheme 1 (b). Fig. S1 shows a scanning electron microscopy image of dried nanogels and their
particle size distribution. In the dried state the particles seem to merge due to their outer shell interactions, yet the electron microscopy
images confirm the formation of uniform spherical particles at a diameter range of 170 + 12 nm.

Following this, we established the colloidal stability behaviour of the PNIPAM nanogels by following the hydrodynamic diameter
(Dp) and zeta potential values in aqueous medium as a function of temperature, as shown in Fig. 1 and Fig. S2. The nanogels initially
have a Dy, of 283 nm with a polydispersity index (PdI) of 0.01 which decreased to 182 nm (PDI = 0.02) with a swelling ratio (a ratio of a
swollen Dy, (25 °C) to the deswollen Dy, (50 °C)) of 1.56, marking a phase transition occurring between 30 °C and 40 °C in Fig. 1 (a). The
size change of the nanogels mainly depends on the structural conformation of the polymer chains and the level of hydrogen bonding
ability at a given temperature. In this dispersion polymerization, KPS is used as the initiator and the sulphate groups originating from
the initiator are therefore located at the polymer chain ends of PNIPAM. This results in the nanogels possessing an anionic surface layer
around the cross-linked particle [34]. Given the diffusive properties of the nanogels in swollen state, the measured zeta potential
results were slightly smaller in magnitude compared to the hard sphere of same charge density. The surface charge was analysed in zeta
potential measurements, which became more negative during the heating process, changing from —7.2 mV at 25 °C to —42.1 mV at
50 °C, Fig. 1 (b). This shift is attributed to the collapse of the swollen PNIPAM nanogels as depicted in Scheme 1 b. Such contraction of
the colloidal particle results in an increased surface charge density, i.e. the enhanced negative zeta potential. This was also observed by
Varga et al. in their exploration of the electrophoretic mobility of PNIPAM particles. While they stated the inner section of the particles
behave similarly to a neutral hard sphere, the electrophoretic mobility was induced by the charge in the outer layer of the particles
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Fig. 1. The thermo-responsive behaviour of the PNIPAM nanogels by dynamic light scattering and zeta potential measurements. (a) Thermal
sensitivity of the PNIPAM nanogel hydrodynamic diameter and PdI, (b) zeta potential of the PNIPAM nanogels as a function of temperature, and (c)
thermal reversibility shown by diameter changes upon repetitive cycles of heating and cooling (25 °C-50 °C).
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[35]. Furthermore, Sierra-Martin et al. reported the effect of increasing the temperature causing the electrophoretic mobility to in-
crease due to the enhanced charge density resulting from particle deswelling. This temperature dependency can offer a means of
controlling the electrophoretic mobility, unlike the conventional charged hard spheres where the electrophoretic mobility will likely
remain constant during temperature variations [36]. Nevertheless, these synthesised nanogels possess colloidal stability over the
whole temperature range tested. Below the VPTT, strong steric stabilization from the solvated dangling chains dominates the stability
of nanogels as the lower zeta potential (—7.2 mV) would likely be insufficient to stabilize the nanogels as a dispersion. Above the VPTT
where the PNIPAM chains are in the collapsed state, the electrostatic repulsion (—42.1 mV) is responsible for preventing the nanogels
from aggregating.

In a cyclic temperature program where the temperature is fluctuated between 25 °C and 50 °C in a consecutive manner, the
PNIPAM nanogels demonstrate reversible swelling/deswelling behaviour and their Dy shifts between the 280 nm and 180 nm,
repeatedly with no flocculation behaviour, as shown in Fig. 1 (c).

