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1. Introduction

The word amphiphile, derived from the Greek amfi&,
amphis: both and fil&a, philia: love, refers to chemical
compounds that consist of a polar part and a nonpolar moiety
with both hydrophilic (water-loving) and lipophilic (fat-
loving) properties.[1–4] Common amphiphiles include surfac-
tants (e.g., detergents) and diglycerides (e.g., phospholi-
pids).[5] The coexistence of both hydrophobic and hydrophilic
moieties in the same small molecular building blocks, i.e.,
amphiphilic nature of the molecule, allows spontaneous self-
assembly into well-defined structures at interfaces and in
solution based on non-covalent interactions.[6–14] The hydro-
philic part of an amphiphile interacts with a polar phase and
as a result, the hydrophobic component interacts with a non-
polar environment or is exposed to air, forming among others
self-assembled structures in solution (e.g., micelles and
bilayers) or at the air–water interface (e.g., monolay-
ers).[5, 15,16] It should be noted that amphiphiles, besides
being the key components of cell membranes, play a crucial
role throughout chemistry and society, providing diverse
applications ranging from vesicles for drug delivery, house-
hold detergents, and materials for enhanced oil recovery[17–22]

The bottom-up approach allows to build natural and synthetic
supramolecular structures of amphiphiles over multiple
length scales.[15, 23–44]

Nature has arguably provided the most elegant examples
of self-assembled systems derived from amphiphiles. Phos-
pholipids, a typical class of natural amphiphiles, self-assemble
into biological bilayer membranes in living organisms.[45,46]

The presence of proteins, enabling specific functions, endows
the living organisms with “smart” self-assembled structures,
allowing these membranes to automatically respond to subtle

variations in the surrounding environ-
ment.[15, 47] Taking inspiration from
Nature, various synthetic supramolec-
ular self-assembled systems are
designed and equipped with functional

tunability and responsiveness to enable sophisticated assem-
bling pathways and energy landscapes.[48–56] Noticeably, a vari-
ety of stimuli-responsive synthetic amphiphiles have been
designed to develop well-defined supramolecular self-assem-
blies whose structures can be manipulated by external stimuli
such as pH, CO2, heat, and light.[8, 57–78] The use of light as
a non-invasive stimulus offers multiple advantages such as
tunable wavelength and intensity as well as high temporal and
spatial control.[79, 80] Structural modifications of photorespon-
sive amphiphilic molecules include intrinsic light-switches and
attachment of a photoresponsive unit (photoresponsive
molecular amphiphile) or the introduction of a photorespon-
sive component via noncovalent interactions (photorespon-
sive supramolecular amphiphile).[9, 67, 81] Supramolecular
assemblies of photoresponsive amphiphiles controlled by

Amphiphilic molecules, comprising hydrophobic and hydrophilic
moieties and the intrinsic propensity to self-assemble in aqueous
environment, sustain a fascinating spectrum of structures and func-
tions ranging from biological membranes to ordinary soap. Facing the
challenge to design responsive, adaptive, and out-of-equilibrium
systems in water, the incorporation of photoresponsive motifs in
amphiphilic molecular structures offers ample opportunity to design
supramolecular systems that enables functional responses in water in
a non-invasive way using light. Here, we discuss the design of photo-
responsive molecular amphiphiles, their self-assembled structures in
aqueous media and at air–water interfaces, and various approaches to
arrive at adaptive and dynamic functions in isotropic and anisotropic
systems, including motion at the air–water interface, foam formation,
reversible nanoscale assembly, and artificial muscle function.
Controlling the delicate interplay of structural design, self-assembling
conditions and external stimuli, these responsive amphiphiles open
several avenues towards application such as soft adaptive materials,
controlled delivery or soft actuators, bridging a gap between artificial
and natural dynamic systems.
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light provide important opportunities towards smart and
adaptive materials, and responsive systems in areas ranging
from nanotechnology, chemical biology to material sci-
ence.[5,79, 82, 83]

Virtually, all functional supramolecular self-assembly
processes found in living systems take place in aqueous
media.[84, 85] Water is a critical and unique medium for self-
assembly in biological systems, allowing for complexity,
adaptability, and robustness. Supramolecular self-assembly
of photoresponsive molecular amphiphiles in aqueous media
provides attractive opportunities to create biocompatible
systems.[31, 42, 85] In this context, we discuss recent progress in
the field of supramolecular self-assembled structures of
photoresponsive small molecular amphiphiles in aqueous
media, both at air–water interfaces and in aqueous solutions,
including their molecular structures, hierarchical organiza-
tion, key recognition and self-assembly parameters as well as
responsive behavior. The following topics are discussed:
(1) molecular design of photoresponsive amphiphiles,
(2) dynamic functions of photoresponsive molecular amphi-
philes at air–water interfaces, i.e., Gibbs monolayers, and
(3) functional supramolecular self-assembly of photorespon-
sive molecular amphiphiles in solutions, ranging from one-
dimensional nanostructures to isotropic entangled three-
dimensional networks and anisotropic hierarchical structures.
With a focus on structures and functions of photoresponsive
molecular amphiphiles and their self-assembly in water, we
highlight recent progress in the design of dynamic systems in

water and the amplification of molecular motion to achieve
macroscopic responsive functions.

2. Photoresponsive molecular amphiphiles

In order to design photoresponsive amphiphiles, that is,
photoswitchable systems (and, where relevant, photocleav-
able systems), to achieve proper self-assembled structures
controlled by light in water, one should take into consider-
ation the various molecular structures of amphiphiles.[17,86]

Based on the chemical nature of the hydrophilic moiety,
amphiphiles are commonly classified into ionic (i.e., anionic,
cationic), zwitterionic, and nonionic amphiphiles.[6, 17,86]

According to the number and mode of connections of the
hydrophilic moiety (polar head) and the lipophilic moiety
(hydrophobic tail), amphiphiles are also classified as single
head/single tail amphiphiles, bolaamphiphiles, gemini amphi-
philes, and double tail amphiphiles (Figure 1a).[4, 5, 87] Among
them, conventional single head/single tail amphiphiles,
bolaamphiphiles, and gemini amphiphiles are the common
types in both natural and synthetic systems. Bolaamphiphiles
containing two hydrophilic head groups connected by a hydro-
phobic chain are found in the cell membranes of thermophilic
bacteria.[88, 89] Bolaamphiphiles usually show high thermal
resistance.[15] Gemini amphiphiles, consisting of two hydro-
carbon tails and two ionic groups linked by a spacer, can
aggregate at very low concentrations and can also signifi-
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cantly reduce surface tension.[5, 15,90] It is evident that the
nature of the self-assemblies of molecular amphiphiles varies
significantly and is highly dependent on the molecular
structures. In this respect, it is important to note that not
only the type of amphiphile, but also the nature and position
of the photoresponsive unit together with several other
parameters (nature and number of non-covalent binding
units, structural rigidity, geometrical change, change in polar-
ity, etc.) will dictate the assembly and responsive function.

Photoresponsive molecular amphiphiles typically have
been designed by the attachment of a photoresponsive unit
either in the headgroup or incorporation at different positions
in the hydrophobic chain (Figure 1b). A variety of photo-
responsive molecules such as azobenzenes, stilbenes, dithie-
nylethenes, spiropyrans, molecular motors, donor-acceptor
Stenhouse adducts (DASAs) and photocleavable groups like
nitrobenzyl or coumarins, are available to produce amphi-
philes and can be used to control molecular self-assembled
structures using light.[91, 92] The molecular structures and the
related photoisomerization processes of the typical photo-
responsive systems are shown in Scheme 1.

3. Dynamic functions of photoresponsive molecular
amphiphiles in Gibbs Monolayers

When amphiphiles are introduced to aqueous media, the
molecules spread over the entire interface with the hydro-

philic heads oriented towards the polar phase and the
hydrophobic tails oriented towards the non-polar air phase,
allowing for the formation of self-assembled monolayers at
air–water interfaces. Depending on the solubility of the
amphiphiles in aqueous media, the self-assembled monolay-
ers are classified as Langmuir monolayers and Gibbs mono-
layers (adsorption monolayers).[93–95] Langmuir monolayers,
formed by insoluble or sparingly soluble amphiphiles, have
attracted great interest due to the intrinsic properties
facilitating the formation of well-organized layered films.
Langmuir monolayers of photoresponsive amphiphiles con-
taining azobenzene, spiropyran, stilbene, overcrowded
alkene, and dithienylethene units, show controlled reversible
surface pressure, and tightly packed thin films of assembled
structures can be obtained by the Langmuir–Blodgett
method, which indicates significant prospects for optical
devices and sensing applications.[96–115] Gibbs monolayers
(absorption monolayers), composed of water-soluble amphi-
philes directly distributed at the air–water interfaces without
the use of organic solvents, show tight correlations between
assemblies in aqueous solution and at the air–water interface.
In early studies of Gibbs monolayers of photoresponsive
amphiphiles, some crucial equilibrium physical parameters,
e.g., equilibrium surface tension and critical micelle concen-
tration (CMC), were employed to reveal the self-assembly
transformations at air–water interfaces and in solutions.[116–125]

In this section, we will focus on dynamic functions of
photoresponsive molecular amphiphiles in Gibbs monolayers.

In 1999, Shin and Abbott[126] reported the active control of
dynamic surface tension of mixed surfactants containing
sodium dodecyl sulfate (SDS) and a photoresponsive azo-
benzene bolaamphiphile 1 (Figure 2a). Positively charged

Figure 1. Schematic illustration of (a) typical types of molecular amphi-
philes and (b) photoresponsive molecular amphiphiles (taking single
head/single tail amphiphiles as an example).

