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Abstract The effect of the amount of cross-linker in
poly(N-isopropylacrylamide-co-acrylic acid) microgel
particles on the swelling behaviour and their elasticity
is studied. The distribution of the stiffness through the
particle is also investigated. Therefore, the swelling
ratio obtained from dynamic light scattering measure-
ments in aqueous solutions is compared with the one
after adsorption at polycation-coated silicon wafers.
The studies of the swelling behaviour at the surface
are carried out with scanning force microscopy (SFM)
against liquid. The Young’s modulus is determined by
indentation experiments with an SFM. With increasing
amount of cross-linker, the ability to shrink as well as
the shift in the lower critical solution temperature and
in particle size (hysteresis) during the heating and cool-
ing processes decreases. In addition, the particles at the
surface preserve their height/width ratio at high amount
of cross-linker, while at low amounts the shrinking and
swelling mainly takes place with respect to changes in
height. The particles show their highest Young’s mod-
ulus in the centre of the particles and become stiffer
with increasing the amount of cross-linker and the
temperature.
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Introduction

Poly(N-isopropylacrylamide) (PNIPAM)-based micro-
gels are the most investigated microgels in the last
decades [1–5]. PNIPAM microgels typically have a
lower critical solution temperature (LCST) at 32◦C.
This “smart” material finds applications in different
areas such as drug delivery, emulsion stabilisation,
microcontainer and switchable microlens preparation
[6–10]. There are many publications investigating the
induced responsive behaviour of microgels in volume
phase [1, 4, 11–15]: the effect of ionic strength, pH, salt
type, solvent quality and co-monomers on the swelling
properties of PNIPAM-based microgels.

It was shown that the amount of cross-linker con-
tent strongly affects the microgel properties [16, 17]:
The swelling ratio of microgels with higher cross-linker
content is smaller than that of lower cross-linked micro-
gels. The cross-linker amount also changes the internal
structure of microgels. Microgels with higher cross-
linker content demonstrate a core–shell-like structure:
a core with high cross-linker density and a shell with
lower cross-linker density. Due to their unique ther-
moresponsive properties, PNIPAM-based microgels
have high potential to be used as functional surface
coverage agents. There are several groups studying the
adsorption properties of microgels and their ability to
build close packed films [18–23].

The structural and mechanical properties of hydro-
gel films [24–28], single hydrogel particles [23, 29–32]
or nanoribbons [33] were studied by either nanoin-
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dentation or other techniques. The general trend ob-
served is that together with the dramatic decrease in
the particle size/film thickness, the stiffness increases as
the temperature is increased. Matzelle and co-workers
[24] observed a nearly 100-fold increase in the Young’s
modulus of swollen (10◦C) and collapsed (35◦C)
PNIPAM hydrogel films. The effect of the cross-linking
on the stiffness of PNIPAM films is also shown to
be strong, especially in the collapsed state [25]. The
effect of the cross-linking density, degree of ionization
and the temperature on the elastic modulus of photo-
cross-linked PNIPAM hydrogel layers was studied by
Harmot and co-workers [26]. The authors observed a
decreasing transition temperature as well as a broader
transition range for higher cross-linking densities. Re-
cently, Junk et al. have also reported a decrease in the
swollen-collapsed transition temperature with increas-
ing photo-cross-linking density [28]. They observed
an exponential dependence of the elastic modulus on
the polymer volume fraction for photo-cross-linked
PNIPAM hydrogels. Atomic force microscope (AFM)
indentation measurements for individual PNIPAM mi-
croparticles were found to show a similar behaviour
as the hydrogel thin films, having 10–15-fold increase
in the stiffness (Young’s modulus) through the volume
phase transition temperature [23, 29, 31], regardless of
the cross-linker type and density. A stronger stiffness
dependence (50-fold) on the temperature was calcu-
lated for ∼25-nm-thick thermoresponsive nanoribbons
[33]. It should be noted that the measured/calculated
elastic moduli discussed above differ significantly from
each other (form tens of pascals to hundreds of mega-
pascals). But keeping in mind that the nature of the
studied hydrogels are different in terms main com-
ponents, cross-linker type and density and synthesis
patterns, they show similar stiffness behaviours below
and above the critical temperature. Another point to be
noted is that the stiffness of the films shows a more or
less homogeneous distribution both on x–y-plane and
through the normal axis.

