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Ultrasonic mixing is a well-established method to disperse and mix
substances. However, the effects of ultrasound on dispersed soft particles as
well as on their adsorption kinetics at interfaces remain unexplored.
Ultrasound not only accelerates the movement of particles via acoustic
streaming, but recent research indicates that it can also manipulate the
interaction of soft particles with the surrounding liquid. In this study, it
evaluates the adsorption kinetics of microgel at the water-oil interface under
the influence of ultrasound. It quantifies how acoustic streaming accelerates
the reduction of interfacial tension. It uses high-frequency and low-amplitude
ultrasound, which has no destructive effects. Furthermore, it discusses the
ultrasound-induced shrinking and thus interfacial rearrangement of the
microgels, which plays a secondary but non-negligible role on interfacial
tension reduction. It shows that the decrease in interfacial tension due to the
acoustic streaming is stronger for microgels with higher cross-linker density.
Moreover, it shows that ultrasound can induce a reversible decrease in

[6-10] 11]

and foams, membrane material,!
or coatings.'213] Especially, the class of
stimuli-responsive microgels draws at-
tention in the soft matter community.'*]
Poly-N-isopropylacrylamide ~ (PNIPAM)-
based microgels are the most often studied
type of responsive microgels that are able
to deform (shrink or swell) in response
to outer stimuli. Possible stimuli are for
example, changes in temperature, pH
value or ionic strength.['>77] We recently
showed that ultrasound emerges as novel
and interesting stimulus for the volume
phase transition (VPT) of PNIPAM.[!819]
PNIPAM microgels are known for their
temperature-responsive behavior in water,
with a volume phase transition temper-
ature (VPTT) of approximately 32 °C[!

interfacial tension due to the shrinkage of microgels at the interface. The
presented results may lead to a better understanding in any field where
ultrasonic waves meet soft particles, e.g., controlled destabilization in foams

and emulsions or systems for drug release.

1. Introduction

Microgels are soft polymeric cross-linked particles!™? which have
been investigated for more than three decades due to their broad
range of possible applications.[*] They are promising drug carri-
ers and release vehicles,/*°! responsive stabilizers of emulsions
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the same as lower critical solution tem-
perature (LCST) of linear PNIPAM at low
solution concentrations.[?”) PNIPAM has
been studied intensively in bulk and at
the interface for more than three decades
now.'>! In bulk, PNIPAM microgels behave
like any other colloidal particles, exhibiting
Brownian motion. Their dispersion is
stabilized by electrostatic forces, as well as steric interactions,
which arise from their charged nature and the dangling chains
at their surfaces, respectively.¥ At liquid-liquid or liquid-vapor
interfaces, microgels adsorb irreversibly and deform strongly
due to their softness in a flat shape.?'?] Most PNIPAM
microgels are prepared by precipitation polymerization in a
batch approach and posses a manufacturing rooted core-shell
structure. The core is more cross-linked and therefore stiffer
than the less cross-linked outer shell.[2>2 At the interface this
structure leads to the well-known “fried egg-shape structure” in
the adsorbed state.?”] It describes the condition in which the
soft shell of microgels are more stretched than the rigid core.
Overall, the larger proportion of PNIPAM microgels protrudes
into the water phase. The characterization of the VPT process at
interfaces/surfaces is still under investigation. Recently Vialetto
et al.l?’l made a huge progress in the in situ characterization
of the microgel structure at the water—oil interface by Atomic
Force Microscopy (AFM). These results confirm earlier studies
claiming that most of the VPT-induced shrinking takes place in
the part of the microgel that is protruding into the water phase.
Lateral shrinking of the microgels at the interface seems to play
a minor role. Pendant drop tensiometry is one method used to
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characterize the reduction of interfacial tension resulting from
the adsorption of microgels at the interface. With this technique,
the interfacial tension of a pendant or rising drop is measured
by analyzing its shape. This method allows for the time-resolved
measurement of surface/interfacial tension and the monitoring
of the adsorption process of the collective microgels. Li et al.[?8%]
and Tatry et al.3%31 studied the influence of various parameters,
e. g., temperature, cross-linker density and concentration of
microgel dispersion, on the adsorption kinetics of PNIPAM mi-
crogels at the interface of a pendant drop. They showed that the
decrease in interfacial tension is initially diffusion-driven but be-
comes adsorption limited for the later saturation behavior. Thus,
the reduction in interfacial tension accelerates with increasing
concentration and with decreasing cross-linker density, both
affecting the coverage area of the microgels at the interface. The
temperature influences the properties of the liquid, as well as in-
duces a VPT in the microgels, affecting the size and charge of the
microgels. This leads to a nonlinear behavior of the adsorption
time. Below the VPTT, an increase in temperature increases the
diffusivity of the microgels toward the interface. Additionally, it
facilitates the adsorption process of microgels in the adsorption
limited regime. This is expressed by the reduced final reachable
value (steady-state) for the interfacial tension. Above the VPTT,
the increase in charge density of the microgels hinders the
adsorption of more microgels. This reduces the adsorption
speed and increases the steady-state interfacial tension.
However, temperature is not an effective stimulus to control
the adsorption of microgels at interfaces due to its limited versa-
tility. The response time of the whole system including sub-phase
and cell is slow. Furthermore, the required amount of energy in-
put for steady-state condition is high. Making use of ultrasound
as a control parameter offers several advantages such as short
response time, fast switch-ability and a comparably low energy
input. In particular, being able to induce the VPT of microgles
by ultrasound at the interface may lead to novel applications
in various fields, e.g., pharmacology, food industry or interfacial
catalysis.[132] By shrinking microgels after adsorption, embed-
ded payload material can be released at the interface, allowing for
controlled and targeted delivery or catalysts. It has to be empha-
sized that here ultrasound is not destructive since it has much
higher frequencies (MHz range) and lower power amplitudes (W
range) compared to typical ultrasound baths that operate in kHz
range with power amplitude in the range of hundreds of Watts.
When imposing ultrasound on a liquid the waves propagate
through the medium and the acoustic energy attenuates due to
the liquid viscosity. Due to nonlinearities a flow is generated
that is called acoustic streaming.3334 In particle dispersions, the
acoustic radiation force can lead to different acoustophoretic ve-
locities depending on the particle size and position[*]; i. e.,

