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ABSTRACT: Colloidal self-assembly refers to a solution-processed assembly of nanometer-/micrometer-sized, well-dis-
persed particles into secondary structures, whose collective properties are controlled by not only nanoparticle property but 
also the superstructure symmetry, orientation, phase, and dimension. This combination of characteristics makes colloidal 
superstructures highly susceptible to remote stimuli or local environmental changes, representing a prominent platform for 
developing stimuli-responsive materials and smart devices. Chemists are achieving even more delicate control over their 
active responses to various practical stimuli, setting the stage ready for fully exploiting the potential of this unique set of 
materials. This review addresses the assembly of colloids into stimuli-responsive or smart nanostructured materials. We 
firstly delineate the colloidal self-assembly driven by forces of different length scales. A set of concepts and equations are 
outlined for controlling the colloidal crystal growth, appreciating the importance of particle connectivity in creating respon-
sive superstructures. We then present working mechanisms and practical strategies for engineering smart colloidal assem-
blies. The concepts underpinning separation and connectivity control are systematically introduced, allowing active tuning 
and precise prediction of the colloidal crystal properties in response to external stimuli. In the following section, various 
exciting applications of these unique materials are summarized with a specific focus on the structure-property correlation in 
smart materials and functional devices. We conclude this review with a summary of existing challenges in colloidal self-as-
sembly of smart materials and provide a perspective on their further advances to the next generation.  
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1. INTRODUCTION 

1.1 Stimuli-responsive Colloidal Assemblies 

Colloidal particles are nanometer-/micrometer-sized, dispersed 

particles with defined size, size distribution, shape, and prop-

erty.1 They are stabilized by a layer of surfactants or by func-

tional groups attached to their surfaces, which are organic mol-

ecules or charged terminating groups for preventing nanoparti-

cles from physical agglomeration and chemical transfor-

mation.2 These capping ligands, also named stabilizers or pas-

sivating ligands, facilitate the control over the particle size and 

shape during colloidal synthesis within the conventional kinetic 

size and shape control window, therefore allowing the easy ar-

rest of desirable properties that are determined by particle com-

position, size, and shape.3,4 Regulating the interactions between 

surface ligands, which in most cases interplays with other forces 

of different length scales, makes it possible to agglomerate the 

well-dispersed colloids in a controllable manner.5,6 Depending 

on driving force magnitude and directionality, this sequence of 

events creates superstructures of different dimensions, sizes, 

phases, and symmetries, ranging from highly ordered colloidal 

crystals with perfect Bravais lattice to superstructures with pure 

orientational orders and colloidal clusters of a few nanoparti-

cles.7-11 Such self-assembly of colloidal particles into a second-

ary structure offers new opportunities in preparing functional 

materials with desirable collective properties. The colloidal par-

ticles possess useful physicochemical properties, while their 

connectivity within the resultant superstructures is mainly reg-

ulated by colloid surface chemistry and environmental property. 

These remarkable superstructures feature unique particle sepa-

ration, allowing further processing to more complex hierar-

chical materials. In fact, the combination of size- and shape-de-

pendent properties of colloids with the ease of fabrication and 

further processing to an even more complex superstructure 

makes colloidal self-assembly attractive and promising in cre-

ating smart materials and devices with highly tunable collective 

properties in response to external stimuli.  

