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ABSTRACT: Conﬁned self-assembly of block copolymers
(BCPs) is eﬀective to manipulate various shapes of particles. In
emulsion conﬁned self-assembly, reversibly light-trigged switchable
BCP particles are extremely expected, yet rarely reported. Herein, a
novel strategy is developed to realize reversibly light-responsive
shape-transformation of BCP particles by constructing functional
surfactants with light-active azobenzene (azo) groups in the
conﬁned self-assembly of BCPs within emulsion droplet. Ultraviolet and visible lights can reversibly modulate the amphiphilicity
and interfacial aﬃnity of the surfactants to diﬀerent blocks,
triggering the reversible microphase structure transformation of
BCP particles with high temporal-spatial resolution. We can realize
shape and morphological transitions of BCP particles from onion-shaped spherical particles to striped ellipsoids and, ultimately, to
inverse onion-like particles by ultraviolet irradiation. More importantly, this shape transformation is reversible by the irradiation of
visible light, attributed to the reversible trans−cis isomerization of azo groups. We also demonstrate that the light-triggered shape
transformation of BCP particles can be employed in a controllable drug release through a noncontacted and programmed manner,
showing promising potential in clinic and biomedicine.

S

conﬁned assembly, allows for tailoring the shape and the
internal nanostructure of the resulting BCP particles by tuning
the interfacial dynamics and the commensurability of BCPs.
Therefore, some unconventionally shaped particles, such as
ellipsoidal-shaped,27 onion-like,28 sieve-like,29 and Janus
particles,30 are produced through this conﬁned assembly
method. It is known that the morphologies of BCPs strongly
depend on (i) the physical and the chemical properties of
BCPs25 as well as (ii) the interfacial interaction between BCPs
and surfactants.10,27,31 Accordingly, many attempts to obtain
light-controlled BCP particles is delicately fabricating the lightresponsive BCPs, which always requires sophisticated synthesis
and structural design.32 An alternative attempt is constructing
stimuli-responsive surfactants to achieve the light-controlled
shape-switchable BCP particles, as the oil/water interfacial
properties can tune the conﬁned self-assembly structure of
BCPs in emulsion droplet.28 In pioneering work, Kim and coworkers fabricated photocleavage surfactant to induce the
shape transformation of BCP particles from onion-like particles

hape-transforming nanoparticles have received signiﬁcant
attention because of their diverse applications in drug
delivery,1 sensing,2 catalysis,3 and so on.4 Generally, the
morphology and structure of particles dominate their performances, such as the rheological properties, optical properties,
and capillary interactions.5 Recently, massive eﬀorts were made
to acquire the controllable shape transformation of block
copolymer (BCP) particles induced by external stimuli, such as
pH,6−8 temperature,9,10 redox,11−13 addition of additives,5 and
metal ions.14 It is noted that these reported methods are
interventional, which inevitably change the physicochemical
environment of the system and limit the practical applications
in clinic and biomedicine. By contrast, light, a noninterventional stimulus, can eﬀectively tune the morphology and
internal structure of polymeric particles with highly temporalspatial resolution.15−17 The light intensity and wavelength can
be precisely modulated, beneﬁting to program the particle
shape as required.18,19 As a result, the shape and property of
particles can be tuned with high sensitivity when the light is
switched on and oﬀ.20 However, when the particle size ranges
from 100 nm to several micrometers, it is still challenging to
precisely regulate the particle shape in response to light
stimulus.21,22
In this case, three-dimensional (3D) conﬁned assembly of
BCPs in emulsions is put forward as an eﬀective pathway to
manipulate the shapes of BCP particles.23−26 Each BCPcontaining droplet, providing a soft and deformable space for
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Scheme 1. Schematic Illustration of the Light-Induced Reversible Shape Transformation of PS-b-P4VP Particles Enabled by
AzoCx Light-Active Surfactant