_ 20ka’]
3n

sin (2kz) 1)

Vs

where ® is a contrast factor related to the compressibility of the
particles with respect to the compressibility of the solvent, k is
the wave number, a is the particle diameter, # is the viscosity of
the dispersion and z is the particle position. Having the acoustic
energy density, I = P?/2pc?, related to acoustic pressure P, lig-
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uid density p, and speed of sound ¢ in the liquid, Equation (1)
becomes

b = ®ka? P?
S 3ppc?

sin (2kz) (2)

From Equation (2) one can infer that the ultrasound induces a

flow having a maximum velocity of d;’;“:f. This flow may affect
the adsorption kinetics of particles at the interface.

In the present study, we investigate the influence of ultrasound
on the adsorption kinetics of microgels at the water-oil interface.
The objective of this study is to identify the factors that influ-
ence the acceleration of adsorption and to investigate the poten-
tial VPT of the microgels induced by ultrasound at the interface.
For this purpose, we synthesized microgels with different cross-
linker densities, i.e., stiffnesses. Furthermore, we modified the
pendant drop technique to enable the measurement of the inter-
facial tension in the presence of ultrasound.

2. Results

2.1. Features of the Modified Pendant Drop Device

The results of the technical test of the setup allowing to measure
the interfacial tension under ultrasound are shown in Figure 1.
There is a linear dependency of the measured acoustic pressure
over the set voltage amplitude at the signal generator (Figure 1A).
This plot shows that the acoustic pressure can be adjusted by con-
trolling the input voltage at the signal generator. In addition, the
distortion of the measured interfacial tension y,, due to the in-
fluence of ultrasound was quantified (Figure 1B,C). The ultra-
sound is turned off and on again in order to determine the effect
on the measured value for y,,. At each step, the acoustic pres-
sure is increased. The higher the acoustic pressure amplitude,
the more it impairs the quality of the measurement data. The
scattering of the data points characterized by their standard devi-
ation (Figure 1C) increases significantly above around 1000 kPa.
Below this value, a reasonable measurement is possible. The sys-
tematic shift in apparent average interfacial tension is negligible
for lower acoustic pressures, but becomes pronounced at higher
values, interfering significantly with the measurement accuracy.
At acoustic pressures below 1000 kPa, the standard deviation of
the measured values is in the range of usual measurements (~
0.3 m;N). Therefore, we use acoustic pressure below 1000 kPa in
this study. Note that for the generation of the highest pressures
1600 and 2000 kPa Figure 1B, the data in Figure 1A were linearly
extrapolated and the corresponding voltage was applied. At high
pressures the disturbance of the liquid interface was too strong
to get reliable values for the interfacial tension (Figure 1B,C).
Destructive effects usually occur at higher ultrasonic intensities,
well into the megapascal (MPa) range and beyond, leading to cav-
itation or droplet breakup. Our results suggest that ultrasound is
not destructive below 800 kPa as indicated by consistent interfa-
cial tension values, and we’ve measured a minimal temperature
increase (2°C) at 763 kPa, where cavitation is unlikely at MHz-
range frequencies.
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Figure 1. A) The acoustic pressure over the applied voltage at the signal generator. B) The influence of ultrasound on the measured interfacial tension
values (ry). A rising dodecene drop in water was utilized for this test. C) The standard deviation (SD) of the interfacial tension against the acoustic
pressure calculated for the measurements shown in (B). D) Mean values of interfacial tension at different acoustic pressures. The error bars were

calculated from the standard deviation of multiple measurements.

2.2. Adsorption Kinetics of the Microgels

Detailed temperature-dependent swelling and shrinking curves
of microgels in water were measured by dynamic light scatter-
ing (DLS) and are presented in the Figure S3 (Supporting In-
formation). For further information about the microgels please
check our previous publications.””! The microgels have a di-
ameter of around 600-750 nm and around 250-300 nm below
and above their VPTT, respectively. The microgels are positively
charged due to the positively charged starter AAPH. Their charge
density increases at elevated temperatures above the VPTT. The
swelling ratio (R}, . /R} o ) decreases with increasing
cross-linker density from around 20 to around 5. As known from
literature, the higher cross-linked microgels are stiffer than the
lower cross-linked ones.[') Softer microgels exhibit greater in-
terfacial extension, allowing them to cover larger areas at the
interface compared to their stiffer counterparts. Consequently,
achieving a reduction in interfacial tension requires a lower quan-
tity of microgels, resulting in a faster reduction of interfacial
tension.[?829]

Figure 2 shows the adsorption kinetics of microgels at inter-
face without ultrasound. The usage of different configurations
(rising or pendant drop) is justified in the experimental sec-
tion (Section Tensiometry Device Subjected to Ultrasound
(Pendant/Rising Drop)). Figure 2A,B show the interfacial
tension reduction due to the adsorption of microgels at the inter-
face of a rising oil drop at different microgel concentrations and
cross-linker densities of the microgels, respectively. A higher con-
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centration as well as a lower cross-linker density accelerates the
decrease of 7,,,. Characteristic kinetics of interfacial tension re-
duction includes three consecutive regimes: 1- no/minor change
in y, 2- strong change in y and 3- no/minor change in y. The
transient interfacial tension can be described empirically by[*¢!