Colloidal crystals are occasionally referred to as "colloidal mol-

ecules" due to their apparent structural similarity with atomic 

and molecular crystals.6,7,12,13 However, over the last three dec-

ades, it has been gradually recognized that colloidal crystals are 

analogous to atomic or molecular crystals, with preparative 

strategy, growth pathway, and crystal symmetry being similar 

in many ways to those that have been established in colloidal 

nanocrystal synthesis.14 Treating dispersed colloids as reactive 

monomers allows for describing colloidal crystal growth 

through the classic nucleation-growth pathways.15-17 In some 

carefully prepared reactions (e.g., self-assembly of Janus parti-

cles with a defined surface patch,18,19 colloidal assembly driven 

by DNA base pair interaction or electrostatic attraction20), it al-

lows precise prediction of size, shape, and stoichiometry of a 

colloidal crystal and the coordination number of interacting col-

loids within the crystal.21-23 The growth of superlattices can also 

be visualized by solving the colloidal dynamics in quantum 

simulation or classical mechanics calculation, leading to direct 

observation of a dispersed phase growing into a superlattice of 

long-range order.24-26 Because of the great similarities between 

colloidal and atomic crystals, these powerful tools benefit the 

understanding of extremely fast nucleation at the early stage of 

nanocrystal growth.27,28 In another typical example, the self-as-

sembly of binary colloids into perfect superlattices driven by 

electrostatic attraction helps explain the origin of ionic crystals 

because of the same driving force and similar assembly thermo-

dynamics.29 These considerations underpin the important role 

of colloidal assembly in understanding the atomic and molecu-

lar crystal formation, which in turn promotes the clarification of 

structure-property correlation in these two highly relevant but 

distinct systems focusing on mater-mater interactions in com-

plementary length scales. While most colloidal crystals have 

perfect Bravais lattice, a few carefully prepared assembly pro-

duces superstructures without any atomic lattice equivalents30-

32 or quasicrystalline superlattices with only rotational sym-

metry.33-35  

But the ability to realize and control colloidal assembly is not 

only of fundamental importance: easy access to a wide range of 

colloidal crystals is a prerequisite for exploiting their excellent 

properties and smart responses to external stimuli. A great ben-

efit in this regard is the unique particle separation and regular 

spaces between highly ordered colloids, which serve as acces-

sible sites to guest molecules.36,37 One direct consequence of 

such guest molecule infiltration is many interesting property 

changes due to the ensuing alteration of surrounding dielectrics, 

like color changes in photonic crystals and plasmonic super-

structures.38,39 This advantageous structural property also al-

lows further incubation of colloidal superstructures in a func-

tional continuum material by a few established strategies such 

as the infiltration-polymerization process.40,41 These practical 

strategies open the door to many unique smart materials by us-

ing colloidal superstructures as responsive constituents or re-

movable templates, during which one may expect a great ex-

pansion of the structural complexity and potential applications 

of these remarkable materials. A few noticeable examples in 

this regard include inverse opals, hierarchical structures, inte-

grated biomimetic materials, which have demonstrated great 

success in developing high-performance colorimetric sensors,42 

energy storage and conversion,43-45 and smart soft robotics.46-48 

Another unique feature of colloidal superstructures is the weak 

coherent forces (e.g., van der Waals, DNA base pair interaction, 

hydrogen bonding, and dipole interaction) between assembled 

colloids, whose magnitude is much lower than covalent bonds 

in molecules. As a result, the particle connectivity inside a col-

loidal crystal is highly susceptible to external stimuli, enabling 

precise control over particle separation and thus crystal perio-

dicity. One consequence of these dynamic events is the highly 

tunable optical and mechanical properties of the colloidal su-

perstructures.49-52 The working principles underlying these at-

tractive phenomena are lattice-constant changes or even phase 

transitions driven by the employed external stimuli, including 

both local environmental changes (temperature, pH, ionic 

strength, depletant, humidity, solvent, etc.) and remote pertur-

bation (electric field, magnetic field, mechanical force, gravity 

force, light, etc.). Responsive photonic crystals and active plas-

monics are two compelling materials in this regard, which ben-

efit from the intrinsic advantages of colloidal assemblies and 

their brilliant responses to various stimuli in natural settings.52,53 

In fact, chemists have developed even more exquisite ap-

proaches to responsive colloidal superstructures, with many of 

them having been used for fascinating applications. If aniso-

tropic colloidal building blocks are used, it is possible to assem-

ble them into colloidal liquid crystals and control their collec-

tive orientation in the liquid crystal phase while maintaining 

structural integrity and lattice identity.54,55 Such orientational 
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control is operational to a unique set of building blocks, requires 

a long-range driven force for reversible and remote manipula-

tion, and provides many distinctive properties. A highly rele-

vant yet famous example is liquid crystals of polar molecules 

and various associated liquid-crystal phase transitions induced 

by an electric field.56-58 Despite significant variations in the mo-

lecular structure and composition, there are a few criteria in 

their chemical and physical properties to form a liquid-crystal 

phase. A literature review of these common features is always 

a good starting place to design colloidal liquid crystals. For ex-

ample, previous studies on liquid crystals have come to appre-

ciate that discotic, conic, or rod-shaped molecules are perfect 

candidates for thermotropic liquid crystals.59,60 This observation 

inspires researchers to assemble nanorods and nanoplates into 

liquid crystals, whose first effort was focused on graphene ox-

ide nanosheets because of their similar structures to liquid crys-

tal molecules and reduced sizes.61,62 For larger anisotropic col-

loids, a few advanced techniques are now available to produce 

responsive colloidal liquid crystals, including nanoscale mag-

netic assembly, electric field-driven assembly, mechanical ori-

entation control, DNA templating method, and colloidal self-

assembly.63-65 They have attracted considerable attention in pro-

ducing photonic and liquid crystals with orientation-dependent 

optical responses and active plasmonic superstructures with lin-

ear and chiral optical effects.66-68   

1.2 Scope of This Review 

Colloidal superstructures comprise a set of colloidal particles 

arranged with regular spaces in well-defined interparticle sepa-

ration or dispersed in a secondary continuum matrix, such as 

polymers, metal-organic frames, or inorganic functional mate-

rials. Photonic crystals are a unique type of colloidal superstruc-

tures with a periodic arrangement of nanoparticles in a long-

range order.  They feature photonic bandgaps and diffract bril-

liant structural colors corresponding to the bandgap frequency, 

which is determined by destructive and constructive interfer-

ence of light within the periodic structures.11,69 Their diffraction 

peak positions depend on crystal periodicity, orientation, and 

refractive index of constitutive nanoparticles and surrounding 

environments.52 These remarkable materials have been exten-

sively used as photonic pigments in anticounterfeiting, multi-

color displays, color printing, and colorimetric sensing.70,71 

Compared with conventional organic dyes or pigments used for 

coloration, photonic crystals are much brighter and more stable 

because their structural color comes from the diffraction rather 

than absorption of organic molecules. They also provide a 

widely accessible range of spectral colors. More interestingly, 

their structural colors are highly tunable by controlling crystal 

periodicity, orientation, and surrounding dielectrics, allowing 

dynamic colorimetric responses to changing environments. 

Other emerging materials that benefit from the combination of 

low-cost self-assembly and solid-state performances are plas-

monic superstructures featuring prominent plasmon coupling 

effects.72-74 In a general sense, plasmonic nanoparticles are con-

ductive inorganic nanoparticles stabilized by a layer of capping 

ligands.75 The free electrons confined in the nanometer-sized 

particles can form resonant oscillation under the excitation of 

electromagnetic waves. The excited surface plasmon, the so-

called localized surface plasmon resonance (LSPR), produces 

remarkable extinction and a sharp peak at the resonant wave-

length, which is determined by particle composite, size, and 

shape.75-78 If plasmonic nanoparticles self-assemble into close 

proximity, their LSPR couples mutually between adjacent na-

noparticles so that the peak position can be further tuned by reg-

ulating the assembled superstructures.79-81 The scope for these 

unique materials has promoted the intensive study of the self-

assembly of responsive plasmonic nanostructures for desirable 

physical properties. The research in these two distinct but 

highly related materials is developing so rapidly that many new 

concepts, working mechanisms, and practical strategies have 

first been put forward for these materials but later been com-

bined as a unified set of assembly control concepts. These em-

pirical or/and theoretical principles are also applied to an ex-

tended category of smart materials, including responsive colloi-

dal liquid crystals, advanced soft actuators, biohybrid materials, 

mechanical and electronic materials, and metasurfaces.  

 

Figure 1. Colloidal self-assembly approach to smart nanostruc-

tured materials.  

To explain the general concepts underlying these remarkable 

materials, it is necessary to comprehensively overview the de-

velopments and current stages of these materials within the cen-

tralized regime of stimuli-responsive nanostructured materials. 

