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Although these phenomena have been observed in a variety
of polyelectrolyte–colloid mixtures under different conditions,
in all previously reported studies the charge density on the
colloid surface was fixed, or, at least, it could not be changed
without changing the ionic strength or the pH of the suspend-
ing medium. The charged thermoresponsive colloid considered
in this work, being characterized by a thermodynamic volume
phase transition (VPT), gives an opportunity of finely tuning the
adsorption of polyelectrolytes simply by changing temperature.
In fact, by changing the particle volume, VPT affects dramatically
the charge density and hence polyelectrolyte adsorption.

Poly(N-isopropylacrylamide) (PNiPAM) is a well-known thermo-
sensitive microgel system, which exhibits a significant volume
phase transition above the lower critical solution temperature
(LCST), around 33 1C in aqueous media.12,13 Therefore, this
critical temperature is also called the volume phase transition
temperature (VPTT).

The VPT of PNiPAM microgels has been extensively
investigated,13–15 not only because of its significant implications
in a number of living phenomena, especially protein folding and
DNA packing,16,17 but also due to the strong application back-
ground of this system, which is related to the important feature
of PNiPAM microgels that contain both hydrophilic amide
groups and hydrophobic hydrocarbon chains.

It is well-known that the volume phase transition is deter-
mined by the hydrophobic interactions within the PNiPAM
molecule. Indeed, many studies have shown that the VPTT is
modified by the addition of inorganic salts,18 surfactants,16,19

ionic liquids,20,21 alcohols,22 and urea.17,23 Besides that, the VPTT
and swelling/deswelling behavior are also modified by the intro-
duction of charged groups (e.g., carboxyl, sulfonic, and amino
group) into the PNiPAM microgel network.

For neutral PNiPAM microgels, the VPTT is mainly deter-
mined by two competing interactions, i.e. hydrogen bonding
and hydrophobic interactions,24 while for charged microgels,
besides electrostatic effects, there is also an extra osmotic
pressure contributing to their swelling, which arises from ion/
solvent mixing.25 Therefore, though the volume phase transition
of charged microgels is generally a more complex phenomenon
to be considered, nevertheless it offers the opportunity to tune
charge density and penetrability just by changing the tempera-
ture, which are interesting features for a model system and very
appealing ones for biotechnological applications.

In this work we exploit the unique features of negatively
charged PNiPAM microgels to study their complexation with
e-polylysine (e-PLL), a short cationic bio-compatible polymer.
We employed a combination of light scattering, electrophoretic
and dielectric spectroscopy measurements to characterize
e-PLL/PNiPAM complexes. We show that complexation is
driven by the VPT of microgels, and in particular that: (1)
large overcharging occurs only for T 4 TLCST where bare
microgels collapse and are characterized by high electropho-
retic mobility; (2) charge inversion occurs at a polyelectrolyte
concentration that depends on microgel swelling and follows
VPT; (3) polyelectrolyte adsorption gives rise to reentrant
condensation of microgels for T E TLCST, as opposed to a

continuous enhancement of particle condensation observed
for a monovalent salt.

2 Experimental
2.1 Materials

PNiPAM microgels are synthesized in free-surfactant emulsion-
polymerization. A 1 liter three-necked round bottom flask reactor
is equipped with a stirrer, a reflux condenser, and a gas inlet. In the
round bottom flask we dissolved the monomer N-isopropyl-
acrylamide (NiPAM) (from Sigma-Aldrich) (2.31 g, 20.44 mmol)
and the crosslinker N,N-methylene-bis-acrylamide (BIS) (from
Sigma-Aldrich) (0.04 g, 0.26 mmol) in 225 ml pure water under
stirring. The initiator potassium peroxodisulfate (KPS) (from Sigma-
Aldrich) (0.09 g, 0.33 mmol) is dissolved in 25 ml pure water in a
separate flask. The solution containing NiPAM and BIS is bubbled
with argon for 30 min and, after heating it up to 70 1C, the initiator
solution is added. After 6 h the dispersion is cooled to room
temperature and filtered through glass wool. NaN3 (2 mmol) was
added to prevent bacterial growth. Due to the use of the ionic
initiator KPS the microgels carry charged groups at the dangling
ends of PNiPAM-chains. Since charges are preferentially oriented
towards the water phase, our synthesis process performed at high
temperature (T = 70 1C 4 TLCST B 33 1C), where PNiPAM is in a
globular state, effectively forces the charges to be preferentially
located at the outer edge of the microgels.

e-Poly-L-lysine (e-PLL) was a kind gift from Chisso Corporation
(Yokohama, Japan). This polymer, consisting of 25 to 35 L-lysine
residues (Mw E 4 kDa) is produced by a mutant of Streptomyces
albulus NBRC14147 strain,26,27 and is used as a food preservative in
several countries due to its antimicrobial activity against a spectrum
of microorganisms, including bacteria and fungi.28 e-PLL is a
hydrophilic cationic homo-poly-amino acid with an isoelectric point
around pH = 9.0 and is described as having a peptide bond between
carboxyl groups and e-amino groups of L-lysine residues rather than
the conventional peptide bonds linking a-poly-L-lysine (a-PLL)29 in
which hydrophobic methylene side groups are fully exposed to
water and may interact hydrophobically.