The current paper deals with the question how
stiffness is distributed over a hydrogel microparticle
and how the cross-linker density and the tem-
perature affects it. For that purpose, thermoin-
duced swelling/shrinking behaviour of individually
adsorbed poly(N-isopropylacrylamide-co-acrylic acid)
(P(NIPAM-co-AAc)) microgels with different BIS
content at different temperatures were investigated
using the scanning and indentation properties of an
atomic force microscope.

Experimental part

Microgel synthesis

Surfactant free emulsion polymerisation was used
for the particle synthesis. N-Isopropyl acrylamide
(NIPAM), N,N’-methylenebisacrylamide (BIS), potas-
sium persulfate (PPS) and acrylic acid (AAc) were
obtained from Sigma-Aldrich. All chemicals were used
without further purification. The purity of NIPAM
was at least 97%. Microgels with three different
cross-linker contents were synthesised: MG1—2.26 g
NIPAM, 0.072 g AAc and 0.06 g BIS (corresponding
to 2% BIS with respect to the molar concentration of
NIPAM monomers); MG2—2.27 g NIPAM, 0.072 g
AAc and 0.15 g BIS (corresponding to 5% BIS) and
MG3—2.27 g NIPAM, 0.072 g AAc and 0.31 g BIS
(corresponding to 10% BIS) were dissolved in 200 ml
Milli-Q water and placed under nitrogen atmosphere;
1.5 mg PPS was dissolved in 2 ml H2O and added to the
mixtures pre-heated to 70◦C. After 4 h, the reaction was
switched off via cooling down to room temperature.
The cooled down solution was then stirred overnight
under nitrogen atmosphere. Microgels were cleaned by
14-day dialysis in Milli-Q water. Water was exchanged
daily. After cleaning, the microgels were freeze-dried.
Microgels were deposited on the Si wafer covered
with a gold layer of about 108 nm thickness (Georg
Albert PVG-Beschichtungen) by spin coating with the
microgel dispersions with a concentration of 0.05 wt.%.
The rotation speed was 2,000 rpm and the deposition
duration was fixed to 300 s. The coating was achieved
under ambient conditions.

Methods

Dynamic light scattering

The swelling/deswelling behaviour of the microgels in
volume phase was investigated by dynamic light scat-
tering (DLS). The temperature range was between
15◦C and 50◦C. Intensity time auto-correlation func-
tions were recorded at a constant scattering angle of 75◦
using an ALV goniometer setup. Using only one angle
is justified by the high monodispersity of gel particles.
A Nd:YAG laser with a wavelength of 532 nm, an
output power 150 mW and an ALV-5000 correlator
were used. The correlation functions were analysed by
inverse Laplace transformation (CONTIN).
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Scanning force microscopy

Scanning force microscopy (SFM) was used to char-
acterise the swelling/shrinking behaviour of adsorbed
microgels. All measurements were carried out with a
JPK NanoWizard II in intermittent contact mode in an
ECCell™ setup from JPK Instruments AG. Uncoated
silicon cantilevers CSC37 from Micromash with a tip ra-
dius of ∼10–50 nm were chosen as scanning probes. To
get individual microgel particles deposited on the solid
substrate, samples were prepared by spin coating from
dispersions with a concentration of 0.05 wt.% as has
been described above. Three types of measurements
were done: (1) two long cycles. The temperature was
changed between 15◦C and 55◦C in 5◦C steps; (2) two
short cycles. The temperature was changed between
20◦C and 50◦C in 15◦C steps; and (3) two reswelling
cycles. The samples were dried at room temperature
overnight. After 12 h, the samples were deposited in
water again and left for 1 h in liquid. The temperature
was varied between 20◦C and 50◦C in 15◦C steps during
the measurements.