Yo = 7w

Y(t)=ym+m

©)

where y, and y, are initial and equilibrium interfacial tensions,
respectively and 7, is the characteristic time for the interfacial
tension reduction and # is the fit parameter (which was best fit-
ted to 3.5 here). Using Equation (3), we fitted the results from
Figure 3B for three different cross-linker contents. The diffusion
and adsorption characteristic time for 2.5, 5, and 7.5 mol.%, re-
spectively are 285.5, 835.6, and 1604 s.

Figure 2C, D show the effect of temperature on the interfa-
cial tension reduction of a pendant microgel dispersion drop.
Changing the temperature leads to a non-monotonous change in
the decrease of y,,,: According to the Figure 2C, increase from
25 to 32 °C the decrease in v, is faster than increase from 32 to
47 °C. Around the VPTT the kinetic is the fastest (Figure 2C) and
the steady-state value of interfacial tension reaches a minimum
in the final value (Figure 2D).

Ultrasound has a strong effect on the time-resolved inter-
facial tension reduction of the water-oil interface due to the
adsorption of microgels for all three different cross-linker den-
sities (Figure 3A—C). The microgel concentration was fixed at
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Figure 2. Influence factors on the adsorption kinetics of microgels: Decrease in interfacial tension of a rising dodecene drop in an aqueous microgel dis-
persion A) due to the adsorption of the medium cross-linked microgels (5 mol.% cross-linker) at different concentrations, B) with increasing cross-linker
density. C) The time-resolved interfacial tension of a pendent aqueous drop of the lower cross-linked microgels (2.5 mol.% cross-linker) in oil at different
temperatures. D) Final values of the interfacial tension for the medium cross-linked microgels (5 mol.% cross-linker) with increasing temperature.
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Figure 3. Decrease in interfacial tension of a rising dodecene drop in an aqueous microgel dispersion due to adsorption of A) 2.5 mol.% cross-linker,
B) 5 mol.% cross-linker, and C) 7.5 mol.% cross-linker microgels at the interface subjected to ultrasound. D) Time to reach y,,,=25 mN-m~! for the

different microgel systems over the applied pressure amplitude.

Ady. Sci. 2024, 11, 2305395

2305395 (4 of 10) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

H i 0.2 wt% (22 °C)
204 ’J 2.5 mol% CL
0 5 mol% CL|
A 7.5mol% CL|
D US on
€ 18} N 1
pd .ﬂvw
€
~ 16 R e
s : . . sl |
> s'\'
141 .

0 30 60 90 120 150
Time / min

' ' ' j " /5 mol% CL
; 0.5 wt%
20 ) o 22°C
o 38°C
D ——USon
€ 18} 1
z H }1‘
S i
-~ |
z 16 X I.; i
2 T "
14} 1
0 10 20 30 40 50 60 70

Time / min

www.advancedscience.com

2.5mol% CL
0.5 wt%
© 22°C
o 38°C
US on

0 10 20 30 40 50 60 70
Time / min

7.5mol% CL
0.5 wt%
o 22°C
o 38°C
US on

! L

0O 10 20 30 40 50 60 70
Time / min

Figure 4. Interfacial tension y,, A) for a dodecene drop in an aqueous microgel (in different cross-linker densities and a fixed concentration of 0.2
wt%) dispersion below VPTT (22 °C), and B-D) for a drop of aqueous microgel (in different cross-linker densities and a fixed concentration of 0.5 wt%)
dispersion in dodecene, below and above the VPTT. After the equilibration time in all cases, the drop was exposed to ultrasound for 10 min. (Applied

ultrasound sound pressure amplitude: 763 kPa)

0.05 wt%, and ultrasound accelerates the decrease in interfacial
tension. The data indicate that the final value with ultrasound
is lower than the one without ultrasound. The use of ultrasound
during the interfacial tension measurement poses a challenge as
it increases the risk of drop rip-off. This was especially the case at
low interfacial tensions in the later stages of the measurement.
Figure 3D shows the time needed for the interfacial tension to
decrease to 25 mN-m~!. This value was chosen, because it is
the lowest interfacial tension, that was achievable in all mea-
surements and attributed to the first two regimes mentioned in
Section 2.2. This evaluation should give a rough estimation of
the quantitative adsorption acceleration induced by ultrasound.
According to Figure 3D, the needed time for decreasing the
surface tension to 25 mN-m~! decreases linearly with increasing
the applied ultrasound pressure.

