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ABSTRACT: This work represents a detailed investigation into the phase and morphological
behavior of synergistic dual-stimuli-responsive poly(N-isopropylacrylamide) nanogels, a
material that is of considerable interest as a matrix for in situ forming implants. Nanogels were
synthesized with four different diameters (65, 160, 310, and 450 nm) as monodispersed
particles. These different samples were then prepared and characterized as both dilute (0.1 wt
%) and concentrated dispersions (2−22 wt %). In the dilute form, all of the nanogels had the
same response to the triggers of the physiological temperature and ionic strength. In water,
the nanogels would deswell when heated above 32 °C, while they would aggregate if heated above this temperature at the
physiological ionic strength. In the concentrated form, the nanogels exhibited a wide range of morphological changes, with
liquid, swollen gel, shrunken gel, and aggregate structures all possible. The occurrence of these structures was dependent on
many factors such as the temperature, ionic strength of the solvent, size and ζ-potential of the nanogel, and dispersion
concentration. We explored these factors in detail with techniques such as visual studies, rheology, effective volume fraction, and
shape factor measurement. The different-sized nanogels displayed differing phase and morphological behavior, but generally
higher concentrations of the nanogels (>7 wt %) yielded gels in water with the transitions depending on the temperature. The
smallest nanogel (65 nm diameter) exhibited the most unique behavior; it did not form a swollen gel at any concentration
tested. Shape factor measurement for the nanogel samples showed that two of the larger three samples (160 and 310 nm) had
core−shell structures with denser core cross-linking, while the smallest nanogel sample displayed a homogeneous cross-linked
structure. We hypothesize that the smallest nanogels are able to undergo more extensive interpenetration compared to the larger
nanogels, which meant that the smallest nanogel was not able to form a swollen gel. In the presence of salt at 12 wt %, all of the
nanogels formed aggregates when heated above 35 °C due to the screening of the electrostatic stabilization by the salt. This
work revealed unique behavior of the smallest nanogel with a homogeneous cross-linked structure; its phase and morphological
behavior were unlike a particle dispersion, rather these were more similar to those of a branched polymer solution. In total,
these findings can be used to provide information about the design of poly(N-isopropylacrylamide) nanogel dispersions for
different applications where highly specific spatiotemporal control of morphology is required, for example, in the formation of in
situ forming implants or for pore blocking behavior.

1. INTRODUCTION

Nanogels consist of polymers chains that are cross-linked
together into a network, forming nanosized particles that swell
in a suitable solvent.1,2 The swelling behavior exhibited by
nanogels is stimuli-responsive and can be triggered by changes
in properties such as temperature, pH, and solvent. Nanogels
have found use in many different practical applications such as
surface coatings,3,4 templates for nanoparticle synthesis,5

optics,6,7 and tissue scaffolds.8 The terms nanogel and microgel
are often used interchangeably in the literature, with both
terms used widely to describe particles of the same size.

Generally, a diameter of 500 nm is the upper limit of what can
be classified as a nanogel.9−13 One particular polymer that has
been extensively researched in the form of nanogels is poly(N-
isopropylacrylamide) (PNIPAm),14 which was first synthesized
in the form of nanogels by Pelton and Chibante.15 The
volume-phase transition temperature (VPTT)16 of PNIPAm
nanogels is around 32 °C, close to the physiological
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temperature of 37 °C.17−19 Upon heating above 32 °C, the
nanogels undergo transition from swollen, hydrophilic
particles8,20 to deswollen particles.16 This thermal trigger has
been used in drug delivery to release drug entrapped within the
cross-linked polymer network.11,21−23 PNIPAm nanogels are
also able to undergo morphological transitions such as
flocculation upon exposure to dual stimuli of temperature
and sufficient ionic strength, a synergistic dual-stimuli-
responsive behavior.24 This flocculation behavior has pre-
viously been used with extensive spatiotemporal control to
trigger transitions in the nanogels to block membrane
pores,16,25 trigger drug release,26 as well trigger the formation
of an in situ forming implant for drug delivery.27,28 This
flocculation is a phase separation, which is one of the many
possible phase and morphological changes that can occur in
PNIPAm dispersion.29 Interestingly, unlike other nanogel
dispersions, PNIPAm is able to undergo thermoreversible
gelation, transitioning from a liquid to a gel upon temperature
switches above and below the VPTT.30 Other morphological
changes such as a gel transition at low temperature and high
concentration and colloidal crystal fluids are also possible in
PNIPAm-based nanogels.20,30−32 These morphologies are
possible because of the different combinations of colloidal
interactions between the nanogels under specific conditions.
Below the VPTT, nanogels are sterically stabilized by polymer
chain ends, extending out from the particle into solution.33

However, this steric stabilization is lost above the VPTT as the
nanogels deswell. Charges present on the nanogel either from
the use of a charged initiator or comonomer can provide
electrostatic interaction between the nanogels. This electro-
static repulsion may be screened out by ions present in
solution, which can result in nanogel aggregation. Thus,
PNIPAm nanogels provide a highly dynamic responsive
material for providing on-demand morphological transitions.
The phase and morphological changes of PNIPAm nanogel

