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Reversible speed control of one-stimulus-double-response,
temperature-sensitive asymmetric hydrogel micromotors

The first thermo-sensitive, one-stimulus-double-response
micromotor is generated using microfluidics. The dynamic
architecture over temperature switches is made of a
PEGDA-PNIPAM network. The strategy used for catalyst
entrapment leads to a controlled, double-response
autonomous motion above the LCST of PNIPAmM.
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Soft, one-stimulus-double-response, thermo-sensitive, PNIPAm-
based microgels are designed for controlled autonomous motion
under stimuli. At higher temperature, the motors with physically
encapsulated catalase move faster, while motors in which catalase
is chemically linked to PNIPAm ceased moving. The phenomenon is
reversible over multiple cycles of temperature.

Artificial self-propelled micro- and nanomotors represent one
of the greatest attempts in research to mimic nature. Nature
presents many fascinating structures able to regulate their
motion by changing the morphology of their dynamic and soft
bodies in accordance with the local environment. Inspired by
this, scientists are trying to design artificial, intelligent, and
well-adapted motors with functionalities that resemble those of
cells and microorganisms. Several geometries of micro-swimmers
that convert chemical energy into autonomous motion have
already been reported, including Janus particles'® and catalytic
rods,” asymmetric shapes® and tubular structures.”'® These
motors can be powered with different strategies resulting
in self-propelling behaviours based on bubbles formation,""
interfacial tension gradients,"* self-electrophoresis,”> or self-
diffusiophoresis induced by asymmetrical chemical reactions.'**>
Despite these progresses and in contrast to biological swimmers,
most artificial micromotors are still commonly formed by rigid
structures.”® The lack of softness, reconfigurability and “smart-
ness” to react to external conditions makes it challenging to gain
control over the motion under certain stimuli. The use of soft
materials that respond to a stimulus (e.g,, light, pH and tempera-
ture) has great potential in the fabrication of motors with high
functionality and adaptability in terms of movement. The effect of
flexibility of the materials and how shape reconfiguration triggered
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by a stimulus can be used to control micromotors motion has been
demonstrated by Schmdit et al that reported microjets able to
reversibly fold and unfold by applying changes in temperature to
the solution in which they are immersed."” Su et al. developed pH-
responsive gelatine cartridge-case-like self-propelleded structures,®
and Dong et al. proposed a polymer-based raspberry-like micro-
motors which exhibits multistimuli-responsiveness.'® However, all
these motors possess one-stimulus-one response behaviour based
on the responsiveness of the material they are made of.

Herein, we present the fabrication of soft, biocompatible,
asymmetric, thermo-responsive bubble-propelled micromotors
of which the motion can be controlled by changes of temperature.
These motors show one-stimulus-double response reversible
behaviour depending on the strategy used for catalyst entrap-
ment. If the catalyst is physically encapsulated in the systems,
when the temperature increases, motors move faster. On contrary,
if the catalyst is chemically immobilized into the system, increas-
ing the temperature stops the motion. We took advantage of
the versatility of microfluidics previously reported from our
group”® implementing the microgels design with a temperature-
responsive polymer, namely poly(N-isopropylacrylamide) (PNI-
PAm). PNIPAm has a lower critical solution temperature (LCST)
in aqueous solutions at 32 °C at which it exhibits a hydrophilic-
to-hydrophobic transition.>® This provides the system with
additional smart behaviour that resembles functionalities of
microorganisms of the biological inspiration and allows control
over the motion under stimuli. To guarantee a fully biocompatible
design, catalase is used as biocatalyst. The enzyme decomposes
hydrogen peroxide into water and oxygen, which are responsible
of the bubble-propelled mechanism of motion. The asymmetric
microgels formed in the microfluidic device (Fig. 1a) consist of
two-phase-separating aqueous solutions. The first aqueous
solution is a mixture of poly(ethylene glycol) (PEGDA) 25 w/w%
and PNIPAm 10 w/w%, the second is an aqueous solution of
dextran 20 w/w%. The polymers concentrations of the first aqu-
eous solution are fine-tuned in order to retain the properties of an
aqueous-two-phase system (ATPS). To the best of our knowledge,
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Fig. 1 Microfluidic design of thermo-responsive, asymmetric hydrogels.
(@) Microfluidic chip used for the generation of thermo-responsive ATPS
droplets. The three inlets are for the injection of oil containing surfactant,
temperature-responsive aqueous phase 1 and aqueous phase 2, respec-
tively. Aqueous phase 1 consists of a mixture of PEGDA (25 w/w%) and
PNIPAmM (10 w/w%). Aqueous phase 2 is a 20 w/w% dextran solution. (b)
Schematic representation of the two-phase droplet and asymmetric
microgels made with PNIPAm at different MW (from top to bottom:
2 kDa, 10 kDa, 80 kDa).