2.3. Effect of Ultrasound on Adsorbed Microgels at the Interface

To investigate the influence of ultrasound on the microgels that
were already adsorbed at the interface, we initially waited for 120
min in case of the oil drop in water and 40 min in case of a wa-
ter drop in oil to allow the microgels to adsorb at the interface
before imposing ultrasound. The concentration of microgels in
the aqueous phase for the rising drop experiment was fixed at
0.2 wt% which is lower than the concentration for the pendant
drop experiment (0.5 wt%). However, at 0.5 wt% and above, the

Adv. Sci. 2024, 11, 2305395

increasing turbidity of the outer phase prevented accurate mea-
surements. After the respective equilibration time, the microgel-
laden drops were subjected to ultrasound for 10 min in order
to observe the effects. Figure 4 shows the resulting interfacial
tension, y,,, on the respective drops over time. In both cases,
rising drop or pendant drop, below VPTT (22 °C) the respective
equilibration time was enough to saturate the interface with mi-
crogels. Below VPTT, ultrasound causes a decrease in interfacial
tension 7, lower than its former value, and even lower than any
steady state values measured without ultrasound. Upon turning
off the ultrasound, the interfacial tension returns to the former
steady-state value in a relaxation-like manner. This phenomenon
becomes less pronounced as the cross-linker density increases.
Figure 4B-D show the results for a water drop in oil at differ-
ent microgel cross-linker densities, both above and below VPTT.
The microgels concentration was fixed now at 0.5 wt% in order
to prevent depletion effects of microgels in the droplet. Below the
VPTT, the same phenomenon occurs as observed in the case of
rising oil drop in water shown in Figure 4A. Above the VPTT, the
interfacial tension y,, ., appears to be almost unaffected by the ul-
trasound. After turning off the ultrasound, y,,,, continues along
the expected data curve. No ultrasound-induced decrease can be
observed apart from the expected adsorption process.

A possible explanation for the changes in interfacial tension
upon imposing ultrasound is the capability of the ultrasound to
desorb or increase the adsorbed amount of microgels at the in-
terface. In order to distinguish between the adsorption and other

2305395 (5 0f 10)  © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 5. Influence of ultrasound on the interfacial tension of a rising drop
of dodecene in an aqueous solution of a classical surfactant (C;,TAB) at
three different concentrations below the critical micellar concentration.

microgel specific processes that affects the interfacial tension a
drop covered with a classical surfactant was studied. The adsorp-
tion/desorption energy of low molecular weight surfactants is
significantly lower (several k; T) than that of microgels (up to sev-
eral thousand k, T).] If the ultrasound were able to influence the
balance of adsorption or desorption of the surfactant, it would
result in a change in the interfacial tension after exposure to ul-
trasound. However, as Figure 5 shows, this is not the case. After
turning off the ultrasound, the interfacial tension of the drop re-
turns immediately to the same value as 7, before the ultrasound
treatment. This means that the ultrasound does not affect the ad-
sorption/desorption of surfactant at the interface. Therefore, the
ultrasound-induced interfacial tension reduction in case of mi-
crogels has another explanation which is discussed below.

3. Discussion

We used pendant/rising drop tensiometry to characterize the in-
fluence of ultrasound on the adsorption kinetics (or generally,
interfacial tension reduction) of microgels at the water-oil (1-
dodecene) interface. As a first step, it is important to test the
setup and quantify the influence of ultrasound on the quality
of the measured values of interfacial tension. Figure 1 demon-
strates that ultrasound has a negligible influence on the qual-
ity of the measured data as long as the sound pressure is below
1000 kPa. This qualifies the setup to investigate the adsorption
behavior of microgels under the influence of ultrasound. The mi-
crogels were produced with various cross-linker densities, which
correspond to different levels of stiffness. Consistent with well-
established studies by Tatry et al.3!l and Li et al.?®! we identify
dispersion concentration, cross-linker density and temperature
as main factors that influence the reduction of interfacial tension
by microgels (Figure 2). At higher concentrations more particles
reach the drop interface within the same time interval. This leads
to a faster decrease in interfacial tension. The cross-linker den-
sity influences the adsorption kinetic based on their microstruc-
ture and mechanical properties. Lower cross-linker density en-
hances the deformability of microgels, enabling them to cover a
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large interfacial area with the same particle quantity. The higher
deformability and the existence of more dangling chains facili-
tate their adsorption at the interface leading to a faster interfacial
tension reduction. Temperature has two counteracting effects on
interfacial tension of a microgel dispersion. On one hand, ele-
vated temperatures result in an augmented diffusion coefficient
for microgels, attributed to a reduced viscosity of the surround-
ing liquid and enhanced particle mobility. This again leads to a
decrease in adsorption time. On the other hand, the temperature-
induced shrinking of microgels around the VPTT decreases the
covered area per microgel and increases the charge density of
the microgels. Therefore, the adsorption of additional microgels
at the interface becomes less likely leading to slower interfacial
tension reduction. The steady-state value of the interfacial ten-
sion goes through a minimum around the VPTT of the micro-
gels (Figure 2D). These findings are in good agreement with pre-
vious studies by Li et al.[?#?°] and are explained by an increased
deformability of the microgels around the VPTT.