to prolate or oblate ellipsoids by light.15 Crucially, this shape
transformation process is not reversible due to the irreversible
photocleavage reaction. Although the reversibly light-trigged
switchable BCP particles are extremely expected, it is rarely
reported up to now.
To address this, we developed the reversibly shapeswitchable BCP particles in response to the change of light
signal by utilizing light-responsive azobenzene (azo)-containing surfactants in the emulsion conﬁned self-assembly. Azo, as
a common photoresponsive group, can experience reversible
trans−cis isomerization by switching ultraviolet (UV) and
visible light, endowing azo-polymers with the photoresponsive
behaviors, such as chain conformation,33 phase transition,34
chromophore orientation,35 optical nonlinearity,36 and photoinduced deformation.37,38 Based on the trans−cis isomerization
of the azo group in surfactants, the interfacial aﬃnity between
each individual block and the oil/water interface can
dramatically change in response to the light irradiation,
triggering a reversible shape-transformation of BCP particle
between onion shape and inverse onion shape. Interestingly,
this light-responsive BCP particle can be carried out as drug
carriers to accurately control the drug release in a programmed
manner by tuning light wavelength and illumination time. We
expect this work could inspire future research on reversibly
shape-switchable BCP particles by noninterventional stimuli
(e.g., light, electric ﬁeld, and magnetic ﬁeld).
To demonstrate the reversibly shape-transformation of BCP
particles controlled by light, as a model system, polystyrene-bpoly(4-vinylpyridine) (PS-b-P4VP) is selected and assembled
into particle by emulsifying PS-b-P4VP solution (5 mg/mL in
chloroform) into aqueous solution containing azo-based lightresponsive surfactants (AzoCx, where x represents the length
of hydrophobic alkyl chain, Scheme 1). As the chloroform
evaporates, solid BCP particles with azo-based surfactants on
their surfaces are created. Then, these particles are dispersed in
water and treated by light irradiation with diﬀerent light
wavelength and irradiation time under the chloroform
atmosphere. The reversible isomerization of AzoCx surfactants
can be mediated by alternating UV (365 nm) and visible light
(420 nm) irradiation, causing the reversibly light-induced

switching between trans- and cis- isomers (Scheme 1).
Basically, the trans isomer is more hydrophobic (dipole
moment across the azo-linkage: ∼ 0.5 D) whereas the cis
isomer is more hydrophilic (dipole moment: ∼ 3.0 D).39 Due
to their diﬀerences of aﬃnity, the trans- and cis-AzoCx
preferentially interact with PS and P4VP domains, respectively.
After the emulsion conﬁned self-assembly of BCP, AzoCx
surfactant remains on the surface of BCP particle to stabilize
the polymer particles, as illustrated in Scheme 1. This provides
a possibility to modulate the interfacial properties of BCP
particles through the trans−cis isomerization of AzoCx
surfactants irradiated by light, resulting in the transformation
of the shapes and morphologies of BCP particles. As shown in
Scheme 1, reversible shape transformation between the onionshaped particle with a PS outermost layer and the inverse
onion-shaped particle with P4VP outermost layer can be
realized by switching the UV and visible lights, attributed to
the reversible trans−cis isomerization of the azo group.
Moreover, when trans- and cis-AzoCx surfactants are
equivalent at a speciﬁc moment of light irradiation, a nearly
neutral interface occurs, generating the ellipsoid particle with
the PS-b-P4VP striped structure (Scheme 1).
Azo-containing trimethylammonium bromide surfactants,
denoted as AzoCx (x = 4, 6, 8, 10, and 12), were successfully
synthesized through alkylation and quaternization with
dibromoalkane and trimethylamine(Figures S1 and S2).33
The reversible trans−cis isomerization behaviors of diﬀerent
AzoCx surfactants can be mediated by alternating UV and
visible light irradiation (Figures S3). Subsequently, we
implemented AzoCx molecules as the surfactants into the
emulsion conﬁned self-assembly of PS-b-P4VP. After the
evaporation of organic solvent and the formation of BCP
particles, the AzoCx surfactants retain on the surface of the
BCP particle to stabilize the particles in the aqueous phase, and
thereafter be used to achieve light-triggered shape transformations of BCP particles. To provide suﬃcient mobility of
polymer chains for the shape transformation, chloroform vapor
annealing was applied during the light irradiation (Figure
S4).40,41
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Figure 1. TEM images of PS-b-P4VP BCP particles assembled with photoresponsive AzoCx surfactants before and after UV irradiation for 2 h.
Scale bar: 100 nm. The P4VP domains are selectively stained by I2 vapor before the TEM test.

