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Light-Driven Spatiotemporal Pickering Emulsion Droplet
Manipulation Enabled by Plasmonic Hybrid Microgels

Xin Guan, Guangyao Cheng, Yi-Ping Ho,* Bernard P. Binks,* and To Ngai*

The past decades have witnessed the development of various
stimuli-responsive materials with tailored functionalities, enabling droplet
manipulation through external force fields. Among different strategies, light
exhibits excellent flexibility for contactless control of droplets, particularly in
three-dimensional space. Here, we present a facile synthesis of plasmonic
hybrid microgels based on the electrostatic heterocoagulation between
cationic microgels and anionic Au nanoparticles. The hybrid microgels are
effective stabilizers of oil-in-water Pickering emulsions. In addition, the laser
irradiation on Au nanoparticles creats a “cascade effect” to thermally
responsive microgels, which triggers a change in microgel wettability,
resulting in microgel desorption and emulsion destabilization. More
importantly, the localized heating generated by a focused laser induces the
generation of a vapor bubble inside oil droplets, leading to the formation of a
novel air-in-oil-in-water (A/O/W) emulsion. These A/O/W droplets are able to
mimic natural microswimmers in an aqueous environment by tracking the
motion of a laser spot, thus achieving on-demand droplet merging and
chemical communication between isolated droplets. Such proposed systems
are expected to extend the applications of microgel-stabilized Pickering
emulsions for substance transport, programmed release and controlled
catalytic reactions.
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1. Introduction

Particle-stabilized emulsions, known as
Pickering emulsions, are highly stable
systems because particles are more or less
irreversibly adsorbed onto the oil-water
interfaces due to their high desorption
energy.[1,2] Compared with rigid particles,
microgels have emerged as a promising
emulsifier for stabilizing emulsions be-
cause they are soft and deformable and can
spontaneously adsorb at the oil-water inter-
face to reduce the interfacial tension and
form a steric barrier.[3–5] Typically, micro-
gels are hydrophilic and tend to swell in an
aqueous solution.[6] Among different types
of microgels, poly(N-isopropylacrylamide)
or PNIPAM-based microgels are typi-
cally used as thermo-responsive materials
with a low critical solution temperature
(LCST) at ≈32 °C.[7] Owing to the recon-
figurable hydrogen bonding between the
polymer molecules and water molecules,
PNIPAM blocks undergo significant
size reduction and transition from hy-
drophilic to hydrophobic at temperatures
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above the LCST.[8–10] Therefore, PNIPAM-based microgel-
stabilized emulsions are thermally sensitive and can be demul-
sified by increasing the temperature.[11]

Although it is possible to alter the structure and properties
of microgels by changing the type of comonomers or the con-
ditions of polymerization,[12] conventional microgels are lim-
ited for particular applications due to the absence of specific
functionality or active sites. To this end, hybrid microgels have
been proposed as a new generation of smart materials for appli-
cations in many fields, such as catalysis, biosensing, delivery sys-
tems and cell culture.[13–17] By incorporating microgels with other
kinds of material, the hybrid microgels may combine properties
from an array of components providing complex structures and
multi-functionality.[18–22] In particular, the hybridization between
metal nanoparticles and microgels has received much attention
in recent years.[23–26] First, metal nanoparticles impart microgels
and microgel-stabilized emulsions with desirable functionalities,
such as magnetic responsiveness and catalytic activity.[27–29] Addi-
tionally, embedding metal nanoparticles into microgel networks
may create a “cascade effect,” where an external stimulus in-
duced response of the metal nanoparticles may be cascaded to
the microgels.[30] For example, plasmonic hybrid microgels con-
taining Au nanoparticles (either Au nanoparticle core-microgel
shell or microgel core-Au nanoparticle shell) are capable of con-
verting light energy into thermal energy, resulting in hydration to
dehydration transition of the microgels and alteration of surface
friction.[31,32]

Owing to the advantages of large interfacial area and small
size, emulsion droplets have been developed as micro-reactors
for multiple biochemical reactions.[33–36] However, most of the
current systems have focused on improving the catalytic effi-
ciency at the oil-water interface, lacking control of the whole reac-
tion process and the chemical communication between droplets.
To manipulate droplets, for example, through merging, exter-
nal force fields such as electric and magnetic fields are typically
required.[37,38] Among the currently presented strategies, optical
manipulation has drawn greater attention as the laser beam can
be precisely focused on a specific place in an on-demand man-
ner, allowing a spatiotemporal control of microdroplets.[39–41] For
example, an optical tweezer is capable of precisely and intu-
itively trapping and moving droplets in three-dimensional (3D)
space, although only small droplets (<10 μm) can be efficiently
trapped by a high power laser.[42] Light-induced capillary effect
and photothermal effect are alternative strategies for droplet
manipulation.[43,44] However, most of the produced droplets are
stabilized by surfactant molecules, exhibiting low photothermal
efficiency and requiring long irradiation time. Although plas-
monic nanoparticles may function as light-to-heat converters un-
der specific wavelengths, the fast and efficient light-mediated re-
sponse of plasmonic nanoparticle-stabilized Pickering emulsions
remains largely unexplored.[45,46] In addition, it is still challeng-
ing to initiate reactions or the interaction of Pickering emulsion
droplets containing different reagents by droplet merging or di-
rected inter-droplet transportation.