Our results identify ultrasound as an additional factor affect-
ing the adsorption kinetics of microgels (Figure 3). The reduc-
tion in interfacial tension speeds up with increasing the acous-
tic pressure. The ultrasound-induced reduction in interfacial ten-
sion can be attributed to two distinct and independent effects, as
it is schematically described in Figure 6. The first effect arises
from the influence of ultrasound on the transport velocity of
microgels toward the interface (the bold arrows in Figure 6B).
The faster transport toward the interface is largely explained by
acoustic streaming. According to Equation (2), in our experi-
ments the order of magnitude of the streaming velocity can be
estimated®l to 0.1 =% since k ~ O(10* m™"), a* ~ O(107"* m?),
Pr x~ O(10'2 N*m™), n ~ O(10~3 Nm~2s), p ~ O(10° kgm=3), and
c?~ O(10° m?s72). The contrast factor @ for PNIPAM microgels
can be estimated in the order of 0.1 according to some mea-
surements for other polymers and soft particles.*®*! By defin-
ing a characteristic length I ~ 30 mm (the liquid height in the
cuvette), the streaming characteristic time 7, = /v, can be esti-
mated to about 5 min. The choice of this specific length is driven
by the collective behavior of particles as they navigate through
the geometry to reach the oil-water interface. We are particularly
interested in understanding how quickly acoustic streaming in-
fluences the transport of microgels to the interface within this
defined distance from the bottom to the top. Altering the cu-
vette size would substantially impact this time frame. These esti-
mations provide a better understanding of the influence of the
acoustic streaming on microgel dispersions at different cross-
linker densities. For example, for the cross-linker density of 2.5
mol.%, 7, is close to the characteristic time of interfacial ten-
sion reduction, 7. The interfacial tension reduction itself is fast
enough that the acoustic streaming does not change it substan-
tially. This is because the microgel deformability is high enough
that the interfacial tension reduction is mainly controlled by de-
formation and rearrangement of microgels at the interface rather
than being transport-controlled. Therefore, the acoustic stream-
ing which mainly affects the transport velocity of microgels does
not influence the interfacial tension reduction of soft microgels
significantly (at high concentrations). The streaming effect be-
comes more pronounced with increasing cross-linker density, as
the 7, of microgels increases, leading to the domination of the
streaming as the main time-limiting factor of interfacial tension

2305395 (6 of 10) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 6. Depiction of the adsorption process of microgels at the water-oil interface with and without US. A) Without US microgels are able to sponta-
neously adsorb at the water-oil interface in a deformed state. B) US induces acoustic streaming in the surrounding water of the droplet and pushes the
US-induced collapsed microgels toward the interface. This reduces the time to reduce the interfacial tension.

reduction. The second effect arises from the volume phase transi-
tion of microgels due to the ultrasound (the collapsed microgels
in bulk and at the interface). In previous studies,®1?] we demon-
strated that the absorbed energy from ultrasound by the liquid is
able to break hydrogen bonds between linear PNIPAM and sur-
rounding water molecules. In the current study, it appears that
the PNIPAM microgels are responsive to ultrasound as well. We
showed this by illustrating the surface tension reduction lower
than the steady-state value upon imposing ultrasound to a drop
fully covered by swollen microgels (Figure 4). A comparison with
a drop covered with surfactants (Figure 5) reveals that the further
interfacial tension reduction (observed in the case of microgels)
below the steady-state value is only attributed to the VPT of micro-
gels. The energy provided by the ultrasound is not able to detach
the microgels from the interface. The reason behind this claim
is in twofold: First, desorption of microgels from the interface
would result in an increase in interfacial tension rather than a
decrease. Second, the absence of any effect on the measured in-
terfacial tension of the drop covered with the surfactant upon im-
posing ultrasound shows that there is no desorption/adsorption
of the surfactants. Since the system with the classical surfactant
has a significantly lower interfacial adsorption energy compared

A B

US off

to the microgels, we can rule out the desorption of microgels due
to ultrasound, as microgels have a much higher adsorption en-
ergy.

The following model explains the unexpected decrease in in-
terfacial tension caused by ultrasound: By applying ultrasound
to a fully microgel-covered water drop in oil (Figure 7A), the hy-
drogen bonds in the part of the microgels that is protruding in
the water phase break and the microgels shrink (Figure 7B). This
leads to the compression of the microgels against the interface
and discharging water from the interface leading to the reduction
of interfacial tension. Depending on the elasticity of the micro-
gels, the shrinking capability, and, thus, the subsequent changes
in interfacial tension vary. For instance, softer microgels undergo
more significant shrinkage leading to a greater interfacial tension
reduction (Figure 4). By turning off the ultrasound, the hydro-
gen bonds reform, the microgels relax, start reswelling and up-
taking water again (Figure 7C). The interfacial tension returns to
its steady-state value. This effect occurs at interfaces of both oil
droplet in water and water droplet in oil.

The effects of ultrasound and temperature on the interfacial
tension reduction of the water—oil interface due to microgel
adsorption share similarities and differences. Both parameters

C

[G5on

US off].

Figure 7. Proposed model to describe the behavior of microgels at the oil water interface under the influence of ultrasound. A) Ultrasound off: microgels
adsorb spontaneously at the interface of the drop and reduce the interfacial tension until the drop is fully covered. B) Ultrasound on: Under the influence
of ultrasound the microgels are shrinking mostly horizontally to the interface and the water is pushed away from the interface. The interfacial tension
decreases. C) After ultrasound is turned off the microgels relax in their initial state similar to (A). The interfacial tension also relaxes to the initial value.
The blue arrows indicate the direction of the water and red arrows show the direction of shrinking/swelling of microgels.
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increase the transport velocity of microgels toward the inter-
face leading to an accelerated reduction in interfacial tension.
Temperature performs this by enhancing the diffusion, and ultra-
sound achieves it by introducing acoustic streaming. In addition,
both parameters induce a VPT of the microgels at the interface
leading to changes in final interfacial tension value. However, in
case of temperature, the interface experiences a minimum inter-
facial tension around the VPTT while in case of ultrasound the
final value of interfacial tension always reduces by increasing the
acoustic pressure. This leaves rooms for further investigations in
future. Furthermore, while temperature needs a long time to be
steady and homogeneous through the liquid, ultrasound is a fast
stimulus that can be quickly switched on. This characteristic of
ultrasound could be an important asset for various applications.