the use of this new stimuli-responsive ATPS consisting of a
PEGDA-PNIPAm composite phase and a phase separating poly-
saccharide has not been reported so far. The PNIPAm polymer is
mixed with the PEGDA polymer in the main phase as a non-
crosslinkable moiety. After collection, the PEGDA phase is photo-
cured resulting at room temperature in a gel network in which
PNIPAm is interpenetrating as a single stranded polymer. Upon
polymerization, the dextran diffuses into the PEGDA-PNIPAm
leaving behind a cavity. The molecular weight of the PNIPAm
polymer strands in the main phase is varied between 2-80 kDa
(Fig. 1b) to enlarge the effect on the decrease in water content of
the microparticles when passing the LCST, upon decreasing the
molecular weight. This results in an increase of molar content of
the thermo-responsive polymer within the microgels, thus in a
more pronounced shrinking behaviour of the particles. (Fig. 2)
The size reconfiguration is demonstrated over three cycles of
temperature at 20 °C and 43 °C, with volumes that reduce by
~9.2%, —7.6% and —7.5% for PNIPAm 2 kDa (Fig. 2a), 10 kDa
(Fig. 2b) and 80 kDa (Fig. 2c), respectively. The non-linear
shrinking behaviour depending on the MW of PNIPAm is in
accordance with the elastic energy stored during deformation by
the hydrogel upon increasing the temperature. Above LCST of
PNIPAm, the increased value of storage modulus (G’) is more
pronounced in microgels with the lowest MW, while the differ-
ence between 10 and 80 kDa is less evident. (Fig. S7, ESI) The
higher stiffness of hydrogels made of PEGDA-PNIPAm 2 kDa at
43 °C can be further visualised as decrease in mesh size of the gel
network (Fig. S6, ESIT). Cryo-SEM images show a change in the
density of microgels due to collapse of PNIPAm within the pores
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Fig. 2 Shrinking and swelling volumes of thermo-responsive asymmetric
microgels upon temperature cycles at 43 °C and 20 °C for different MW of
PNIPAM. (a) PEGDA-PNIPAmM 2 kDa microparticles show a shrinking in
volume of 9.2%. (b) PEGDA-PNIPAm 10 kDa microparticles show a
shrinking in volume of 7.6%. (c) PEGDA-PNIPAm 10 kDa microparticles
show a shrinking in volume of 7.5%.

of PEGDA network, thus larger pores result when higher MW are
used.”” The thermo-responsiveness introduced into the system
by the presence of PNIPAm is further confirmed by control
experiments of size analysis over temperature cycles of PEGDA
microgels (Fig. S8, ESIt). PEGDA hydrogel network is not
responsive to temperature change. In fact, the measurements
were performed at temperatures much lower than the LCST of
poly(ethylene glycol) (PEG), which has been reported to be in the
range of 100-176 °C.** Therefore, it can be assumed that the
change in volume of the PEGDA-PNIPAm microparticles can be
attained to the volume phase transition of the PNIPAm chains
that collapse into globules when it has passed the LCST.