Scheme 1. Representative photoresponsive structures and their photo-
isomerization processes of (a) azobenzene, (b) stilbene, (c) dithienyle-
thene, (d) spiropyran, (e) overcrowded alkene (molecular motor) and
(f) donor-acceptor Stenhouse adducts (DASAs).

Figure 2. (a) Molecular structures and photoisomerization of 1 and
SDS. (b) Dynamic surface tension of aqueous solutions of 1 with SDS
(1.6 mM) before (filled circles) and after (open circles) UV light
irradiation. The surface tension was measured by the du Nofy ring
method.[128] Adapted with permission from ref. [126]. Copyright 1999,
American Chemical Society.
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1 allows an intermolecular interaction with the negatively
charged SDS. This complementary Coulombic interaction
enables a closer packing of the co-assembled structure of both
amphiphiles at the air–water interface, i.e., Gibbs monolayer.
The geometrical transformation of azobenzenes upon irradi-
ation, from trans to cis, induced a large change of dynamic
surface tension up to 25 mNm@1 at a concentration of 1 below
CMC (Figure 2b). This study demonstrated an elegant new
principle for the dynamic control of surface tension of
aqueous solutions, distinct from a change in surface tension
at an equilibrium state, based on a photoresponsive amphi-
phile. It should be noted that the trans-cis isomerization in
azobenzene systems not only affects geometry but a major
change in dipole moment (typically around 3 D) also occurs.
Later, Smith and co-workers found that the surface tension of
a nonionic azobenzene amphiphile film showed a dependence
on irradiation and age.[127] On the basis of the dynamic surface
tension data, they proposed a mechanism of competitive
adsorption between the trans and cis isomers. The precise
adsorption and self-assembly behavior of these azobenzene
amphiphiles in the trans and cis geometries at the air–water
interfaces, which induced the change of surface tension, are
still to be elucidated.

Monteux and co-workers[129] designed a photoresponsive
amphiphile 2 comprising a cationic ammonium head group
and an azobenzene-based hydrophobic tail (Scheme 2) to
investigate dynamic adsorption/desorption behavior of 2 at
the resulting photoresponsive air–water interface with tuna-
ble surface tension. Using a kinetically limited model taking
into account the electrostatic barrier to adsorption, the
authors found that cis-2 adsorbed 10 times faster than trans-
2 isomer but desorbed 300 times faster, resulting in mono-
layers packed almost exclusively with trans-2 under equilib-
rium conditions. Due to the competition between the trans-
and cis-isomers, changes in surface assembly occurred in a few
seconds, allowing to trigger rapid variations of interfacial
properties. In order to observe the surface flux, a suspension
containing 2 (1.15 mM) and talc particles was investigated by
microscopy. When a UV light spot (l = 365 nm) was
employed on the surface of the solution, a majority of trans-
2 was adsorbed outside the light spot, while trans-to-cis
isomerization inside the light spot leads to desorption of 2
from the interface, resulting in a rapid increase of surface
tension. This surface tension gradient resulted in a Marangoni
flow from the outside to the inside of the light spot, which
induced the movements of talc particles towards the light
spot. Therefore, a particle concentrating behavior in the light
spot was observed in a few seconds after exposure to UV light
(Figure 3). Interestingly, such particle concentrating behavior
not only can be induced by UV light but also by blue light (l =

436 nm). This study demonstrated a distinct difference of

adsorption/desorption behavior of trans-2 and cis-2, high-
lighting a new way to induce surface tension gradients at the
air–water interface of an azobenzene amphiphile-containing
solution and achieve light-induced Marangoni flow.

Taking advantage of the dynamic and tunable interfacial
properties of aqueous solutions of azobenzene amphiphile 2,
MonteuxQs group also reported photoresponsive foams with
in situ photo-controlled stability and breakage. These were
prepared from aqueous solutions of 2, providing a non-
invasive method to remotely control the stability of foams
(Figure 4a).[130] Stable foams were obtained from aqueous

Scheme 2. Molecular structures and photoisomerization of azoben-
zene amphiphile 2.

Figure 3. (a) Photograph of particle concentrating behavior under a UV
or a blue light spot. (b) Schematic illustration of the photoresponsive
amphiphile adsorption-desorption and the corresponding Marangoni
flow. Adapted with permission from ref. [129]. Copyright 2011, Royal
Society of Chemistry.

Figure 4. (a) Schematic illustration of photoresponsive foams prepared
from a solution of 2. (b) Stable foams are produced by trans-2.
(c) Unstable foams are obtained by UV light irradiation. Adapted with
permission from ref. [130]. Copyright 2012, American Chemical Soci-
ety.

Angewandte
ChemieReviews

11608 www.angewandte.org T 2020 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH Angew. Chem. Int. Ed. 2021, 60, 11604 – 11627

http://www.angewandte.org


solutions of 2, predominantly in the trans state, which
ruptured in a short time by exposure to UV light (Fig-
ure 4b,c). Notably, after irradiating the solutions obtained
from the disintegrated foams with blue light for several
minutes, it was possible to prepare stable foams again,
indicating a reversible control of foam formation by alternat-
ing UV and blue light irradiation. Upon UV light irradiation
of the stable foams, trans-2 converted into cis-2, which
subsequently desorbed from the air–water interfaces to the
bulk solutions, providing dynamic adsorption/desorption
interfaces. The authors proposed that due to the dynamic
adsorption/desorption behavior of 2, an out-of-equilibrium
surface tension gradient induced Marangoni flows, which
might lead to the breakage of foams during UV light
irradiation.

To establish a correlation between the light-induced flow
and the foam destabilization mechanism, Monteux and co-
workers investigated the dependence of light-induced flow of
2 and foam breakage both at a micrometer length-scale (thin-
liquid films of bubbles) and at a millimeter length-scale
(macroscopic foams).[131] In thin-liquid films, a tunable veloc-
ity of Marangoni flow was obtained by controlling the
photoisomerization of 2 at the air–water interfaces using
variable UV light intensities. The results obtained from
experiments with macroscopic foams showed that the light-
induced flow can slow down the foam drainage at the early
stage of UV light irradiation, while a rapid rupture of foams
was subsequently observed. Next, the influence of illumina-
tion on disjoining pressures of thin liquid films in identical
foam systems was investigated, suggesting that the UV-light-
induced rupture of foams was due to a decrease of electro-
static repulsion in the thin foam film as well as the oscillation
of the disjoining pressure isotherm.[132] This systematic study
of an amphiphile-based photoresponsive system at the air–
water interface emphasizes the prospects for application in
remote control (by light) of foam stability.

In an approach toward a dual-stimuli responsive amphi-
phile 3, Jiang and co-workers slightly modified the azoben-
zene amphiphile 2 to incorporate a tertiary amine head group
(Figure 5).[133] The amphiphile 3 could be reversibly trans-
formed between a hydrophobic tertiary amine and an
amphiphilic ammonium bicarbonate by alternately purging
a solution of 3 with N2 and CO2, respectively, which was
confirmed by conductivity measurements. The trans-to-cis

photoisomerization of 3 induced by UV light (l = 365 nm)
afforded a trans-3/cis-3 ratio of 4/96 at the photostationary
state (PSS) and the back isomerization was induced by
exposure to blue light. Due to the major structural and
geometrical transformation of 3 triggered by both CO2/N2 and
light, dual-stimuli responsive foams were obtained. Stable
foams, prepared from trans-3 solutions bubbled with CO2,
were ruptured in 10 min after purging with N2. Alternatively,
the disruption of stable foams could be induced by UV light
irradiation, providing as a simple but promising strategy for
the creation of multi-stimuli responsive systems (Figure 5).

Except for the previously discussed modifications of the
hydrophilic moieties of azobenzene amphiphiles, an azoben-
zene amphiphile 4 with an anionic group as well as enhanced
structural rigidity of its hydrophobic part was designed, which
was anticipated to provide photoresponsive foams with more
significant differences of foam stability before and after
exposure to light (Figure 6).[134] The photoisomerization of 4
was investigated by UV-vis and 1H NMR spectroscopy and
the amount of cis-4 obtained after exposure to UV light was
estimated to be 95% at the PSS. With a more rigid hydro-
phobic moiety, a drastic variation of CMC between trans-4
and cis-4 was observed, reflecting in a large geometrical
transformation and difference in aggregation between these
two isomers. Additionally, stable foams with a half-life of
& 16 h were obtained from a trans-4 solution (2 mM), which
were more stable than those prepared from other reported
azobenzene amphiphiles. In sharp contrast, all the stable
foams collapsed within 4 min after irradiation with UV light
(isomerization to cis-4), providing photoresponsive foams
with a dramatic variation of foam stability triggered by light.

The modification of the cationic azobenzene amphiphile 2
by replacing the bromide counterion by a bis-(trifluorome-
thanesulfonimide), [BTF] anion, provided a new strategy to
control foam stability by reversible binding to cucurbit[7]uril
(CB[7]) and spermine moieties (Figure 7).[135] The foamabil-
ity of azobenzene amphiphile 5, containing an [Azo] tail and
[BTF] anion, was significantly improved after the addition of
CB[7] , which was attributed to a closer packing of the [Azo]
tails at the air–water interfaces. The formation of the host-
guest complex of 5%CB[7] , as confirmed by 1H NMR
spectroscopy and conductivity measurements, might shield
the electrostatic interaction between [Azo] and [BTF] to

Figure 5. Schematic illustration of dual-stimuli responsive foams pre-
pared from solutions of 3. Adapted with permission from ref. [133].
Copyright 2017, ScienceDirect, Elsevier B.V.