2.2. Colloidal stability of PNIPAM nanogels as a function of ionic strength

In biological media, colloidal particles are exposed to complex ionic interactions that play an important role in their volumetric
phase transitions. Therefore, it is important to predict their deswelling, flocculating, and thermal reversibility behaviour under a range
of ionic interactions. For this reason, we investigated the effect of the ionic strength on the thermal stability of nanogel dispersions by
using mono- and multi-valent cationic electrolytes at different concentrations (0.1 mM-100 mM). The ionic strength of electrolyte
solutions containing the different cations can affect their electrical conductivity. As the valency of the electrolytes increased, a non-
linear increase in the electrical conductivity with the trend of AI** > Ca?* > Mg?" > K™ > Na' was observed, Fig. S3. Further-
more, the comparative analysis of electrical conductivity between the pure electrolytes and data measured in the presence of PNIPAM
nanogels indicate non-specific binding interactions of ions within hydrogels.
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Fig. 2. The deswelling behaviour of PNIPAM nanogels in the multivalent electrolytes over a concentration gradient from 0.1 mM to 100 mM at
25 °C. (a) NaCl, (b) KCl, (c) MgCl,, (d) CaCl, and (e) AlCl3 and (f) schematic diagram for the hydrated nanogels representing the deswelling
mechanism by the added electrolytes. The dark blue circle highlights the minimum diameter that nanogels obtained in the 10 mM electro-
lyte solution.
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2.2.1. Deswelling behaviour of PNIPAM nanogels in multivalent cation solutions

Upon adding electrolytes to the dispersion, the corresponding ionic strength of the suspensions increase and the colloidal stability
of nanogels are affected by the ionic interactions [25,37]. The dissociated cations form around the negatively charged PNIPAM
nanogels forming an electrical double layer (EDL). The structure and the thickness of the EDL also changes depending on the nature
and valency of the cation and contributes to the deswelling power of the PNIPAM as a function of electrolyte type and concentration.

PNIPAM nanogel dispersions had good colloidal stability for all the tested cations (Na™, K*, Mg?*, Ca** and AI**) below 100 mM
ion concentrations at 25 °C (Fig. 2). When the electrolyte concentration reached a 10 mM the deswelling behaviour became more
pronounced and the nanogels reached their minimum diameters for all electrolytes (circled in blue in Fig. 2), and all the samples had
PdI values < 0.05, indicating that no aggregation had occurred. As the electrolyte concentration increases, water molecules migrate
outwards from the hydration shell, causing a decrease in the Dy, values obtained from DLS measurements.

In this system, the nanogel hydration sphere consists of a crowded mixture of water molecules, polymer chains, and ions, where
each component interacts with the other and hence contributes to the nanogel stability [25]. One of the molecular mechanisms for the
deswelling of the PNIPAM nanogels is driven by the cations interacting with the hydration shell of the polymer. At this interface, the
water molecules are highly polarized through the hydrogen-bonding of the amide moieties of the polymer pendant groups. Thus,
addition of the cations causes dehydration of the hydrophilic amide groups. Alternatively, the osmosis of water from the nanogels in
the presence of electrolyte solution may also contribute to the deswelling mechanism [21,38]. It is worth noting that those electrostatic
interactions also depend on the diffusion of ions into the 3D network of the nanogel, which is expected to be dependent on the
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cross-linking density of the nanogels. Wu et al. reported that as the cross-linking density is increased, the water diffusion decreases, and
the reduction of the diffusion rate is higher at the polymer-water interface [39]. The variation of diffusion coefficient with cross-linking
density is related to the variation of water content at different cross-linking densities. The diffusion of ions also decreased as the
cross-linking density is increased. We hypothesize this is due to the ability of hydrated cations to induce deswelling of the nanogels by
polarizing the water molecules on the polymer chains as sketched in Fig. 2 (f). This effect is more pronounced as valency of the cations
increased, i.e. the ions with a higher valency have the superior ability to dehydrate the PNIPAM nanogels following the Schulze-Hardy
rule [40,41]. Furthermore, for the cations possessing the same valency, the ability to deswell the nanogels is closely related to their
charge density. The higher the charge density of the cations, the greater the ability to polarize the water molecules on the polymer
chains and hence the higher the shrinkage in the nanogels. Therefore, the deswelling ability was found to be in the order of AI** >
Mg?" > Ca®" > Na® > K". However, with the further increase in the electrolyte concentration to 100 mM, the stability of the nanogels
was decreased and nanogels began to aggregate, as observed with the increase in the Dy, and PdI values; Dy, of 275 nm (0.17) in Na*,
331 nm (0.19) in K*, 309 nm (0.12) in Mg?*, 296 nm (0.14) in Ca?", and 302 nm (0.05) in AI>*. This was due to the higher con-
centration of electrolyte solutions diminishing electrostatic repulsion forces by the screening effect and interaction of cations with the
anionic groups on the polymer chains, which thus reduced the stability of nanogels [42,43]. This will be examined in more detail later
with the determination of zeta potential values for these nanogels with varying electrolyte concentrations.
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2.2.2. Flocculation behaviour of PNIPAM nanogels in multivalent cation solutions