The diameter of the chain is approximately 0.7 nm,30 the
length of the monomer can be estimated as a sum of the atomic
covalent radii, which is E0.6 nm, so that the contour length L
of the polymer (25–35 monomers) is E15–20 nm.31

e-PLL was in the basic form and was converted to Cl salt by
titration with HCl followed by extensive dialysis to eliminate
excess H+.

Hereafter, in order to quantify the charge balance in the
mixtures of PNiPAM microgels and e-PLL, we will use the charge
ratio x defined as the nominal molar ratio nlys/nK+, where nK+ is
the number of moles of K+ ions carried by the KPS initiator
embedded in PNiPAM microgels and nlys the number of moles of
lysine monomers dispersed in the mixtures.

2.2 Preparation of microgel–polyion complexes

Each microgel–e-PLL mixture was prepared according to the
following standard protocol, which was well assessed in our
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The heterogenous structure of our microgels is also apparent in
TEM images (inset of Fig. 1C): PTA, which accumulates close to
microgel forming an external black halo at the microgel interface,
apparently penetrates a small distance inside the crosslinked
network giving rise to an almost regular dark gray corona, about
20–25 nm thick, pointing out the presence of a less tangled shell
in the periphery of the microgel. Conversely, in our images, a

homogeneous appearance is found for microgels prepared at
room temperature (inset of Fig. 1B). Fig. 2 shows the typical
behavior of electrophoretic mobility m(T) and electrical conduc-
tivity of microgel suspensions as a function of the temperature.
Electrophoretic mobility is measured at c = 0.001 wt wt�1, which
is also the concentration used for the size and electrophoretic
characterization of the microgels in the presence of added salt
and e-PLL chains. As expected, m(T) is affected by the VPT and
decreases unambiguously as the temperature is increased above
T 4 Tc. However, the vertical drop of the mobility is observed
slightly above the critical temperature Tc C 33 1C. In fact, at
T = Tc the mobility is only E2 times lower than that at 20 1C. As
for the microgel radii, we quantify the mobility drop up to an
‘electrokinetic transition temperature’ Tcm by using a critical-like
function m(T) = m0(1 � T/Tcm)�a, obtaining from the fit the
parameters m0 = �0.22 � 0.03 mm cm V�1 s�1, Tcm = 35.7 �
0.4 1C and a = 0.59 � 0.4. It is worth noting that the difference
between the critical temperature associated with the VPT and that
associated with the electrokinetic transition is D = Tcm� Tc \ 2.7 1C.
Such a significant difference between the two transition tempera-
tures has been already discussed by Pelton et al.51 and by Daly
et al.52 and has been attributed to a multi-step transition, where the
almost-uncharged core collapses first, with a significant reduction of
particle size, and the shell, where the charges are mostly confined,
collapsing only at higher temperature. This picture is fully
consistent with the minimum of Rg/Rh that we observe at
T B Tc. The VPT of microgels also has a detectable effect on
the low frequency limit of the electrical conductivity s(T) of the
suspensions. Fig. 2 shows the typical behavior of s(T)/s(20 1C)
vs. T. In this example the microgel concentration is quite high,
c = 0.05 w w�1 (j = 1.19), but in the whole range of investigated
concentrations (from j = 1.19 down to j = 0.024) the behavior

Fig. 1 Hydrodynamic Rh (circles) and gyration radius Rg (squares) of
PNiPAM microgels as a function of temperature obtained by DLS and
SLS respectively (panel A). The inset of panel A shows the ratio Rg/Rh as a
function of temperature. TEM images obtained by negative PTA staining of
PNiPAM microgels prepared at room temperature (panel B) and heated at
40 1C (panel C). A significant reduction of the microgel size is observed.
TEM images of single microgels prepared at room temperature and heated
at 40 1C are shown in the insets of panels B and C, respectively.