In this work, a facile strategy is proposed to synthesize plas-
monic hybrid microgels (Au@PNIPAM-co-ALA) consisting of a
cationic poly(N-isopropylacrylamide-co-allylamine), PNIPAM-co-
ALA, microgel core and a shell of multiple anionic Au nanopar-
ticles by electrostatic heterocoagulation. Such hybrid microgels

combine the properties of microgels and Au nanoparticles, al-
lowing the preparation of a novel class of photo-responsive oil-in-
water (O/W) Pickering emulsions. Due to their strong plasmonic
photothermal effect, the Au nanoparticles can convert light into
thermal energy, leading to a significant increase in the surround-
ing temperature at the droplet interface. The thermally respon-
sive microgels become collapsed, transiting from hydrophilic to
hydrophobic with distinct interfacial behavior upon triggering by
light. By altering the power, beam waist and irradiation time of
the focused laser, instantaneous demulsification, droplet merg-
ing and bubble generation within droplets can be precisely con-
trolled. The observed phenomena are then utilized to induce
the content exchange between adjacent droplets and manipu-
late droplet movement, demonstrating the potential of applying
the proposed system for the rational design of an artificial mi-
croswimmer or a smart microreactor that requires spatiotempo-
ral control.

2. Results and Discussion

2.1. Design and Synthesis of Plasmonic Hybrid Microgels

As illustrated in Scheme 1, the formation of plasmonic hybrid
microgels was designed as a three-step process based upon the
heterocoagulation between oppositely charged PNIPAM-co-ALA
microgels and citrate-stabilized Au nanoparticles. First, cationic
PNIPAM-co-ALA microgels with an appropriate content of amino
groups were synthesized through conventional free-radical pre-
cipitation polymerization in an aqueous solution. In parallel, an-
ionic Au nanoparticles were synthesized by citrate reduction and
stabilization. The hybrid Au@PNIPAM-co-ALA microgels were
then easily produced via electrostatically driven co-assembly by
mixing the two above-mentioned oppositely charged entities at
suitable concentrations followed by removing excess Au nanopar-
ticles by centrifugation.

2.2. Morphology and Chemical Composition of Hybrid Microgels

Scanning electron microscopy (SEM) and atomic force mi-
croscopy (AFM) were used to characterize the morphology and
height profile of bare PNIPAM-co-ALA microgels and hybrid mi-
crogels (Figure 1a–d). As microgels are soft colloids and can be
swollen by water molecules in an aqueous solution, dehydration
and size variation were observed during the drying process. As
seen in Figure 1a–d, neither kind of microgels appeared spheri-
cal on a silicon substrate. Specifically, bare PNIPAM-co-ALA mi-
crogels were observed to be smaller in diameter (600 nm) with
a smoother surface compared to hybrid microgels (1 μm) with
a rougher surface. As shown in the 3D AFM images and corre-
sponding height profiles (Figure 1e–g), the maximum dry height
of bare PNIPAM-co-ALA microgels was ≈110 nm, two times that
of hybrid microgels (52 nm). We suspect that the dense packing
of multiple Au nanoparticles on the microgel surface may lead
to a higher density of cross-linked polymer networks in the mi-
crogel matrix due to the enhanced gravitational effect. As a re-
sult, additional pressure would be applied to microgels during
the drying process, leading to a flat and lower height profile on
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Scheme 1. Schematic illustration of the synthesis of plasmonic hybrid microgels with multiple Au nanoparticles on the surface.

the substrate. In addition, similar to the effect of plasma treat-
ment on the substrate,[47] the Au nanoparticle-coated microgels
showed improved hydrophilicity, which increased the affinity be-
tween microgels and the substrate, resulting in a better stretch of
polymer chains on the silicon wafer. On the other hand, the coat-
ing of Au nanoparticles may slow down the evaporation rate of
absorbed water from the microgel matrix, thus forming a more
homogeneous topography after drying.