We also investigated the flocculation behaviour of PNIPAM nanogels in the presence of those electrolytes without steric repulsion-
assisted stabilization by increasing the temperature above the VPTT of the nanogels and quantified the critical flocculation concen-
tration (CFC), i.e. the specific concentration that the nanogels in electrolyte solution undergo flocculation at different temperatures.

The resistance of the PNIPAM nanogels to aggregation depended heavily on the stability of their electrical double layer. The
addition of electrolyte will affect the net screening effect of charged nanogels by forming a cloud of ions around the nanogels [44]. Both
cations and anions in electrolyte system contribute to the ionic strength of a solution, which enables compression of the electrical
double layer. Furthermore, chloride ions were reported to demonstrate a significant effect on reducing the VPTT by preventing the
water from interacting with amide groups of PNIPAM [23,24,26,37]. However, the cations contribute more to the ionic strength than
anions in our studied system according to equation 5. Therefore, the impact of cations was considered as the main driving force on the
colloidal stability of PNIPAM nanogels.

Fig. 3 summarizes the flocculation sensitivity of PNIPAM nanogels in a range of multivalent electrolytes at elevated temperatures.
As the temperature was raised, nanogels demonstrated the deswelling behaviour below the CFC in their electrolyte solutions, which
was observed for both monovalent electrolytes (Na* and K*) below 10 mM and the divalent electrolytes (Mg?" and Ca®") below 1 mM.
The trivalent AI** on the other hand, flocculated the nanogels at all the concentration ranges tested (even at 0.1 mM). Fig. S4 provided
the detailed size information by the multiple angle dynamic light scattering (MA-DLS) on the aggregates formed at the CFC. As a result,
we concluded that the CFC of PNIPAM nanogels decreased with the increasing valency of the cations highlighted. We did not observe
distinct difference in flocculation behaviour between cations possessing the same valency, which indicated that the power to flocculate
nanogels most likely to be similar for within the same range of valency. The heating-induced flocculation behaviour was particularly
sensitive to the electrolyte concentration, and it followed the Schulze-Hardy rule, i.e. greater the valency of the electrolyte ion, greater
will be its coagulation power [40,41].

Due to the impact of cations on the stability of electrical double layer, the valency of cations in electrolyte solutions has an influence
on the screening effect: the higher the valency, the stronger the screening effect [45]. However, with the increased ionic strength, the
double layer of nanogels will be compressed to a critical point and start to aggregate due to the disrupted screening effect. In general, a
divalent ion Mg?* and Ca?" will be more efficient in approaching the aggregation critical point in comparison with a monovalent ion
Na® and K*, but demonstrate weaker screening effect than AI3*.

Given all the considerations, we concluded the combined stability was mainly driven through the ionic strength and temperature of
the PNIPAM nanogels in the electrolyte solution and these two effects can counteract each other in certain scenarios. The increased
ionic strength diminishes the electrostatic repulsion force by the screening effect, and the elevated temperature decreases steric
stabilization due to the phase transition, which together promote the formation of aggregates [5,15,46,47].

2.2.3. Thermal reversibility behaviour of PNIPAM nanogels in multivalent cation solutions

Further to understanding particle phase and morphology, we also accounted for size reversibility of PNIPAM nanogels in electrolyte
solutions over the tested concentration range under cyclic heating and cooling treatment. As illustrated above that nanogels
demonstrated the deswelling/swelling reversibility below the critical flocculation concentration upon the heating and cooling
treatment, we also studied the flocculation power of multivalent electrolytes on the PNIPAM which follows the Schulze-Hardy’s rule
but have not tested the reversibility of this process. Here, we investigate another mode of thermal reversibility, where the flocculated
nanogels return to dispersed state while cooling down below VPTT, i.e., aggregation/dispersion reversibility.