Elasticity measurements of microgels deposited at solid
surfaces

The elasticity of the hydrogel particles was calculated
using the force mapping tool with a measurement veloc-
ity of 0.3–1 Hz. Only the approach curves were used as
there might be strong adhesion between the tip and the
surface after the contact [23, 27]. V-shaped cantilevers
(AR-iDrive-N01, Asylum Research, USA) with a ref-
erence spring constant of 0.09 N/m, carrying relatively
blunt tips (R � 20–50 nm) were used for the scanning
of surfaces and for force measurements. Selection of
tips instead of colloidal probes prevents errors from in-
sufficient indentation forces [24] and allows all scanning
and force measurements to be done with the same tip
without changing any parameter [28]. A modified form
of the Hertz model suggested by Dimitriadis and co-
workers [34] was used to calculate the Young’s modulus
individually at each indentation depth. According to
that model, Young’s modulus (E) is a function of force
(F), indentation depth (δ), film thickness (h), indenter
curvature (R) and the Poisson’s ratio (v) and can be
given with the general equation:

E = E(F, δ, h, R, v) (1)

It should be noted that the cantilever sensitivity should
be calibrated on a clean, hard surface. This step is nec-

essary to determine the hard-contact reference point
and to record the correct cantilever deflection. In this
study, the sensitivity calculations as well as the deter-
mination of the indentation depth were achieved by the
JPK SFM software and home written Igor Pro (Wave-
Metrics, Inc., USA) procedures. Due to the electro-
static interactions between the hydrogel particles and
the SFM tip, the force might be non-zero even before
the contact, invalidating the assumption that F = 0 at
δ = 0. To determine the actual contact point, a region

(a) Force vs Indentation Depth

(b) Young’s modulus vs Indentation Depth

Fig. 1 a Force as a function of indentation depth as measured by
AFM, before and after the correction. b Young’s modulus values
calculated for each measurement point. The average Young’s
modulus is calculated from the region shown by the box above,
h being the total film thickness
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of the force–indentation curve where there is contact
for sure is fit with the power law F = y0 + bδα with
the constraint 3/2 ≤ α ≤ 5/2, where y0 and b are non-
essential parameters. The lower boundary of α (3/2)
comes from the Hertz model itself. The upper bound-
ary, 5/2, is an empirical value chosen to give reasonable
contact points as higher α values would cause large
deviations from the actual force curves. Actually, α

should be changed depending on the strength of the
electrostatic interactions and the softness of the mea-
sured surface. That fitting is assumed to give the force–
indentation dependence including the further (weaker)
electrostatic interactions after the contact. Extrapo-
lating this fitting curve for F = 0 gives a reasonable
contact point. Using the model of Attard [35], the exact
contribution of the electrical double layer (EDL) on the
interactions and deformation of the smooth surfaces
can be determined. However, due to the porous nature
of the hydrogels used in this study, Smoluchowsky
equation cannot be used to calculate the exact EDL
forces. An approximate calculation showed that the
maximum EDL contribution is around 10% of the total
force exerted on the cantilever at an indentation depth
of 100 nm. It should be emphasized at this point that the
electrostatic interactions cannot be ignored before and
just after the contact. For the correction of the non-zero
force at the new contact point determined by fitting, the
force data were simply shifted down to satisfy F = 0 at
δ = 0. This step also removes the interference of any
further electrostatic forces to the equation given below.
The assumption is that there is no deformation before
the contact, and the EDL interactions do not change
dramatically after the contact.

For incompressible hydrogels (v = 0.5) that are
bonded to the substrate, the extraction of the Young’s
modulus, E, can be achieved by calculating it for each
indentation depth [34]:

E = 9F
16

× 1
R1/2δ3/2(1+ 0.884χ+ 0.781χ2+ 0.386χ3+ 0.0048χ4)

(2)

where χ = √
Rδ/h. The force–indentation curves were

taken from the force maps. The raw data were treated
with self-made procedures on Igor Pro software from
Wavemetrics, Inc.

The above relation necessitates a precise determina-
tion of h and R as they have dramatic effect especially
for thin films [34]. The height of the hydrogel particles,
h, was determined by scanning probe SFM and dynamic
light scattering as has been discussed above. A spherical

indentation geometry was assumed for the SFM tips,
and the exact radii of curvature, R, were extracted from
scanning electron microscope images.