The chemical composition of Au nanoparticles, PNIPAM-co-
ALA microgels and hybrid microgels was analyzed by Fourier-
transform infrared (FTIR) spectroscopy (Figure S1, Supporting
Information). Specifically, the FTIR spectrum for Au nanoparti-
cles shows sharp peaks ≈1410 and 1590 cm−1 related to symmet-
ric and asymmetric stretching of COO– groups in trisodium cit-
rate, indicating that citrate ions were adsorbed on the surface of
Au nanoparticles. The adsorption peaks at 1388, 1368, and 1172
cm−1 in the FTIR spectrum for PNIPAM-co-ALA microgels were
related to the vibration of the CH(CH3)2 groups in the PNIPAM
skeleton. In the range between 1600 and 1700 cm−1, the stretch-
ing vibrations of the C═O and C─N groups were observed. The
adsorption peak of in-plane N-H bending and N-H stretching vi-

bration can be found ≈1545 and 3250 cm−1. Besides, the C─H
bonds within microgels present an adsorption peak at ≈2900
cm−1. As the FTIR spectrum of hybrid microgels possesses the
characteristic adsorption peaks from both PNIPAM-co-ALA mi-
crogels and Au nanoparticles, the successful formation of hybrid
microgels consisting of Au nanoparticles and PNIPAM-co-ALA
microgels was proved.

2.3. Thermally Reversible Swelling/Collapse of Microgels

To evaluate the thermal responsivity of microgels before and af-
ter hybridization, dynamic light scattering (DLS) was employed
to measure their hydrodynamic size at different temperatures. As
shown in Figure 2a,b, both PNIPAM-co-ALA and Au@PNIPAM-
co-ALA microgels exhibit a decrease in size with increasing tem-
perature from 20 to 40 °C, suggesting that the Au nanoparticles
entrapped in the microgel matrix did not affect the thermal re-
sponsiveness of PNIPAM-co-ALA microgels. Furthermore, sig-
nificant size reduction was observed near the LCST (≈32 °C)
for both microgels. Upon decreasing temperature, the microgels
recovered to their swollen state with a concomitant increase in

Figure 1. SEM and representative AFM height images of a,b) bare PNIPAM-co-ALA microgels and c,d) hybrid Au@PNIPAM-co-ALA microgels. 3D AFM
images with wire plots of e) bare PNIPAM-co-ALA microgels and f) hybrid Au@PNIPAM-co-ALA microgels. g) Height profiles along the red line in (b)
and (d) of a bare PNIPAM-co-ALA microgel and a hybrid Au@PNIPAM-co-ALA microgel, respectively on a silicon wafer.

Small 2023, 19, 2304207 © 2023 The Authors. Small published by Wiley-VCH GmbH2304207 (3 of 11)

 16136829, 2023, 47, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202304207 by T
est, W

iley O
nline L

ibrary on [22/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.small-journal.com

Figure 2. Temperature-induced changes in hydrodynamic diameter for a) PNIPAM-co-ALA microgels and b) Au@PNIPAM-co-ALA microgels dispersed
in an aqueous solution. The heating (volume shrinking) and cooling (volume swelling) cycles are as indicated in the plots. c) Schematic illustration
of microgel size reduction and hydrophilic to hydrophobic transition at temperatures above the LCST. d) Hydrodynamic diameter of Au nanoparticles,
PNIPAM-co-ALA microgels and Au@PNIPAM-co-ALA microgels measured at 25 and 40 °C. e) Zeta potential of Au nanoparticles, PNIPAM-co-ALA
microgels and Au@PNIPAM-co-ALA microgels in an aqueous solution at 25 °C.

size. The mechanism of the reversible swelling and shrinking of
microgels is illustrated in Figure 2c. At temperatures below the
LCST, water molecules can form a stable solvation cage around
both hydrophilic and hydrophobic segments of microgels, keep-
ing the microgels in a hydrated and swollen state. On the other
hand, increasing the temperature above the LCST, the solvation
cage is unstable and the hydrophobic intermolecular attractions
become predominant, resulting in a significant collapse of the
polymer network.

Interestingly, although Au@PNIPAM-co-ALA microgels were
covered by multiple Au nanoparticles, their hydrodynamic size
at room temperature appeared smaller compared to that of bare
PNIPAM-co-ALA microgels as shown in Figure 2d. However, the
size of hybrid microgels was larger than that of bare PNIPAM-co-
ALA microgels at 40 °C. When the temperature increased from
25 to 40 °C, the temperature-triggered swelling ratios of bare and
hybrid microgels were calculated to be 2.04 and 1.73, respectively.
We suppose this is because the charge neutralization between op-
positely charged Au nanoparticles and microgels may lead to a
slight collapse of the outermost polymer matrix upon decreasing
the electrostatic repulsion. At a temperature above the LCST, the
influence of charge neutralization on particle size is presumably

insignificant. Although both bare and hybrid microgels shrink
significantly, the larger size of hybrid microgels compared to bare
microgels may be attributed to the adsorption of multiple Au
nanoparticles on their surface. As evident in Figure 2e, the zeta
potential of Au@PNIPAM-co-ALA microgels was measured to be
6–7 mV lower than that of bare PNIPAM-co-ALA microgels, in
line with the anticipated partial charge neutralization between
oppositely charged Au nanoparticles and PNIPAM-co-ALA mi-
crogels.