Fig. 4 shows that nanogels exhibited thermal reversibility in deswelling/swelling and aggregation/dispersion behaviour in
multivalent electrolyte solutions and these different size reversibility trends were separated by the yellow dash line. For the thermally
triggered swelling/deswelling ability, nanogels were free to demonstrate their phase reversibility in the low electrolyte concentrations
in which the electric repulsion is strong enough to stabilize the nanogels to avoid aggregations. One should bear in mind that above the
VPTT, this stability is purely electrostatic and not due to steric repulsion. Nevertheless, these aggregated nanogels can redisperse with
cooling treatment. This is due to the weak aggregation of nanogels, and they regain steric repulsion by extending their polymer chains
in the medium below the VPTT.

2.2.4. Morphological analysis of PNIPAM nanogels in multivalent cation solutions

We further analysed the dynamic flocculation behaviour of the nanogels using an in-situ imaging analysis under polarised optical
microscopy by observing the particle aggregation at the sessile droplet edge during heating cycles. To capture the PNIPAM nanogels in
the optical microscopy set-up, the suspensions were stained by methylene blue. The aggregation of the particles was recorded in
multivalent salt solutions whilst applying fast heating and cooling cycles using a VAHEAT® stage. Fig. S5 are a series of snapshot
images from the supporting videos recorded at the sessile droplet edge depicting spontaneous aggregation of the particles as the
concentration of the cations increased. The videos further provide additional evidence that the multivalent electrolytes demonstrate
greater flocculation power on nanogels than monovalent ones, i.e. AI*" > Mg?" = Ca?t > Na™ = K*, and the response rate to form
aggregates was consistent to the order of the flocculation power. Such in-situ analysis particularly suggested that the phase transition
behaviour of those nanogels from the dispersion to the aggregation strongly depends on the cationic valency of electrolytes they are
dispersed in, which is consistent to the Schulze-Hardy rule.

Previous works claimed the tendency of the polymer chains to retract during heat cycles which can cause local density differences
within the particle’s inner core and outer shells [17,18,48]. Following upon this, we hypothesized that the presence of the ions could
influence the contraction of the polymer branches at the polymer-ion interface, resulting in the denser and stiffer outer layer of
polymer particles. To assess this hypothesis, we analysed the higher resolution morphology and the stiffness of the nanogels using TEM
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and AFM. The images in Fig. 5 of the nanogel particles represents the formation of a smooth surface on the nanogels dried from an
aqueous medium. In contrast to this, the nanogels dried in the presence of electrolyte solutions, demonstrated higher contrast and
roughness in the outer shell. Such change in their outer surface morphology indicates a stiffer polymer interface. This morphological
difference between the bulk of the nanogels and the ones with a 5-10 nm shell can be attributed to accumulation of the ions within the
polymer chains which can cause ionically linked hard shells. The presence of this hard-shell effect becomes more significant as the
cation valency is increased. Therefore, the TEM images and AFM stiffness mapping plots confirms that in the dry state the particle
morphology varies between the outer shells and the core structure. Although there is a likely morphological change due to drying, to
avoid these effects, the relative concentration of the ions was kept constant at 1 mM to present a comparable result and the samples
were rinsed on the TEM substrate. Further investigation using a liquid cell in TEM or AFM may be considered to confirm the correlation
of this effect in wet state.

2.3. Zeta potential and Debye screening effect in electrolyte solution

We followed the changes in the electrostatic potential of the colloids by measuring the zeta potential of the PNIPAM nanogels in
different electrolyte solution at 25 °C and 50 °C which is summarized in Fig. 6 (a) and (b), respectively. As the ionic strength
determined by the electrolyte concentration and their cationic valency is increased, it is expected that the zeta potential of the nanogel
dispersion becomes less negative. Increasing the temperature also triggers a deswelling or flocculation behaviour and drives the zeta
potential of nanogels shifts to more negative values for each concentration point against an individual electrolyte system. This is
attributed to the screening effect demonstrated by the multivalent electrolytes and the heating-induced enhancement of nanogels
charge density [15]. At a 10 mM concentration however, we observed an intriguing reversal of the zeta potential in AlCl3 system
shifting to a positive value at 25 °C in Fig. 6 (a) and (b). Such flip in the zeta potential was also seen in nanoparticles since higher
valency of cations can easily cross the electrical double layer and bind to surface of sample [49,50].