Average Young’s modulus in the indentation region
0.05 h ≤ δ ≤ 0.2 h is used for the discussion of the
results (see Fig. 1b). The Young’s modulus is calculated
for the sample temperatures of 20–50◦C in 5◦C steps.
The fitting model is highly sensitive to the fitted δ range
and to α, as well as to the particle height. This can
result in relative errors up to 40% in the calculated
Young’s modulus. The ∓40% error bars are shown in
the relevant graphs.

Results and discussions

Microgel characteristics in volume phase

Three types of microgel particles with different cross-
linker contents were synthesised. The microgels in
volume phase were characterised by DLS. They
demonstrate the typical behaviour that the value of
swelling ratio/particle volume (V) normalized with the
volume at 15◦C (V15◦C) decreases with increasing cross-
linker content at high temperatures (Fig. 2). The LCST
is determined from the point of inflection (Table 1).

Individually adsorbed microgels

To investigate the thermoresponsive shrinking and
swelling behaviour of individually adsorbed microgels,
the SFM technique in liquid was used. Figure 3 shows
the SFM images of microgels with 2% BIS content

Fig. 2 Swelling ratio of microgels in bulk as function of tem-
perature for microgels with 2% (squares), 5% (circles) and 10%
(triangles) BIS contents
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Table 1 Characteristics of microgels in bulk: the LCST and
swelling ratio; deposited at the surface: LCST, swelling ratio and
height/width ratio at 20◦C and 50◦C and volume of microgels in

bulk normalized with respect to the volume of adsorbed micro-
gels at 15◦C and at 50◦C

BIS content Volume phase Adsorbed microgels VDLS/VSFM VDLS/VSFM

(%) LCSTDLS Swelling ratio LCSTSFM Swelling ratio Height/width Height/width at 15◦C at 50◦C
(%) at 50◦C (%) at 50◦C ratio at 20◦C ratio at 50◦C

2 33 0.29 35 0.19 0.21 0.07 10 1.1
2 30 0.34 37 0.29 0.26 0.1 9.7 1.3
10 35 0.42 33 0.47 0.46 0.48 7.2 1.1

Characteristics for deposited particles were taken from the heating process of the second long cycle

during the first long cycle: 15◦C, 35◦C, 55◦C, 35◦C and
15◦C. The obvious change in the microgel size can be
seen. In order to get a better insight into the swelling
ratio, the volume of deposited particles was calculated
from cross sections [36] and is shown in Fig. 4. The
process does not seem to be completely reversible.
Microgels with 2% cross-linker show a strong shift
(hysteresis) in the LCST and in particle size during
the first long cycle. The LCST at the cooling process
is shifted by 2.2–34.4◦C with respect to the heating
curve. After the cooling process in the first long cycle,
the microgel height and the footprint become smaller
than those before the heating process; at 15◦C, particle
volume changes from 1.2 × 108 to 7.6 × 107 nm3. Dur-
ing the second long cycle, the LCST is again shifted
by 2.1–32.6◦C, and the hysteresis significantly decays
after the second long cycle. With the increasing cross-
linker content, the hysteresis decreases and the slope
around the point of inflection increases, i.e. the transi-
tion becomes sharper. After the hysteresis vanishes, the
LCST becomes similar to the one of microgel particles
in aqueous dispersion. This is in good agreement with
the former studies [20, 37] and is explained by the
dominating effect of the chemically cross-linked gel
material. In contrast to that, films of physically cross-
linked PNIPAM gels show a strong effect of the film
thickness on the LCST, resulting from confinement or
substrate influences [38].

Cheng et al. [39] showed that PNIPAM homopoly-
mers are able to build intra- and inter-polymer chain
hydrogen bonds during the heating process. The
H-bonds can be broken during a subsequent cooling
process down to a temperature of about 4◦C. In the
present experiment, the microgels were cooled down to
15◦C and the H-bonds were observed not to disappear
completely. These remaining H-bonds can be consid-
ered as new additional cross-linkers. Due to these new
cross-linkers, the particles cannot swell to their initial
sizes and the hysteresis takes place. With increasing BIS
content, the chain length between two cross-linkers de-
creases and the intrachain hydrogen bonds could not be
formed during the heating process, and the hysteresis
becomes smaller and vanishes, respectively.