Figure 6. Schematic illustration of photoisomerization and photores-
ponsive foams prepared from a solution of 4. Adapted with permission
from ref. [134]. Copyright 2017, American Chemical Society.
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induce the desorption of [BTF] from the interfaces, which
allows for the closer packing of the [Azo] tails. With the
addition of spermine, a stronger host-guest interaction of
spermine%CB[7] , compared to 5%CB[7] , resulted in
a removal of CB[7] from the complex of 5%CB[7] , providing
a switching back to a loose-packed monolayer of 5 at the air–
water interface and a simultaneous decrease in the foam-
ability. These results demonstrate an alternative strategy to
reversibly control the foamability of the photoresponsive
amphiphile by a supramolecular host-guest approach.

Aiming at industrial applications, Wang and co-workers
synthesized a series of nonionic and cationic azobenzene
amphiphiles by modifying the hydrophobic chain and the
hydrophilic parts for the purpose of preparing photorespon-
sive foams for textile foam coloring systems to reduce
pollutant discharges and energy consumptions of the tradi-
tional textile coloring process.[136–141] The foamability and
stability of the corresponding colored photoresponsive foams
were reversibly tunable by light-stimuli. In this way, stable
foams can be used in the textile coloring process with
excellent performance, while the photo-controllable rupture
of the stable residual foams enabled them to be readily
recycled, allowing for a nearly zero-pollutant discharge
coloring process (Figure 8).[141] In addition to textile coloring,
photoresponsive foams prepared from azobenzene amphi-
philes are also employed in flotation processes of quartz
particles.[142,143] The results are promising for applications of
photoresponsive molecular amphiphiles in more environ-
mental-friendly industrial processes.

Dynamic photoresponsive air–water interfaces based on
the isomerization of amphiphiles, also provide opportunities
to control other macroscopic functions, such as liquid droplet
motions,[144,145] optical particle depositions with predefined
patterns,[146, 147] and liquid marble transport.[148] Similar to the
particle concentrating behavior in the solution of amphiphile
2 by light-induced Marangoni flow,[129] a strategy to accumu-
late particles at predefined positions with complex patterns
was reported. Towards this goal, the light-induced Marangoni

flow in an evaporating droplet containing a cationic azoben-
zene amphiphile 6 was explored (as illustrated in Fig-
ure 9a).[146] Using photomasks, a broad variety of complex
patterns were obtained in arbitrary particle systems, ranging
from model suspensions to complex “real-world” formula-
tions such as commercial coffee suspensions. Meanwhile,
a solution of amphiphile 6 was also employed to demonstrate
a light-driven transport of floating liquid marbles based on

Figure 7. The proposed structural transformation at the air–water
interface of aqueous solutions of (a) 5 and (b) complex of 5%CB[7] .
Adapted with permission from ref. [135]. Copyright 2016, Royal Society
of Chemistry.

Figure 8. Schematic illustration of a recycled foam coloring process
based on photoresponsive foams. Adapted with permission from
ref. [141]. Copyright 2019, ScienceDirect, Elsevier B.V.

Figure 9. Schematic illustration of (a) optical particle depositions with
predefined patterns and (b) light-driven transport of a floating liquid
marble. Adapted with permission from ref. [146]. Copyright 2016,
American Chemical Society. Adapted with permission from ref. [148].
Copyright 2016, Wiley-VCH.
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Marangoni flow at the air–water interface (Figure 9b).[148]

Interestingly, two motion directions of the liquid marbles,
including Marangoni motion (i.e., in the same direction of the
Marangoni flow) and anti-Marangoni motion, were observed
by controlling the thickness of the liquid substrate, showing
a more complex dynamic function of photoresponsive amphi-
philes at the air–water interface.

Recently, Baigl and co-workers have developed a novel
photoresponsive dissipative self-assembling system by
employing micromolar amounts of 6 (Figure 9) in a suspension
of anionic polystyrene microparticles. The particle organiza-
tion can be reversibly and dynamically actuated between
a highly crystalline assembly (under UV or blue light
irradiation) and a disordered state (in the dark) with a fast
response time at the air–water interfaces (Figure 10).[149] The
controllable crystallization and disassembly processes of the
particles were driven by the light-induced dynamic adsorp-
tion/desorption behavior of 6 at the air–water interface. In the
absence of light, the suspension was composed of pure trans-6,
and the particles formed disordered structures. After irradi-
ating for 1 min, the suspension at the PSS was composed of
95% of cis-6 (UV-light) or 45% of cis-6 (blue-light).
Although the PSS obtained by UV light or blue light
irradiation were significantly different, the response of the
colloidal assembly at the air–water interface was strikingly
similar, i.e., the formation of highly crystalline colloidal
assemblies after &10 s, indicating that the crystallization and
the disassembly were not controlled by the bulk composition
of 6. The authors proposed that the continuous light-induced
desorption of 6 maintained the system out-of-equilibrium and
allowed the crystallization process to occur. When the light
was switched off, the crystals were transferred to the
disordered phase. This was the first report of a photorespon-
sive amphiphile allowing controlled transformations of a col-
loidal assembly at the air–water interface, expanding the
realm of currently known dissipative systems.

Ravoo, Braunschweig, and co-workers introduced azo-
derived photoresponsive amphiphiles 7 and 8 (Figure 11), and
investigated their responsive adsorption property, mainly

using vibrational sum-frequency generation (SFG) and
dynamic surface tension measurement, as well as their
corresponding macroscopic functions, e.g., responsive foams
and particle motions. The surface tension and foam stability of
aqueous solutions of 7, featuring a carboxylate end-group
connected with ethylene glycol linker, showed dependence on
external stimuli such as pH and light (Figure 11 a).[150] At
various pH conditions of solution 7, the highest foam stability
was observed at pH 7.1 after green light irradiation. Further-
more, amphiphile 8, with a sulfonate end-group connected by
an alkyl linker, can attain higher foam stability than that
observed with 7, possibly due to the improved micro-phase
separation by the hydrophobic alkyl-chain (Figure 11b).[151]

This study clearly demonstrates an alternative class of photo-
responsive amphiphiles suitable to control foam stability and
light-actuated particle motions by modulating the dynamic
absorption and desorption properties of Gibbs monolayers.

In addition to the azobenzene and azo-derived amphi-
philes, spiropyran-based amphiphiles also can form dynamic
photoresponsive Gibbs monolayers to allow applications in
responsive foams and induce controlled motion.[152–154] Light-
and pH-responsive foams were obtained from solutions of
amphiphile 9 (Figure 12).[154] Additionally, it is noted that
a color change (yellow to dark red) of amphiphile 9 can be
finely adjusted by pH (2.1 to 10.5). Meanwhile, in the pH
range of 4.8 to 5.9, a reversible color change of amphiphile 9
between orange and yellow was observed by alternating
exposure to light or no illumination. Taking advantages of the
photoresponsive color properties, photo-writing of informa-
tion and subsequent self-erasing can be achieved upon
irradiation with a photomask on top of the aqueous solution
of 9.

Single head/single tail photoresponsive ionic molecular
amphiphiles with a short hydrophobic chain have been mainly
used to control dynamic interfacial properties effectively at
Gibbs monolayers by the transformation of molecular
configuration. This is possibly due to their good solubility,

Figure 10. Transmission microscopy images of light-induced (i) disas-
sembly and (ii) colloidal crystallization at the air–water interfaces.
Scale bar: 100 mm. Adapted with permission from ref. [149]. Copyright
2019, Wiley-VCH.

Figure 11. (a) Photo- and pH-responsive foams prepared from solu-
tions of 7. (b) Photoresponsive foams and light-actuated particle
motion prepared from solutions of 8. Adapted with permission from
ref. [150]. Copyright 2018, American Chemical Society. Adapted with
permission from ref. [151]. Copyright 2020, Royal Society of Chemistry.
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intrinsic fast absorption at air–water interface as well as
simple molecular design and synthesis.[155, 156] In addition to
the destabilization of Gibbs monolayers using photocontrol-
led alteration of molecular configuration, the formation of
a zwitterionic state of a spiropyran amphiphile might be
serving as an alternative strategy to control interfacial
properties at Gibbs monolayers.[154] It is evident from the
responsive systems discussed here that the control of macro-
scopic function based on aqueous soluble photoresponsive
amphiphiles (below 1.0 wt%) assembled as Gibbs monolay-
ers offers numerous attractive opportunities for developing
environmental-friendly (industrial) processing techniques.
However, to identify the mechanisms of assembly and
amplification along length scales from molecular photoiso-
merization at air–water interfaces to macroscopic functions,
such as macroscopic photoresponsive foams and particle
motion and collection, remains highly challenging. Our group
recently reported unique dynamic assembly transformations
of a novel molecular motor amphiphile both at the air–water
interface and in solution, allowing for multiple-states switch-
ing of macroscopic foams, controlled by light/heat stimuli.
This shed light onto the mechanism of amplification, from
multiple reversible photochemical and thermal isomerization
processes at the molecular level, to various dynamic assem-

blies at the microscopic scale and responsive foam properties
at the macroscopic level (a detailed discussion is provided in
Section 4.1).[157] However, the use of amphiphiles containing
other photoresponsive units employed at air–water interfaces,
as well as the application of photoresponsive molecular
amphiphiles in developing more environmental-friendly pro-
cesses in industry instead of laboratory demonstrations
remain largely unexplored.