Fig. 2 Electrophoretic mobility m (left axis) and typical behavior of the
low-frequency limit conductivity of suspensions of PNiPAM microgels
(right axis) as a function of temperature. m was measured at the same
concentration as in DLS measurements (j = 0.024). Conductivity values
are normalized to the value measured at T = 20 1C, and are measured at
c = 0.05 w w�1 (j = 1.19); however, in the whole range of investigated
concentrations (from j = 1.19 down to j = 0.024) the behavior is
qualitatively similar. The inset shows the conductivity jump Ds after the
subtraction of the linear trend sl(T) (see text).
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is qualitatively similar. In all cases, superimposed to the linear
trend sl(T) = a + bT due to the electrolyte contribution predicted
by the Fuoss–Onsager theory,53 there is a sudden increase of
the conductivity at the VPT (inset of Fig. 2), only the magnitude
of the jump Ds = s(T)/sl(T) being dependent on the microgel
concentration. Such a sharp increase of s(T) can be explained in
terms of the simultaneous sharp decrease of the suspension
viscosity due to the reduction of the microgel volume fraction,
and/or attributed to an increase of the microgel charge density
driven by the VPT, and the partial expulsion of condensed
counterions from the inner part of the microgels, with a
consequent increase of their effective charge above the VPT.
However the latter hypothesis, conforming to reduced counter-
ion condensation on the microgels, is in contrast with recently
published results54 suggesting that the effective charge of
PNiPAM microgels is an increasing function of their size.
Therefore, the increase in both mobility and conductivity seems
rather the result of particle shrinkage, which causes a net
increase of particle charge density, and a large concomitant
increase of free space. In fact it’s worth noting that the
reduction of the particle radius of a factor 2–2.5 above the
VPT (Fig. 1A) implies a corresponding reduction of a factor E10
of the volume fraction j, so that e.g. in the case of the sample
shown in Fig. 2, the free space changes from virtually zero
below the VPT (j \ 1), where the suspension is completely
jammed, to E90% above the VPT.

The next sections will be devoted to the description of the
general phenomenology stemming from the addition of a
uni-univalent inorganic electrolyte, NaCl, and a cationic poly-
electrolyte (e-PLL) in diluted microgel suspensions.

3.2 Effect of monovalent salt

The effect of monovalent salt (NaCl) has been investigated by
monitoring the electrophoretic mobility and the hydrodynamic
diameter as a function of temperature and by varying the salt
concentration CNaCl. Measurements were made by progressively
heating the sample in the presence of a constant salt concen-
tration ranging from 0 mM to 50 mM (Fig. 3), at a fixed
microgel concentration c = 0.001 wt wt�1. All the mobility
curves exhibit the same trend: at low temperatures the electro-
phoretic mobility remains unaffected by temperature at any
salt concentration, while for temperatures higher than Tcm it
decreases (in absolute value) down to values depending on
CNaCl. As for bare microgels in the absence of added salt |m|
increases with temperature owing to an increase of the surface-
charge density, whose effect dominates over the enhanced
friction forces at work when particles shrink and their mono-
mer density increases.

By monitoring the hydrodynamic diameters vs. temperature, we
observe the formation of aggregates above VPT for CNaCl Z 25 mM
(see Fig. 3B): in this range of salt concentrations, an increase of
temperature above Tc triggers the formation of aggregates, whose
size decreases as the temperature is further raised up to 40 1C, due
to single particle shrinkage. These aggregates however are not
stable, since a distinct flocculation is observed for CNaCl 4 25 mM
and T \ Tc after approximately 12 hours. This region of the

CNaCl–T plane must be then considered unstable. The absence
of flocculation for CNaCl o 25 mM is in agreement with the
flocculation behavior of similar PNiPAM microgels observed by
Rasmusson et al.55 who pointed out that the charge carried by
the microgels (due to the KPS initiator in our case) is sufficient
for their stability in the temperature range 20 1C r T r 60 1C
for CNaCl o 25 mM. Microgel aggregation caused by the
reduced solvent quality above the VPT and salt addition has
been widely discussed in some previous studies55–58 and will
not be further examined here.

In contrast, it is worth pointing out the non-trivial dependence
of electrophoretic mobility on CNaCl at different temperatures
(Fig. 4A) since, to our knowledge, this is an aspect that has not
been discussed previously. Actually, well below the VPT the
microgel mobility is nearly unaffected by the addition of mono-
valent salt. Indeed, in the case of swollen microgels the particle/
solvent interface is poorly defined and characterized by a low
charge density. Here the classical electric double layer description,
which leads to the Smoluchowski equation predicting a scaling
|m| B CNaCl

�1/2,59 cannot be applied. A weaker than expected
dependence has been already found by Sierra-Martin et al.60 who
reported |m| B CNaCl

�0.34 for similar microgels below VPT. As the
temperature is raised, the particle surface becomes better defined
and the overall |m| behavior resembles that of compact hard
particles, being characterized by a pronounced maximum at
CNaCl E 30 mM. The presence of a maximum is predicted by