In order to compare the effect of cross-linker on the
swelling/shrinking behaviour, the swelling ratio of all
three gel particles after adsorption at the Si/Au sub-
strate is shown in Fig. 5. The adsorbed particles demon-
strate qualitatively the similar behaviour to microgels
in the volume phase: with increasing BIS content the
swelling ratio of adsorbed microgels decreases.

To check whether the hysteresis totally disappears
after the first few cycles, two short cycles between 20◦C
and 50◦C with 15◦C steps were driven. The volume
normalized with respect to the particle volume at 20◦C
in the first short cycle is shown in Fig. 6. It was ob-
served that all three types of microgels adsorbed on

Fig. 3 SFM images against water of adsorbed microgels with 2% BIS in the first long cycle: at 15◦C (a), 35◦C (b), 55◦C (c), 35◦C (d)
and 15◦C (e). Measurements were carried out in intermittent mode
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(a) (b)

(c)

Fig. 4 Swelling ratio of adsorbed microgels with 2% (a), 5% (b) and 10% (c) BIS contents in the first and second long cycles as function
of temperature measured by SFM

the surface had a reversible thermoinduced behaviour.
The shift in the LCST and in the particle size decreases
in cooling and heating processes in the second long
cycle (see Fig. 4a and Table 1). The adsorbed mi-
crogels demonstrate the thermoresponsive behaviour
in reswelling experiments as well. To show that, the
samples were dried at room temperature overnight.
For SFM measurements, the sample was left in liquid
to reswell. After 1 h, the SFM measurements were
performed. No microgel particle desorption could be
observed during the reswelling process. It should be
noted that the microgels deposited on the solid surface
still exhibit the swelling/shrinking behaviour even after
a complete sample drying.

The characteristics of microgel particles such as the
LCST, swelling ratio of microgels in bulk; the LCST

in the heating process of the second long cycle, the
swelling ratio and the height-to-width ratio at 20◦C and
at 50◦C of adsorbed microgels and the ratio of particle
volume in bulk to the volume of deposited on the Si/Au
microgels are given in Table 1.

The values of VDLS/VSFM in swollen state or at 15◦C
indicate that the internal density of the particles de-
posited at the surface is higher than that of the particles
in bulk. This ratio decreases with increasing cross-linker
content due to decreasing polymer chain length be-
tween two cross-linker and as consequence increasing
particles stiffness. With increasing temperature up to
50◦C, the ratio decreases. At this temperature, particles
are in the collapsed state and the chain length between
two BIS molecules is extremely short, leading to a
decrease in this ratio.
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Fig. 5 Swelling ratio of adsorbed microgels with 2% BIS
(squares), 5% BIS (circles) and 10% BIS (triangles) got by SFM
for the heating process in the second long cycle as function of
temperature

The height/width ratio of adsorbed particles in-
creases with increasing BIS content showing that the
particles become stiffer with increasing BIS concen-
tration. The height/width ratio at 50◦C is significantly
smaller than that at 20◦C for the particles with lower
cross-linker content because the collapse of adsorbed
microgels takes place mainly in vertical direction. In
case of 10% BIS, this ratio is almost temperature in-
dependent indicating the preservation of particle shape
in heating and cooling processes and is also indicated
much smaller shrinking (0.47) compared to particles

Fig. 6 The swelling ratio of adsorbed microgels with 2% BIS
(squares), 5% BIS (circles) and 10% BIS (triangles) at 20◦C and
50◦C in different heating/cooling cycles: in the second long cycle
(2 l.c.), in the first and in the second short cycle (1 and 2 s.c.) and
in the first and in the second reswelling cycle after drying (1 and
2 r.c.)

with lower BIS contents (0.19 for 2% BIS and 0.29
for 5% BIS). This result shows that microgels with
10% BIS possess a hard particle like behaviour. The
schematic thermoinduced shrinking process is shown in
Fig. 7. The lower cross-linked microgels collapse mainly
in vertical direction and the particles shape changes:
becomes flatter. The higher cross-linked microgels col-
lapse in vertical as well as in horizontal directions and
keep their shape. Due to the higher internal density
of adsorbed microgels compared to microgels in bulk,
the transition of deposited particles becomes sharper
(Figs. 2 and 5). The LCST of the microgels at surface
tends to be higher than in volume phase. The swelling
ratio of gel particles in bulk and adsorbed at the sur-
face increases with increasing BIS content indicating a
decreasing swelling ability. To get quantitative informa-
tion about the “hardness” of the particles deposited on
the solid surface, SFM measurements were carried out
as the temperature and the BIS content were varied.