4. Functional supramolecular self-assembly of
photoresponsive molecular amphiphiles in solu-
tion

The self-aggregation of amphiphilic molecules has long
been known to yield a rich variety of assembled structures,
including micelles (spherical, rod-like, and worm-like) and
bilayers structures (vesicles, tubules, and planar lamellae), in
organic, aqueous, or mixed organic-aqueous media. Since the
supramolecular self-assembled structures of amphiphiles in
aqueous media allow compatibility to natural systems as well
as the potential for biologically relevant applications, we
focus on the self-assembled microstructures and the structural
transformations of molecular amphiphiles in aqueous media.
The observed assemblies depend on the molecular structures
and experimental conditions, such as concentration, temper-
ature, pH, light, ionic strength, and the structure of the co-
assembly compound.[81, 158–165] According to Israelachvili
et al. ,[6] the shape and size of self-assembled structures of
amphiphiles in aqueous media can be predicted by using the
packing parameter, P. The packing parameter was defined as:
P = v/a0l0, where v is the volume of the amphiphile tail, a0 and
l0 are the area of the hydrophilic groups and the length of tail
in the amphiphile, respectively. Therefore, a geometrical
change of amphiphiles would affect the packing parameter P,
and in response result in transformations of self-assembled
structures (Table 1.1).[6, 16, 158,166] In this section, we focus on the
self-assembled structures of photoresponsive amphiphiles in
aqueous media, ranging from one-dimensional (1D) nano-
structures, isotropic entangled three-dimensional (3D) net-
works to anisotropic 3D structures.

4.1. Isotropic self-assembly of photoresponsive molecular
amphiphiles

Self-assembly of photoresponsive molecular amphiphiles
into one-dimensional nanostructures offers insight into how
to achieve precise control over supramolecular organization
and many opportunities for applications in biological systems,
e.g., tissue regenerative supramolecular scaffolds. In the
context of biomaterials and supramolecular chirality,
a single-handed helical structure has always been an attractive
target.[167–173] The Stupp group reported a transformation of
a photoresponsive peptide amphiphile 10a from a quadruple
helical fiber into single fibers in aqueous media
(Figure 13).[174] Using a photodeprotection strategy, the
peptide amphiphile 10a was designed to contain a palmitoyl
tail, a 2-nitrobenzyl protecting group, and an oligopeptide

Figure 12. Schematic illustration of (a) isomerization processes of
amphiphile 9 and (b) photo- and pH-responsive color change in
solutions. Photoresponsive foams prepared from the solution of 9 at
pH (c) 5.3 and (d) 2.7. (e) Photo-writing of information and self-
erasing functions in a solution of 9 (pH 5.3) upon 405 nm light
irradiation with a photomask. Adapted with permission from ref. [154].
Copyright 2020, American Chemical Society.

Angewandte
ChemieReviews

11612 www.angewandte.org T 2020 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH Angew. Chem. Int. Ed. 2021, 60, 11604 – 11627

http://www.angewandte.org


segment GV3A3E3 (Gly-Val-Val-Val-Ala-Ala-Ala-Glu-Glu-
Glu), in which the 2-nitrobenzyl group can be cleaved by
irradiation at 350 nm to afford 10 b (Figure 13 a). Due to the
unfavorable hydrogen bond formation attributed to the steric
hindrance of the 2-nitrobenzyl group, different supramolec-
ular architectures of 10 a and 10 b were observed by trans-
mission electron microscopy (TEM). TEM and atomic force
microscopy (AFM) images of 10a revealed rare quadruple
helix assemblies with a nearly uniform width and helical pitch
of 33: 2 and 92: 4 nm, respectively (Figure 13b–d). After
the photocleavage of the 2-nitrobenzyl group by 350 nm light
irradiation for 5 min, the UV-vis and circular dichroism (CD)
spectra (Figure 13 f) and the TEM image (Figure 13e)
revealed the dissociation of the quadruple helix assemblies
into single non-helical fibrils based on the non-switchable
photodeprotection strategy. This study suggests novel strat-

egies to create functional and photoresponsive helical supra-
molecular architectures with prospects for sensing or actua-
tion.

Subsequently, Stupp and co-workers replaced the oligo-
peptide segment GV3A3E3 of 10 a by a fibronectin epitope
Arg-Gly-Asp-Ser, providing a new photoresponsive peptide
amphiphile 11 a (Figure 14a).[175] According to Hargerink
et al.,[176] the modification of molecular sequences in the b-
sheet domains will affect the resulting assembled structures.
Indeed, due to a weaker b-sheet-forming sequence of 11 a
(compared to 10 a), a clear solution remains under the self-
assembling conditions (4.0 X 10@4 M in 0.1 M CaCl2 aqueous
solution, Figure 14b), while using identical conditions, the
quadruple-helix-forming 10 a generated nanofibers and gels.
However, 11 b, obtained by irradiation of 11 a with 350 nm

Table 1: Different self-assembled structures predicted by the packing parameter P.

P value P ,1/3 1/3 < P ,1/2 1/2 < P<1 P =1 P>1

Structure of amphiphiles

Aggregates Spherical micelles Rod-like or worm-like micelles Vesicles Tubules Lamellae Reversed micelles

Model of aggregates

Figure 13. Schematic illustration of the photocleavage process from
10a to 10b upon irradiation. (b) TEM and (c) AFM images of 10a in
aqueous media (pH 11). (d) TEM image of a quadruple fiber: the
quadruple strand (yellow arrow) uncoils into double helices (blue
arrows) and further into single fibers (red arrows). (e) TEM image of
a solution of 10 a after irradiation. (f) UV-vis (top) and CD (bottom)
spectral changes of 10 a in aqueous media upon irradiation. Adapted
with permission from ref. [174]. Copyright 2008, American Chemical
Society.

Figure 14. Schematic illustration of (a) the photocleavage process from
11a to 11b and a sol-to-gel transformation of 11a in CaCl2 solution
(b) before and (c) after 350 nm light irradiation. TEM images of
structures formed by deposition of 11a in CaCl2 solution (d) before
and (e) after irradiation. Adapted with permission from ref. [175].
Copyright 2009, Wiley-VCH.
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light, generated a transparent gel, demonstrating a 3D sol-to-
gel transition in response to light (Figure 14 c). The TEM
images of 11a and 11b revealed a transformation from
nanospheres (12: 2 nm in diameter) in 11 a to nanofibers
(11: 1 nm in diameter) in 11 b (Figure 14 d,e). Furthermore,
both 11 a and 11b showed no cytotoxicity, meanwhile, the
light-triggered gelation of 11 a increased its bioactivity,
allowing photoresponsive cell scaffold development.

Except for supramolecular architectures with multiple
helices, the design of other dynamic, but well-defined com-
plex architectures with adaptive behavior in response to
external stimuli is one of the challenges towards artificial
nanostructures. A photoresponsive self-assembled vesicle-
capped nanotube system in water of amphiphile 12, contain-
ing an overcrowded alkene core, was firstly developed by our
group (Figure 15 a).[177] In the presence of common phospho-
lipid, 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC),
unique vesicle-capped nanotube self-assembled structures
were observed by cryogenic transmission electron microscopy
(cryo-TEM). The nanotubes are exceptionally stable in water
as the capping vesicle can be chemically altered or removed
and reattached by adding/removing Triton X-100, without
affecting the nanotubes (Figure 15c). Alternatively, the
vesicle-capped nanotubes can be selectively disassembled by
photochemical conversion in an irreversible process (Fig-
ure 15b). The fluorescent nature of the overcrowded alkene

core allowed the observation of self-assembly transformations
in real time using fluorescence microscopy. The reversible
vesicle removal and light-induced disassembly processes of
the vesicle-capped nanotube provided a strategy to trigger
and control supramolecular self-assembly architectures in
a complex multi-component system by using a combination of
chemical composition and light-stimuli. The vesicle from the
vesicle-capped nanotube, was also shown to be sensitive to
osmotic pressure, allowing the vesicles to be encapsulated
into the nanotube while subsequent disassembly of the
nanotube and release of the vesicles could be induced upon
irradiation (Figure 15 d).[178] This strategy clearly demon-
strates the multiple responsiveness and complex behavior of
these novel co-assembling systems.

UV light is widely used in most of the light-stimulated
systems. However, the low penetration and damaging nature
of UV light in biosystems limit in vivo applicability of UV-
sensitive materials. In this regard, photoresponsive systems,
triggered by near-infrared light (NIR) at longer wavelengths
with lower cytotoxicity and deeper penetrating depth, provide
a promising solution for future in vivo applicability. Recently,
WangQs group used coumarin to modify lipid molecules as the
basis for a photoresponsive lipid amphiphile, enabling the
preparation of NIR-responsive liposomes for potential drug
delivery,[179] although the self-assembly transformation of the
obtained liposomes was not studied in depth. Toward this
goal, a new UV/NIR responsive amphiphile 13a, which co-
assembled with a common surfactant, tetradecyldimethyl-
amine oxide (C14DMAO), was introduced as the basis for
a dual-responsive self-assembly system (Figure 16).[180]

Depending on the concentration of 13 a, the formation of
worm-like micelles (30 mM) or vesicles (50 mM) in
C14DMAO solutions was observed. Although the reason for
the NIR responsiveness remains unclear, both the worm-like
micelles and vesicles can be transformed into spherical
micelles triggered by NIR light irradiation because of the
photocleavage of 13 a.