Fig. 3 Electrophoretic mobility m (panel A) and hydrodynamic diameter D
(panel B) of PNiPAM microgels as a function of temperature for different
salt concentrations as indicated in the figure. The shaded region in panel B
denotes all the samples where flocculation has been observed after
12 hours (empty points in both panels). In panel A lines are drawn to guide
the eye using three selected data sets: CNaCl = 0 mM, CNaCl = 30 mM and
CNaCl = 70 mM.
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standard electrokinetic models taking into account retardation
forces due to double layer relaxation61,62 around hard spheres
for sufficiently short screening lengths (Rh/l4 3, where l is the
Debye screening length). There are essentially four forces
accounted for in these models that determine the steady
velocity of a particle subject to an external electric field: (1)
the electric force acting on the colloid; (2) a hydrodynamic drag
force; (3) a further electrostatic contribution due to the ion
cloud displacement with respect to the center of the colloid; (4)
a relaxation force, hydrodynamic in origin, resulting from the
ion motion altering the solvent flow velocity around the particle.
The non-monotonic behavior of the mobility can be understood
by considering the competition between the electric and the
relaxation force. Indeed the former scales as lB CNaCl

�1/2, while
the latter scales as l2.60–62 With decreasing salt concentration |m|
increases until the faster growing relaxation forces take over,
determining the decrease of mobility. This is the case of our
microgels at T Z 30 1C, where mobility is non-monotonic and for
which 44 t Rh/l t 123. Also, the reduced extent of the mobility
maximum observed at T 4 33 1C, where microgel collapse
occurs, conforms to an enhancement of the electric force whose
screening dominates over the suppression of the relaxation drag
force and determines a continuous decrease of mobility.

In addition to that, the existent theories63–66 considering
electrophoretic retardation forces predict that the mobility of
soft penetrable particles does not depend on the size (or aggre-
gation number), being uniquely determined by their charge
density and electrophoretic friction. The latter are two intensive
quantities that stay constant during any ongoing aggregation
process at fixed temperature. For this reason we may expect

negligible effects of aggregation on the measured mobility.
However the relaxation drag force arising from the ion flow
through the microgels is not taken into consideration by such
theories and may give a size-dependent contribution to the total
drag force. As we will show later (Section 3.4) this is ruled out for
our microgels.

We may also wonder if the increase of CNaCl reduces the
solvent quality and affects the microgel charge distribution. In
Fig. 4B we show the hydrodynamic radius Rh of microgels as a
function of CNaCl normalized to the radius R0 measured in salt-
free water at different temperatures. In our case salt addition does
not significantly affect the size of the single microgels before
clustering occurs, for this reason an effect of charge density
enhancement due to weak particle deswelling is ruled out.

Therefore, in agreement with previous studies, the electro-
phoretic behavior of our PNiPAM microgels spans from that of
soft, swollen and weakly charged particles to that predicted for
hard charged colloids, and represents in this work an important
frame of reference for our investigation of the effect of small
polyions on the stability and the dielectrophoretic behavior of
these thermoresponsive colloids.

3.3 Polyelectrolyte–microgel complexation

The behavior of the electrophoretic mobility m of PNiPAM–PLL
complexes is shown in Fig. 5. This behavior is not exactly what
one would expect, since according to the classical Gouy–Chapman–
Stern theory,67 Ohshima’s63,66 and Hermans–Fujita’s64,65 equations,
the latter more specifically valid for penetrable particles, the
absolute value of m should decrease as the ionic strength of the
solution increases. Analogously to what has been observed for
microgels in the presence of a monovalent salt, we may
distinguish two regimes delimited by the microgel electro-
kinetic transition (ET). For T o Tcm m is low and depends very
weakly on temperature and e-PLL concentration. In contrast,
for T 4 Tcm the mobility is dramatically affected by both
temperature and polyelectrolyte concentration: as the e-PLL
content is increased m passes from largely negative values
(m(40 1C) = �3.63 mm cm V�1 s�1 for x = 0) to largely positive
values (m(40 1C) = 2.919 mm cm V�1 s�1 for x = 21).

Fig. 4 Electrophoretic mobility modulus |m| (panel A) and normalized
hydrodynamic radius Rh/R0 (panel B) of PNiPAM microgels as a function
of salt concentration CNaCl for selected temperatures as indicated in the
figure. The shaded region in panel B encloses all the samples (empty
points) where flocculation has been observed after 12 hours.

Fig. 5 Electrophoretic mobility m of PLL–microgel complexes as a func-
tion of temperature for different PLL concentrations (charge ratios x) as
indicated in the figure.
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This temperature-dependent overcharging of PNiPAM–PLL
complexes points out the importance of the microgel VPT for
the adsorption of PLL chains, suggesting that the net charge of
the polyelectrolyte–microgel complexes can be finely adjusted
by both changing temperature and polyelectrolyte content.