2.4. Structure and Properties of Hybrid Microgels

As the plasmonic photothermal effect mainly relies on the array
of Au nanoparticles, the loading area and packing density of Au
nanoparticles in the microgel matrix should be important influ-
encing factors. To clarify the structure-function relationship of
hybrid microgels, the hybrid microgel with a single Au nanopar-
ticle core (S-Au@PNIPAM-co-ALA) was also synthesized based
on the surface functionalization of citrate-stabilized anionic Au
nanoparticles by cationic ALA molecules. The polymerization
occurred from the surface of ALA-adsorbed Au nanoparticles and
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Figure 3. TEM images of a) Au nanoparticles, b) S-Au@PNIPAM-co-ALA microgels, and c) Au@PNIPAM-co-ALA microgels. d) Appearance of aqueous
dispersions of Au nanoparticles, S-Au@PNIPAM-co-ALA microgels and Au@PNIPAM-co-ALA microgels. e) UV–vis absorption spectra of Au nanopar-
ticles, S-Au@PNIPAM-co-ALA microgels and Au@PNIPAM-co-ALA microgels. f) Water contact angle of Au nanoparticles, PNIPAM-co-ALA microgels
and hybrid microgels in air. g) Dynamic toluene-water interfacial tension in the presence of Au nanoparticles, PNIPAM-co-ALA microgels and hybrid
microgels in water. Microgel concentration was 0.1 wt% in all samples.

gradually grew to form microgels with a single Au nanoparticle
core.[23] The diameter of Au nanoparticles was measured to be
12 nm and the dried single-core hybrid microgel was ≈350 nm
in diameter (Figure 3a,b), smaller than bare PNIPAM-co-ALA
microgels (Figure S2, Supporting Information). In contrast
to the S-Au@PNIPAM-co-ALA microgel, more than 300 Au
nanoparticles were adsorbed on the surface of a Au@PNIPAM-
co-ALA microgel on average after heterocoagulation
(Figure 3c).

Due to the different structures of synthesized hybrid micro-
gels with either a single Au nanoparticle or multiple Au nanopar-
ticles on their surfaces, we further explored their physical prop-
erties including light absorption, wettability and interfacial ac-
tivity. At the same microgel concentration, the Au@PNIPAM-co-
ALA microgel dispersion displayed a much deeper red color than
the S-Au@PNIPAM-co-ALA microgel dispersion (Figure 3d). As
shown in the UV–vis absorption spectra (Figure 3e), the isotropic
Au nanoparticles possess only one characteristic absorption peak
at 518 nm, while the absorption peak of hybrid microgels shifted
to 528 nm. The red shift of ≈10 nm in hybrid microgels may be
attributed to the plasmonic coupling effect of Au nanoparticles
in the microgel matrix and the slight aggregation of Au nanopar-
ticles during the synthesis and hybridization process. Besides,
Au@PNIPAM-co-ALA microgels exhibited a much stronger light
absorption than S-Au@PNIPAM-co-ALA microgels, consistent
with their appearance.

We also found that the hydrophilicity of Au@PNIPAM-co-ALA
microgels was increased relative to that of bare PNIPAM-co-ALA
microgels due to the incorporation of hydrophilic Au nanopar-
ticles on their surface (Figure 3f). On the other hand, although
the size and packing density of bare PNIPAM-co-ALA microgels
and S-Au@PNIPAM-co-ALA microgels on the substrate were not
the same, the difference in water contact angle was small. The
presence of Au nanoparticles not only changed the surface hy-
drophilicity of microgels, but also limited their interfacial activity.
Interfacial tension measurements at the toluene-water interface
indicate that Au nanoparticles did not reduce the interfacial ten-
sion whereas both bare microgels and S-Au@PNIPAM-co-ALA
microgels were able to reduce the interfacial tension in a rela-
tively short time, showing high interfacial activity. The equilib-
rium interfacial tension was ≈ 10 mN m−1, much lower than
that of the bare toluene-water interface (≈35 mN m−1). In com-
parison, Au@PNIPAM-co-ALA microgels exhibited limited capa-
bility in reducing the interfacial tension. This suggests that the
presence of multiple rigid Au nanoparticles on microgels com-
promises their interfacial activity due to enhanced hydrophilicity
and impaired softness.