dispersions have been studied previously using techniques such
as visual observations, rheology,20,30,34−37 microscopy,35 static
and dynamic light scattering (DLS),38−40 small-angle neutron
scattering,38 differential scanning calorimetry, and turbidim-
etry.41 Rheology is a useful and widely used technique for
studying the morphological behavior of nanogel dispersions, as
the shear storage (G′) and shear loss (G″) moduli measured by
oscillatory rheometry often change dramatically between
different morphologies,12,30,34,36,42 allowing the supplementa-
tion of visual observations of morphological transitions more
accurately with rheological measurements. The temperature at
which the swollen gel-to-liquid transition occurred can be
explained by considering the effective volume fraction (φeff) of
the different nanogels. The effective volume fraction gives a
measure of the packing of the nanogels and is both
temperature and concentration dependent. An φeff of ∼0.74
is the close packing limiting value for monodispersed hard
spheres;43 when the φeff is greater than this value, the particles
are restricted to volumes smaller than their dilute solution
equilibrium swelling volumes.35 Hence, if the spheres are able
to compress and deform, a value greater than ∼0.74 can be
achieved.20 This is because φeff does not take into account any
effect of deformation, deswelling, or interpenetration of
particles on the volume fraction.44 The effective volume
fraction can be estimated using the viscosity of a dilute
dispersion and the Batchelor equation.45,46 Conley et al. used
two-color super-resolution microscopy to show that as the
concentration of PNIPAm nanogels was increased above a φeff

of 0.64 the interpenetration and shape deformation became
dominant. As the concentration was increased above φeff of
1.75, the only remaining way to further densify the system was
by isotropic compression.47 Urayama et al. examined the effect
of different cross-linking densities (1−5 mol %), sizes of
nanogels (350−1550 nm), and φeff values (0.65−1.2) on the
yielding behavior of PNIPAm nanogels by rheology. They
showed that the yield strain for different samples was nearly
insensitive to the cross-linking density, particle diameter, and
particle concentration.48 Senff and Richtering also investigated
the effect of cross-linking density in PNIPAm nanogels on
rheological properties at temperatures above and below the
VPTT. They showed that with the increased cross-linking
density (0.6−5.3 mol %) the swelling of the nanogels became
more restricted, which resulted in lower relative viscosities.49

While there have been studies on phase and morphological
behavior of PNIPAm nanogels, the phase and morphological
behavior of synergistic dual-stimuli-responsive PNIPAm nano-
gels have not been studied. The potential to use two stimuli as
the trigger for morphological changes provides the possibility
of extensive spatiotemporal control of morphological behavior.
In this work, we investigate in detail the phase and

morphological behavior of synergistic dual-stimuli-responsive
nanogels.27 We have previously shown that the size of nanogels
(65−450 nm) influences the rate of drug release from in situ
forming implants and the mechanical properties of the
implant.28 We now study the visual morphological changes
and rheological properties of nanogels to understand the phase
and morphological changes. We anticipated the size of
nanogels to have an effect on the properties of the
concentrated dispersions, and therefore, we studied nanogels
of four different sizes to see the effect of size. The
understanding produced by this work will provide information
about the design of nanogel synergistic dual-stimuli-responsive
nanogel dispersions for different applications.

2. EXPERIMENTAL SECTION
2.1. Materials. N-Isopropylacrylamide (NIPAm, Sigma-

Aldrich), N,N′-methylenebis(acrylamide) (BIS, Sigma-Al-
drich), potassium persulfate (KPS, Sigma-Aldrich), phos-
phate-buffered saline tablets (one tablet dissolved in 200 mL
of deionized water yields 0.01 M phosphate buffer, 0.0027 M
potassium chloride, and 0.137 M sodium chloride, pH 7.4)
(PBS, Fisher Scientific), and sodium dodecyl sulfate (SDS,
Sigma-Aldrich) were all used as received. PBS solutions were
prepared at pH 7.4 at 1× (137 mM NaCl, 2.7 mM KCl, and 10
mM phosphate-buffered solution). Dialysis was performed
with 12−14 kDa and 3.5 kDa MWCO regenerated cellulose
membrane dialysis tubing (Spectrum Labs). Type I distilled
water obtained from a water purification system had a
resistivity of >18 MΩ cm−1 (PURELAB option R, Veolia).

2.2. Synthesis of PNIPAm Nanogels. The PNIPAm
nanogels were synthesized by dispersion polymerization. The
NIPAm monomer (7000 mg, 61.9 mmol), BIS cross-linker
(700 mg, 4.5 mmol), and SDS surfactant (PNA450 = 30.0 mg,
PNA310 = 78.8 mg, PNA160 = 260.2 mg, and PNA65 = 939.1
mg) were dissolved in distilled water (470 mL) in a 1 L two-
neck round bottom flask equipped with a stir bar and reflux
condenser. This was then sealed and nitrogen was bubbled
through the aqueous solution for 1 h while stirring (400 rpm)
to remove dissolved oxygen. The solution was then heated to
70 °C. KPS initiator (280 mg) was dissolved separately in
distilled water (30 mL) and degassed with N2 for 1 h before
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being transferred to the flask containing the monomers. The
reaction was maintained under a N2 atmosphere for 4 h at 70
°C before being cooled down to room temperature. The
solution was then filtered through glass wool. To remove
unreacted impurities, the nanogel suspension was dialyzed for
5 days using regenerated cellulose dialysis tubing (12−14 kDa
MWCO for PNA400, PNA310, and PNA160 and 3.5 kDa
MWCO for PNA65) (Spectrum Labs), replacing the distilled
water every 12 h. The purified suspension was then lyophilized
(Virtis Benchtop K with an ultralow-temperature condenser)
and stored in a desiccator.
2.3. Characterization of PNIPAm Nanogels. The