Elasticity measurements

To determine the temperature dependence of the
Young’s modulus, the microgel particle in question was
scanned, and the image was subdivided into squares
by a grid for the force mapping (Fig. 8). The adhesion
in the retraction process in the force measurements
was never let to be too strong as it can otherwise
irreversibly damage the microgels [23]. Grids 1–7 in
Fig. 8 were analysed throughout three heating–cooling
cycles. Different approach speeds (0.3–1 Hz) were used
in the force measurements. A systematic study about
the effect of measurement velocity (0.5–7 Hz) had al-
ready showed that the Young’s modulus does not vary
more than 10% in that velocity range [31] for a similar
system. That is why any possible viscous behaviour of
the hydrogels were neglected throughout this study.

For a better understanding of the material distri-
bution in the hydrogel particles, the Young’s Mod-
uli were determined through the line in Fig. 8 (grids
1–7). Young’s modulus values at 20◦C and at 50◦C,
corresponding to the height cross section from scanning
probe AFM, are given in Fig. 9a, b for 2% and c, d for
10% cross-linked particles at 20◦C and 50◦C, respec-
tively. It can be clearly seen that for both hydrogels,
the Young’s modulus reaches a maximum in the middle
of the particle. Towards the rim of the particle (for
example, points 3 and 5 in Fig. 8), there is a 2–5-fold de-
crease in the stiffness. This behaviour can be attributed
to the previously suggested morphology of the hydrogel
particles, meaning that there is less material at the
outer regions of the particle and stiffening cross-linkers
are concentrated in the middle (or core; see Fig. 12).
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Fig. 7 Scheme of the
shrinking process for particles
with low and high cross-linker
contents

As less dense material would be softer, the Young’s
modulus of the outer regions is expected to be much
smaller than that of the centre. The elastic modulus
difference between the outer periphery and the centre
is more pronounced at higher temperatures and for
the higher cross-linked particles. Due to this inhomo-
geneous character of the microgels, a major problem
in the interpretation of the data might arise. As Hertz-
based models assume a homogeneous structure, the

calculated Young’s modulus values should be checked
against any abrupt changes for different indentation
depths. It should also be stressed that different film
heights at different spots on the particle have to be
considered while calculating the Young’s modulus with
Eq. 2.

The Young’s modulus in the middle of the particle
(see grid 4 in Fig. 8) was obtained by averaging the
calculated Young’s Moduli in an indentation depth of

Fig. 8 The microgels as
imaged by SFM. The grids
correspond to the force
measurement spots on the
force mapping
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(a) 2% BIS at 20°C (b) 2% BIS at 50°C

(c) 10% BIS at 20°C (d) 10% BIS at 50°C

C

Fig. 9 Thickness and Young’s modulus dependence on the cross-section position for particles with 2% and with 10% BIS at 20◦C and
at 50◦C

5–20% of the total particle height as shown in Fig. 1b.
The average values for MG1 and MG3 are given in
Fig. 10. It was observed that the Young’s modulus (as a
measure of stiffness) of the particles does not change
in the temperature range of 20–35◦C. A constant or
slowly increasing modulus trend below the critical sol-
ubilization temperature has been observed previously
for hydrogel films and particles, despite different tem-
perature ranges [24, 26, 27, 31, 33, 40]. There is a
continuous increase in the stiffness from 35◦C to 50◦C.
As no plateau could be reached in that temperature
range, additional measurements in a wider temperature
range of 20–70◦C were run. Figure 11 shows the rel-
ative Young’s modulus values for both 2% and 10%
cross-linked microgels. A 5- to 6-fold increase from the
lowest to the highest temperature can be seen. Again
a 6-fold increase in the elastic modulus occurs as the
cross-linker density is increased five times, from 2% to

10%. This trend is expected as the 10% BIS particle is
more compact and stiffer due to the highly cross-linked
polymer network as has been previously observed for
similar systems [25, 26, 28]. But it should be noted that
despite its stiffer structure, 10% BIS follows the simi-
lar temperature dependence trend as the lower cross-
linked hydrogel (2% BIS).