Therefore, in this review, we outline a general set of concepts 

and working principles for creating smart nanostructured mate-

rials from colloidal self-assembly (Figure 1). In a general sense, 

smart nanostructured materials are nanomaterials that can 

change their physicochemical properties (optical, mechanical, 

electric, magnetic, catalytic properties, etc.) in a controllable 

manner in response to external stimuli, including local environ-

mental changes and remote perturbation. Besides, the super-

structures introduced in this review are assembled from colloi-

dal particles using various solution processes, which covers col-

loidal crystals with known lattice symmetry, three-dimensional 

(3D) superstructures of liquid crystal phase (only with orienta-

tional orders), two-dimensional (2D) lattices, and colloidal 

chains (linear, helical, branched, cross-linked, etc.), as well as 

colloidal clusters or molecules. Colloidal self-assembly driven 

by underlying and entropic forces of different length scales is 

first introduced to elucidate the dependence of superstructure’s 
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Figure 2. Magnetic dipole-dipole interactions in colloidal particles and the packing forces under external magnetic fields. (a) Simulated 

magnetic field distribution atop a cubic permanent magnet. (b) The z-component of the packing force. (c) The packing force of one nano-

particle in a magnetic field of the permanent magnet. Positive forces point to the positive direction of the coordinate. (d) The dipole-dipole 

interaction between two identical nanospheres. (e) The dipole-dipole force field between two interacting nanospheres with constant dipole 

moment and direction. (f) The tangent and normal components of the dipole-dipole interactions. 

collective properties on the constitutive particle connectivity, 

focusing on quantitative description of these forces and their 

unique features in producing superstructures of different sym-

metries, sizes, and dimensions. Based on these theoretical con-

siderations, we outline three unified sets of working principles 

for engineering smart colloidal assemblies, including tuning en-

vironmental physicochemical properties, actively controlling 

the interparticle separation, and regulating the superstructure 

orientation. These strategies have been extensively studied to 

tune the collective properties of superstructures and to control 

their responses to dynamic stimuli, leading to many interesting 

optical, mechanical, electrical effects, whose further develop-

ments inspire a broad spectrum of fascinating applications. As 

a result, the use of these remarkable materials is introduced in 

sequence to demonstrate their great potential in optical devices, 

biomedicine, energy conversion, and smart soft robotics. 

2. COLLOIDAL ASSEMBLY OF SUPERSTRUCTURES 

The driving forces play important roles in determining the in-

terparticle connectivity and, most importantly, the responses of 

superstructures to external stimuli. Understanding these na-

noscale interactions are therefore a primary requirement to cre-

ate and manipulate smart colloidal assemblies for desirable 

physicochemical properties. The successful regulation of forces 

between interacting colloids provides a widely accessible range 

of secondary structures whose collective optical, electronic, 

mechanical, and thermal properties can be used for creating in-

tegrated devices and smart materials. The clarification of com-

plex phase behaviors of colloidal assemblies under changing 

forces also enables exquisite control over superstructure re-

sponses under external perturbation, which is of fundamental 

importance and practical interest in developing smart colloidal 

assemblies. In this section, we introduce typical driving forces 

in assembling stimuli-responsive colloidal crystals and explain 

the dependence of superstructure size, symmetry, and collective 

properties on the force magnitude, length scale, and direction-

ality. This property is also manifested and explained by a few 

carefully chosen superstructures that are unique to driving 

forces of different symmetries and length scales.   

2.1. Nanoscale Magnetic Assembly 

Magnetic nanoparticles have different magnetization properties 

depending on their composition, shape, size, and crystallinity. 

For example, ferromagnetic nanoparticles have a permanent 

magnetic dipole with preferential parallel alignment to a mag-

netic field, while paramagnetic or superparamagnetic nanopar-

ticles have zero net magnetic dipole moment due to the random 

orientation of each magnetic domain. They can be magnetized 

under a magnetic field with an induced dipole moment of m = 

χHV, where χ, H, and V are the volume susceptibility, local 

magnetic field, and particle volume, respectively. The induced 

magnetic dipole will couple with the applied field, the so-called 

Zeeman coupling, which induces different assembly behaviors 

depending on the field uniformity. In a uniform magnetic field, 

the induced dipole in nanoparticles simply aligns themselves 

along the external field. Colloidal particles experience an addi-

tional packing force in an uneven magnetic field, which drags 

them toward regions with greater field strength and is responsi-

ble for the well-known magnetic separation and targeting.82,83 
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Consider a gradient magnetic field generated by a cubic perma-

nent magnet and imagine one magnetized particle in such an 

uneven field. It is possible to resolve the field distribution of the 

magnet and its exerted packing force on the particle. As shown 

in Figure 2a, the field strength decays exponentially from the 

magnet surface, forming a smooth field gradient. The packing 

force in such a typical dipole magnetic field depends on the lo-

cal field strength, which can be predicted by F=μ(m•)H, with 

μ being the surrounding permeability.84 This equation assumes 

an "equivalent" point dipole in the magnetized nanoparticle and 

requires access to the local field vector for a precise calculation. 

The dependence of packing force direction and magnitude is 

complicated due to the gradient of the dipole magnetic field. By 

decomposing the total force to a z-component (Figure 2b) and 

a complementary component in the x-y plane (Figure 2c), it is 

possible to reasonably describe the assembly of nanoparticles 

driven by the packing force. The z-component packing force is 

always negative with a maximum magnitude, predicting an at-

traction to the magnet surface (Figure 2b). The packing force 

tends to localize the particle to the cubic magnet center because 

of position-dependent attraction, as evidenced by the interesting 

force field in the x-y plane (Figure 2c). These two effects sim-

ultaneously separate the dispersed magnetic particles from a so-

lution and attract them to the nearest place to the magnet sur-

face.  

In addition to the packing force, two adjacent magnetic nano-

particles can interact through dipole-dipole coupling. In a sim-

ple case of one nanosphere with an induced magnetic moment 

of m, its generated magnetic field at the position of a second 

particle can be calculated by H=[3(m•r)r-m]/d3, where r is the 

unit vector pointing along connecting line to the second particle 

and d is the interparticle separation (scheme shown in the inset 

of Figure 2d). If the second particle has the same moment, the 

magnetic potential energy can be given by U=m•H=(3cos2ϴ-

1)m2/d3, where ϴ is the angle between the unit vector (r) and 

the external magnetic field and has a value between 0o and 90o. 

Clearly, the dipole-dipole interaction energy is a function of the 

azimuth and separation of the two particles, whose partial dif-

ferential against ϴ and d leads to the tangent (FT) and normal 

components (FN) of the dipolar force between them.  