The aforementioned systems, while based on irreversible
photoresponsive amphiphiles, showed the potential of con-
trollable supramolecular self-assembled structures in aqueous
media ranging from one-dimensional nanostructures trans-
formations to isotropic entangled three-dimensional sol-gel
transformations. However, reversible transformations of self-
assembled structures could provide more interesting and
sophisticated opportunities toward the development of smart
materials. In early research on self-assembled structures of
photoresponsive molecular amphiphiles, the Engberts group
reported a series of investigations on the co-assembly
behavior and molecular interactions in aqueous solutions of
common surfactants and azobenzene amphiphiles (on the
basis of azo dyes, e.g., methyl orange and ethyl orange),
providing vital information for future fundamental and
systematic study of molecular amphiphilic co-assembly sys-
tems.[181–184] Recently, reversible photoresponsive molecular
amphiphiles have been employed to control nanostructure
transformations in solution. For instance, the Stupp group
reported supramolecular helical nanofibers with a reversibly
tunable pitch, formed by a photoresponsive peptide amphi-
phile 14 containing an azobenzene group (Figure 17 a).[185] A

Figure 15. (a) Schematic illustration of controllable structural trans-
formation of co-assemblies of amphiphile 12 and DOPC. (b) Trans-
formation of amphiphile 12 and Cryo-TEM images of the photo-
induced disassembly process. Cryo-TEM images were taken at
t =0 min, 20 min, and 120 min. (c) Cryo-TEM images of the reversible
assembly and disassembly of vesicle controlled by Triton X-100.
(d) Cryo-TEM images of osmosis-induced nanotubes encapsulated
vesicles and photo-induced disassembly of nanotubes. Scale bars in
(b,c) =100 nm, in (d) = 50 nm. Adapted with permission from
ref. [177]. Copyright 2011, Macmillan Publishers Limited, part of
Springer Nature. Adapted with permission from ref. [178]. Copyright
2015, Wiley-VCH.
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suspension of nanofibers of 14 was irradiated with 360 nm
light to induce photoisomerization from trans-14 to cis-14. It
was reasoned that the cis isomer is less planar than the trans
isomers and consequently, the isomerization should increase
the sterically-induced torque, leading to a reduction of the

helical pitch. Indeed the helix pitch of the nanofibers formed
by trans-14 decreased from 78: 4 nm to 56: 4 nm upon
365 nm light irradiation, as shown by the AFM images
(Figure 17 b,c). However, the self-assembly of 14 occurred in
the presence of organic solvents, which limited the biocom-
patibility of this system.

Azobenzene-based photoresponsive amphiphiles are
widely investigated regarding their assembling transforma-
tions in aqueous media, including cationic, bola-form, gemini,
and nonionic type, which are co-assembled with common
amphiphiles, e.g., SDS.[186–195] Showing structural transforma-
tions from vesicles to other forms of assembled structures
upon photoirradiation, e.g., nanofibers, these systems have
potentials for applications in drug encapsulation and deliv-
ery.[18, 65,196, 197] In the aforementioned systems, the assemblies
of azobenzene amphiphiles mainly transform between two
states. The development of photoswitching assemblies
between multiple-states using photoresponsive amphiphiles
in aqueous media as well as control of molecular self-
assembly along multiple length-scales remain highly challeng-
ing. Huang and co-workers reported photoresponsive nano-
structures with multi-states by a co-assembly of an azoben-
zene amphiphile 15 and a common amphiphile, cetyltrime-
thylammonium bromide (CTAB, Figure 18).[198] The co-
assembly structures of 15 and CTAB exhibit reversible
transformations from worm-like micelles, vesicles, and lamel-
lar structures to small micelles in aqueous solutions controlled
by the irradiation time. Based on the photoisomerization of
15, the distinct changes of molecular self-assembly structures
were achieved, resulting in significant changes in macroscopic
properties. According to the rheology behavior of the solution
of 15 and CTAB, i.e., a transformation from a transparent,
gel-like solution to biphasic solution, and homogenous
solution upon prolonging 365 nm light irradiation, the co-
assembly structures have been classified into four states:
(1) worm-like micelle (89 % of trans-15), (2) bilayer vesicle
and planar lamellae (68% of trans-15), (3) worm-like micelle
(37 % of trans-15), and (4) micelle (17 % of trans-15).
Unfortunately, systematic structural analyses, e.g., cryo-
TEM images, to confirm the self-assembled structures of
these four states, were not provided. The same azobenzene

Figure 16. (a) Schematic illustration of the photocleavage process
from 13 a to 13 b and the corresponding assembly transformations.
Cryo-TEM images of solutions containing 13 a (30 mM) and C14DMAO
(b) before and (c) after NIR light (l =808 nm) irradiation inducing
transformations from worm-like micelles to spherical micelles. Cryo-
TEM images of solutions containing 13a (50 mM) and C14DMAO
(d) before and (e) after NIR light irradiation inducing transformations
from vesicles to spherical micelles. Adapted with permission from
ref. [180]. Copyright 2017, Royal Society of Chemistry.

Figure 17. (a) Molecular structure of photoresponsive peptide amphi-
phile 14. AFM images demonstrating reversible control of helix pitch
of nanofibers (b) before and (c) after UV light irradiation. Adapted with
permission from ref. [185]. Copyright 2007, Wiley-VCH.

Figure 18. Schematic illustration of photo-controlled self-assembled
systems with multi-states at multiple length-scales. Adapted with
permission from ref. [198]. Copyright 2010, Royal Society of Chemistry.
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amphiphile 15 was also co-assembled with a surface active
ionic liquid.[199] The co-assembly structures of worm-like
micelles became slightly longer and more entangled (as
shown by cryo-TEM) after 365 nm light irradiation, allowing
to form a solution with a higher viscosity. However, no
significant transformation of their self-assembled system was
observed in studies by Yu et al.[199] Self-assembly systems
based on ionic liquids have attracted increasing attention due
to their extraordinary properties, such as negligible vapor
pressure, low melting point, and thermal stability.[200,201]

Recently, by introducing photoresponsive units into an ionic
liquid, e.g., stilbene, cinnamate, and azobenzene, a series of
novel photoresponsive ionic liquid have been designed,[202–205]

allowing for photocontrolled assembly transformations with-
out co-assembly with other compounds.[206–209] It is noted that
the photoresponsive surface active ionic liquid with azoben-
zene in the headgroup, i.e., amphiphile 16, showed dual-
stimuli responsive and reversible transformations from vesi-
cles to spherical micelles (Figure 19a).[208] The photoisomeri-
zation of 16 was investigated by 1H NMR and UV-vis
spectroscopy, demonstrating a trans-16/cis-16 ratio of 39/61
at the PSS after UV light irradiation for 30 min. A reversible
transformation from vesicles (50 to 500 nm in diameter) to
spherical micelles triggered by UVand visible light irradiation
was observed in cryo-TEM images of the solution of trans-16
(0.15 mM, Figure 19 c–e), as predicted by DFT calculations.
Furthermore, a transformation from vesicles to spherical
micelles was also observed when the concentration of trans-16
decreased from 0.15 mM (Figure 19 c) to 0.05 mM (Fig-
ure 19b), demonstrating a concentration effect on the self-
assembled structures. This study provided a means to achieve
controlled self-assembly of distinct aggregates from a single
component, i.e., a photoresponsive surface active ionic liquid.

Considering the systems discussed so far, photoresponsive
self-assembly transformations were observed at the equilib-
rium state after the isomerization of amphiphiles. To provide
a systematic understanding of the in situ self-assembly
transformation, photoresponsive glucose-based amphiphilic
micelles were monitored by using time-resolved small-angle
neutron scattering (TR-SANS), as reported by the Wilkinson

group for the first time, to follow the evolution of the precise
shape and aggregation number of micelles not only at the
trans- and cis-states, but also at discrete time intervals.[210] The
trans-state of a glucose-based amphiphile assembled into
micelles with aggregation number of about 290, and trans-
formed to aggregation number of about 110, indicating that
the size of the micellar structure was reduced upon UV light
irradiation.[211] Simultaneous usage of SANS and absorption
spectroscopy can allow in situ monitoring of an azobenzene
amphiphile transformation from worm-like micelles (trans-
state) to fractal aggregates (at the PSS upon UV-light
irradiation). Additionally, time-resolved small-angle X-ray
scattering (TR-SAXS) was employed to follow the photo-
induced disassembling process of an azobenzene-based
amphiphile.[212] All these measurements allow direct and in
situ monitoring of the assembling transformations of photo-
responsive amphiphiles to provide deeper insight into their
transformation mechanism.

In addition to these distinct assembling structural trans-
formation studies, a photoresponsive macroscopic gel-sol
transformation of a gemini azobenzene-based amphiphile was
reported by Zhao et al.[213] Subsequently, Jiang and co-work-
ers developed a dual stimuli-responsive entangled network,
showing a three-dimensional sol-gel transformation formed
by a co-assembly of a cationic azobenzene amphiphile 17 and
a commercially available organic salt, sodium azophenol
(AzoONa), as shown in Figure 20.[214] The reversible struc-
tural transformation between AzoONa and AzoOH could be
controlled through alternatingly purging with CO2 and N2

(studied by 1H NMR). As a result, a gel-to-sol transformation
was observed. Furthermore, this gel-to-sol transformation can
also be induced by photoisomerization of amphiphile 17. The
dual stimuli-responsive gel-to-sol transformation was antici-
pated to have potential applications in microfluidics and
tertiary oil recovery.

Molecular amphiphiles containing other photoresponsive
units, such as diarylethenes, molecular motors, and spiropyr-
ans, have been employed in the development of photo-
responsive self-assembly systems. Illustrative (Figure 21 a) is

Figure 19. (a) Schematic illustration of molecular structure of 16 and
proposed packing structures upon self-assembly of 16 in water. Cryo-
TEM images of aq. solutions of 16 at a concentration of (b) 0.05 mM
(micelle) or (c) 0.15 mM (vesicle) before UV light irradiation, (d) the
solution of 16 (0.15 mM) irradiated with UV light (micelle) was
(e) subsequently exposed to visible light (vesicle). Adapted with
permission from ref. [208]. Copyright 2016, American Chemical Soci-
ety.