Fig. 6, where the modulus of the mobility |m| is plotted
versus the polymer concentration for different temperatures,
shows more clearly the neutralization and overcharging of the
complexes. The existence of an isoelectric point is marked by
the minimum of |m|, whose position as a function of CPLL (or x)
allows tracking the amount of e-PLL needed to neutralize the
microgel charge. We note that: (1) also below the ET at relatively
large charge ratios the overcharging of the microgels appears
clearly, suggesting that the charge density of the microgels in
the swollen state is sufficient to promote a significant adsorption of
e-PLL chains; (2) the isoelectric point crossing (and overcharging)
occurs for e-PLL concentrations that depend on temperature
(inset of Fig. 6). Indeed it is worth noting that the isoelectric
point (xC 2.1 for T o Tcm) drops sharply to xC 0.21 as T crosses
the ET: less polymer is needed to neutralize the microgels when
they are more densely charged.

Let us now discuss more in detail the overcharging of
microgels following the experimental protocol described in
Section 2.2. Microgels and e-PLL chains are mixed at T = 20 1C,
well below VPT and ET. Under these conditions, by assuming a
homogeneous distribution of crosslinkers, we can calculate the
average microgel mesh size as C7 nm, a value larger than both
the estimated size of the PLL chains calculated in gaussian chain
approximation, which is 2Rg C 7.2 nm, and the true mesh size of
the microgel outer shell, characterized by a less dense monomer
density than the core. Here Rg is the gyration radius of the chains
that has been estimated as Rg = 2lp(Nk/6)1/2, where lp = 1.8 nm is
the known persistence length measured for a-polylysine chains68

and Nk = 6 is the number of statistical segments. Thus we expect
that e-PLL chains interpenetrate inside the swollen microgel,

staying confined in its periphery, where the oppositely charged
sulfate groups are located. The charge-to-charge distance on the
microgels is the highest possible for T { Tmc and hence one PE
chain gets electrostatically bound to only one or a few ionized
groups on the microgel, resulting in a low adsorption energy
(1 kBT per ion pair).

For this reason a large number of chains, which are partially
free, are needed to neutralize the microgels. By contrast for
T 4 Tmc sulfate groups are much closer to each other, the
adsorption energy and the number of condensed counterions
increase consequently and more than one sulfate group can
possibly be neutralized by one single PLL chain, pushing the
isoelectric point towards lower PLL concentrations.

To corroborate such hypothesis we can give approximate
upper bound values for the charge-to-charge distance within
the microgel supposing that the sulfate groups are distributed
within all the microgel volume. From the synthesis we know
that each microgel bears Z = 3.75 � 105 sulfate groups and this
gives an average charge-to-charge distance dcc = (Dh

3/6Z)1/3 of
6.7 nm for T = 20 1C o Tmc and 2.7 nm for T = 40 1C 4 Tmc. Such
distances must be compared with the size of a e-PLL chain
(2Rg = 7.2 nm). This calculation, although approximate, shows
that the charge density variation induced by the VPT may bring
a single PLL-chain to neutralize more than one sulfate group
anchored to the NiPAM network and significantly reduce the
amount of chains needed to neutralize the whole microgel.

Moreover it has been shown69–71 that counterions provide
additional screening of the electrostatic interactions between
the polyelectrolytes in the lateral direction. The interaction
remains approximately of the screened Coulomb type, but the
effective screening length is reduced through the additional
counterions within the diffuse layer. Therefore larger adsorp-
tion energies and screened lateral repulsions in the proximity
of the microgel ideal surface cooperatively determine a larger
fraction of adsorbed chains and cause the observed shift of the
isoelectric point towards a lower value of the nominal charge
ratio as the temperature is raised above ET.

This scenario also conforms to the change of the adsorbent
power of charged colloids predicted by scaling theories,72 sug-
gesting that surface excess is ruled by surface charge density.

It is likewise worth noting that cationic e-PLL chains keep on
adsorbing well beyond the isoelectric point. This is indeed not
surprising and systematically occurs in polyelectrolyte–colloid
mixtures until a saturation threshold, specific of each system,
is reached.

Far away from the isoelectric point, charge fractionalization73,74

and counterion release75,76 mainly determine the net electrostatic
attraction between PEs and microgels.