𝑭𝑵(𝜭, 𝒅) =
𝜕𝑈(𝛳,𝑑)

𝜕𝑑
=

3(1−3𝑐𝑜𝑠2𝛳)𝑚2

𝑑4
𝒓          (1) 

𝑭𝑻(𝜭, 𝒅) =
𝜕𝑈(𝛳,𝑑)

𝜕𝛳
=

−3sin⁡(2𝛳)𝑚2

𝑑3
𝜭            (2) 

The force direction is defined by the unit vector, r and ϴ, as 

illustrated in the inset of Figure 2d. These theoretical consider-

ations lead to a quantitative description of the dipolar force be-

tween two magnetic nanoparticles, which is simply the vector 

sum of the normal and tangent components. Its magnitude first 

decreases and slightly increases as ϴ changes from 0o to 90o. 

More interestingly, the tangent component vanishes at parallel 

(0o) and perpendicular (90o) alignment and approaches the max-

imum in the middle. Meanwhile, the normal component 

changes from a negative to a positive value with a critical angle 

of 54.74o, which implies a transition from attraction to repulsion 

between the two interacting nanoparticles. This position-de-

pendent dipolar force drives the two particles into dimers, fur-

ther growing into long chains with parallel alignment to the ap-

plied field (Figure 2e). This phase behavior is confirmed by the 

2D mapping of the normal and tangent components of the dipo-

lar force (Figure 2f). In the repulsive domain (54.74o <ϴ≤90o), 

the normal force drives particles to move away from each other 

while the tangent force causes it to assemble within the attrac-

tive domain (0o ≤ϴ<54.74o) into a parallel linear chain. With 

finite element methods, it is possible to analyze the field distri-

bution of one nanoparticle and assembled superstructures in a 

uniform magnetic field, which benefits understanding the com-

plex coupling between nanoparticles and between particles and 

the field. In Figure 3a, the Zeeman coupling enhances the field 

strength at two poles of an induced dipole. Besides, the mag-

netic force between two nanoparticles in colloidal dimers de-

pends on the dimer orientation: repulsion (Figure 3b) and at-

traction (Figure 3c) for perpendicular and parallel chains, re-

spectively. If many nanoparticles are used in the nanoscale 

magnetic assembly, one may expect the formation of long 

chains with parallel alignment to the external field (Figure 3d).  

 

Figure 3. Magnetic field distribution of one nanosphere and two 

interacting nanospheres in a uniform magnetic field. (a) Magnetic 

field distribution of a superparamagnetic nanosphere with a parallel 

magnetic dipole to the magnetic field direction. The magnetic field 

distribution around (b) two repulsive and (c) two attractive dipoles. 

(d) The magnetic field distribution of linear chains formed by the 

dipole-dipole interactions. Reproduced with permission from ref 85. 

Copyright 2012 American Chemical Society. 

Although this simple calculation predicts the formation of one-

dimensional (1D) chains, the onset of this nanoscale magnetic 

assembly is facing a few challenges, including the synthesis of 

monodisperse magnetic nanoparticles and methods to prevent 

magnetic aggregation. Based on distinct properties of mag-

netism, superparamagnetic nanospheres are a natural candidate 

for creating magnetically responsive superstructures. The zero 

net magnetic dipoles without magnetization allow them to dis-

perse well in colloidal dispersion, while the induced magnetic 

dipole is strong enough to assemble them under an applied mag-

netic field.86 According to the concept of magnetocrystallinity, 

the critical domain size for the superparamagnetic-ferromag-

netic transition of Fe3O4 nanoparticles is ~30 nm; it is therefore 

becoming important to control the domain size of magnetite na-

noparticles in colloidal synthesis. To this end, a high-tempera-

ture hydrolysis reaction has long been established to synthesize 

colloidal nanocrystal clusters (CNCs) of magnetite (Fe3O4) with 

widely tunable particle size (30-200 nm) and small domain size 

(~10 nm).87,88 This superparamagnetic cluster is composed of 

small nanocrystals (Figure 4a) and has many polyacrylic acid 
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ligands so that they are negatively charged. Under a uniform 

magnetic field, they self-assemble into 1D photonic chains due 

to the interplay between magnetic attraction and long-range 

electrostatic repulsion (Figure 4b). Simply increasing particle 

concentration and field strength produces 2D photonic 

nanosheets (Figure 4c) and 3D photonic crystals (Figure 4d).89  

 

Figure 4. Magnetic assembly of superparamagnetic nanoparticles 

in a uniform magnetic field. (a) TEM image of superparamagnetic 

Fe3O4 colloidal nanocrystal clusters. Scale bar: 100 nm. Repro-

duced with permission from ref 88. Copyright 2007 Wiley-VCH 

Verlag GmbH & Co. KGaA, Weinheim. (b) TEM image of colloi-

dal chains from the magnetic assembly of the Fe3O4 colloids. Re-

produced with permission from ref 90. Copyright 2013 Elsevier Ltd. 

(c) SEM image of 2D nanosheets from the magnetic assembly of 

the high-concentration Fe3O4 colloids. Reproduced with permis-

sion from ref 89. Copyright 2013 American Chemical Society. (d) 

Phase diagram of the magnetic assembly of superparamagnetic na-

noparticles under a uniform magnetic field. Reproduced with per-

mission from ref 90. Copyright 2013 Elsevier Ltd.  

Although the theoretical calculation predicts strong repulsion 

between parallel chains, the strong electrostatic repulsion be-

tween high-concentration chains enables chain coalescence into 

zigzag nanosheets. One interesting phenomenon is the bright 

structural colors from the 2D nanosheets due to light diffraction 

in the highly periodic structures (Figure 5a). If a non-magnetic 

template is introduced to modulate local field distribution in the 

nanoscale magnetic assembly (Figure 5b), it is possible to pre-

pare more complex hierarchical superstructures. For example, a 

2D array of circular relief patterns (SEM shown in Figure 5c) 

can greatly enhance the local field strength around the patterns, 

leading to further arrangement of 2D photonic nanosheets into 

a secondary labyrinth structure (Figure 5d). 