Figure 20. Schematic illustration of (a) photoisomerization processes
of 17 and AzoONa and (b) a dual stimuli-responsive entangled three-
dimensional sol-gel transformation. Adapted with permission from
ref. [214]. Copyright 2018, ScienceDirect, Elsevier B.V.
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a chiral diarylethene-based amphiphile 18 containing hexa(-
ethylene glycol) (Hxg) side chains introduced by Irie.[215] This
photoresponsive amphiphile allowing for a light-dependent
chirality transfer depending on the open-18 and the close-18
isomers in aqueous solution (Figure 21b). The CD spectral
data indicated that the assembled nanostructures of open-18
do not induce supramolecular chirality while photogenerated
closed-18 induced supramolecular helicity (Figure 21c). The
supramolecular helicity transformation between the open-18
and the closed-18 isomers might enable a new strategy for
photoswitching chiroptical properties in aqueous media.

On the basis of our earlier reported amphiphile 12, we
designed a novel photoresponsive amphiphile 19 containing
a molecular rotary motor core, in order to develop a multi-
stage system for reversible self-assembly in water (Fig-
ure 22a).[216] The photoisomerization and thermal helix inver-
sion (THI) of amphiphile 19 were studied by UV-vis and
NMR spectroscopy, which showed a metastable-19/stable-19
ratio of 95/5 at the PSS with a half-life for the THI step of
270 h at 20 88C and 4.3 h at 50 88C. Tubular structures (Fig-
ure 22b), co-assembled by the motor amphiphile 19 and
DOPC, were observed by cryo-TEM, which disappeared
completely after 365 nm light irradiation for 15 min, and only
bilayered vesicles were observed (Figure 22c). UV-vis and
NMR studies indicated the formation of metastable-19,
confirming that the isomerization of the motor amphiphile
19 induced the morphological transformations of the self-
assembled structures. The sample, irradiated with 365 nm
light for 15 min and subsequently heated at 50 88C for 16 h,
showed multilamellar vesicles (Figure 22d). Tubular struc-
tures were observed again when the heated sample was

exposed to a freeze-thawing process (Figure 22 e), demon-
strating a reversible self-assembly transformation between
well-defined nanotubes and vesicles induced by light and
heat. This was the first example, using a molecular motor
amphiphile, which showed a reversible self-assembly trans-
formation in aqueous media, providing a new generation of
water-soluble photoresponsive amphiphiles, i.e., with a molec-
ular motor core paving the way to increasingly complex and
highly dynamic artificial nanosystems in aqueous media.

Recently, Kudernac and co-workers reported a visible
light sensitive photoresponsive amphiphile 20, composed of
a spiropyran core, and demonstrated a reversible light-
induced expansion of vesicles (Figure 23).[217] The photo-
responsive amphiphile 20 comprised an oligoether dendron as
the hydrophilic moiety and a bent aromatic unit containing
two spiropyran moieties as the hydrophobic moiety (Fig-
ure 23a). In an acidic aqueous solution of photoresponsive
amphiphile 20, the switching unit adopts the open protonated

Figure 21. (a) Schematic illustration of photoisomerization processes
of diarylethene-based amphiphile 18 containing hexa(ethylene glycol)
(Hxg) side chains and stereogenic centres. (b) CD spectral change of
18 upon irradiation in an aqueous solution demonstrating that only
the structure composed of the closed-18 isomer exhibited supramolec-
ular helicity. (c) Schematic illustration of the self-assembled nano-
structure of (left) open-18 and (right) closed-18 in aqueous media.
Adapted with permission from ref. [215]. Copyright 2006, American
Chemical Society.

Figure 22. (a) Schematic illustration of isomerization processes of
motor amphiphile 19 and the corresponding reversible self-assembly
transformations between nanotubes and vesicles in aqueous media.
Cryo-TEM images of co-assembled structures of stable-19 and DOPC:
(b) before and (c) after irradiation, (d) upon a subsequent heating
process, and (e) freeze-thawing for 3 times after heating. Adapted with
permission from ref. [216]. Copyright 2016, American Chemical Soci-
ety.

Figure 23. Schematic illustration of (a) isomerization processes of
spiropyran-based amphiphile 20 and the corresponsive reversible
expansion of vesicles in water. (b) Light-induced reversible expansions
from 20(MCH+)-vesicles to 20(SP)-vesicle in water (pH 2) determining
by related size distributions in TEM images. Adapted with permission
from ref. [217]. Copyright 2018, Royal Society of Chemistry.
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merocyanine form (MCH+). This MCH+ form can be
transiently converted into a closed and neutral spiropyran
form (SP) by irradiation with visible light (Figure 23 a). TEM
images showed that both the 20(MCH+) and 20(SP) isomers
self-assemble into vesicles (Figure 23b). The 20(MCH+)
isomer formed small vesicles with a constant average
diameter of about 20 nm, while in contrast, the 20(SP)
isomer formed larger vesicles. Upon visible light irradiation,
an increase of vesicle diameter from 20: 3 nm (20(MCH+)-
vesicle) to 35: 4 nm (20(SP)-vesicle) was observed in TEM
images (Figure 23 b) attributed to a change in head group. The
metastable state of the 20(SP)-vesicle reverses following the
thermal relaxation from 20(SP) to 20(MCH+). This study
showed a reversible change in size of vesicles in water formed
by a spiropyran-based amphiphile triggered by visible light.

In addition to the light-triggered transformations of self-
assembled molecular amphiphiles, a multi-modal controlled
assembly of a bola amphiphile was reported recently by our
group.[218] The bola amphiphile 21 based on a first-generation
molecular motor core containing two carboxylic acid groups
connected by alkyl linkers demonstrated light-, pH- and
counter-ion controlled self-assembly in water (Figure 24 a).

Due to the significant geometrical changes between stable
trans-21 and metastable cis-21, the transformation of sheet-
like assemblies of stable trans-21 to a mixture of sheet-like
assemblies, vesicles, and micelles upon 312 nm irradiation was
observed by cryo-TEM (Figure 24b). Furthermore, by tuning
the pH value of the solution of stable trans-21 from 11 to 8.8,
modulation of its self-assembly from micelles (pH 11) to disc-
like (pH 9.8) and sheet-like structures (pH 8.8) was observed
(Figure 24 c), which was attributed to the change of packing
parameter upon protonation of stable trans-21. Interestingly,
the solution of stable trans-21 sodium carboxylate at high pH
showed vesicle structures, while macroscopic precipitates
were obtained in the solution of stable trans-21 calcium
carboxylate, demonstrating the counter-ion effect on self-
assembly structures (Figure 24 d). This study provided multi-
modal control over self-assembly in aqueous media. How-
ever, an extra heating-cooling cycle was needed to achieve the
reversible photoresponsive assembly transformations.

Simultaneously, a novel molecular motor amphiphile 22,
based on a first-generation of molecular motor core and
functionalized with a hydrophobic alkyl chain and a hydro-
philic quaternary ammonium moiety connected via a triethy-
lene glycol linker, was reported by our group (Figure 25).[157]

This amphiphile showed unique dynamic photoresponsive
assemblies with multiple states, resulting in the control of
macroscopic foam properties in aqueous media. A reversible
photoisomerization between stable trans-22 and metastable
cis-22 by alternating 254 and 365 nm light irradiation was
determined by UV-vis and NMR spectroscopy. This isomer-
ization was accompanied by reversible transformations of
self-assembled worm-like micelles to a mixture of worm-like
micelles and vesicles together with a reversible switching of
foaming ratio from & 13 to & 8, i.e., state 1 and state 2
(Figure 25 b). It is noted that this reversible assembly trans-

Figure 24. (a) Schematic illustration of a multi-modal control of the
self-assembly of a molecular motor amphiphile 21 in aqueous media.
Cryo-TEM images of (b) light-controlled, (c) pH-controlled, and
(d) counter-ion controlled self-assemblies. Adapted with permission
from ref. [218]. Copyright 2020, Royal Society of Chemistry.

Figure 25. Schematic illustration of (a) the reversible photoisomeriza-
tion and thermal helix inversion of amphiphile 22 and (b) the multi-
state of macroscopic foaming processes control by selecting light/heat
stimuli due to the dynamic assembly transformations. Scale bars in
cryo-TEM images are 50 nm. Adapted with permission from ref. [157].
Copyright 2020, American Chemical Society.
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formation was triggered by a short irradiation time of only
6 min. Additionally, with a subsequent 254 nm light irradi-
ation and heating process, the 18088 molecular rotation from
stable trans-22 to stable cis-22 also enabled the transforma-
tion from worm-like micelles to a mixture of worm-like
micelles and vesicles. However, the latter transformation
cannot be switched back by 365 nm light, resulting in an
irreversible change of foaming ratio from & 13 to & 8 (state 3,
Figure 25 b). By combining molecular isomerization, trans-
formation of self-assembly, in situ surface tension and macro-
scopic foam properties, a correlation of amplification from
molecular motion to microscopic structural transformations
and macroscopic functions was established and a mechanism
for the control of foam properties with multiple states was
proposed. Furthermore, this system allows the unprecedented
control of assembly transformations with reversibility and
multi-states, without helper lipids or extra freeze-thaw cycles,
providing new prospects for future soft materials.