The first mechanism is very well explained in the seminal
work of Nguyen and Shklovskii.73 By forming dangling ends at
the particle surface, the adsorbed chains gain some conforma-
tional entropy. The charge vacancies left by these defects can be
locally large enough to drive the oncoming polyelectrolyte
chain nearer to the surface where, due to the repulsion between
the like-charged chains, vacancies can join and enlarge, also
allowing the newcomer chain to adsorb. This mechanism is

Fig. 6 The absolute value of electrophoretic mobility |m| of PLL–microgel
complexes as a function of CPLL (charge ratio x) for selected temperatures
as indicated in the figure. The inset shows the charge ratio xmin where the
mobility modulus reaches its minimum value.
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likely to be present above VPTT when the mutual distance
between the charges of the microgels is reduced.

A second mechanism driving the overcharging of microgels
is counterion release due to PE adsorption. For e-PLL chains the
fraction of condensed counterions according to the Manning
theory is 1 � b/lb E 0.15, where b = 0.6 nm is the monomer
size and lb = 0.7 nm is the Bjerrum length in water at T = 20 1C.
The release of these counterions promotes polyelectrolyte
adsorption far from the isoelectric point on charge-inverted
microgels.75,76

Similarly to other colloid–polyelectrolyte systems, neutrali-
zation and overcharging of PNiPAM microgels are accompanied
by clustering that depends on the PNiPAM–PLL charge ratio
and temperature, the latter being decisive, in this specific case, for
the reentrance of colloidal aggregation. Fig. 7A shows the hydro-
dynamic diameters, Dh(T), as a function of temperature for selected
x values. The microgel stability is substantially unaffected by
polyelectrolyte addition for CPLL o 0.0066 mg ml�1 (x o 0.16):
the measured hydrodynamic diameters follow the same critical

behavior of the bare microgels. However, for CPLL = 0.0066 mg ml�1

(x = 0.16) the size of clusters shows unambiguously a maximum:
the complexes form large aggregates only in the narrow range
Tc o T o Tcm, while stable submicrometric clusters characterize the
suspensions above the ET, where microgels deswell and become
densely charged. As the concentration of e-PLL is further increased,
complex destabilization occurs at lower temperatures and the
reentrance of the microgel condensation is suppressed. We
interpret such a finding as due to the high ionic strength of
the suspensions for high CPLL: as a matter of fact, for high e-PLL
concentrations, the PE counterions and the free polyelectrolyte
chains contribute to screen the residual repulsion between
complexes and one recovers the same phenomenology observed
in the presence of a monovalent salt (Fig. 3).

Interestingly the same reentrant behavior appears when Dh

is plotted vs. x for different temperatures (Fig. 7B). Below the
VPTT microgels do not significantly aggregate and, on the
contrary, we observe a slight, albeit unambiguous, deswelling
for T = 30 1C due to the screening of the microgel charges given
by e-PLL adsorption. For T E Tc the typical reentrant condensa-
tion phenomenology appears: large micrometric aggregates
form at x = 0.21 and dissolve once strong overcharging occurs
for larger e-PLL concentrations. It’s worth noting that the
aggregation peak does not occur exactly where the mobility
modulus shows a minimum for 32 1C and 33 1C (see Fig. 6).
Clustering occurs before complete neutralization is attained.
This is not very surprising being the aggregation synergically
driven by both charge heterogeneity and hydrophilicity of the
PNiPAM–PLL complexes: charge heterogeneity is tuned by
PLL adsorption that screens hydrophobic interactions of near-
critical microgels and it is not necessarily maximized at the
charge-inversion point,3 where mE 0; hydrophobic interactions
are simply tuned by temperature. A more detailed study of the
interplay between hydrophobic interactions and charge patch
attraction at the VPT goes beyond the scope of this work and
will be the subject of a future publication. Finally, when T is
further increased large unstable clusters do not re-dissolve at
large PLL content, as free polyion chains act as screening
multivalent ions and give rise to the same phenomenology
observed at large NaCl concentrations. Therefore our findings
point out an unprecedented and non-trivial feature of thermo-
sensitive polyion–microgel complexes: reentrant condensation
may occur by progressively adding oppositely charged polyions
at fixed temperature or increasing temperature at fixed polyion
content. In order to confirm the overall emerging scenario we
performed TEM measurements on selected mixtures, in a range
of x where clustering is observed. Fig. 8 shows two images at
x = 1.0, below (panel A) and above (panel B) the VPT. Due to PTA
staining, microgel particles appear light grey while the posi-
tively charged e-PLL chains appear as darker knots since they
are able to attract the negatively charged PTA. Crossing the VPT,
the e-PLL chains unambiguously pass from being free or poorly
adsorbed to an adsorbed state promoting microgel aggregation
in a glue-like fashion, where e-PLL chains preferentially occupy
the interstitial regions: e-PLL chains act as an electrostatic glue.
We have further checked the validity of this assessment by