For demonstrating the light-triggered shape transformations
of BCP particles by means of AzoCx surfactants, we initially
investigate the eﬀect of the alkyl chain length of AzoCx
surfactants on the assembled morphology of PS-b-P4VP
particles. The transmission electron microscope (TEM) was
performed to scrutinize the resultant PS-b-P4VP particles
before and after UV irradiation (Figure 1). Before UV
irradiation, onion-shaped PS-b-P4VP particles with PS at the
outermost layer are obtained with AzoC4, AzoC6, AzoC8, and
AzoC10 surfactants, except for AzoC12 surfactant. With the
increase of the alkyl chain length, the hydrophobicity of AzoCx
signiﬁcantly improves to decrease its solubility in water,33
thereby the PS-b-P4VP with AzoC12 surfactant can only form
the random aggregates instead of the well-deﬁned assemblies
(Figure 1). Since the conﬁned self-assembly of PS-b-P4VP is
operated in visible light, the AzoCx surfactant contains trans
structure of azo group. Thus, the oil/water interface is aﬃnitive
to PS domains, causing the formation of onion-like BCP
particles with PS at the outermost layer. Afterward, these BCP
particles are exposed to the chloroform-saturated atmosphere
under UV light irradiation (365 nm) for 2 h. As shown in
Figure 1, BCP particles stabilized with AzoC4 and AzoC6
surfactants are agglomerated together after irradiated by UV
light, originating from the increasing hydrophilicity of these
surfactants in response to UV light. Therefore, these cissurfactants are unable to stabilize the BCP particles in the
aqueous phase. For AzoC8 and AzoC10 surfactants, it is
interesting to note that inverse onion-shaped PS-b-P4VP
particles with P4VP at the outermost layer are observed after
UV irradiation. This implies that an appropriate alkyl chain
length of AzoCx surfactants is critical for obtaining lightresponsive shape-transformation BCP particles.
The kinetic shape-switching process of BCP particles
induced by UV-light irradiation is visualized by TEM images
at diﬀerent irradiation time (Figure 2). Before irradiation,
onion-like BCP spherical particle with PS-outermost layer is
clearly observed (Figure 2a), as the trans-azo at the interface
preferentially interacts with the PS block.42 After irradiating for
0.5 h, the BCP particle shows a mixed morphology of axially
and radially stacked lamellas, forming the tulip-bulb shaped
particles (Figure 2b). Prolonging irradiation to 1 h results in
the transformation into the striped ellipsoid particles (Figure
2c). This is because parts of azo groups have transitioned into
cis structure while the others remain the trans structure.
Therefore, the mixed surfactants of cis- and trans-azo create a
neutral interface for PS and P4VP blocks, thus both PS and
P4VP blocks localize at the particle surface to form the axially

Figure 2. TEM images showing the shape-switching process of PS-bP4VP particles with AzoC8 surfactant under light irradiation at 365
nm for diﬀerent times: (a) 0, (b) 0.5, (c) 1.0, (d) 1.25, (e) 1.5, and
(f) 2.0 h. Scale bar: 100 nm. The P4VP domains are selectively
stained by I2 vapor before the TEM test.

stacked lamellar structures. Afterward, the shape of the particle
gradually transforms to an inverse tulip-bulb-like particle
(Figure 2d,e) when the light exposure time increases.
Eventually, the spherical particle with P4VP-outermost layer
is obtained (Figure 2f), as most of the trans-azo groups turn
into cis-azo when the irradiation time reaches 2 h. Lowmagniﬁcation TEM images showing a large area of
morphological transition of BCP particles and corresponding
histograms showing the distribution of diﬀerent particle
morphologies are further conﬁrmed that the morphological
transition from onion-shaped to inverse onion-shaped spherical
particles under UV irradiation occurs consistently for all BCP
particles in the batch (Figure S6). As well, BCP particles
assembled with AzoC10 surfactants exhibit the similar shape
transformation process under UV light irradiation (Figures S7
and S8). In order to eliminate the inﬂuence of solvent
annealing 40 and temperature on the shape of BCP
particles,43,44 control variable tests were performed (Figures
S9 and S10). Based on the above results, it conﬁrms that the
shape transformation of BCP particles from onion-shaped with
PS as the outmost layer to a striped ellipsoid particle with
alternating PS-b-P4VP lamellae and then to inverse onionshaped with P4VP as the outmost layer are merely determined
by UV irradiation.
Under the irradiation of visible light (420 nm), the cis-totrans transition of the azo group is triggered, inducing the
916
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moment, showing a nearly neutral interface for PS and P4VP
microdomains. After being irradiated for 1.5 or 1.75 h, the
tulip-bulb-like particle reforms again (Figure 3d,e). Finally, as
expected, the BCP particle can completely transform to an
onion-like shaped particle with a PS-outermost layer (Figure
3f). The distribution of diﬀerent particle morphologies at
diﬀerent irradiation times also veriﬁes the consistency of the
reversible shape transformation (Figure S11). In addition, this
reversible transformation between onion-like particles with PS
as the outermost layer and reversed onion-like particles with
P4VP as the outermost layer is repeatable (Figure S12),
demonstrating the excellent reversibility of the shape-transformation behavior of the BCP particles in response to light
signal. Similarly, such a reversible transition can also be
achieved by using AzoC10 surfactant (Figures S13 and S14).
Based on the transformation of the microphase structure of
BCP particles, we consider that the loaded functional
components inside the BCP particles could be controllably
released. Therefore, the light-triggered shape transformation of
BCP particles is exploited as nanocarriers in vitro photocontrolled drug release.45,46 As a proof of concept, Nile red
(NR) is chosen as a model drug to evaluate the drug loading
and the photocontrolled release for BCP particles. As
illustrated in Figure 4a, 15.5% NR is released from the inside
BCP particles at the initial 0.5 h irradiation of UV light,
coinciding with the shape transformation from onion-like
particles to tulip-bulb-like BCP particles (Figure 2b). During
the transformation of the phase structure, part of NR is
exposed to the outside of the particle and then released to the
solution. Then, the light is turned oﬀ for 0.5 h, the cumulative