The thermal stability of hybrid microgels is an important prop-
erty to be considered for their use in potential applications. We
evaluated the thermal stability of both bare and hybrid micro-
gels based on thermal gravimetric analysis (TGA). As shown
in Figure S3, Supporting Information, it is surprisingly found
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Figure 4. Schematic illustration of light-induced a) hybrid microgel desorption and b) demulsification of O/W Pickering emulsion. c,d) Proposed stabi-
lization and destabilization mechanism of emulsion droplets depending on the wettability of microgels at different temperatures. e) Slow desorption of
hybrid microgels from the oil-water interface induced by laser irradiation with a small beam waist (6 μm) and low power (8 mW). f) Rapid demulsification
of an emulsion droplet irradiated by the laser with a larger beam waist (30 μm) and high power (20 mW). The green dot represents the localized laser
beam. g) Appearance of a water drop on the substrate coated with Au@PNIPAM-co-ALA microgels in toluene at two temperatures. h) Change in contact
angle as a function of time at two temperatures for Au@PNIPAM-co-ALA microgels.

that a small weight loss of 6%–8% occurred in the tempera-
ture range of 22–100 °C. We suspect that was likely due to the
evaporation of absorbed water in the microgel matrix. The de-
composition temperature of the PNIPAM-co-ALA microgel was
about 330 °C. After heating to 500 °C, weight loss of 80% was
mainly attributed to the decomposition of the polymer skele-
ton and only 3% of the original weight remained. In compar-
ison, the hybrid microgels showed improved thermal stability
with a relatively higher decomposition temperature. A significant
weight loss of Au@PNIPAM-co-ALA microgels occurred beyond
365 °C and the residual mass (<10%) of hybrid microgels was
yielded in the studied temperature range (up to 500 °C). Even
though the decomposition of citrate ions on Au nanoparticle sur-
faces was inevitable, the larger residual mass of hybrid micro-
gels than that of bare microgels after thermal degradation can
be explained by the presence of adsorbed Au nanoparticles in
hybrid microgels which cannot be decomposed at such a tem-
perature (500 °C). Hence, TGA results reveal that hybrid mi-
crogels showed enhanced thermal stability, allowing them to be
used for potential applications at relatively high temperatures
(<300 °C).

2.5. Photothermal Response of Hybrid Microgels and Hybrid
Microgel-Stabilized O/W Pickering Emulsions

Although Au@PNIPAM-co-ALA microgels could not reduce the
interfacial tension as efficiently as bare PNIPAM-co-ALA micro-
gels, they could still be used as an emulsion stabilizer. Compared
to the bare PNIPAM-co-ALA microgel-stabilized O/W emulsion
(Figure S4, Supporting Information), the O/W Pickering emul-
sion stabilized by Au@PNIPAM-co-ALA microgels possessed
larger droplets as shown in Figure 4e. A customized optical setup
(Figure S5, Supporting Information) was established to trigger
the photothermal response of Au@PNIPAM-co-ALA microgels
at oil droplet surfaces and simultaneously observe the behavior of
microgel-stabilized O/W droplets upon irradiation by a focused
532 nm laser.

Before investigating the behavior of hybrid microgel-stabilized
emulsion droplets under irradiation, we first evaluated the pho-
tothermal response of the hybrid microgel itself. As shown in
Figure S6a, Supporting Information, the hybrid microgel disper-
sion was irradiated by a 532 nm laser with different power, dur-
ing which a thermocouple immersed in the dispersion measured
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the temperature variation and converted it into electrical data,
allowing recording and analysis by a computer. We also inves-
tigated the effect of laser power and microgel concentration on
the dispersion temperature. Figure S6b, Supporting Information
shows that hybrid microgels can effectively convert light energy
into heat, thus leading to a temperature increase with irradia-
tion time. In comparison, the temperature of a bare microgel dis-
persion underwent almost no change during irradiation, which
means bare microgels did not show any photothermal response.
In addition, higher laser power and higher concentration of hy-
brid microgels resulted in a larger temperature increase due to
enhanced light adsorption.[48] It should be noted that the light-
to-heat conversion was confined in a limited space surrounding
hybrid microgels. The combined effect of low microgel concen-
trations (0.1–1 wt%), low laser energy (10–30 mW) and fast heat
dissipation in the surrounding water medium led to a small in-
crement of the dispersion temperature. Consequently, the local-
ized temperature in hybrid microgels was much higher than that
in the dispersion under irradiation. We then visualized the mor-
phology of hybrid microgels after three cycles of laser irradiation.
Figure S7, Supporting Information shows that hybrid microgels
could retain the core–shell structure with multiple Au nanoparti-
cles trapped on the shell after several shrinking and swelling cy-
cles, which demonstrates the excellent stability and re-usability
of this kind of plasmonic hybrid microgel.