Furthermore, with the temperature increase to 50 °C, the overall zeta potential for mono- and divalent ions shift to more negative
values at higher electrolyte concentration while trivalent electrolytes showed more positive in the zeta potential, Fig. 6 (b). Such
enhanced zeta potential can be explained by the heating-induced enhancement of charge density on nanogels. The ability of cations to
neutralize the charged nanogels, i.e. Debye screening effect, follows the trend (AI** > Mg?* > Ca®" > Na* > K*). As the electrolyte
concentration increases from 0.1 mM to 100 mM at the constant temperature, e.g 25 °C, the zeta potential of nanogels becomes less
negative in their electrolyte system and the higher valency of electrolyte is able to screen more surface charge of nanogels than
monovalent electrolyte. This is because the ionic strength of electrolyte solution determines the Debye length of the screening cloud on
the colloidal sample [51]. When the nanogels were in a concentrated electrolyte or higher cationic valency of electrolyte solution,
effective zeta potential will be reduced in magnitude, as it is shielded by the presence of the counter-ions in the Debye-Hiickel
screening cloud.
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Fig. 5. Bright field (BF) TEM images and AFM stiffness maps demonstrating the morphology and the mechanical contrast in the PNIPAM nanogels
dried from various electrolyte solutions (a and d) TEM image and the AFM stiffness map of the particles dried from aqueous medium (no-shell), (b
and e) TEM image and the AFM stiffness map of the particles dried from 1 mM NacCl solution presenting a softer-shell and (c and f) TEM image and
the AFM stiffness map of the particles dried from 1 mM AICl3 solution presenting a harder-shell.
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Fig. 6. Zeta potential of PNIPAM nanogels in various electrolyte solution at a gradient concentration range over the temperature between the 25 °C
and 50 °C.

To explain the effect of electrostatic interactions on the zeta potential in a predictive way, we followed the Debye screening model,
equation (3) and simulated the Debye length using the Wolfram Mathematica 13.1®. In this model, the theoretical Debye length and
electrical potential was acquired as a function of distance, valency, and concentration based on equations (3) and (4). The influence of
electrolyte concentration on the Debye length is significant. Therefore, to ensure the comparability of our results, the electrolyte
concentrations were standardised to 0.1 M. At this concentration, the Debye lengths for mono-, di-, and trivalent cations are ~1 nm,
0.56 nm, and 0.39 nm, respectively. In addition, the particle charge (q) parameter was obtained by fitting the DLVO equation with
experimental data of monovalent particles in Wolfram Mathematica 13.1®. The acquired data presented in Fig. S6 shows the expected
decrease of the Debye length as a function of increased cationic valency. Such behaviour is expected from the model, indicating that the
magnitudes of the compression of the electrical double layer shown in the model accurately matched the trend for the dropping zeta
potential of nanogels in the different electrolyte systems, with the AlI>* ions showing the most significant potential for electrostatic
screening. It is important to note that our model assumes a hard sphere for the nanogels that does not fully represent the morphology of
the nanogels in the swollen state. In the swollen state nanogels are known to possess a diffusely crosslinked architecture in which the
crosslinking density may differ between the core and the shell [52]. This discrepancy between the model and experimental reality may
explain the differences between the model and the experimental data. For example, the zeta potential of the nanogels demonstrates a
reversal of surface charge in Fig. 6, when the concentration of A1>* jons reach 10 mM. The Debye screening model used in this work did
not predict such reverse in surface charges. This inconsistency between the model and the experimental results can be attributed to the
effect of multiple coordination of the nanogel end groups due to the presence of the surfactant-SDS with the AI** ions which could
potentially shift the electric double layer formation. Furthermore, the strong ionic compression induced by AI** cations, possess a
dimensional mismatch between the theoretical Debye length (~0.39 nm) compared to the size of the hydrated radius of AI*" ions
(~0.45 nm) [53,54]. Therefore, the zeta potential reversal presents an indication of disruption of the electrical double layer in the
presence of the A,

3. Conclusions

In this study, we studied the interplay between colloidal stability, thermal reversibility, agglomeration, and morphological tran-
sition of PNIPAM nanogels in multivalent electrolyte solutions over the tested temperatures between 25 °C and 50 °C.