4. Conclusion

In this study, for the first time we have introduced the ultrasound-
induced adsorption of microgels at the water-oil interface. High-
frequency and low-amplitude ultrasound in contrast to regular
sonication systems is not destructive. We conducted a systematic
investigation by studying the reduction in interfacial tension of a
drop due to the adsorption of microgels. We show that for the ap-
plied ultrasound frequency and the investigated ultrasound am-
plitudes the technique of pendant/rising drop tensiometry is still
applicable and gives new insights on microgels adsorption. Im-
posing ultrasound, generally enhances the transport velocity of
the microgels toward the interface through the acoustic stream-
ing. As a result, ultrasound reduces the required time for the in-
terfacial tension to reach its steady-state value. This effect is more
pronounced in cases where their interfacial tension reduction is
mainly diffusion-controlled, e.g., at higher cross-linker densities
(5 and 7.5 mol.%) and fixed dispersion concentration (0.05 wt%).
Softer microgels (at this concentration) exhibit rapid tension re-
duction even without ultrasound, while stiffer microgels benefit
more from the acceleration provided by acoustic streaming due
to ultrasound.

Furthermore, we found that ultrasound induces a VPT of the
microgels at the interface that results in a further decrease in
the final interfacial tension value. This effect also depends on the
mechanical properties of the microgels. Softer microgels tend to
have a higher swelling ratio, meaning they undergo more signif-
icant size reduction upon ultrasound stimulation. This leads to a
stronger reduction in interfacial tension.

While this ultrasound-induced VPT may have a relatively mi-
nor impact on the observed interfacial tension, it presents signif-
icant potential for various applications such as cargo transport
toward or drug release at interfaces. In future studies, exploring
the possibility of delivering drug-loaded microgels at interfaces
and triggering drug release through ultrasound stimulation can
be a promising avenue to pursue. This approach harnesses the
unique capabilities of microgels and ultrasound to enable tar-
geted and controlled drug delivery at interfaces, opening up new
opportunities in the field of therapeutic interventions.

5. Experimental Section

Material:  Purified water with a specific resistance of 18.2MQ -cm at
25 °C was used from a Milli-Q purification system (Merck KGaA,

Ady. Sci. 2024, 11, 2305395

www.advancedscience.com

Germany). The oil 1-dodecene (>96%), N-isopropylacrylamide (NI-
PAM) and N,N’-methylenbisacrylamid (BIS) were purchased from
Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). 2,2’-azobis-2-
methyl-propanimidamide dihydrochloride (AAPH) was purchased from
Cayman Chemical Company (Cayman Chemical, USA).

Microgel Synthesis and Cleaning: Microgel particles (microgels) were
synthesized using a common and broadly used recipe via precipitation
polymerization reaction.[16:40-42] NIPAM (monomer) and BIS (cross-
linker) were dissolved in 120 ml water. The solution was degassed under
constant stirring (1000 RPM) and a constant nitrogen flow through the
solution for at least 1h at 80 °C. To achieve a variation in cross-linker den-
sity, the amount of cross-linker was varied while the sum of NIPAM and
BIS molecules was kept constant at 0.02 mol. The given cross-linker con-
tent is the molecular fraction of BIS to the total amount of NIPAM and
BIS molecules. The microgels were synthesized with three different cross-
linker densities: lower cross-linked microgel (2.5 mol.% BIS), medium
cross-linked microgel (5 mol.% BIS) and higher cross-linked microgel (7.5
mol.% BIS). 33.5 mg AAPH was used as an initiator. AAPH was dissolved
prior to injection in 1 ml water and injected via a syringe. The reaction
was then carried out for 90 min at 80 °C and 1000 RPM. The obtained
microgels were cleaned primarily by dialysis for at least ten days (ten cy-
cles, 120 ml dispersion against 50 | water in total). In addition, the micro-
gels were cleaned by sedimentation during centrifugation (10.000-g, 30
min) and subsequent redispersion. This cleaning procedure was repeated
at least four times. The concentration after redispersion was checked by
drying three samples of 1 g of the dispersion in an oven (60 °C, 1 hour)
and weighing the residual microgel. The value was obtained by averaging
over these three samples. After each step the concentration was adjusted
to 0.05 wt.% and the purity of the microgel dispersion was checked via
pendant drop tensiometry against air. The dispersion was considered as
clean when the subsequent cleaning step did not change the surface ten-
sion decrease, i.e., it did not result in any changes in the surface tension
over time curves in comparison to the previous step (Figure S1, Support-
ing Information). After cleaning, the microgels were dried by freeze-drying
and stored at -20 °C until usage.

Microgel Characterization: The microgel (0.006 wt%) sizes were mea-
sured with DLS to obtain the hydrodynamic diameter with a DLS setup
from LS instruments (Switzerland). The microgels ¢-potential was mea-
sured with a Zetasizer nano from Malvern Panalytical (United King-
dom). For a detailed description of the characterization see our previous
publications.[°]