 

Figure 5. Magnetic assembly of superparamagnetic nanoparticles 

into 2D photonic crystals. (a) Optical microscopy images of 2D 

photonic structures from superparamagnetic colloids with increas-

ing sizes from left to right samples. (b) Simulated magnetic field 

distribution on a templated that is immersed in a colloidal disper-

sion of Fe3O4 nanoparticles. (c) SEM image of a 2D array of circu-

lar relief patterns. (d) SEM image of the 2D photonic superstruc-

tures on the template. Reproduced with permission from ref 89. 

Copyright 2013 American Chemical Society. 

As particle concentration further increases, a formation of col-

loidal crystal array is confirmed by bright structural colors even 

under the absence of a magnetic field (Figure 6a).91 This self-

assembly of nanospheres into non-close-packed face-Centered 

Cubic (fcc) lattice is driven by concentrating effect, which often 

occurs in dense colloidal dispersions. Applying a magnetic field 

leads to a blueshift of the diffraction colors (Figure 6b), which 

is associated with a phase transition from polycrystalline to 

well-orientated, single-crystalline crystals (Figures 6c and 6d).  

 

Figure 6. Magnetic assembly of superparamagnetic nanoparticles 

into 3D photonic crystals. (a) Optical microscopy images of 3D 

photonic crystals under a magnetic field with a field strength of (a) 

0 G and (b) 120 G. Scale bars: 20 μm. Small-angle X-ray diffraction 

patterns of the 3D photonic crystals under a field strength of (c) 0 

G and (d) 1600 G. Reproduced with permission from ref 91. Copy-

right 2012 Royal Society of Chemistry. 

Such the nanoscale magnetic assembly is also operational for 

assembling non-magnetic nanoparticles by introducing the so-
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called "magnetic hole" effects. This interesting extension is ex-

perimentally achieved by dispersing guest non-magnetic parti-

cles in host ferrofluids; applying a magnetic field to the mixture 

provides the guest colloids with an opposite magnetic dipole. 

To understand this concept and its underlying mechanism, con-

sider one non-magnetic particle in magnetized ferrofluids under 

a vertical magnetic field and imagine an equivalent volume of 

ferrofluids replaced by the non-magnetic colloidal hole. This 

replacement creates an effective magnetic dipole in the mag-

netic hole with a moment equal to the total moment of the re-

placed ferrofluid while being opposite to the applied field (Fig-

ure 7a). The dipole moment in the magnetic hole can thus be 

calculated by a similar equation as the one for magnetic parti-

cles, m = -χeffHV, where χeff becomes the effective volume sus-

ceptibility of the ferrofluid.92 Based on this explanation, one 

may expect a similar assembly behavior of the magnetic holes 

as with the magnetic nanoparticles. The effective magnetic di-

pole is repulsive and attractive when two non-magnetic colloids 

are perpendicular and parallel to the external field (Figure 7b), 

respectively, suggesting a parallel chain formation in response 

to an applied magnetic field.85 However, one distinct property 

between these two systems is that a gradient magnetic field ex-

erts a positive packing force and thus drives the movement of 

the magnetic hole to a region with lower field strength.93 This 

opposite driving force has been quantitatively analyzed in a re-

cent review that addresses the nanoscale magnetic assembly for 

functional materials.66 Similarly to magnetic particles, it is also 

possible to pattens non-magnetic colloids using a non-magnetic 

template. For the 2D array of circular relief patterns shown in 

Figure 5, the simulation result demonstrates enhanced and re-

duced field strength around and above the circular relief, re-

spectively. Therefore, the repulsive packing force of non-mag-

netic colloids drives them to assemble atop rather than around 

the relief. This different behavior has been verified by an inter-

esting SEM image shown in Figure 7c, in which polystyrene 

beads assemble exclusively on the relief top with a high yield.94 

The magnetic assembly and patterning of general colloids fur-

ther extend the potential of nanoscale magnetic assembly and 

its applications in producing smart materials, including pho-

tonic crystals (Figure 7d).  

 

Figure 7. Magnetic assembly and patterning of general nanoparti-

cles through nonmagnetic templates. (a) Magnetic field distribution 

round a nonmagnetic nanoparticle dispersed in ferrofluid with a 

permanent magnetic dipole. (b) Magnetic field distribution round 

three interacting nonmagnetic nanospheres demonstrating the at-

traction and repulsion among them. Reproduced with permission 

from ref 85. Copyright 2012 American Chemical Society. (c) SEM 

image of the assembly and patterning of nonmagnetic beads in the 

ferrofluid. Scale bar: 10 μm. (d) Dark-field optical microscopy im-

age of the photonic patterns formed by assembling polystyrene 

beads on circular relief patterns. Scale bar: 20 μm. Reproduced with 

permission from ref 94. Copyright 2012 American Chemical Soci-

ety. 

The ability to control the colloidal magnetization property pro-

duces colloids with multipole symmetries and is also a key to 

developing even more complex superstructures. One practical 

approach in this regard is to assemble a mixture of colloids with 

different magnetic properties and sizes, which can be gradually 

extended to a diverse set of colloids for building hierarchical 

superstructures.95 The fact that the repulsive packing force of 

non-magnetic particles drives their movement to the weak-field 

region guides the assembly behavior and determines the loca-

tion of these magnetic holes. Consider a simple binary case 

where larger paramagnetic particles co-assemble with small 

non-magnetic ones. The smaller particles will assemble around 

the weak-field "equator" region of the large particles, leading to 

an interesting Saturn-ring configuration. If the size difference is 

opposite for these two types of magnetic dipoles, an inverse ring 

is produced, with large non-magnetic particles acting as cores 

and small magnetic counterparts as satellites. It is important to 

point out that all the self-assembly occurs in a ferrofluid, creat-

ing an effective opposite magnetic dipole in non-magnetic par-

ticles. This experimental onset enables precise control over the 

non-magnetic particles' magnetization, also making it possible 

to further tune the particle arrangement. Another alternative ap-

proach to fully exploiting possible assemblies is to add different 

types of building blocks. The magnetic assembly of trinary sys-

tems, for example, produces two-tone superstructures (Figure 

8). In the first case, which involves 1.0-μm and 0.21-μm non-

magnetic particles and 2.7-μm paramagnetic particles, the 

smaller and larger non-magnetic particles have a positive and 

negative dipole and therefore attach to the poles and equator of 

the magnetic particles, respectively (Figure 8a). In a second 

case using three types of particles with well-separated sizes, 

flower-like hierarchical structures are formed (Figure 8b).  