It can be seen in Fig. 11 that the critical temperature
is between 35◦C and 50◦C for both samples. For the
2% cross-linked particles, a decrease in the modulus
can be observed around 40◦C (Figs. 10a and 11). A
decrease in the elastic modulus close to the phase
transition temperature was also reported by Hashmi
and Dufresne [31]. That gives a clue for the critical
temperature of the 2% cross-linked sample (∼40◦C).
This temperature is at least more than 5◦C higher than
the LCST determined by SFM and DLS. So the critical
changes in stiffness and in size occur with a temperature
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Fig. 10 Temperature dependence of the Young’s modulus for
adsorbed microgel particles with 2% and 10% cross-linker con-
tent. Measurements were carried out in the center of the particles
(grid 4 in the Fig. 8). Error bars indicate 40% relative errors

shift. The possible reason for this sort of behaviour is
also related to the unexpected lack of hysteresis in the
elastic modulus through the heating–cooling cycles, as
will be discussed below.

Varga et al. [17] have shown that as the first step,
a cross-link rich core was formed during the synthe-
sis. As the BIS concentration in the reaction mixture
decreases, the branched PNIPAM polymer chains are
built and the shell with a low cross-link density is
formed. In the temperature-induced transition process,
the microgel structural changes occur in several steps
[11]: In the first step, the initial core collapse takes place
(the thickness decreases but the lower cross-linked re-
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Fig. 11 The calculated Young’s modulus values in logarithmic
scale as normalized to the value for the 2% cross-linked hydrogel
at 20◦C. The error bars indicate 40% relative errors

gion, of which elasticity is measured, keeps its softness.
Critical temperature for the particle size is reached in
this step). In the second step, the shell collapses (letting
the AFM tip to reach the stiffer core. Partial increase
or decrease in the elasticity can be observed). In the
third step, the core collapses again (the size decreases
only slightly but the stiffness of the higher cross-linked
region increases dramatically. The critical temperature
for the elasticity is reached).

One can expect from the SFM measurements (Fig. 4)
that during the heating–cooling cycles, the Young’s
moduli of lower BIS content microgel particles would
also have a hysteresis. In contrast to that, Fig. 10
demonstrates no hysteresis. This can be attributed to
the significant difference between the core and the
shell in terms of softness. In the force measurements
at high temperatures, the tip penetrates the relatively
softer shell without giving any significant deflection
signal compared to the harder core, invalidating any
deformation theory. The only elastic behaviour that can
be measured at this point is the deformation of the
higher cross-linked core (Fig. 12). Due to the absence
of a hysteresis, it can be suggested that no significant
change takes place in the particle core throughout
the cycles but only in the lower cross-linked outer
rim. So the core has the same structure at a certain
temperature independent of how many times it has
been exposed to a heating–cooling cycle. This phenom-
enon indicates that the previously discussed H-bonding
takes place mostly in the lower cross-linked particle
periphery.
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Fig. 12 Scheme of the
shrinking process of microgel
particles deposited at a solid
surface

Conclusions

(1) The thermoinduced swelling behaviour was com-
pared between microgels in bulk and after adsorption
on the surface. For both, the swelling ratio decreases
with increasing of cross-linker content. (2) Reversible
swelling/shrinking behaviour during several cycles was
observed and hysteresis decreases with increasing BIS
content. (3) Microgels deposited at solid interface have
higher internal density than the microgels in bulk. After
the adsorption, low cross-linked particles become flat
in heating processes. The shape of high cross-linked
microgels is invariant in swelling/shrinking processes.
(4) The highest Young’s modulus was observed in
the centre of the microgel particle. (5) The Young’s
modulus increases with increasing cross-linker content
and heating through the LCST. (6) The fact that no
hysteresis in the Young modulus could be observed
indicates that the formation of H-bonds during the
first cycles occurs in the particle’s low cross-linked
shell.
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