switching back from the inverse onion-shaped particles with a
P4VP-outermost layer to onion-shaped particles with a PSoutermost layer (Figure 3). The inverse tulip-bulb-like particle

Figure 3. TEM images showing the reversible shape-switching
process of PS-b-P4VP particles with AzoC8 surfactant under visible
light irradiation at 420 nm for diﬀerent times: (a) 0, (b) 0.5, (c) 1.0,
(d) 1.5, (e) 1.75, and (f) 2.0 h. Scale bar: 100 nm. The P4VP domains
are selectively stained by I2 vapor before the TEM test.

with axially and radially stacked lamellae is observed after being
irradiated with visible light for 0.5 h (Figure 3b). After
irradiating for another 0.5 h, an ellipsoidal particle with axially
stacked lamellae forms; it manifests that the contents of cisand trans-azo onto BCP surfaces are equivalent at this

Figure 4. Programmable drug release of NR from BCP particles controlled by light irradiation. (a) Cumulative drug release proﬁles of NR-loaded
BCP particles under UV and visible light irradiation. Purple lamp: 365 nm; blue lamp: 420 nm. (b) Optical images of BCP solution showing the
color change during the NR release after irradiation with UV and visible light with diﬀerent times. (c) The corresponding CLSM images of BCP
solution in (b). Scale bar: 2 μm.
917
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release remains unchanged, indicating that the encapsulated
NR pauses to release without UV light irradiation. Interestingly, after subsequent exposure to UV light for another 0.5 h,
the loaded-NR inside the BCP particles continues to release.
The total cumulative release reaches 45.4% after UV irradiation
for 2 h. Further increasing another 1 h UV irradiation, the
cumulative release remains constant because the shape
transformation from the onion-like shape to the inverse
onion-like shape has already been accomplished after a 2 h
irradiation (Figure 2). It shows that the drug release only
occurs during the shape transformation process of BCP
particles and can be accurately and real-time controlled by
light irradiation. Afterward, visible light is exerted on the
resultant inverse onion-shaped BCP particles, the residual NR
inside BCP particles is released again, and this manifests that
the reverse shape transformation of BCP particles also enables
the drug release. After visible light irradiating for 2 h, the ﬁnal
cumulative release reaches to 70.0%. Obviously, the encapsulated functional components in BCP particles stabilized with
light-response AzoCx surfactants can be accurately released by
simply controlling the light wavelength and the release time.
More importantly, precise control of the release content is
achieved only by switching on or oﬀ the external light, without
varying any other conditions of the system. From the optical
images of the NR-loaded BCPs solution, the solution color
gradually becomes shallow with the release of NR (Figure 4b).
The same phenomenon is also monitored by confocal laser
scanning microscopy (CLSM). It is observed that the red color
denoting the BCP particles fades away due to the release of NR
from BCP particles (Figure 4c).
In summary, we have demonstrated a facile and eﬀective
method to prepare light-triggered shape-reversible BCP
particles through designing photoresponsive AzoCx surfactants
in emulsion conﬁned self-assembly. Based on the reversible
trans−cis isomerization of AzoCx surfactant upon UV/visible
light irradiation, the amphiphilicity and interfacial aﬃnity
between the BCP and AzoCx surfactant is simply modulated,
resulting in the reversible shape transformation of BCP
particles. The reversibly light-responsive morphological transformation of BCP particles between onion-like spheres and
inverse onion-like spheres is achieved with high temporal
resolution by controlling the light wavelength and irradiation
time. Moreover, these light-responsive BCP particles have
great potential in controllable drug release. The release of
encapsulated components from BCP particles is in a
noncontacted model and can be accurately controlled in a
programmed manner. This work provides an eﬃcient route for
preparing reversible shape-switchable BCP particles, which
may oﬀer new opportunities in sensing, photonics, and
biomedical delivery devices.
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