 

Figure 8. Magnetic assembly of colloidal superstructures with mul-

tipole symmetry. (a) Scheme (left panels) and fluorescent images 
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(right panels) of superstructures assembled from a four-component 

system: ferrofluid, 0.21-μm (red), and 1.0-μm (green) nonmagnetic 

polystyrene particles, and 2.7-μm paramagnetic core particles. (b) 

Scheme (left) and fluorescent image of superstructures assembled 

from the different four-component system: ferrofluid, 1.0-μm (red) 

and 9.9-μm (green) nonmagnetic polystyrene particles, and 2.7-μm 

magnetic core particles. Scale bars: 20 μm. Reproduced with per-

mission from ref 95. Copyright 2009 Springer Nature. 

Extending the nanoscale magnetic assembly to anisotropic col-

loids provides an additional degree of freedom to control crystal 

symmetry and structural diversity, whose implementation yet 

requires further theoretical consideration of the concepts of 

magnetic shape anisotropy and magnetocrystalline anisotropy. 

In fact, anisotropic colloids have an associated demagnetizing 

field that is not directionally equal, creating one or more easy 

magnetization axes. Consider a dilute dispersion of magnetized 

nanoparticles in a uniform magnetic field, where only the Zee-

man coupling is effective due to low particle density. The long-

range packing force will assemble these nanoparticles so that 

their easy axes are parallel to the external field. This general 

property underpins the important role of magnetic shape anisot-

ropy in assembling non-spherical nanoparticles (e.g., nanorods, 

nanocubes, and nanoplates). The demagnetizing field is oppo-

site to the external magnetic field with a magnitude of B=-

μ0N•m, where N and μ0 are the demagnetizing tension and mag-

netic permeability of free space, respectively. The particle en-

ergy in the demagnetizing field is calculated by the following 

equation: 

𝐸 = −
1

2
∫𝐵 • 𝑚𝑑𝑉          (3) 

This equation is further simplified based on a few assumptions 

to predict easy axes of typical shapes. For an infinitely long cyl-

inder, its demagnetizing energy is given by 0.25 μ0m
2sin2ϴ, 

where ϴ is the angle between the major axis and external mag-

netic field. Instead, for a considerably thin flat ellipsoid, its de-

magnetizing energy is given by 0.5μ0m
2cos2ϴ, where ϴ is the 

angle between the normal plane of the flat ellipsoid and the ex-

ternal field. Using these equations, one can easily predict that a 

nanorod or cylinder spontaneously organizes its major axis to 

the external field while a thin plate aligns its normal axis per-

pendicular to the field.68  

The presence of an easy axis makes the magnetic assembly of 

non-spherical particles more complicated than the spherical 

counterparts but understanding the magnetic forces between 

two colloids is always a good starting place to access complex 

yet interesting assembly phases. One great benefit associated 

with magnetic shape anisotropy is the preferential parallel 

alignment of the easy axis of anisotropic particles to the field 

such that one may neglect the rotational degree of freedom in 

calculating their magnetic forces. For example, the magnetic in-

teractions of simple nanorods can be calculated by rotating a 

second nanorod around the middle primary one from 0o to 90o 

(Figure 9a), with a constant surface-to-surface separation once 

a time. The magnetic forces are resolved based on finite element 

methods, with their magnitude depending on particle azimuth 

(ϴ) and separation (Figure 9b). The force strength monoton-

ically decreases with gradually increasing separation, but its de-

pendence on the azimuth is much more complicated with a max-

imum value in a certain direction of the interaction. This inter-

esting profile implies that moving the second rod from 90o to 0o 

has much more complex physical effects than a simple separa-

tion process and that interpreting the underlying physical prin-

ciples needs further force analysis. To this end, the magnetic 

forces are decomposed into tangent (left panel in Figure 9c) and 

normal forces (right panel in Figure 9c) relative to the rod sur-

face normal. With arrows indicating local force direction, it is 

easy to recognize a few important angles that define the force 

boundary. The normal component changes from repulsive to at-

tractive force as ϴ increases to 90o, leading to a separation-de-

pendent force boundary. Within the attractive domain, the tan-

gent force approaches zero at a critical angle, where the two 

nanorods only assemble to closer proximity while hardly shift-

ing their relative position. Notably, this critical angle changes 

in coordination with the rod separation, whose physical mean-

ing represents surface coating of a given thickness. In this way, 

it is straightforward to recognize the thermodynamic equilib-

rium position of two interacting nanorods. This finite element 

analysis further allows precise prediction of the critical angle 

and equilibrium binding direction of a set of nanorods, leading 

to a conclusion that the magnetic assembly of nanorods is de-

pendent on size, aspect ratio, and coating thickness (Figure 9d).  

 

Figure 9. Magnetic assembly of nanorods and their dipole-dipole 

interactions. (a) Schematic illustration of the geometry for simulat-

ing the magnetic interactions between two nanorods. (b) Depend-

ence of the dipole-dipole interactions between two nanorods with 

parallel alignment. (c) 3D mapping of tangent (left) and normal 

(right) components of the total magnetic force. The value of t is half 

the surface-to-surface distance between the magnetic nanorods. (d) 

3D mapping of the equilibrium states in the magnetic assembly of 

nanorods, defined by a critical angle between two interacting nano-

rods. The ϕc(50, 150) represents the critical angle for assembling 

magnetic nanorods with a diameter of 50 nm and length of 150 nm.  

The magnetic field distribution around two interacting nanorods 

provides visible tools to analyze their magnetic force dynamics. 

Figures 10a to 10d show the field distribution of two nanorods 

at 0o, the force boundary, the critical angle, and 90o, respec-

tively, whose corresponding local field magnitude and direction 

are systematically mapped from Figure 10e to 10h. Clearly, 

their magnetic interaction changes in sequence from repulsion 
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to attraction at the force boundary and produces an optimal con-

figuration at the critical angle.  