Our work revealed that the presence of the electrolytes caused the PNIPAM nanogels to reduce in size reaching their minima at 10
mM. The deswelling ability and destabilization effect of the cations was found to be in the order of AI** > Mg?* > Ca®* > Na™ > K.
Similarly, the critical flocculation concentration was 10 mM for the monovalent cations, 1 mM for divalent cations and 0.1 mM for
trivalent cations, which is predicted by the Schulze-Hardy rule. The morphology and stiffness of dried colloidal particles was analysed
by TEM and AFM. The dried nanogels presented the formation of a shell-like layer surrounding the particles which may be driven by
electrolyte driven polymer chain stiffening on the particle surface. The TEM further revealed this shell to vary in density as a result of
the electrolyte interactions, i.e. the soft-shell structure became harder/stiffer in multi-valent electrolytes. Additionally, we observed a
thermally induced size reversibility in the aggregated nanogels and confirming weak interactions within the nanogel clusters.

A Debye length model was used to predict the electrolyte-induced screening process. According to our experimental and modelling
data, at the concentrations of 10 mM and 100 mM, trivalent cation (AI®T) seems to disrupt the electrical double layer. Whereas the
experimental and modelling data indicated that the AI*" at 0.1 mM and 1 mM as well as the divalent cations (Ca®" and Mg2")
compressed the electric double layer substantially compared to the monovalent cations (Na™ and K*). Overall, our work clearly
validated the earlier studies on the electrostatic and interfacial properties of PNIPAM nanogels and provided further evidence on the
parameter space on their stability whilst accounting for the morphological changes in these electrolytes. Further work involving the
effect of the counter anions and wet state morphological changes would be beneficial to further our understanding of these colloidal
systems. The insights provided by our work will assist in the design of responsive nanogels by allowing the tuning of the colloidal
stability and swelling transitions according to the required applications by utilising multivalent ions.
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4. Experimental section
4.1. Materials

Sodium chloride (NaCl, >99 %), potassium chloride (KCl, >99 %), magnesium chloride (MgCl,, >95 %), calcium chloride dihy-
drate (CaCly e 2H50, >99 %), methylene blue hydrate (MB, >95 %), N-isopropylacrylamide (NIPAM, 97 %), N,N-methyl-
enebisacrylamide (MBA, 99 %), potassium persulfate (KPS, >99 %), and sodium dodecyl sulphate (SDS, >99 %) were purchased from
Sigma-Aldrich Company Co., Ltd. (UK). Aluminium chloride (AlCl3, 99 %) was purchased from Thermo Fisher Scientific (UK).
Deionized water (18 MQ cm ! resistivity) was supplied from a molecular water purification system, Purite Fusion 160 (SUEZ).

4.2. Synthesis of PNIPAM nanogels

The PNIPAM nanogels were synthesised by free radical dispersion polymerization as detailed in Scheme 1 [17]. In short, a mixture
of NIPAM monomer (131.2 mM), MBA cross-linker (9.7 mM), and SDS surfactant (0.6 mM) were dissolved in deionized water (117.5
mL) in a 250 mL two-neck round bottom flask. This system was attached to a reflux condenser and a magnetic stirrer and then sealed
with a rubber septum. The dissolved oxygen was degassed by bubbling the solution with nitrogen for 1 h under stirring at 400 rpm.
Separately, KPS initiator (2.2 mM in 7.5 mL deionized water) solution was degassed with nitrogen for 1 h. The round bottom flask was
then heated to 70 °C and the initiator was injected by a syringe into the heated solution. The reaction was allowed to continue for 4 h at
70 °C under a nitrogen atmosphere. To terminate the reaction, the round bottom flask was opened to air and placed in an ice-bath for
30 min. To purify the PNIPAM nanogels, the reaction mixture was transferred to dialysis tubes (12-14 kDa MWCO, Spectrum Labs) and
dialyzed for 5 days, changing the water twice daily. The purified suspension was then lyophilized (Virtis Benchtop K with ultra-low
temperature condenser) and stored in a desiccator.