characterization of the nanogels was carried out using dynamic
light scattering (DLS) and laser Doppler electrophoresis
(LDE). DLS and LDE were performed using a Malvern
Zetasizer Nano ZS (running Malvern Zetasizer software
V7.12) with 633 nm He−Ne laser, and the detector was
positioned at 173°. Dialyzed samples were diluted to 1 mg
mL−1. The Z-average diameter was recorded in the range 15−
55 °C using a thermal equilibration time of 600 s in 1 cm path
length disposable polystyrene cuvettes. Measurements were
repeated in triplicate to give a mean Z-average diameter and
polydispersity index (PDI). ζ-Potential measurements were
performed using DTS1070 folded capillary cells (Malvern,
U.K.). The pH of the sample was measured before performing
ζ-potential measurements and for all samples fell in the range
of 7 ± 0.5. Capillary cells were flushed with ethanol and water
prior to usage. The ζ-potential measurement was made with a
minimum of 10 and maximum of 40 runs, with a voltage of 150
V. The Smoluchowski approximation was used to calculate the
ζ-potential. Due to the tendency of the nanogels to aggregate
with increasing ionic strength solution when above 32 °C, the
measurements were conducted in the highest stable concen-
tration of 0.001 M NaCl. This is despite the ISO 13099-2:2012
and ASTM E2865-12 standard recommendation of 0.01 M
NaCl to avoid potentially inducing electrode polarization,
which causes voltage irregularities if solution conductivity is
too low. Hence, the ζ-values give a relative qualitative
comparison of ζ-potential trends between the samples
measured under the same conditions, rather than a quantitative
value.
2.4. Viscosity Measurements. Lyophilized nanogels were

dissolved in water for 24 h on a sample tube roller. PNA400
required 30 min bath sonication (S 100/H, Elmasonic) for
complete dispersal. DLS was used to check whether the
complete dispersal of lyophilized nanogel was achieved, with
particle size and PDI values equivalent to those before
lyophilization during the nanogel synthesis; see Table S1. A
Poulten Self U-tube Ostwald viscometer (V1618/02) was used
to determine the relative viscosity of the dilute aqueous
nanogel samples. All viscosity measurements were conducted
at 20 ± 0.5 °C and performed in triplicate.
2.5. Phase, Morphology, and Rheological Studies. To

form nanogel dispersions at different wt % in water and PBS,
the lyophilized nanogels were first packed at the bottoms of
glass sample vials. Water or PBS was then added to the sample
vials, and the samples were held at 20 °C for 30 min to allow
the solvent to soak into the lyophilized nanogel material. These
samples were held at 27 °C for 24 h to allow the nanogels to
completely disperse. The samples were then added to a
sonication bath (S 100/H, Elmasonic) for 30 min to remove
any trapped air bubbles formed in the high-concentration
dispersions. This was repeated up to three times, and the

temperature of the bath was kept below 25 °C. For phase and
morphology studies, the sample concentrations were increased
in 2 wt % intervals from 2 wt % up to the maximum wt % at
which each nanogel sample could be homogeneously
dispersed: PNA65, 24 wt %; PNA160, 16 wt %; PNA310, 22
wt %; and PNA450, 16 wt %. The nanogel dispersions were
heated in 1 °C intervals and allowed to equilibrate for 5 min at
each temperature. The phase and morphology of each sample
were then observed by visual inspection and the vial inversion
method:50 a liquid flowed down to the bottom of the vial; a
swollen gel remained self-supporting and did not flow over 10
s; a shrunken gel remained self-supporting and adhered to the
sides of the vial over 10 s with a small excess of water
separation visible; an aggregate formed a pellet that was not
self-supporting and with a large excess of water phase
separation. When a phase or morphology transition occurred
between two consecutive temperatures or wt % values, the
intermediate value was used. For example, a transition between
10 and 12 wt % is stated to be occurring at 11 wt %. For
rheological studies, a Thermo Fischer Haake MARS III
rotational rheometer was used with a 35 mm parallel plate
geometry to perform oscillatory rheology, and a sample cover
and solvent trap were used to prevent water evaporation from
the sample. Samples (12 wt %) were loaded into syringes at 33
°C for placement on the rheometer measuring surface as a
liquid. The parallel plate geometry head was lowered onto the
sample (0.5 mL) and cooled down to 20 °C for 10 min before
commencing measurements to erase any loading and stress
history. Amplitude sweeps were performed in the range of
0.1−100% strain to find the linear viscoelastic region for each
sample, Figure S1. A strain value within the LVE of each
sample was selected for the proceeding measurements. This
was 1% for PNA450, PNA310, and PNA160 and 20% for
PNA65. A time sweep was then conducted for 600 s at fixed
strain and frequency values to ensure that G′ and G″ remained
constant over time and to confirm that the sample remained
stable under measurement conditions. A dynamic temperature
sweep was then performed with a heating rate of 1 °C min−1 in
the range of 20−45 °C. A frequency of 1 Hz (6.28 rad s−1) was
used for all measurements as used previously in the
literature.12,36

2.6. Characterization of PNIPAm Nanogels by
Asymmetric Flow Field Flow Fractionation. Asymmetric
flow field flow fractionation (AF4) experiments were
performed on an MT2000 with RI and UV−vis detectors
from Postnova Analytics, Landsberg/Germany. A PN3621
multiangle light scattering detector (MALS) with a detector
with 21 angles (from 7 to 164°) operating at 532 nm was
coupled online to AF4. An autosampler (PN5300) was
supplied by Postnova Analytics. The hydrodynamic sizes of
the samples were obtained by dynamic light scattering (DLS)
using a Zetasizer Nano ZS (running on Malvern Zetasizer
software V7.12) (Malvern Instruments, Malvern, U.K.) with
633 nm He−Ne laser and the detector positioned at 173°,
coupled online to the MT2000. A 350 μm spacer and 10 kDa
regenerative cellulose membrane were installed in the
separation channel. The conditions used for the separations
were based on a method existing in the literature.51 Briefly, the
process was as follows; the mobile phase was 0.1 M NaNO3 in
Milli-Q H2O. Type I distilled water was obtained from a water
purification system and had a resistivity of >18 MΩ cm−1

(PURELAB Option R, Veolia). The mobile phase was filtered
using a Corning bottle top vacuum filter system with a
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cellulose acetate membrane with a pore size of 0.22 μm. The
injected volume was 20 μL of 4 mg mL−1 sample, as
determined by an autosampler. Each sample was analyzed
three times to check reproducibility. A blank was measured
between injections of new sample to make sure that the system
was clean. The UV−vis detector measured two wavelengths at
250 and 300 nm. The conditions used for the separations were
as follows: the injection/focusing time was 3 min. The cross
flow rate was kept at 1 mL min−1 for the first 0.2 min (t0−t0.2)
in a constant manner, and thereafter, the cross flow was
decreased in a power manner (exponent 0.2) to 0.1 mL min−1

over a period of 40 min. Following the complete reduction in

cross flow, the tip flow of 0.1 mL min−1 continued for
additional 40 min.