Based on the design of the microparticles and the overall
shrinking retaining the morphology, it is expected to observe a
homogeneous distribution of the PNIPAm strands throughout
the hydrogel. In order to visualize the distribution of the
thermo-responsive polymer, the free chains of PNIPAm were
fluorescently labelled with Cynine 3 (Cy3) dye. Confocal images
confirmed the homogenous distribution within the PEGDA gel
network for the three different MW of PNIPAm (Fig. 3). It was
envisioned that a change in hydrophobicity within the system
would influence the fluorescence properties of the Cy3. Cyanine
dyes have been reported to be sensitive to their environment;
decreased levels of fluorescence intensity were measured as a
function of increasing solvent polarity and vice versa.** Due to
its structure, the enhanced fluorescence of Cy3 dye at room
temperature decreases when we expose our microgels at 43 °C
(Fig. 3). A change of surroundings of the fluorophore (Fig. S10,
ESIt) causes movement of solvent out of the dye aggregates,
thus the fluorophore is experiencing a different environment.
Due to its conformational change,*>® when the PNIPAm polymer
undergoes a coil-to-globule transformation, most of the amide
groups are buried and a significant amount of water molecules is
expelled, leaving the hydrophobic chains to be exposed. As the
non-sulfonated cyanine dyes (Cy3 and Cy5) are also hydrophobic,
the dyes are expected to interact more with the hydrophobic
moieties of the amphiphilic PNIPAm polymer, therefore also
being exposed on the outside of the PNIPAm globule, away from
the hydrophilic core.*” In this way the dye microenvironment is
changed. Counterintuitively, the decrease in fluorescence bright-
ness indicates that the dye is exposed to a more aqueous media

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Confocal images at 20 °C and 43 °C of microgels with Cy3 labelled
PNIPAmM. A lower fluorescence intensity is visible at higher temperature
due to changes in hydrophobicity in the microenvironment. Gray values
are plotted as function of distance for microgels made of different MW
PNIPAm. (a) 2 kDa, (b) 10 kDa, (c) 80 kDa. Scale bar is 20 pm.

and the interaction with water molecules is increased.”””®
This explains the lower fluorescence intensity and confirms the
thermal collapse of transition of PNIPAm in the hydrogel micro-
particles at temperatures above its LCST. This phenomenon is
reversible over switches of temperature at 20 °C and 43 °C (Fig. S9
and S10, ESIY).

We hypothesize that shape reconfigurability at different
temperatures plays an important role for controlling the self-
propulsion. The presence of a stimuli-responsive polymer can
introduce an additional smart behaviour to bubble-propelled
micromotors. To investigate the effect of temperature on
thermo-responsive motors, we used two different strategies
for enzyme entrapment. With the first strategy, Catalase is
physically encapsulated within the hydrogel structure of the
motor. This is obtained by adding the enzyme to the PEGDA-
PNIPAm phase prior to injection into the microfluidic chip.
A second way is to chemically bond the catalase to the PNIPAm
chains. (Fig. S1-S5, ESIt) In this case the enzyme is immobi-
lized on the temperature-sensitive polymer, which is then
mixed with the PEGDA to create a composite main aqueous
phase for the generation of ATPS droplets. This was done, in
both cases, with PNIPAm at three different MW. Ten of the
fastest motors were tracked for 20 seconds after addition to a
solution 4 wt% of hydrogen peroxide fuel over cycles of
temperature. Motors in which the catalase is physically encap-
sulated show increased speeds at 43 °C (Fig. 4). This happens
due to the shrinking of the motors at higher temperature,
which causes a reduction in volume, thus a higher concen-
tration of enzyme exposed to the fuel. At room temperature,
motors made of PNIPAm 2 kDa (Fig. 4a) and 10 kDa (Fig. 4b)
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Fig. 4 Speeds of PEGDA-PNIPAmM micromotors over cycles of tempera-
ture at 20 °C and 43 °C in a 4 wt% hydrogen peroxide solution. The
catalase is physically encapsulated in the gel network. PNIPAmM polymer
has different MW: (a) 2 kDa, (b) 10 kDa, (c) 80 kDa. Error bars indicate the
range error.