4.3. Preparation of PNIPAM nanogel dispersions in various electrolyte solutions

The electrolyte solutions (NaCl, KCl, MgCl,, CaCl, and AlCl3) were prepared at the concentrations of 0.1 mM, 1 mM, 10 mM, and
100 mM [cation] with deionized water. The concentration of PNIPAM nanogels in the respective electrolyte solution was kept at 0.01
wt%. This suspension was fully dispersed using a sonication bath (Clifton SW3H, work at 280 W power) for 3 h before performing the
size distribution and zeta potential measurement as a function of temperature. The temperature of the bath was kept below 25 °C
during the period of sonication.

4.4. Particle size distribution

The particles sizes, i.e. hydrodynamic diameter (D), were measured using a Malvern Zetasizer Ultra (laser wavelength of 633 nm
(He-Ne), scattering angle 173°, medium viscosity 0.8872 mPa s, medium refractive index 1.330) DLS system. Since aggregated
particles on micro scale irradiated by the laser light gives an inhomogeneous scatter pattern, it is necessary to accurately measure their
scattering profile from the multiple detection angle. To achieve higher resolution particle size distribution of agglomerated nanogels at
the elevated temperature (50 °C), multi-angle dynamic light scattering (MA-DLS) was exploited to acquire the combined scattering
information, and the intensity of light scattered by agglomerated particles was collected at the back scatter 173°, side scatter 90°, and
forward scatter 45°, respectively. Before the measurements, all samples were treated with the ultra-sonication bath for 0.5 h to ensure
the colloidal particles were freely suspended. The Z-average diameter was recorded in the range between 25 °C and 50 °C at the
interval of 5 °C using a thermal equilibration time of 300 s at each temperature change in a folded capillary cell (DTS1070, Malvern).
After the measurement was performed at 50 °C, the thermal reversibility of PNIPAM nanogels was tested by applying a cooling
treatment to 25 °C with the same thermal equilibration time (300 s). For the measurement in a cyclic temperature program, the
temperature oscillates between 25 °C and 50 °C in a consecutive manner with the same thermal equilibration time (300 s) at each
oscillation. Capillary cells were flushed with ethanol and water prior to usage. Measurements were repeated in triplicate to give a mean
Z-average diameter and polydispersity index (PdI).

To verify the DLS measurements electron microscopy imaging was performed. For this reason, a TESCAN MIRA II, field-emission
high-resolution analytical scanning electron microscopy (SEM) was used. Prior to imaging, the dispersion of PNIPAM nanogels (0.001
wt%) in an aqueous medium were cast directly onto the flat aluminium stubs and dried at room temperature for the size distribution
analysis. Furthermore, the nanogels dispersed in the electrolyte solutions over a range of concentrations were prepared onto a square
silicon wafer (5 by 5 mm) using the same preparation method for the morphological observation of aggregates. Following this, the
samples were coated by a Quorum Q150T sputter coater with an Au/Pd target. A coating current of 40 mA and coating time of 10 s was
used to attain 6 nm thickness to eliminate the charging on the samples caused by electron accumulation. The imaging was done ata 5
kV accelerating voltage with the signal from secondary electrons using an in-lens detector. The electron microscopy image was
analysed using ImageJ for the size determination of fully dispersed PNIPAM nanogels. A histogram of size distribution was created by
randomly selecting 300 particles from the image and then fitted with a Gaussian function:

flo)=— = (J) 6))
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where x is the size of the particle, p is the mean size, and ¢ is standard deviation of the particle size.