3. RESULTS
3.1. Nanogel Synthesis and Characterization. Nano-

gels of four different sizes were synthesized using different
amounts of the surfactant sodium dodecyl sulfate (SDS),
following the relationship previously reported by Pelton et al.52

These samples are denoted PNA65, PNA160, PNA310, and
PNA450, corresponding to their hydrodynamic diameter in
water at 24 °C. The mean diameters and ζ-potential values of
the four nanogel samples are shown in Table 1. The Z-average

Table 1. Analysis of the Four Nanogel Samples by Dynamic Light Scattering and Electrophoretic Light Scattering in Both
Water and PBS at 24 and 40 °C

water at 24 °C water at 40 °C PBS at 24 °C PBS at 40 °C

sample diameter (nm) ζ-potential (mV)a diameter (nm) ζ-potential (mV)a diameter (nm) diameter (nm)

PNA65 64 −13 38 −20 66 b

PNA160 165 −12 89 −30 161 b

PNA310 314 −18 182 −33 325 b

PNA450 452 −13 267 −37 342 b

aThe ζ-potential measurements were obtained in 0.001 M NaCl. bAll samples aggregated at 33 °C, providing mean sizes that could not be
accurately measured by DLS.

Figure 1. Different nanogel phases and morphologies observed in water depending on the temperature: (a) swollen gel (PNA160, 10 wt %, 25 °C),
(b) liquid dispersion (PNA160, 10 wt %, 40 °C), (c) shrunken gel (PNA65, 20 wt %, 40 °C), and (d) aggregate (phase separation) (PNA160, 16
wt %, 40 °C).

Figure 2. Comparison of nanogel phase and morphological behavior and rheological properties in water and PBS at temperatures between 20 and
45 °C for the different nanogel samples with mean diameters from the smallest (left) to the largest (right), 65, 160, 310, and 450 nm, respectively.
(a) Phase and morphology diagrams of different nanogel samples dispersed in water at concentrations ranging from 2 wt % up to a maximum of 24
wt %. (b) Phase and morphology diagrams of nanogel samples dispersed in PBS at 12 wt %. (c) Rheological measurements of 12 wt % nanogel
dispersions. Lines are a guide for the eye between the changes seen in the phase and morphology diagrams in water (dashed line) and PBS (dotted
line) and the rheological data.
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diameter and the polydispersity index of each nanogel as
determined by DLS are as follows: PNA65, 63 nm, 0.13;
PNA160, 165 nm, 0.02; PNA310, 314 nm, 0.01; and PNA450,
452 nm, 0.03. As expected, all four nanogel samples displayed a
change in the hydrodynamic diameter of these nanogels in
response to a rise in temperature when dispersed in water.
Upon heating above the VPTT of 34 °C, the particles
displayed a decrease in diameter and the diameters at 40 °C
were between 58 and 69% of the diameters at 25 °C (Table 1).
The ζ-potential at 24 °C was similar for all of the samples with
the values ranging between −11 and −18 mV. When the
nanogels were heated to a temperature of 40 °C, all of the
samples became more charged with ζ-potential values between
−20 and −37 mV, with a clear trend for samples with larger
mean diameters having a greater surface charge.
When the nanogel dispersions were heated in PBS, it was

seen that aggregation occurred at 33 °C for all samples and no
differences between the aggregation temperatures were
observed for the different particles (Table 1).
3.2. Phase and Morphological Behavior. To allow

direct comparison between the different nanogel samples, their
phase and morphological behavior while dispersed in water
were investigated in detail. The samples were heated from 20
to 45 °C in 1 °C increments. The temperature-responsive
swelling of the nanogels resulted in a wide range of
morphological changes with swollen gel, liquid, shrunken gel,
and aggregate (phase separation) structures all observed under
specific combinations of the nanogel size, concentration, and
temperature, as seen in previous works.53,54 All of the four
morphologies are shown using example combinations of
nanogel size, concentration, and temperature in Figure 1. At
temperatures below the VPTT (<25 °C at 12 wt %), a swollen
gel was observed for PNA160, PNA310, and PNA450, which
was signified by the presence of a transparent and self-
supporting gel (Figure 1a). Turbid liquid dispersions (Figure
1b) were generally observed upon heating the nanogels at
temperatures above the VPTT. A shrunken gel (Figure 1c) was
observed at temperatures above the VPTT and certain
concentrations.30,55 A phase-separated aggregate was also
possible at temperatures above the VPTT, depending on the
nanogel sample and its concentration. In this morphology, the
nanogels have aggregated in a compact manner and thus no
longer form a gel (Figure 1d).
All of the samples revealed different morphologies when

dispersed in water, depending on the concentration and
temperature (Figure 2a). The smallest nanogel, PNA65, was a
liquid at all temperatures tested when the concentration was
less than 11 wt %. At concentrations above 11 wt % and
temperature above 36 °C, a shrunken gel was generally
observed. At concentrations between 11 and 13 wt % and
temperature above 38 °C, an aggregate was observed. The
three larger nanogel samples PNA160, PNA310, and PNA450
all showed a liquid-to-swollen gel transition, which was
dependent on the concentration and temperature; at 20 °C,
swollen gels were observed at all concentrations above 7 wt %
for PNA160 and 10 wt % for both PNA310 and PNA450. At
higher temperatures, an increased concentration of the nanogel
was required before a swollen gel was obtained. The PNA160
sample formed a shrunken gel at concentrations above 11 wt %
and at 36 °C; and further heating above approximately 37 °C
resulted in aggregate formation. The PNA310 sample only
formed a shrunken gel above 21 wt % and at temperatures
above 36 °C with no aggregate formation observed. The largest