Fig. 7 Panel A: Hydrodynamic diameter of PLL–PNiPAM complexes as a
function of temperature for different PLL concentrations (charge ratios x)
as indicated in the figure. Panel B: Hydrodynamic diameters of PNiPAM–
PLL complexes as a function of CPLL(x) for selected temperatures as
indicated in the figure. The shaded regions in both panels enclose all the
samples where flocculation has been observed after 12 hours.
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reversible and there is no appreciable hysteresis. However, as
the PLL concentration is further increased to x E 1.6 (panel C)
a significant hysteresis in the aggregation behavior appears,
with the dissolution of the clusters occurring at about 5 1C
below the VPT. A large increase of PLL concentration (panel D)
does not change qualitatively this behavior but for an increase
of the size of the residual clusters.

We interpret the presence of thermal hysteresis as the
signature of the large asymmetry of time scales characterizing
the adsorption of the polyelectrolyte on the external shell of the
microgels and cluster dissolution. The first is driven by both
polyion and single microgel diffusion and gives rise to the
(almost instantaneous) aggregation of decorated microgels as
the temperature is raised above Tcm. This, i.e. the rapid cluster
formation as polyelectrolytes are mixed with oppositely charged
colloids, has been observed in all polyelectrolyte–colloid
mixtures and has been discussed within the framework of kineti-
cally arrested (metastable) clustering.1,3,32 In contrast large cluster
dissolution is driven by both the time scale associated with polymer
desorption from the microgel and the one associated with microgel
intra-cluster diffusion after cooling the system. The latter, being
dominated by the complete disentanglement of aggregated micro-
gels, is a much larger time scale than the former. Moreover, close-
packed microgels must be thought as weakly interpenetrating
particles80,81 whose dynamics is necessarily affected by multiple
contacts between the dangling chains present at their periphery.

Cluster dissolution (partial or total) observed by lowering the
temperature is direct evidence that polyelectrolyte adsorption is
a reversible process: polyelectrolyte desorption occurs as microgels
re-swell and their charge density decreases. However the complete
dissolution does not occur within the time of our experiment when
the polyelectrolyte content is high. Micrometric and submicro-
metric clusters do not dissolve and are stable in solution for several
hours, with their size being different from that of the initial
microgels by an amount that increases with increasing polyelec-
trolyte content. This corroborates the idea that complete particle
dissolution is dictated by a much larger time scale.

On the other hand, the mobility of the decorated microgels
does not show significant hysteresis under thermal cycles. This
conforms to what has been said in Section 3.2: m is univocally
determined by the charge density and the friction coefficient of
the suspended objects, two intensive quantities that, being
fixed by temperature, are not sensibly affected by clustering
and the thermal history of the suspensions (Fig. 15).

The stability of PLL–microgel suspensions will not be
discussed further here and will be the subject of future work.

3.5 Effect of monovalent salt on microgel–polyelectrolyte
complexation

Finally we have tested the effect of the addition of monovalent
salt (NaCl) on the complexation between PNiPAM microgels
and e-PLL chains by measuring the electrophoretic mobility
and the size of the suspended particles as a function of
temperature for several salt concentrations. In Fig. 16 we show
the results obtained for selected charge ratios to point out the
effect of screening on different amounts of adsorbed polyelec-
trolytes. We still distinguish two regimes: the subcritical
swollen microgels for T o Tc and the shrunk densely charged
microgels for T 4 Tc. Below the VPT microgels are poorly
‘decorated’ by the PLL layer and not densely charged. This
results in a very weak dependence of both m and Dh on salt
concentration, both being very close to the values obtained with
no added salt. The scenario radically changes above Tc, the
suspended microgels being more densely charged, more
densely covered by electrostatically adsorbed PLL chains and
hence more affected by a drastic change of the ionic strength.
In particular for low x (Fig. 16A and B), where overcharging
does not occur, the addition of salt does not induce any change
in the mobility sign as expected, although a non-monotonic
behavior is visible at high temperatures: m first decreases,
becoming more negative, and then goes up to zero due to high
screening. Consistently, the size of the particles is also
unaffected by the addition of salt but for a very high salt
content (CNaCl 4 30 mM), where suspensions are destabilized
and flocculation occurs.