As illustrated in Figure 4a,b, the photothermal response of
a single droplet was then studied by altering the power and
waist of the laser beam. When a single droplet was irradiated
by the laser with a relatively small beam waist (6 μm) and low
power (8 mW), the hybrid microgels gradually desorbed from
the droplet surface (Figure 4e and Movie S1, Supporting Infor-
mation). Under laser irradiation, Au nanoparticles on the micro-
gel surface were anticipated to absorb light by localized plasmon
surface resonance, converting light energy into thermal energy
with an associated temperature increase surrounding the micro-
gel (Figure 4a). Accordingly, hybrid microgels underwent a sig-
nificant volume shrinkage with their surfaces transformed from
hydrophilic to hydrophobic at high temperatures (Figure 4c,d).
In addition, the increasing thermal energy may overcome the en-
ergy needed for microgels to desorb from the oil-water interface,
consequently leading to spontaneous microgel desorption and
destabilization of the Pickering emulsion. When the droplet was
irradiated with increasing laser power (20 mW) and beam waist
(30 μm), instantaneous demulsification occurred (Figure 4f and
Movie S2, Supporting Information). This phenomenon can be
accounted for by the detachment of a significant amount of mi-
crogels from a large interfacial area at the same time (Figure 4b).
The high thermal energy should also induce a rapid decrease
of the interfacial tension between oil and water and generate a
strong turbulent flow surrounding the droplet, further facilitat-
ing demulsification.

After breaking the Pickering emulsion droplet, a strong pho-
tothermal response was also observed even on the broken in-
terfacial film consisting of hybrid microgels, where the hybrid
microgel film underwent fast shape deformation under laser ir-
radiation (Figure S8 and Movie S3, Supporting Information).
The light-triggered reversible shrinking and swelling of the mi-
crogel film were consistent with the above-mentioned result
(Figure 2b), further confirming the light-to-thermal transition on

Au@PNIPAM-co-ALA microgel surfaces. In contrast, O/W Pick-
ering emulsion droplets stabilized by S-Au@PNIPAM-co-ALA
microgels did not exhibit an apparent response when irradiated
by the focused laser. Only a tiny displacement of small droplets
occurred near the laser focus (Movie S4, Supporting Informa-
tion). We speculate that a single Au nanoparticle inside the mi-
crogel matrix was unable to generate sufficient heat to induce
microgel collapse and reverse the hydrophilicity.[49] A theoreti-
cal model was established to illustrate the plasmonic photother-
mal response of a single Au nanoparticle, as seen in Figure S9,
Supporting Information. In the simulation, light energy could be
rapidly converted to thermal energy around a single Au nanopar-
ticle. However, the generated heat was confined to a few nanome-
ters around the Au nanoparticle due to heat dissipation to the
surroundings, consistent with the inapparent photothermal re-
sponse of S-Au@PNIPAM-co-ALA microgel-laden droplets. In
contrast, the photothermal response of Au@PNIPAM-co-ALA
microgels was estimated to be much more pronounced due to
the coupling of the plasmonic effect and resultant collective
heating.[50] Since no photothermal response was observed when
droplets laden with bare PNIPAM-co-ALA microgels were irradi-
ated (Movie S5, Supporting Information), these results suggest
that the presence of multiple Au nanoparticles on microgel sur-
faces is crucial for the light-triggered manipulation of droplets.

To further verify that the wettability of hybrid microgels was in-
deed altered by the environmental temperature, the contact angle
of a water drop on a substrate coated with hybrid microgels in oil
was measured at two temperatures. As shown in Figure 4g,h, hy-
brid microgels exhibited increased hydrophobicity at 50 °C due
to the strengthened intermolecular hydrophobic interaction and
weakened hydrogen bonding interaction. As a result, it is hard
for oil-swollen microgels to intake water molecules at a temper-
ature above the LCST, leading to a relatively constant water con-
tact angle during measurement. On the contrary, at 25 °C which
is below the LCST, hybrid microgels are intrinsically hydrophilic.
Even though they were immersed and swollen in the oil phase
initially, water molecules can gradually permeate into the micro-
gel matrix to compromise the interaction between microgel and
oil molecules due to the stronger hydrogen bonding interaction.
Consequently, spreading and wetting occurred when the water
drop attached to the microgel surface, thus leading to the rapid
shape change and significant reduction of water contact angle
during measurement. These simulation results and contact angle
data further demonstrate that the phenomena observed above re-
garding hybrid microgel desorption and droplet demulsification
were triggered by localized heating.