Tensiometry Device Subjected to Ultrasound (Pendant/Rising Drop): In-
terfacial tension measurements were carried out with a drop shape ana-
lyzer OCA 20 (DataPhysics instruments, Filderstadt, Germany). The device
was modified, by adding an ultrasound transducer under the cuvette, for
measurements of the interfacial tension under the influence of ultrasound.
The setup is depicted in Figure 8. More information and photos are given
in the Figure S2 (Supporting Information). A quartz glass cuvette (inside
dimensions 10mm x 10mm x 40mm, Hellma Analytics, Miillheim, Ger-
many) was attached to a piezo-ceramic ultrasonic transducer (resonance
frequency 2.34 MHz, SOAR Tech., Shenzhen, China) using a two compo-
nent latex glue (UHU Endfest Plus300, Biihl, Germany). In order to hold
the transducer with the attached cuvette a holder was designed and 3D
printed. A function generator (SDG1062X, SIGLENT, Shenzhen, China)
was used to generate a sinusoidal signal with a frequency of 2.34 MHz,
which was amplified by an RF amplifier (VBA100-30, Vectawave, Newport,
UK). The resulting acoustic pressure in the cuvette was measured in a sep-
arate measurement by replacing the dispensing tip with a needle-shaped
hydrophone (HNR-1000, Onda, Sunnyvale, USA). The ultrasonic pressure
was measured in a way that the sensitive plane of the hydrophone needle
and the piezo-surface were parallel to each other. The tip of the needle was
placed at the position in the cuvette where the drop was generated later.
microgel adsorption kinetics with and without ultrasound were measured
by filling 3.25 ml microgel dispersion of 0.05 wt% (or 0.025 wt%) in the
cuvette. The oil drops of (8.5 +0.2) | were dispensed via a hook-shaped dis-
pensing tip into the microgel dispersion within a few seconds (rising drop
method). In this study, it used two configurations: rising drop and pendant
drop. The rising drop technique (dodecene drop in microgel dispersion)

2305395 (8 0f10) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 8. Depiction of the used setup for drop shape analysis under the influence of ultrasound. The piezo crystal was glued to a cuvette and was
operated via a signal generator and an amplifier. 1) For the acoustic pressure measurements the dispensing tip was replaced with a hydrophone. For the
interfacial tension measurements either 2) rising drop (of 1-dodecene) or 3) pendant drop technique was used.

was used instead of the pendant drop (microgel dispersion drop in do-
decene) for two reasons: First, the acoustic pressure using a hydrophone
could only be done in the aqueous microgel dispersion. Second, eventual
depletion effects were avoided due to the large volume of the outer phase.
The pendant drop method was used to study the effects of temperature,
specially at higher microgel concentrations. The rising drop method was
not applicable here because the turbidity resulting from the microgels dis-
persion going through VPT hinders the optical measurements of interfa-
cial tension. Additionally, the pendant drop method was more resistant
to drop rip-off in long term measurements. Furthermore, the influence of
ultrasound on the equilibrium interfacial tension was studied by dispens-
ing drops of microgel dispersion (0.5 wt%, 4.5 + 0.2 |) via a straight tip
in the cuvette filled with 1 ml 1-dodecene (pendant drop method). Interfa-
cial tension values were obtained every second (or every two seconds for
longer measurements) for at least 30 min or until the drop ripped of. The
temperature was controlled by placing the cuvette in a temperature cell
connected to a thermostat. Inside the cuvette, the temperature was mea-
sured with a thermo-couple with a PT-100 with an uncertainty of +0.5 °C.
Continuous actuation of the liquid in our experiments does not increase
the liquid temperature by more than 2 °C.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements

Financial support from the German Research Foundation (DFG)—Project
Number (460540240) was acknowledged. This work was also part of a Col-
laborative Research Centre funded by the German Research Foundation.
Geférdert durch die Deutsche Forschungsgemeinschaft (DFG) - TRR 63
“Integrierte chemische Prozesse in flissigen Mehrphasensystemen” (Teil-
projekt B6) — 56091768.

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Adv. Sci. 2024, 11, 2305395

Keywords

interfacial tension, microgels, ultrasound, water—oil interface

Received: August 4, 2023
Revised: November 10, 2023
Published online: December 13, 2023

[1 R. Pelton, Adv. Colloid Interface Sci. 2000, 85, 1.

[2] A. Scotti, M. F. Schulte, C. G. Lopez, J. ). Crassous, S. Bochenek, W.

Richtering, Chem. Rev. 2022.

M. Karg, A. Pich, T. Hellweg, T. Hoare, L. A. Lyon, J. J. Crassous, D.

Suzuki, R. A. Gumerov, S. Schneider, I. |. Potemkin, W. Richtering,

Langmuir: ACS j. osutf. colloids 2019, 35, 623 1.

[4] R.Dave, G. Randhawa, D. Kim, M. Simpson, T. Hoare, Mol. Pharma-

ceutics 2022, 19, 1704.

M. Wang, R. Fan, J. Zhang, L. Li, ].-X. Wang, Y. Le, Ind. Eng. Chem. Res.

2022, 61, 17866.

[6] M. A. Fernandez-Rodriguez, A. Martin-Molina, J.

Valderrama, Adv. Colloid Interface Sci. 2021, 288, 102350.

S. Stock, F. Jakob, S. R&hl, K. Graff, M. Kithnhammer, N. S. Hondow,

S. Micklethwaite, M. Kraume, R. von Klitzing, Soft matter 2021, 17,

8258.

[8] S. Stock, R. von Klitzing, Curr. Opin. Colloid Interface Sci. 2022, 58,
101561.
[9] S.Stock, S.Rahl, L. Mirau, M. Kraume, R. von Klitzing, Nanomaterials

2022, 12, 2649.

[10] M. Kihnhammer, K. Griff, E. Loran, O. Soltwedel, O. Léhmann, H.
Frielinghaus, R. von Klitzing, Soft matter 2022, 18, 9249.

[11] M. Dirksen, P. Fandrich, L. Goett-Zink, J. Cremer, D. Anselmetti, T.
Hellweg, Langmuir: ACS j. surf- colloids 2022, 38, 638.

[12] T.Kyrey, ). Witte, V. Pipich, A. Feoktystov, A. Koutsioubas, E. Vezhlev,
H. Frielinghaus, R. von Klitzing, S. Wellert, O. Holderer, Polymer2019,
169, 29.