As the charge ratio increases, microgels get overcharged
above Tc (Fig. 16C–F), large variations of mobility are enhanced
and we clearly observe a change of the sign of m that, before
converging to zero due to high screening, passes from positive
to negative values by increasing the salt content, signaling the
desorption of the PLL chains from the microgels. This is indeed
expected for the screening-reduced regime in polyelectrolyte
electroadsorption5,82,83 that has been observed in numerous
cases in PE-colloid mixtures32,84 and in simulations.11,83,85,86

Here it is worth describing in more detail the aggregation and
distinguish the cases of weakly and strongly overcharged
microgels. In Fig. 16C and D we show how PLL–microgel
complexes at x = 0.21 and T 4 Tc pass from a weakly over-
charged state (CNaCl = 0 mM), characterized by large unstable
clusters at high temperatures, to non-overcharged states at
CNaCl = 1 mM and CNaCl = 10 mM. For these two salt concentra-
tions the temperature dependence of the aggregate size is
particularly interesting: for CNaCl = 1 mM the PLL–microgels

Fig. 14 Hydrodynamic diameter Dh as a function of temperature during
heating (black full circles) and cooling (empty red circles) ramps with
thermalization time ttherm = 300 s for different charge ratios x as indicated
in the panels.
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aggregate in a relatively narrow range of temperatures 35 1C r
T r 37 1C eventually dissolving and forming stable single
decorated microgels for T 4 37 1C, where their large charge
density and enhanced screening prevent aggregation and
massive PLL adsorption, respectively; at CNaCl = 10 mM
PLL desorption is even more pronounced and microgels
do not aggregate in the entire range of temperature investi-
gated. This is an indirect demonstration that microgel aggre-
gation is indeed induced by PLL adsorption and not trivially
by the increased ionic strength and shows unambiguously
that PLL adsorption is dominated by electrostatics rather

than more specific affinities between lysines and NiPAM
monomers.

Finally, as the size ratio is increased up to x = 2.1 (Fig. 16E
and F), microgels get highly overcharged, unstable clusters are
observed at all salt concentrations for T 4 Tc while a change
of the mobility sign is again observed and confirms PLL
desorption.

4 Conclusions

We have investigated the complexation of thermoresponsive
ionic microgels with oppositely charged polyions. We have
shown that microgel overcharging is triggered by their volume
phase transition tuning the charge density of the particles.
Collapsed microgels are able to adsorb a large fraction of
suspended polyions and this adsorption causes ‘‘multivariable’’
reentrant condensation: at a fixed polyion concentration
clustering occurs at the microgel VPT and may disappear once
the temperature is further increased due to large polyion
adsorption; similarly, at fixed temperature, aggregation is
triggered only by polyion adsorption and shows a reentrant
behavior for near-critical microgels. This phenomenon is new
and it will be further investigated by using different polyelec-
trolytes to test the role played by their molecular weight and
hydrophobicity. Besides the electrophoretic and the size char-
acterization of the complexes, we have probed the aforemen-
tioned phenomenology by means of TEM and DS experiments
that confirmed polyion adsorption, the consequent formation
of dielectric discontinuity at the microgel periphery and the
glue-like behavior of the adsorbed chains. We have tested
thermal reversibility showing that, on the time scale of our

Fig. 15 Electrophoretic mobility m as a function of temperature during
heating (black full circles) and cooling (empty red circles) ramps with
thermalization time ttherm = 300 s for different charge ratios x as indicated
in the panels.

Fig. 16 Electrophoretic mobility m (panels A, C, and E) and hydrodynamic diameters D (panels B, D, F) as a function of the temperature for selected salt
concentrations and charge ratios as indicated in the figure.
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experiments, clustering is quasi-reversible: complete cluster
dissolution is not completely attained after one thermal cycle
probably due to a larger time scale characterizing microgels’
disentanglement within a cluster at high polyion content, while
electrophoretic mobility does not depend on the thermal
history of the mixtures as expected for polymer-based particles.
Finally, by probing the polyion-induced microgel aggregation at
different uni-univalent salt contents we have shown that poly-
ion adsorption is electrostatic in nature and that polyelectrolyte
desorption may occur once one crosses a well-defined salt
concentration threshold. By showing that the VPT of thermo-
responsive ionic microgels can be employed to trigger polyion
adsorption and tune reentrant microgel condensation, our
work lays the foundation for a groundbreaking strategy to tune
electroadsorption ruled by temperature that can be employed
in a variety of fields spanning wastewater and soil remediation,
nanoencapsulation of small charged nanoparticles, and selec-
tive drug delivery.
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76 C. Yigit, M. Kanduč, M. Ballauff and J. Dzubiella, Langmuir,

2016, 33, 417–427.
77 W. J. Ellison, K. Lamkaouchi and J.-M. Moreau, J. Mol. Liq.,

1996, 68, 171–279.
78 Y. P. Kalmykov, W. T. Coffey, D. S. F. Crothers and

S. V. Titov, Phys. Rev. E: Stat., Nonlinear, Soft Matter Phys.,
2004, 70, 041103.

79 Kremer, F., Schönhals, A. ed. Broadband Dielectric Spectro-
scopy, Springer-Verlag, Berlin Heidelberg, 2003.
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