nanogel sample, PNA450, displayed no shrunken gel or
aggregate morphologies in water at the concentrations tested
(Figure 2a).
The morphological behaviors of the four nanogel samples

were then tested in PBS at 12 wt %, a concentration selected as
it showed morphological changes for all four of the nanogel
samples (see Figure 2b). In the presence of PBS, all samples
exhibited at least three different morphologies. Samples
PNA65 and PNA160 exhibited the same transitions as
observed for the sample in water at 12 wt % but with lower
transition temperatures. The larger nanogels PNA310 and
PNA450 also displayed the liquid-to-swollen gel transition at
lower temperatures in PBS compared to when dispersed in
water, with the transition temperature changing from 25.5 to
24.5 °C for both samples. Additionally, these larger nanogel
samples displayed an additional morphological transition that
was not observed in water at 12 wt % with the formation of
aggregates at 32.5 °C.

3.3. Rheological Properties. Oscillatory rheology was
performed on the concentrated nanogel dispersions (12 wt %)
in water and PBS, Figure 2c, to compare the rheological
properties of the dispersion with the visual phase and
morphological behavior in water, Figure 2a, and PBS, Figure
2b. The G′ (storage modulus) and G″ (loss modulus) values
were investigated as these values are the most relevant for
studying the morphological behavior of the concentrated
nanogel dispersions. The relative proportions of G′ and G″ are
reflected by the phase-shift angle, δ, such that G″/G′ = tan δ.
Figure 2c shows that for PNA65, G″ was an order of
magnitude larger than G′ below 30 °C (ca. 1 and 0.1 Pa,
respectively). At these conditions, it had tan δ ≫ 1 (Figure
S4), indicating that the sample was a viscous liquid, as seen in
the phase and morphology study (Figure 2a). Conversely, G′
was an order of magnitude greater than G″ for PNA160,
PNA310, and PNA450 at 20 °C (ca. 103 and 102). For the
three larger nanogels, as the temperature was increased, the
values for G′ and G″ gradually decreased and the separation
between G′ and G″ decreased (Figure 2c). The initial values of
G′ and G″ are most significantly lower in PBS compared to
those in water for PNA450. In water, the nanogels gave a larger
G′ value and hence formed a stiffer gel. Before the swollen gel-
to-liquid transition, there was also a more gradual decrease of
G′ and G″ than after the transition, where a slightly steeper
gradient for G′ and G″ could be observed for PNA160,
PNA310, and PNA450.
In both water and PBS, as the temperature was increased

above 30 °C, the visually observed morphology transitions
corresponded to abrupt increases in G′ and G″. These
increases were at least 2 orders in magnitude for PNA65,
PNA160, and PNA310 and 1 order of magnitude for PNA450
and in the phase and morphology study corresponded with the
formation of shrunken gel or aggregate morphologies. In the
case of PNA310 in water, the sample remained a liquid at
higher temperatures (Figure 2c). In PNA450, there was a less
significant and more gradual increase in G′ and G″ at high
temperatures for the aqueous dispersion. After performing the
dynamic temperature sweep, small aggregates were observed in
the sample, explaining the rise in G′ and G″ (Figure S5). PNA
65, PNA160, and PNA310 also show a rise in G′ and G″ (and
viscosity, see Figure S6) around the VPTT.

3.4. Effective Volume Fraction. The effective volume
fraction gives a measure of the packing of the nanogels and is
both temperature and concentration dependent. The effective
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volume fraction was calculated using the relative viscosity (ηrel)
of dilute dispersions of each nanogel and then fitting the
Batchelor equation to this data as described previously, Figure
3a (see equations used for calculations in eq S1).20,35,36,40 It

can be seen that the relative viscosity of the nanogel is
dependent on the nanogel size, with smaller nanogels giving a
higher relative viscosity for dispersions formed from the same
wt % of the nanogel (Figure 3a).
The effect of temperature on the effective volume fraction

for each nanogel as a 12 wt % dispersion can be seen in Figure
3b. The smaller the nanogel, the larger the effective volume
fraction. At the temperature of transition from swollen gel to
liquid, the effective volume fractions for PNA160, PNA310,
and PNA450 are 1.1, 1.1, and 1.0, respectively; see (*) as
indicated by the arrow and dashed line in Figure 3b.
3.5. Internal Structure of the Nanogels. Asymmetric

flow field flow fractionation (AF4) with inline multiangle light
scattering (MALS) and DLS instruments provides the
opportunity to obtain high-resolution measurements of the
radius of gyration, Rg, and the hydrodynamic radius, Rh, of the
four differently sized nanogel samples. The Rh values agreed
closely with the mean diameters as measured by batch DLS.
The measurement of Rg allowed calculation of the shape factor,
ρ (ρ = Rg/Rh), which provided information on the internal
structure of the sample, Table 2. The PNA450 sample was too
large to be measured accurately by DLS in flow.56 The shape
factor of the two larger nanogel samples (PNA160 and
PNA310) was in the range 0.58−0.59, which indicates a core−
shell-type structure, while the smallest nanogel (PNA65) had
the highest shape factor, 0.73, which indicates a more
homogeneous internal structure.

4. DISCUSSION
The understanding of how the colloidal interactions of these
synergistic dual-stimuli-responsive nanogels change with
variation of temperature and ionic strength allows us to design
colloidal systems with highly specific spatiotemporal control of
the phase and morphological behavior. To do this, we first
prepared four different PNIPAm nanogel samples (with mean
diameters of approximately 65, 160, 310, and 450 nm) (Table
1) by varying the concentration of the surfactant used during
dispersion polymerization. With these samples, we wanted to
investigate how the size of the particles influenced the
formation of different morphologies.