 

Figure 10. Magnetic assembly of nanorods and their magnetic field 

distribution. Magnetic field distribution (top) and mapping (bot-

tom) during magnetic assembly of two nanorods: (a, e) at 90o; (b, 

f) at the repulsion-attraction boundary; (c, g) at the critical angle; 

and (d, h) at 0o. The angle is defined between the connecting line 

between two nanorod centers and the z-axis, where is also the mag-

netic dipole direction.  

In experiments, this sequence of events creates exquisite 3D su-

perstructures with perfect lattice and unique symmetry in the 

magnetic assembly of monodisperse nanorods, as revealed by 

the TEM images in Figures 11a and 11b. The distinct 2D pro-

jection patterns suggest the reduced lateral symmetry of the col-

loidal crystals, leading to the unique orthorhombic 2D lattice in 

Figure 11a and layer-by-layer packing of nanorods in Figure 

11b. A close analysis of this interesting lattice suggests a body-

centered tetragonal colloidal crystal, with one rod in the unit 

cell center and eight rods in the unit cell vertex (Figure 11c). 

 

Figure 11. Magnetic assembly of nanorods into tetragonal colloidal 

crystals. (a, b) TEM images of the body-centered tetragonal colloi-

dal crystals with crystal orientation of (100) and (110), respec-

tively. (c) Schematic illustration of the body-centered tetragonal 

colloidal crystals.  

Another different but related concept uses the magnetocrystal-

line anisotropy of magnetite nanocubes for assembling helical 

superstructures.96 This remarkable magnetic assembly involves 

forming a thin nanocube dispersion between a liquid-air inter-

face, followed by magnetic assembly upon evaporating the sol-

vent. One unique feature of the cubic building block is that their 

easy axis is the [111] crystallographic direction, diverging from 

any geometric axes favoring close packing (Figure 12a). At a 

low particle surface concentration, 2D nanobelts of [100]-ori-

entated nanocubes are formed but with a magnetic dipole in 

each nanocube varying with applied magnetic field strength due 

to the competition between dipole-dipole interactions and Zee-

man coupling. Increasing the particle concentration to a moder-

ate range, 2D belts with [110]-orientated nanocubes are the 

thermodynamic equilibrium product, as favored by both the 

Zeeman coupling and dipole-dipole interaction. However, in a 

high concentration, all the magnetite nanocubes tend to align 

their easy axes to the external field, thus leading to single-

stranded helical structures (Figure 12b). A further analysis con-

tributes such striking superstructures to the competition be-

tween magnetic and spatial symmetries, and the rearrange of 

belt structures to helix minimizes the system energy as sug-

gested by Monte Carlo simulations (Figure 12c). A similar 

competing effect is also reported in the magnetic assembly of 

large nanocubes for orientation-dependent photonic re-

sponses.97 In this study, the nanocubes are polycrystalline such 

that they only feature magnetic shape anisotropy with an easy 

axis along cubic [111] direction. The competition between Zee-

man coupling, favoring [111] direction, and dipole-dipole cou-

pling, favoring [100] direction, interestingly produce 1D chains 

containing [110]-orientated nanocubes.  
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Figure 12. Magnetic assembly of nanocubes into helical superstruc-

tures. (a) TEM image of monodisperse magnetite nanocubes. (b) 

TEM image of the single-stranded helical superstructures from the 

magnetic assembly of nanocubes. (c) A snapshot of the helical su-

perstructures predicted from computer simulation. Reproduced 

with permission from ref 96. Copyright 2014 The American Asso-

ciation for the Advancement of Science.  

2.2. Van der Waals Force 

In addition to electrostatic interaction, van der Waals force is 

another primary contributor to the total potential energy of in-

teracting colloids, according to DLVO theory.98-100 It is a uni-

versal force between noncharged molecules from three different 

contributions, Keesom force (attraction between permanent di-

poles), Debye force (attraction between permanent and induced 

dipoles), and London dispersion force (attraction between fluc-

tuating and induced dipoles), which therefore has been exten-

sively studied in regulating the collective properties of super-

structures in response to external stimuli. Van der Waals force 

is a short-range force with its magnitude inversely proportional 

to the sixth order of molecular distance. It differs from the di-

pole-dipole attraction between polar molecules by considering 

the rotational degree of freedom of interacting molecules, 

whose magnitude is basically the ensemble average over all 

these configurations. Therefore, for two molecules with the di-

pole moments of m1 and m2, the angle averaged Keesom force 

and Debye force potential in kBT can be given using the follow-

ing two equations:101  

𝑉𝐾𝑒𝑒𝑠𝑜𝑚 =
−𝑚1

2𝑚2
2

24𝜋2𝜀0
2𝑟

2𝑟6
          (6) 

𝑉𝐷𝑒𝑏𝑦𝑒 =
−𝑚1

2𝛼2

16𝜋2𝜀0
2𝑟

2𝑟6
         (7) 

where α is the polarizability. However, colloidal particles have 

given shapes and number of atoms, and calculating their van der 

Waals force is to integrate all interacting atoms over the entire 

volume, which makes the calculation dependent on particle 

shape. For example, in two interacting nanospheres, it is possi-

ble to derive the following formula to compute their van der 

Waals force potential: 

𝑉𝑣𝑑𝑊 = −
𝐴

6
(

2

𝑅2−4
+

2

𝑅2
+ 𝑙𝑛

𝑅2−4

𝑅2
)          (8) 