2.6. Light-Induced Programmable Merging of Droplets

The effect of localized heating on paired emulsion droplets sta-
bilized by Au@PNIPAM-co-ALA microgels was subsequently in-
vestigated by using a focused 532 nm laser with a 6 μm beam
waist and 8 mW power. As shown in Figure 5b and Movie S6, Sup-
porting Information, adjacent droplets instantaneously merged
into a larger one upon irradiation by the laser for 0.4 ms. The as-
sociated mechanism is illustrated in Figure 5a. Specifically, when
the contact interface of paired droplets was irradiated by an in-
tense focused laser, the localized heating raised the temperature
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Figure 5. Proposed mechanism for a) droplet merging and c) unidirectional material transfer between adjacent microgel-stabilized oil droplets in water.
The process of b) droplet merging and d) material transfer by altering the position of the localized laser on the droplet surface. A focused 532 nm laser
with 6 μm beam waist and 8 mW power was used for the irradiation.

to above the LCST and led to the desorption of microgels from
the contact interface. Consequently, droplets became sufficiently
bridged to initiate the merging process.

With a slight deviation of the laser spot to one droplet, a uni-
directional content (the oil phase) transfer is observed as shown
in Figure 5d and Movie S7, Supporting Information. The con-
tent of the less irradiated droplet (left) gradually transferred into
the other one (right), causing apparent volume changes in the
two droplets. The content transfer process was observed within
the laser exposure of more than 1 sec, which was much longer
than the direct droplet merging (Figure 5b). For laser deviation-
induced content transfer, the bridging of the two droplets was
insignificant as only a small fraction of microgels detached from
the interface of the less irradiated droplets, retaining the struc-
tural stability of the droplet (Figure 5c). During the irradiation,
cavitation of small vapor bubbles was also observed inside the
oil droplet, suggesting that the oil phase was superheated and
the temperature at the localized spot reached the boiling point of
toluene.[51] The unique content transfer behavior is anticipated
from the Marangoni flow around the vapor bubble and thermal
convection flow inside the droplet, whereby the content moved
from the colder droplet to the hotter one. This unidirectional
transfer process lasted until the less irradiated droplet became ex-
hausted. These results indicate that the photo-responsive behav-
ior of paired droplets stabilized by Au@PNIPAM-co-ALA micro-
gels can be controlled by altering the position of the focused laser.

However, a more systematic investigation is required to achieve
precise control.

2.7. Chemical Communication between Adjacent Pickering
Emulsion Droplets

Subsequently, we investigated whether chemical communication
between droplets may be possible by light-induced droplet merg-
ing. Before laser irradiation, two types of oil droplets contain-
ing dye molecules of Nile red or perylene were prepared, show-
ing red and blue color in fluorescence images, respectively. The
Au@PNIPAM-co-ALA microgels were pre-stained by fluorescein
isothiocyanate shown in green fluorescence. It was observed
that neither merging nor content exchange occurred when two
droplets were in contact (Figure 6a). Upon localized heating by
laser irradiation, however, two adjacent droplets containing dif-
ferent dye molecules immediately merged and the encapsulated
dye molecules were mixed, showing a violet color (Figure 6b).
Additionally, the microgels were rearranged on the surface of
the merged droplet to maintain droplet stability. By contrast,
droplets not exposed to laser irradiation retained structural in-
tegrity without content exchange. Corresponding to the observed
phenomenon, the fluorescence profiles indicate that the fluores-
cence intensity and distribution of contacted adjacent droplets
changed significantly after irradiation, whereas no apparent

Small 2023, 19, 2304207 © 2023 The Authors. Small published by Wiley-VCH GmbH2304207 (8 of 11)
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Figure 6. Chemical communication between adjacent O/W Pickering emulsion droplets containing either perylene or Nile red dye molecules stabilized
by Au@PNIPAM-co-ALA microgels. Fluorescence images for adjacent droplets a) before and b) after laser irradiation. c) Corresponding fluorescence
intensity profiles of three adjacent droplets along the dashed lines before and after laser irradiation.

differences in fluorescence were observed in droplets without ir-
radiation within the measuring range (Figure 6c). These results
demonstrate that the light-driven merging between droplets sta-
bilized by Au@PNIPAM-co-ALA microgels may trigger chemical
communication between two microreactors for potential control
of chemical reactions at high temporal resolution.