4.1. Colloidal Behavior of the Nanogels as Dilute
Dispersions. Initially, the nanogels were studied as a dilute
dispersions. The nanogels displayed the typical thermores-
ponsive behavior whereby an increase in the temperature
above the VPTT resulted in a reduction in the particle
diameter. This behavior occurs as the polymer−solvent
hydrogen bonding becomes less favorable and the polymer−
polymer interactions dominate. In water, the nanogels are
colloidally stabilized below their VPTT by a combination of
steric and electrostatic stabilization.33 Below the VPTT, the
nanogels were sterically stabilized by the solvated polymer
chains on the surface of the particles33 and electrostatically
stabilized by the surface charge provided by the sulfate groups
at the chain ends that were derived from the persulfate
initiator.52 Upon heating above the VPTT, the steric
stabilization was likely lost as the solvated surface chains
collapsed and any colloidal stability was obtained from the
electrostatic repulsion between the particles.52,57 Thus, in
water, the nanogels are stabilized by a combination of steric
and electrostatic interactions.
When the nanogels were analyzed as dilute dispersions in

PBS, there was generally a slight decrease in the diameter of
the nanogels below the VPTT. This reduction in diameter was
most pronounced for the largest nanogel PNA450 that showed
a 29% reduction in diameter in PBS (Table 1). The increased
concentration of ions present in PBS will increase the polarity
of the solvent, making it a poorer solvent for the PNIPAm.
Additionally, in water, the sulfate groups may provide some
swelling due to the electrostatic repulsion within the particles.
In the presence of PBS, these charges will be screened by the
increased concentration of ions and result in less swelling.19

During the synthesis of nanogels, growth continues until a
charge density large enough to attain colloidal stability is
achieved.33,58 Hence, we expect that PNA450 will contain the
highest amount of sulfate groups in each particle and the
screening of these charged groups may cause a pronounced
shrinkage in diameter. When the nanogels were heated to ≥33
°C in PBS, the nanogels aggregated; the increased ionic
strength of the PBS screened the electrostatic repulsion,
resulting in aggregation.24 We found that the aggregation
temperature was completely independent of the particle size in
a dilute dispersion. This colloidal behavior was purely driven
by electrostatic screening; hence, the aggregation occurs at a

Figure 3. Determination of effective volume fraction using the
Batchelor equation and viscosimetry data. (a) Relative viscosity data
for nanogels measured at 20 °C fitted with the Batchelor equation
(ηrel = 5.9(kc)2 + 2.5(kc) + 1, φeff = kc). (b) φeff at 12 (w/w) %
nanogel aqueous dispersion across a temperature range. PNA450
(squares), PNA310 (circles), PNA160 (triangles), and PNA65
(diamonds). The swollen gel-to-liquid transition occurs at the dashed
line (red asterisk).

Table 2. Mode Values of Rgh, Rgh, and ρ for Nanogels
Obtained from AF4-MALS-DLS

sample Rg [nm] Rh [nm] ρ

PNA65 25.2 ± 0.1 34.5 ± 1.0 0.71
PNA160 41.9 ± 0.1 72.5 ± 1.0 0.58
PNA310 80.0 ± 0.5 136.5 ± 0.3 0.59
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lower temperature with the increase in NaCl concentration,
Table S2.59 This result is similar to that of a previous work by
Vincent et al.19 In PBS, all of the nanogel samples were
stabilized purely by steric interactions between particles; when
this stabilization was lost (heating above the VPTT), the
particles would rapidly aggregate.
4.2. Phase and Morphological Behavior of the

Concentrated Nanogels. To allow a direct comparison
between the different nanogel samples, the phase and
morphological behavior of the samples dispersed at increasing
concentrations in water were investigated in detail. At
concentrations greater than 12 wt %, interesting morphological
behavior was seen for the nanogels. Heating these concen-
trated dispersions could trigger transition from a swollen gel to
a liquid, to a shrunken gel, and finally to an aggregate. At
temperatures below 30 °C, the nanoparticle interaction
potential can be considered as purely repulsive35 with no
significant change in the attractive part of the interaction
potential. Three samples, PNA160, PNA310, and PNA450,
were able to form a swollen gel below the VPTT when the
concentration was sufficient. The swollen gel morphology
arises due to a volume blocking mechanism of hard sphere
theory, in which the nanogels become closely packed without
significant deformation.42,60 If the samples were heated, the
nanogels deswelled and the swollen gel would undergo
transition into a turbid liquid, as seen in other PNIPAm
nanogel dispersions.61 This transition occurred as the
deswollen particles were no longer large enough to form a
gel through volume blocking. The increased turbidity occurred
due to the increased difference between the refractive indexes
of the nanogel particles and the surrounding liquid. Further
heating could also result in a third morphology, a shrunken gel.
This morphology was self-supporting but with high turbidity.
The shrunken gel morphology was formed due to the
increasing tendency of the nanogels to become more
hydrophobic and to prefer polymer−polymer interactions as
opposed to polymer−water hydrogen bonds when the
temperature increases. This change in particle−particle
interaction favors aggregation;59,62 however, electrostatic
repulsion prevents the occurrence of complete aggregation.12

This balance of interactions results in the formation of a
network structure throughout the continuous phase due to the
partial aggregation of the particles. Finally, upon further
heating, more extensive aggregation occurs resulting in the
complete phase separation of the nanogels and the continuous
phase. In this morphology, the nanogels have aggregated in a
compact manner and thus no longer form a gel. Thus, changes
in the colloidal interactions of the nanogels underpin the
different phase and morphological transitions that were
observed.
4.3. Characterization of the Nanogel Phase and

Morphological Transitions in Water. The four different
nanogel samples displayed differences in their phase and
morphology diagrams in water, both visually and by rheological
analysis (Figure 2). The temperature at which transitions were
observed by the vial inversion test were generally accompanied
by changes in the rheological data, with the four nanogel
samples displaying differing rheological properties. Rheology
gives useful information regarding the morphological tran-
sitions of the different nanogel samples. However, the low
values for the moduli of the liquid phase of PNA65 and the
heterogeneity of the aggregate morphology mean that these
values should be considered in a qualitative manner.