and 80 kDa (Fig. 4c) show speeds ~40 um s '. The values of
speeds become almost double at 43 °C, with fastest speed for
2 kDa PNIPAm motors (Fig. 4a). The higher molar ratio of
thermo-responsive strands leads to the formation of more
collapsed globules above LCST, which, in turns, means more
compact and sftiff motors that swim faster. For higher PNIPAm
MW, there are less strands that collapse within the PEGDA
network, so the motors are less dense at higher temperature,
thus they swim slower. A control experiment is performed
to rule out the behaviour of physically encapsulated catalase
in the PEGDA:Dextran hydrogel micromotors over cycles of
temperatures (Fig. S11, ESIT). A clear difference is visible, since
these motors at 43 °C show non-significant increased speeds
that can be explained with a slightly more active enzyme, of
which the optimum activity is reported around 40 °C.>° On
contrary, motors in which the catalase is chemically linked to
PNIPAm surprisingly stop moving at 43 °C (Fig. 5). At room
L ~35ums*
and ~30 pm s~ ' for catalase immobilized on 2 kDa (Fig. 5a),
10 kDa (Fig. 5b) and 80 kDa (Fig. 5¢), respectively. It is reasoned
that the molar percentage of PNIPAm is decreased for the
micromotors which incorporate PNIPAm at higher MW as
single stranded polymer, which decreases the bonded amount

temperature the motors have speed ~80 um s~

of catalyst, explaining faster motors at room temperature for
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Fig. 5 Speeds of PEGDA-PNIPAM micromotors over cycles of temperature
at 20 °C and 43 °C in a 4 wt% hydrogen peroxide solution. The catalase is
bonded to PNIPAmM prior to mixing with PEGDA. PNIPAm polymer has
different MW: (a) 2 kDa, (b) 10 kDa, (c) 80 kDa. Error bars indicate the range

error.
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lower PNIPAm MW. When passing its LCST, PNIPAm strands
switch from swollen coils to collapsed globules that tangle around
the catalase creating a hydrophobic microenvironment. The aqu-
eous content of the microparticles is reduced within these hydro-
phobic globules and consequently the catalase does not have access
to the fuel anymore. The inflow of fuel to the globules is hindered
thus no fuel reaches the catalase enzyme, which is now enclosed
into the PNIPAm globules. In this way, no bubbles are formed
leading to complete impairment of the movement of the motors at
43 °C. This behaviour is reversible: going to temperatures below its
LCST, PNIPAm strands change their conformation back to linear
and flexible chains™ allowing the catalase to be in contact with the
fuel, thus produce oxygen bubbles for the autonomous motion.
In summary, we have reported the first one-stimulus-double
response bubble-propelled micromotor based on a new ATPS in
which one of the two aqueous solutions is a composite phase
consisting of photocrosslinkble PEGDA and the thermo-
responsive polymer PNIPAm. We showed the size reconfiguration
of PEGDA-PNIPAm asymmetric microgels for different MW of
PNIPAm over cycles of temperature below and above its LSCT. At
43 °C, the volumes shrinking decreases for higher MW, as
decreases the molar ratio of thermo-responsive strands under-
going to thermal collapse. With fluorescence experiments we
further proved changes in hydrophobicity in the microenviron-
ment due to the presence of PNIPAm at temperatures above its
LCST. The PNIPAm successfully adds a break to the system that
can be used to gain control over the motion. The smartness of this
new thermo-responsive architecture allows for almost two times
faster speeds at 43 °C if the enzyme is physically encapsulated in
the microgels, with higher values for motors made of lower MW
PNIPAm. In this case, the denser gel results in more compact and
stiff motors that swim faster. Oppositely, when the enzyme is
chemically attached to the thermo-sensitive polymer, at higher
temperature the thermal collapse to globules of PNIPAm strands
avoids the exposure of catalase to the fuel, preventing the bubble
formation, thus the motion of micromotors. The reconfigurability
and smartness to have a double response to one stimulus of our
system can be used in future studies for enhanced adaptability in
terms of motion and function. The shrinking behaviour can be
used as breath-in effect for encapsulation of proteins and other
models of drugs. Due to the self-propulsion, micromotors could
be targeted to a specific location where the cargo could be
released as a result of the breath-out effect induced by
temperature-triggered re-swelling of the microgels.
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