2.8. Design of Artificial Microswimmer Templated from
Air-Containing O/W Pickering Emulsion Droplets

In addition to light-induced demulsification and chemical com-
munication between droplets, air bubble generation was ob-
served inside the droplets under focused laser irradiation for ex-
tended periods. As shown in Figure 7a,b, the localized heat accu-
mulated around the interior interface induced the cavitation of
small vapor bubbles. After the collapse of microbubbles, a new
bubble formed and started to grow due to the vaporization of
the superheated surrounding oil phase (Movie S8, Supporting
Information). Two possible reasons why the explosive bubble ap-
peared inside the oil phase instead of the water phase are: First,
at room temperature (25 °C) and standard pressure (0.101 MPa),
the thermal conductivity and specific heat capacity of toluene are
0.13 W/(m K) and 1.70 kJ/(kg K), while water features a much
higher thermal conductivity (0.60 W/(m K)) and specific heat ca-
pacity (4.18 kJ/(kg K)). Due to the poor heat diffusion of the oil
phase, heat more easily accumulates in toluene than in water,
resulting in a more significant temperature increase in the oil

phase. Second, the oil phase is highly gas-rich compared with
the water phase. The aggregation of gas molecules can serve
as a nucleus for bubble generation, thereby reducing the nu-
cleation temperature. Hence, even though the boiling point of
toluene (110.6 °C) is slightly higher than that of water (100 °C) at
0.101 MPa, explosive bubbles may be generated more readily in
toluene.

As the bubble was generated only inside the oil droplet, an
air-in-oil-in-water (A/O/W) emulsion droplet was obtained un-
der laser irradiation (Figure 7b). Importantly, we found that the
movement of the A/O/W droplet could be precisely manipulated
by laser irradiation. In other words, the trajectory of the A/O/W
droplet was directed by the laser, which can achieve communi-
cation between isolated droplets and demonstrate the potential
of designing the A/O/W droplet as an artificial microswimmer
mimicking the behavior of an aquatic creature in a fluid envi-
ronment. Figure 7c and Movie S9, Supporting Information show
the detailed manipulation process. When the laser was moved at
a constant velocity, the A/O/W droplet may track it up to an es-
cape velocity, leading to the capture of a target droplet by touching
and merging. The growing microswimmer may be continuously
moved by the laser. When the laser stopped moving, the droplet
motion also stopped and re-centered around the laser focus. It
should be noted that the bubble inside the droplet gradually van-
ished after turning off the laser due to the dissipation of accumu-
lated heat.

The observed phenomenon may be further elucidated by the
collective heating effect of the laser beam, inducing upward hot

Small 2023, 19, 2304207 © 2023 The Authors. Small published by Wiley-VCH GmbH2304207 (9 of 11)
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Figure 7. a) Proposed mechanism and b) corresponding optical microscopy images of bubble generation, collapse and growth processes inside a O/W
Pickering emulsion droplet when irradiated by the laser for a prolonged period. c) Spatiotemporal manipulation of an artificial microswimmer: A/O/W
droplet. A focused 532 nm laser with a 6 μm beam waist and 8 mW power was used for irradiation.

liquid and convective flows dragging the droplet surface along
(Figure 7a). Although the laser was focused on the lower part
of the droplet, the generated convective flow was developed and
resembled on top of the heated area of the droplet, giving rise
to a horizontal driving force.[40,52] As a result, both the inner air
bubble and the oil droplet are attracted to the center of the laser
spot. In addition, we speculate that the upward convective flow
may increase the distance between the air-water interface and the
droplet, thereby reducing the interfacial resistant force. Hence,
the attraction force collectively generated by the convective flow
and the reduced resistance enabled the light-driven spatiotempo-
ral movement of a droplet.

3. Conclusion

In this work, we present a novel strategy for light-driven Picker-
ing emulsion droplet manipulation enabled by plasmonic hybrid
Au@PNIPAM-co-ALA microgels, which are co-assembled by op-
positely charged PNIPAM-co-ALA microgels and Au nanoparti-
cles via electrostatic heterocoagulation. Taking advantage of the
plasmonic photothermal response of Au nanoparticles and the
thermal sensitivity of PNIPAM-based microgels, the “cascade ef-
fect” of laser irradiation induces the hybrid microgels to trans-
form from hydrophilic to hydrophobic, allowing precise manip-
ulation of the droplet behaviors, including microgel desorption,
demulsification, droplet merging and inner bubble generation by
simply altering the beam waist and power of the applied laser.
Moreover, the movement of an A/O/W emulsion droplet may
be spatiotemporally manipulated by light, showing the potential

as an artificial microswimmer. Besides, chemical communica-
tion between isolated droplets triggered by laser irradiation has
also been demonstrated. We envisage that the presented system
may open new possibilities for studies and applications requiring
on-demand substance transport, programmed release and con-
trolled catalytic reactions.
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