An azobenzene amphiphile 23, functionalized with cho-
lesterol as hydrophobic part and tetra-alkyl-ammonium ion as
hydrophilic moiety to form multilamellar vesicle by co-
assembling with negatively charged SDS (Figure 26), was
introduced by Wang and co-workers.[219] The vesicles showed
photoresponse through increasing the interlamellar spacing
from 15.4 nm to 15.7 nm upon UV light irradiation, as
confirmed by SAXS measurements. Furthermore, this co-
assembly can encapsulate water-soluble rhodamine B to form
stable vesicles, which was further employed into rat retina by
intravitreous injection to investigate the in vivo drug delivery
properties. Upon photoirradiation, a faster and effective
release of rhodamine B was observed. This study illustrates
the potential of such supramolecular assemblies for respon-
sive delivery and release in aqueous conditions.

Various photoresponsive molecular amphiphile designs
such as single head/single tail, double tails, or bola-amphi-
philic structures, have provided dynamic self-assembled
structures in aqueous media. Although specific structure
design for specific assembled structures remains difficult,
significant changes in the molecular configuration of photo-

responsive amphiphiles is a promising strategy for the control
of assembly transformations. The representative examples of
photoresponsive amphiphiles (below 1.0 wt %) discussed here
shown how dramatic supramolecular assembled structure
transformations in aqueous solutions can be achieved upon
photoirradiation. The photoresponsive amphiphiles hold
promise to be applied as novel drug carriers to provide
specific drug release upon irradiation with high spatio-
temporal precision.

4.2. Anisotropic self-assembly of photoresponsive molecular
amphiphiles

Anisotropic three-dimensional hierarchical assembled
structures are omnipresent in biological systems,[220–225] and
collagen is one of the well-known examples. Triple-stranded
helices are formed by folding of three polypeptide chains,
followed by assembly of the microfibrils into higher hier-
archical collagen fibrils. Another illustrative example pertains
to actin filaments, which provides structural stability to cells
and as part of the contractile apparatus in muscle cells. The
helical ribbon of actin filaments is composed of two parallel
strands held together tightly by multiple supramolecular
interactions, in which each strand is a linear array of a protein
monomer. Inspired by natural hierarchical supramolecular
assemblies, the design and manipulation of synthetic molec-
ular amphiphiles assembling into precisely organized and
anisotropic macroscopic structures have recently become an
attractive field in supramolecular chemistry. At macroscopic
length-scales, anisotropic three-dimensional hierarchical
supramolecular structures generate exciting opportunities
towards applications in regenerative biomedical materials,
anisotropic actuators, electronic and optoelectronic materials,
and soft robotics. In 2010, Stupp and co-workers reported
a macroscopic string of bundled nanofibers of a peptide
amphiphile, prepared by a shear-flow method from an
aqueous solution of calcium chloride.[226] The unidirectionally
aligned nanofibers served as a scaffold for cell growth, onto
which cells grew along the long axis of the macroscopic string,
to be potentially applied as the next generation of tissue
regenerative materials.[227, 228] Recently, the Stupp group has
further demonstrated that macroscopic supramolecular
assembled tubes of peptide amphiphiles could be applied as
templates for the formation of anisotropically aligned thermal
responsive polymers, providing anisotropic macroscopic
actuations upon heating.[229] Taking inspiration from molec-
ular motions in muscle tissues, a photoresponsive hierarchical
self-assembled structure of a cationic gemini azobenzene
amphiphile 24 was developed by Liu and co-workers
(Figure 27).[230] The azobenzene amphiphile 24 assembled
hierarchically from nanorods into crystalline helical twisted
bundles (observed by polarized optical microscopy, POM) by
organic solvent evaporation during 2 days. The resulting
bundled helices (& 3 mm in length and & 25 mm in diameter)
bent towards the incident light source (302 nm light, 120 min)
from an initial angle of 3688 to a saturated flexion angle of 5088
with an actuation speed of 1.9 X 10@3 degree s@1, providing
a millimeter length-scale anisotropic actuation based on

Figure 26. Schematic illustration of photoisomerization of amphiphile
23 and the corresponding increase of interlamellar spacing in the
multilamellar vesicle. Adapted with permission from ref. [219]. Copy-
right 2017, Macmillan Publishers Limited, part of Springer Nature.

Angewandte
ChemieReviews

11619Angew. Chem. Int. Ed. 2021, 60, 11604 – 11627 T 2020 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH www.angewandte.org

http://www.angewandte.org


modulation of the supramolecular polymer interactions via
photoswitching of the azobenzene amphiphile 24. Although
actuation over various length scales in a supramolecular
system was achieved, a clear mechanistic understanding of the
actuation mechanism is lacking and this system operates in
organic media.

Recently our group reported the first unidirectionally
aligned hierarchical supramolecular structure powered by
a molecular motor in aqueous media to realize a photo-
controlled macroscopic muscle-like action in both water and
air (Figure 28).[231] To assemble this soft actuator, a molecular
motor amphiphile 25 with a dodecyl chain formed the upper
half, while two carboxyl groups linked with two alkyl moieties
formed the lower half (Figure 28a,b). The highly amphiphilic
nature of 25 allowed micro-phase separation and molecular
ordering in aqueous media forming fibers. The photoisome-
rization from stable-25 to metastable-25 and THI from
metastable-25 to stable-25 were studied using UV-vis and

1H NMR spectroscopy, demonstrating a metastable-25/stable-
25 ratio of 9:1 at PSS, and a half-life of 128 h at 20 88C and 2.7 h
at 50 88C for the THI step. Macroscopic strings were prepared
from a nanofiber-containing solution of 25 by a shear-flow
method in a calcium chloride solution, affording unidirec-
tionally aligned structures characterized by POM and scan-
ning electron microscope (SEM). The macroscopic strings
bent towards the light source from an initial angle of 088 to
a saturated flexion angle of 9088 within 60 s in water (Fig-
ure 28c). Furthermore, the macroscopic string of stable-25
could be pulled from the aqueous media and performed
photoactuations in air (Figure 28d), which allowed the
attachment and motion of a 0.4 mg piece of paper (Fig-
ure 28e). The photoactuation process in air allowed in situ
SAXS measurements to exclude the scattering effects from
aqueous media. According to the SAXS results (Figure 28 f),
a mechanism for the photoactuation was proposed involving
the photoisomerization from stable-25 to metastable-25
resulted in an increase of excluded volume around the
motor unit and disturbance of local packing arrangement in
the motor amphiphiles. In the meantime, the diameter of
nanofibers expanded while the total volume of the macro-
scopic string remained unchanged, resulting the contraction
of the string at the long axis. Considering the light penetration
and the thickness of the string (& 300 mm), a light intensity
gradient enables the bending of the macroscopic string
towards the incident light source. This study clearly demon-
strated that the motor amphiphile assembled hierarchically in
water with the individual nanofibers assembling into bundled
nanofibers and, more importantly, the nanofibers were
aligned unidirectionally, allowing for an effective energy
conversion, accumulation, and amplification of molecular
motion from the nanoscale up to macroscopic dimensions.

In this artificial muscle, the electrostatic interaction
between the carboxylate groups of motor amphiphile 25 and
Ca2+ allowed the stabilization of nanofiber of 25 and the
formation of a macroscopic string. The effect of the nature of
the cationic counterion on the hierarchical assembled supra-
molecular structure was investigated to show the dependence
of the ion effect on the nanofiber formation, aggregation of
nanofiber, structural order of macroscopic string, and its
photoactuation speed (Figure 29).[232] The 2D-SAXS images

Figure 27. Schematic illustration of the hierarchical self-assembled
structures of 24. Adapted with permission from ref. [230]. Copyright
2015, Macmillan Publishers Limited, part of Springer Nature.

Figure 28. Schematic illustration of (a) hierarchical supramolecular
assembled structures with photoactuated property of 25 and (b) iso-
merization processes of 25. A nanofiber-containing solution of stable-
25 was manually drawn from a pipette into a CaCl2 solution to achieve
unidirectional alignment in bundles, generating a string that was able
to bend upon exposure to UV irradiation in (c) aqueous media, (d) air
without weight and (e) with 0.4 mg paper as weight, scale bar: 0.5 cm.
(f) In situ SAXS of a stable-25 string before and after actuation,
demonstrating the photoactuation mechanism. Adapted with permis-
sion from ref. [231]. Copyright 2018, Macmillan Publishers Limited,
part of Springer Nature.

Figure 29. Schematic illustration of molecular structures of amphi-
philes 25–28 with various lengths of alkyl linkers and the hierarchical
organization and photoactuation process of their assembled structures
by the addition of different cationic counterions. Adapted with
permission from ref. [232]. Copyright 2018, American Chemical Soci-
ety.
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of stable-25 macroscopic strings, prepared from a series of
chloride salts, demonstrated the cationic counterion effect on
the orientational order, i.e., the order of counteractions for
increasing the degree of unidirectional alignment in stable-25
macroscopic strings: Ca2+ > Mg2+ > Be2+ & Sr2+ & Sc3+ >

Ba2+ & Li+ & Na+ & K+. Except for tuning the orientation
order, the cationic counterion also affect the actuation speed
of stable-25 macroscopic strings, i.e., the order of counter-
actions for accelerating actuation speed: Ca2+ > Mg2+ > Sr2+

& Sc3+ > Be2+. The stable strings of 25, prepared from
solutions of BaCl2, LiCl, NaCl, and KCl, revealed no align-
ment, and no actuation was observed upon photoirradiation.
The results indicated that the structural order and orientation
order of the string, as well as the actuation speed, can be fine-
tuned by selection of a particular metal chloride for preparing
the stable-25 macroscopic string. In addition to the counter-
anion effect, the alkyl linker of motor amphiphile connecting
the carboxyl group to the lower half of the motor unit was
modified to various lengths (amphiphile 25–28) to provide
a systematic modification of the packing in the resultant
motor amphiphile strings and their actuation functions
(Figure 29). The results showed that stable-25 was the optimal
structure to allow a high structural order and a fast actuation
speed. This study successfully demonstrated that the three-
dimensional unidirectionally aligned hierarchical supra-
molecular structure and its actuation function can be con-
trolled and modified simply by the nature of the cationic
counterions, without covalent modification of the motor
amphiphile.