4.5. Dynamics of the phase change and aggregation of PNIPAM nanogels

The temperature-dependent agglomeration of the PNIPAM particles were monitored and recorded in real-time with precise and
dynamic temperature control using a custom-made optical microscopy (Olympus, BX53 M) set-up equipped with VAHEAT- Micro
heating system (Interherence GmbH). The aliquots of 50 pl premixed PNIPAM particles in electrolytes were mixed with 10 pl meth-
ylene blue solutions (0.1 mM) uniformly to induce contrast in imaging of the particles and the homogeneous suspensions were applied
onto the smart substrate (poly(dimethysiloxane) reservoirs, SmS-R - 16). The agglomeration of the particles was recorded under a
heating program where the temperature is manipulated through a proportional-integral-derivative controller to the define tempera-
ture (50 °C). The response time for PNIPAM nanogels to form aggregates was recorded to evaluate the flocculation ability of different
electrolyte solutions to nanogels.

4.6. Particle morphology analysis

To analyse the shell softness of nanogels dried from different dispersants, the transmission electron microscopy (TEM) analysis was
performed using a 200 kV Talos TEM (FEI Talos F200X) in bright field mode, the images were collected using the Velox software. Prior
to imaging, a droplet of nanogels (5 pl, 0.01 wt%) in the electrolyte solutions including aqueous medium, 1 mM NaCl, and 1 mM AlCl;
solutions were cast on the holey-carbon TEM grids with 400-mesh copper for TEM imaging and dried at room temperature. Addi-
tionally, atomic force microscopy (AFM, Bruker Multimode 8) was employed to assess the stiffness of nanogels in Peak Force quan-
titative nanomechanical mapping (QNM) mode with RTESPA-150 probe (tip radius: 8 nm, spring constant: 5 N/m, frequency: 150
kHz). Prior to imaging, a droplet of nanogels (5 pl, 0.01 wt%) in the electrolyte solutions including aqueous medium, 1 mM NacCl, and
1 mM AIClj3 solutions were cast on a silicon wafer (5 x 5 mm) for AFM imaging. The droplets were allowed to dry in ambient conditions
overnight.

4.7. Stability of colloidal suspension

The Malvern Zetasizer Ultra DLS instrument was used to carry out aqueous electrophoretic mobility measurements for the nanogels
dispersed in the electrolyte solution. Zeta potential is related to the electrophoretic mobility by the Henry function as shown in
equation (2) [55]. Therefore, calculation of zeta potential from the mobility is straightforward for systems that fit the Smoluchowski
model [56]. Zeta potential measurements were performed in a sampling cuvette (DTS1070, Malvern) at a voltage of 150 V with a
minimum of 10 and maximum of 40 runs. This measurement was repeated in triplicate and the average results were presented with a
standard deviation.

2ezf (ka)

U= 3—‘1 2

where U is the electrophoretic mobility, z is the zeta potential, ¢ is the dielectric constant, 1 is the viscosity, and f(xa) is the Henry’s
function.

4.8. Debye length in electrolyte solution

The Debye screening model was built up to predict the relationship between the electrostatic field around the charged particles and
the ionic strength of the solution [57]. In this model, a charged object in an electrolyte solution experiences a screening effect due to
the electrolyte ions clustering near the charged object. This model was simulated by the Wolfram Mathematica program based on
equations (3) and (4), which calculates the theoretical electrical potential against the distance from the surface of charged nanogel
particles. Furthermore, it can be adapted to investigate the Debye length and electrical potential in the presence of multivalent
electrolytes (NaCl, KCI, MgCl,, CaCly and AlCl3) over a gradient concentration.

Debye length is the thickness of the electrical double layer and defined as below:

1 &:60kpT
K =4/ 3
2e2] ®
where I is the ionic strength of the electrolyte , ¢, is the vacuum permittivity, &, is the dielectric constant, kg is the Boltzmann constant,

T is the absolute temperature in Kelvin and e is the elementary charge.
The electric potential of a charged particle (q) against the distance (r) is expressed as

q _r
V(r)= = 4
r) 4ﬂe,80re “)

where ¢, is the vacuum permittivity, e, is the dielectric constant, e is the Euler constant and ! is the Debye length.
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