[13] M. Cors, O. Wrede, A.-C. Genix, D. Anselmetti, |. Oberdisse, T.
Hellweg, Langmuir: ACS j. surf. acolloids 2017, 33, 6804.

[14] G. Agrawal, R. Agrawal, Polymers 2018, 10, 4.

[15] R.H.Pelton, H. M. Pelton, A. Morphesis, R. L. Rowell, Langmuir 1989,
5, 816.

[16] T. Hoare, R. Pelton, Macromolecules 2004, 37, 2544.

[17] M. Karg, |. Pastoriza-Santos, B. Rodriguez-Gonzilez, R. von Klitzing,
S. Wellert, T. Hellweg, Langmuir: ACS j. surf. colloids 2008, 24, 6300.

3

[5

Maldonado-

[7

2305395 (9 0f10) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED

SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

(18]
(19]
(20]

(21]
[22]

(23]
(24]
(25]
[26]
[27]

(28]
[29]

Adv.

A. Rahimzadeh, M. Rutsch, M. Kupnik, R. von Klitzing, Langmuir: ACS
J. sutf. colloids 2021, 37, 5854.

A. Razavi, M. Rutsch, S. Wismath, M. Kupnik, R. von Klitzing, A.
Rahimzadeh, Gels 2022, 8, 628.

A. Halperin, M. Kréger, F. M. Winnik, Angew. Chem., Int. Ed. 2015, 54,
15342.

Z. Li, T. Ngai, Nanoscale 2013, 5, 1399.

0. S. Deshmukh, A. Maestro, M. H. G. Duits, D. van den Ende, M. C.
Stuart, F. Mugele, Soft matter 2014, 10, 7045.

S. Wellert, M. Richter, T. Hellweg, R. von Klitzing, Y. Hertle, Z. Phys.
Chem. 2015, 229, 1225.

M. Rey, M. A. Fernandez-Rodriguez, M. Karg, L. Isa, N. Vogel, Acc.
Chem. Res. 2020, 53, 414.

J. Harrer, M. Rey, S. Ciarella, H. Léwen, L. M. C. Janssen, N. Vogel,
Langmuir: ACS j. surf.colloids 2019, 35, 10512.

J. Witte, T. Kyrey, ). Lutzki, A. M. Dahl, J. Houston, A. Radulescu, V.
Pipich, L. Stingaciu, M. Kihnhammer, M. U. Witt, R. von Klitzing, O.
Holderer, S. Wellert, Soft matter 2019, 15, 1053.

J. Vialetto, S. N. Ramakrishna, L. Isa, Sci. Adv. 2022, 8, eabq2019.

Z. Li, K. Geisel, W. Richtering, T. Ngai, Soft matter 2013, 9, 9939.

Z. Li, W. Richtering, T. Ngai, Soft matter 2014, 10, 6182.

Sci. 2024, 11, 2305395

(3]
(37]
(32]
(33]
(34]
35]
(36]
(37]
(38]
(39]
[40]
[41]

[42]

www.advancedscience.com

M. C. Tatry, E. Laurichesse, A. Perro, V. Ravaine, V. Schmitt, J. Colloid
Intelface Sci. 2019, 548, 1.

M.-C. Tatry, E. Laurichesse, ). Vermant, V. Ravaine, V. Schmitt, J. Col-
loid Interface Sci. 2022, 629, 288.

W. Connacher, N. Zhang, Huang, J. Mei, S. Zhang, T. Gopesh, ).
Friend, Lab Chip 2018, 18, 1952.

J. Friend, L. Y. Yeo, Rev. Mod. Phys. 2011, 83, 647.

M. Wiklund, R. Green, M. Ohlin, Lab Chip 2012, 12, 2438.

H. Bruus, In (Eds: T. Laurell, A. Lenshof), Microscale Acoustofluidics,
The Royal Society of Chemistry, Cambridge 2014, pp. 65-80.

X. Y. Hua, M. J. Rosen, J. Colloid Interface Sci. 1988, 124, 652.

H. Mehrabian, ). H. Snoeijer, |. Harting, Soft matter 2020, 16, 8655.
M. Destribats, V. Lapeyre, M. Wolfs, E. Sellier, F. Leal-Calderon, V.
Ravaine, V. Schmitt, Soft Matter 2011, 7, 7689.

C. L. Harshbarger, A. Pavlic, D. C. Bernardoni, A. Viol, J. G. Snedeker,
J. Dual, U. Silvan, arXiv 2023, https://doi.org/10.48550/arXiv.2301.
04061.

R. H. Pelton, P. Chibante, Colloids Surf. 1986, 20, 247.

A. Garcia, M. Marquez, T. Cai, R. Rosario, Z. Hu, D. Gust, M. Hayes,
S. A. Vail, C.-D. Park, Langmuir: ACS j. surf- colloids 2007, 23, 224.

N. Sanson, ). Rieger, Polym. Chem. 2010, 1, 965.

2305395 (10 of 10) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com
https://doi.org/10.48550/arXiv.2301.04061
https://doi.org/10.48550/arXiv.2301.04061

	Ultrasound-Induced Adsorption of Acousto-Responsive Microgels at Water9040�Oil Interface
	1. Introduction
	2. Results
	2.1. Features of the Modified Pendant Drop Device
	2.2. Adsorption Kinetics of the Microgels
	2.3. Effect of Ultrasound on Adsorbed Microgels at the Interface

	3. Discussion
	4. Conclusion
	5. Experimental Section
	Supporting Information
	Acknowledgements
	Conflict of Interest
	Data Availability Statement

	Keywords