Recently, we reported the first dual-controlled macro-
scopic actuation and cargo carrier from a supramolecular
hierarchical assembled structure of a motor amphiphile.[233]

The motor amphiphile 29 was designed with two additional
histidine moieties from 25, which acted as the nucleation site
for iron nanoparticles (FeNP) formation (Figure 30 a). A
macroscopic string with higher structural orientation was
prepared from a combination of a nanofiber-containing
solution of stable-25 and FeNP-29 (the nanofibers of stable-
29 in indirect contact with iron nanoparticles on the surface),
which were observed in POM, SEM, and SAXS measure-
ments. The resulting string bent towards the incident light
source (365 nm light) from an initial angle of 088 to a saturated
flexion angle of 9088 within 25 s. Furthermore, the macroscopic
string of FeNP-29/25 was able to move towards a magnetic
field within 2 s (Figure 30 b), allowing for the application in
a cargo transport process (Figure 30c–g). By sequential
control of light/magnetic stimuli, the macroscopic string of
FeNP-29/25 could carry a piece of paper away at & 2 cm
distance from the original position through consecutive cargo
capture, transfer, and release processes.

While both bola- and head/tail-photoresponsive molec-
ular amphiphiles are able to build supramolecular actuators
across length-scale, muscle-like functions by using external
stimuli, i.e., light and a magnetic field, were achieved in water
using head/tail-photoresponsive molecular amphiphiles
assembled into anisotropic hierarchical supramolecular struc-
tures with controllable structural order and actuation speed.
This allowed the application of cargo transport and weight
lifting, and an experimental demonstration of molecular

energy conversion, accumulation of mechanical strain of
photoresponsive molecular amphiphile and amplification to
macroscopic actuation using such small molecule-based
supramolecular systems (for a related approach using poly-
mer gels and molecule motors by the Giuseppone group,
see[234–236]). However, limitation so far is the slow thermal
helix inversion which hinders a reversible macroscopic
actuation under ambient conditions, whereas the biocompat-
ibility of these materials remains unexplored. On the other
hand, the examples discussed here unequivocally demon-
strate that anisotropic hierarchical supramolecular assemblies
of photoresponsive molecular amphiphiles can perform
actuation in aqueous media. Arguably, the combination of
photoswitches, amphiphilic structures and hierarchical supra-
molecular organization offers bright prospects for bridging
the gap between responsive molecules and macroscopic
function.

Figure 30. Schematic illustration of (a) the hierarchical organization
from a combination of FeNP-29 and 25 and (b) a FeNP-29/25 string in
a CaCl2 solution moved towards a magnetic field from the right.
Snapshots of a dual-controlled cargo process in a CaCl2 solution: (c) a
FeNP-29/25 string in position B was (d) changed to a curved-shape
upon photoirradiation, (e) carrying a piece of paper to position C
guided by a magnetic field, (f) followed by changing to a linear-shape
upon photoirradiation, (g) unloading the paper and moving to position
D. Adapted with permission from ref. [233]. Copyright 2019, Wiley-
VCH.
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5. Summary and outlook

Supramolecular assemblies of amphiphiles in water are
sustaining essential structures and functions in living organ-
isms and are typically part of more complex adaptive and
responsive systems. Taking inspiration from these biological
systems and merging stimuli-responsive units with synthetic
molecular amphiphiles provides fascinating opportunities
towards well-defined supramolecular assembled structures
which combine adaptive behavior with biomimetic functions.
Compared to other external stimuli, light has the distinct
advantage that it is non-invasive and can provide high spatial-
and temporal control. We have discussed various approaches
towards photoresponsive molecular amphiphiles, their assem-
bly and dynamic functions, and illustrated major achieve-
ments in this emerging field of supramolecular chemistry.
Addressing systems both at air–water interfaces and in
aqueous solution, an overview has been presented of dynamic
functions of photoresponsive amphiphiles in Gibbs mono-
layers, isotropic systems comprising photoresponsive amphi-
philes for reversible control of assembly in water, as well as
anisotropic assembly for amplification and actuation along
length scales.

It is evident that the transformation of morphological
states and physical parameters in both Gibbs monolayers, i.e.,
air–water interface, and in solution can be precisely con-
trolled via the supramolecular assemblies of photoresponsive
amphiphiles. At the molecular level, the dynamic adsorption
and desorption of distinct isomers generated upon photo-
isomerization at air–water interfaces result in light-induced
flows, e.g., Marangoni flow, allowing for macroscopic length-
scale photoresponsive functions, such as photoresponsive
foams, optical particle deposition, liquid marble transport,
and control of crystallization. The present systems have
already clearly demonstrated that Gibbs monolayers formed
by photoresponsive amphiphiles at low concentration (below
1.0 wt %) allow smart responsive macroscopic functions and,
for instance, responsive foams illustrate potential for the
development of more environmental-friendly processing
techniques.

At a relatively low concentration (below 1.0 wt%),
photoresponsive amphiphiles show controllable supramolec-
ular structures, e.g., lamellae, vesicles, nanotubes, micelles, in
aqueous solution and their supramolecular structural trans-
formations allow for instance macroscopic gel-sol processes of
three-dimensional entangled networks. Furthermore, using
higher concentrations of precisely designed photoresponsive
amphiphiles (about 5.0 wt %) in aqueous solution, distinct
nanofibers can be formed. When aligned and tightly packed
into a macroscopic string, the highly oriented hierarchical
supramolecular structure of bundled nanofibers allows for
instance energy conversion from molecular rotations, accu-
mulation of strain in self-assembled structures, and amplifi-
cation of molecular motion into macroscopic actuation upon
photoirradiation. So far, by considering the amphiphile
structure, photoswitchable unit, concentration, and environ-
mental constraints (i.e., at interfaces and in solution), several
distinct supramolecular systems which show photoresponsive
behavior and tunable dynamic functions in water have been
realized. Despite this amazing recent progress in controlling
and exploiting dynamic assembly of responsive amphiphiles,
major steps are needed towards, for instance, biomedical
applications, smart materials development, and industrial
processes. Among the challenges of photoresponsive amphi-
philes in aqueous media to be addressed are: (i) improved
biocompatibility of amphiphiles, (ii) amplification of motion
across length-scale, (iii) responsiveness to multiple stimuli to
enhance control of functional complexity (Figure 31).

The excellent compatibility of photoresponsive amphi-
philes in aqueous media has brought these systems closer to
bio-related applications. However, the intrinsic cytotoxicity of
highly charged amphiphiles might induce cell lysis of biolog-
ical membranes. Furthermore, most of the reported photo-
responsive amphiphiles are triggered by UV light, which
might cause serious damage upon application in bio-systems.
The toolbox of organic synthesis allows chemists to design
visible or near-infrared light-driven photoresponsive amphi-
philes (for recent photoswitch design, see refs. [237–256])
with reduced biotoxicity, such as using nonionic amphiphiles,
exploiting the full potential of photoresponsive amphiphiles
in bio-applications. Ultimately, through the encapsulation of

Figure 31. Outline of challenges and perspectives.
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drugs by photoresponsive amphiphiles, i.e., vesicles or lip-
osomes, stable systems for in vivo delivery with location-
specific drug release taking advantage of high spatial control
of light.

Although key steps in the amplification of molecular
motion across length-scale to macroscopic functions, i.e.,
foam rupture and muscle-type actuation, have been accom-
plished, current applications of these systems might be
hampered by the stability, repetitiveness, and cyclability of
the materials. Several of the reported photoresponsive
amphiphilic systems show promising reversibility, i.e., ten
cycles under specified conditions, however, continuous
motions or out-of-equilibrium functions remain largely unex-
plored. With improved biocompatibility, reversibility, and
driven by visible/near-IR light, photoresponsive amphiphiles
might ultimately allow supramolecular soft actuators to be
potentially applied as photoresponsive tissue/cell regenera-
tive material in vivo.

A more distant goal is the design of multiple stimuli-
responsive artificial systems with feedback controls and
compartmentation which might allow to develop systems
mimicking cellular functions. The control of motion using
light in combination with dynamic assembly provides tremen-
dous opportunities to achieve self-regulatory and autono-
mous operating behavior. However, the current examples are
mainly single stimulated systems, which are far from creating
biomimetic complex, adaptive, and intelligent features. In this
regard, through the design and synthesis of multiple respon-
sive amphiphiles, e.g., multi-wavelength photoactivation,
multiple response nature, cooperative functions, and com-
partmentalization, a series of sophisticated artificial systems
and ultimately artificial cellular like functions might be
indeed realized.

As has been illustrated here, taking advantage of the rich
chemistry of molecular amphiphiles and precise control of
structure and function through molecular photoswitches,
fascinating opportunities arise to reversibly control assembly
and function. Light and motion will guide the molecular
designer, even when one has to bridge troubled waters to
realize future biocompatible materials, soft actuators, and
complex dynamic systems.
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