4.3.1. Formation of the Swollen Gel Morphology. Below
30 °C, when the values for G′ was an order of magnitude
greater than those for G″, the material is said to be in a gel
state. As the value for G″ nears that of G′, viscous properties of
the material begin to dominate and the material is in a liquid
state. Conditions for this transition from swollen gel to liquid
differed between the samples. The larger nanogels (PNA160,
PNA310, and PNA450) showed that as temperature increased
a higher concentration of the nanogel was required to obtain a
swollen gel. This behavior can be explained by considering the
effective volume fraction of the different nanogels (Figure 3).
An effective volume fraction of ∼0.74 is the close packing
limiting value for monodispersed hard spheres.63 When the
effective volume fraction is greater than this value, the particles
are restricted to volumes smaller than their dilute solution
equilibrium swelling volumes.35 However, if the spheres are
able to compress and deform, a value greater than this can be
achieved.20 There is considerable evidence of the deformation
on PNIPAm nanogels in the literature.47,64 In the case of our
samples, a comparison of the observed morphological
transition at 12 wt % (Figure 2a) and the calculation of the
effective volume fraction at 12 wt % (Figure 3) show that the
transition from swollen gel and liquid occurred at an effective
volume fraction of ∼1 for PNA160, PNA310, and PNA450;
therefore, any temperature-induced deswelling of the particles
that lowered the effective volume fraction below 1 led to a
swollen gel-to-liquid transition. This change was observed in
the rheology as a more gradual decrease of G′ and G″, as less
volume blocking occurred and the mobility of the nanogels in
the dispersion increased. PNA160 showed rather different
changes in the moduli, and the visual transition was
accompanied by a considerable increase in both moduli with
G′ ≈ G″. As the temperature further increased, G′ increased
faster than G″ until a shrunken gel was observed. This behavior
might be attributed to some aggregation on the nanogels,
resulting in partial network formation, which highlights the
importance of using rheology to understand the morphological
changes in the samples. Interestingly, the smallest nanogel
PNA65 did not display a swollen gel morphology under the
conditions tested, as supported by the rheology measurements
where G″ ≫ G′ for the PNA65 sample when it was a liquid.
Even at high concentrations (>12 wt %), PNA 65 was still a
liquid with an effective volume fraction of more than 1. It has
previously been shown that using larger amounts of SDS
during the dispersion polymerization route used for nanogels
creates smaller and more homogeneous particles,65 while using
less SDS generates larger particles with a more heterogeneous
structure that contains a dense gel particle core.66 This
structure was confirmed by the analysis of PNA65, PNA160,
and PNA310 by AF4 (Table 2) using DLS and MALS
detectors. The smallest nanogel (PNA65) had the highest
shape factor, approaching that of a hard sphere (0.77) and
indicating homogeneous cross-linking. The larger nanogel
samples had much lower values, which indicate that more of
the mass was contained at the center of the particles, a higher
cross-linking density in the core compared to the shell.
Therefore, PNA65 did not possess the core−shell structures
that were found for the larger nanogel samples; it is likely that
PNA65 was composed of a lower cross-linking density without
a dense gel core (Figure 4). Consequently, the PNA65
particles may be able to have more hydrodynamic corona
overlap,36 giving a larger calculated effective volume
fraction.34,41 Bae and Han previously showed that no swollen
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gel morphology was observed for linear polymers at a high
concentration.67 We propose that the PNA65 nanogels are able
to undergo large deformations to remain fluid as they behave
more like branched polymers than hard spheres.20

4.3.2. Formation of the Shrunken Gel Morphology. The
transitions to the shrunken gel morphology in water as seen for
PNA65 and PNA160 also showed different behaviors for the
two nanogel samples. It was clear that as the nanogel samples
increased in diameter, a greater concentration was required for
the shrunken gel to be observed. The transition from liquid to
shrunken gel was seen by rheology as a rapid rise of more than
an order of magnitude in the moduli over a temperature range
of <5 °C for both PNA65 and PNA160, showing an increase in
stiffness. In both samples, G′ ≈ G″ and thus the shrunken gel
displays both liquid and gel characteristics (Figure 2c). It is
likely that the larger nanogels (PNA 310 and PNA 450) did
not form shrunken gels because their larger ζ-potentials may
have prevented aggregation between the particles unlike the
smaller nanogels having lower ζ-potentials that aggregated to
form a network structure.
4.3.3. Formation of the Aggregate Morphology. The

formation of the aggregate morphology was only observed in
water for PNA65 and PNA160 (Figure 2b). This transition was
not very pronounced by rheology but was generally indicated
by G′ > G″. These smallest nanogels have the greater surface
areas per unit volume and as a result interparticle interactions
will be more prevalent. These increased interactions may result
in increased aggregation and the formation of the aggregate
morphology for the smallest nanogel samples. These data show
that changes in the colloidal stabilization of the particles in
water control the morphologies of the material.
4.4. Characterization of the Nanogel Phase and

Morphological Transitions in PBS. Dispersing the nanogels
in PBS rather than in water and heating resulted in different
morphological behaviors (Figure 2b); the morphology
transitions occurred at lower temperatures and aggregates
were observed for all four samples. Analysis of the samples by
rheology showed that the values and the trend of G′ and G″ at
temperatures between 20 and 27 °C are similar in both water
and PBS. The two larger nanogel samples (PNA310 and
PNA450) display lower moduli in PBS compared to that in
water, mirroring the decrease in the hydrodynamic diameter
measured via DLS (Table 1). In water, the nanogels were more
swollen and thus more closely packed compared to those in the
PBS experiments and therefore gave a larger G′ value and
hence form a stiffer gel. The difference in morphological

transitions of the nanogels in PBS was likely driven by two
main factors. First, the increased polarity of the PBS solution
will reduce the temperature at which polymer−polymer
interactions dominate. Second, the ions in the PBS will screen
the charges of the sulfate groups that provided electrostatic
repulsion to the nanogels in water. At the highest temperatures
tested, all samples produced a phase-separated aggregate due
to the lack of any colloidal stabilization. This behavior is
similar to that shown by Hu et al., where a shrunken gel was
formed, but if the electrostatic repulsion was screened, then the
sample would undergo phase separation and form an
aggregate.30 In our work, only the two smallest nanogel
samples displayed a shrunken gel morphology in PBS and this
was only found over a narrow temperature range. It is likely
that when electrostatic repulsion has been screened out, a
shrunken gel can only form when the particles still retain some
steric stabilization below the lower critical solution temper-
ature.
In both water and PBS, as the temperature was increased to

above 30 °C, the visually observed morphological transitions to
a shrunken gel or an aggregate corresponded to abrupt
increases in G′ and G″. These increases were at least 2 orders
of magnitude for PNA65, PNA160, and PNA310 and 1 order
of magnitude for PNA450 and corresponded to the formation
of a shrunken gel or an aggregate in the phase and morphology
study. This was observed previously by Xu et al. in the
formation of a shrunken gel.23 The rise in G′ and G″
corresponds to the increasing attractive interaction between
particles as they become more hydrophobic and undergo
transition from a liquid to either a shrunken gel or an aggregate
morphology. In the case of PNA310 in water, the sample
remains a liquid at higher temperatures (Figure 2c). In
PNA450, there was a less significant and more gradual increase
in G′ and G″ at high temperatures for the aqueous dispersion,
which may be due to shear-induced aggregation of the
particles.68 After performing the dynamic temperature sweep,
small aggregates were observed in the sample, explaining the
rise in G′ and G″ (Figure S5). PNA65, PNA160, and PNA310
also show a jump in G′ and G″ (and viscosity, see Figure S6)
around the VPTT. This may be due to shear-induced chain
entanglement.39 We can conclude that it is possible to monitor
the morphological transitions of the nanogel dispersions by
tracking the change in G′ and G″ over a temperature range.

4.5. Relationship between Colloidal Stability and the
Morphological Behavior. The relation between morpho-
logical behavior and rheological moduli behavior is summar-
ized in Figure 5, where the formation of the different
morphologies was dependent on temperature, as well as on
nanogel size (and hence structure) and ionic strength, while
the change in moduli can be predicted by trends how G′ and
G″ change with the increasing temperature. For the three
larger nanogels at temperature less than 30 °C, the nanogels
are sterically stabilized and form a self-supporting gel through
volume blocking. As the temperature is increased, the particles
begin to deswell and the moduli also decrease as the effective
volume fraction decreases. In water, the moduli continue to
decrease as the particles further deswell and a liquid is formed.
In the presence of PBS, electrostatic repulsion is screened and
the particles partially aggregate to form a network (increasing
G′ and G″) as a swollen gel. Further heating can result in the
formation of an aggregate. The smallest nanogel sample
PNA65 displayed different behavior at low temperatures; this
was the most homogeneously cross-linked nanogel. As such, it

Figure 4. Schematic representation of the different internal structures
of PNA65, PNA160, and PNA310 based on the Rg and Rh values
determined by AF4. The smallest nanogel possessed a homogeneous
cross-linking density, while the larger nanogels had a higher cross-
linking density at the core of the particles.
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may be able to interpenetrate and behave more like a branched
polymer solution rather than a dispersion. Therefore, in
PNA65, the volume blocking and particle jamming behaviors
do not occur and as a result G′ and G″ are low.

5. CONCLUSIONS
In this work, we have provided a deep insight into factors that
control the formation of different morphologies for PNIPAm
synergistic dual-stimuli-responsive nanogels. This was achieved
through the combined use of visual studies on morphological
changes, measurement of the rheological properties, determi-
nation of effective volume fraction, and characterization of the
internal structure of the nanogels. In a concentration form, the
PNIPAm nanogels can display four different morphologies:
swollen gel, liquid, shrunken gel, and aggregate morphologies.
A complex interaction between the nanogel’s surface charge
and internal structure and the dispersion conditions (salt
concentration, temperature, and nanogel concentration)
control the morphological behavior. At low temperatures
(below the VPTT), a swollen gel was typically formed due to
close packing of the swollen nanogels. At temperatures above
the VPTT, volume blocking was lost and a liquid dispersion
was formed. Additionally, depending on the colloidal stability
of the nanogels, shrunken gel or aggregate morphologies were

found above the VPTT. The formation of these morphologies
was linked to the surface charge. A high ζ-potential suggests
that the nanogels will remain in the liquid morphology,
whereas an intermediate value suggests that a shrunken gel
morphology will occur followed by an aggregate form as the
temperature increases further.
The smallest and most homogeneously cross-linked nanogel

prepared displayed rather different properties to those of the
larger nanogels. It did not form a swollen gel at any
concentration tested, which suggested that these nanogels
might behave more like a branched polymer solution rather
than a dispersion.
The understanding from this work will help in the

development of concentrated PNIPAm nanogel dispersions
for different applications, where the triggered formation of
different morphologies in response to the ionic strength and
temperature may be either desirable or detrimental to the
intended application. The well-defined phase and morpho-
logical transitions of this system that can be triggered by dual
stimuli, which offers the potential for highly specific
spatiotemporal control. This material may be of considerable
use for pore blocking properties or may be used as a matrix for
an in situ forming implant.
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