In this equation, A is the Hamaker constant between particles102 

and R=r/a, where r and a are particle center-to-center distance 

and particle radius, respectively. Notably, the force integration 

is often simplified using the coarse grain method, which divides 

nanoparticles of a given shape into isolated domains. The van 

der Waals force is estimated by summing over the forces be-

tween all possible domain pairs instead of atom pairs.96 Another 

noticeable variation in colloidal systems is the van der Waals 

force between surface capping ligands, which plays an im-

portant role in assembling colloidal particles because of their 

close contact. Particularly in the self-assembly of nanoplates, 

van der Waals force between neighboring alkyl chains is 

stronger than the nanoplate cores because of the interdigitated 

configuration of ligands adhered to adjacent plates (Figure 

13a).103 In fact, the van der Waals force between ligands on the 

edges of nanoplates is so effective that its competition with 

shape anisotropy of plates leads to interesting 2D superlattices 

with an alternating tessellation of nanoplates (Figure 13b). The 

deterministic roles of organic tethers in regulating effective na-

noparticle interaction have also been discussed in the self-as-

sembly of colloidal superlattices.104-106 Obviously, such ligand-

ligand interactions are more effective if the particle surface is 

flat rather than curved.107  

Controlling the size, morphologies, and stoichiometry of super-

lattices is possible in a few defined self-assembly processes 

driven by van der Waals force. Because of the presence of re-

pulsive forces between dispersed nanocrystals, like steric or 

electrostatic repulsion, their self-assembly usually starts with 

the destabilization of their colloidal dispersion, which typically 

involves nonsolvent addition,108 depletant addition,109 and mi-

celle deposition.110,111 In an elegant example, water-soluble 

semiconductor nanorods self-assemble into monodisperse su-

perstructures via micelle deposition in diethylene glycol (Fig-

ure 13c).110 A close investigation suggests that spherical super-

structures made of  >80000 nanorods contain a central cylindri-

cal domain of close-packed rods capped by two domes (left 

panel in Figure 13d). The size of the spherical superstructures 

can be controlled by the number of surfactants present in the 

solution. These observations lead to a favorable growth mecha-

nism of the superlattices driven by van der Waals force and di-

pole interaction, in which small rod domains below a critical 

radius of stable nuclei coalesce into the capped spherical super-

structures. Destabilization of the rod dispersion by slow diffu-

sion of polar nonsolvent allows kinetic control of leaving cap-

ping ligands, which creates facet-selective functionality of the 

nanorods. This sequence of events yields single-domain, elon-

gated needle-like superstructures (right panel in Figure 13d) or 

superparticle platelets.108 Several comprehensive studies of bi-

nary nanocrystal superlattices have jointed to appreciate that 

van der Waals force in combination with other driving forces 

creates copious superstructures with widely tunable stoichiom-

etry, and that van der Waals is of particular importance in sta-

bilizing these complex structures for characterization and fur-

ther processing to smart materials. For comprehensively under-

standing self-assembly of small nanocrystals, we present the 

possible sixteen superstructures from binary nanocrystals in 

Figure 14 and refer the readers to a nice review that focuses on 

all the aspects of nanocrystal superlattices.  

https://en.wikipedia.org/wiki/Canonical_ensemble
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Figure 13. Self-assembly of superstructures driven by van der 

Waals force. (a). Calculated molecular structure of surface ligands 

on the (101) surface of nanocrystals. (b) TEM image of alternating 

arrangements of hexagonal nanoplates. Scale bar: 100 nm. Repro-

duced with permission from ref 103. Copyright 2013 Springer Na-

ture. (c) Scheme of the self-assembly of nanorods in colloidal dis-

persions. (d) SEM images of spherical (left) and ellipsoidal (right) 

colloidal crystals. Reproduced with permission from ref 110. Copy-

right 2012 The American Association for the Advancement of Sci-

ence. 

2.3. Interactions between Ligands 

It is well-known that chemical compounds or biomolecules 

have solvation shells if they are properly dissolved in a solvent. 

Similar to the solvent shells of any free molecules in a solution, 

there also exists a solvation layer surrounding colloidal particles 

due to the interactions between ligands and solvent mole-

cules.112,113 Depending on the ligands and solvents in the colloi-

dal dispersion, the solvation layer exerts different forces be-

tween colloids, such as the steric repulsion between neutral lig-

ands and the attractive van der Waals force that drives nanopar-

ticle self-assembly. In addition to the physical interactions, 

some reactive ligands can form chemical bonds and thus drive 

the self-assembly of nanoparticles into diverse crystals, with the 

specific interaction between DNA as a representative example. 

Because colloidal assembly is the self-organization of dispersed 

nanoparticles, it is the surface ligands and the associated solva-

tion layers that come in contact as the self-assembly proceeds. 

Therefore, the interactions between ligands are of great im-

portance in mediating and understanding the assembly behav-

iors of nanoparticles in colloidal dispersions. Common interac-

tions between surface molecules of colloids include the van der 

Waals forces, hydrogen bond, DNA base-pair interactions, 

chemical cross-linking.  

 

Figure 14. Self-assembly of binary superlattices. Each TEM image 

shows the crystal structure of a superlattice. Insets: schemes (left 

panels) and enlarged TEM images (right panels). Scale bars: 50 nm. 

Scale bars in insets: 20 nm. DDQC represents dodecagonal quasi-

crystal. Reproduced with permission from ref 114. Copyright 2016 

American Chemical Society.  

2.3.1. Electrostatic Interaction 

Like van der Waals force, electrostatic forces are ubiquitous at 

all scales for particles or molecules carrying charges (e.g., ions, 

colloids, macromolecules, and macroparticles), which can reg-

ulate particle separation for developing smart materials.115-117 

One unique feature that makes them distinct from van der Waals 

force is that electrostatic interactions can be either attractive or 

repulsive for oppositely charged and like-charged particles, re-

spectively. For two-point charges with a separation of r, their 

electrostatic force can be simply calculated by Coulomb's law 

as F=keq1q2/r
2, where ke is the  Coulomb's con-

stant (ke ≈ 8.988×109 N⋅m2⋅C−2). The q1 and q2 are the magni-

tudes of the two charges. In the colloidal systems, however, the 

quantitative description of electrostatic forces between charged 

nanoparticles is much more complicated because the interaction 

magnitude, direction, and length scale are very sensitive to the 

shape-dependent charge distribution of nanoparticles, the pres-

ence of counterions, solvent effect, solution temperature, and 

particle concentrations. On the other hand, these dependencies 

also enable the controllable self-assembly of nanoparticles for 

desirable responses if the electrostatic forces between them can 

be carefully controlled. Therefore, it is critical to find analytical 

or numerical solutions to predict the dependence of electrostatic 

forces on these important parameters.  

https://en.wikipedia.org/wiki/Coulomb%27s_constant
https://en.wikipedia.org/wiki/Coulomb%27s_constant
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When charged nanoparticles are dispersed in water, some cap-

ping ligands will be dissociated while others remain neutral de-

pending on the dissociation constant so that the nanoparticles 

have net surface charges to absorb oppositely charged counter-

ions (Figure 15a).118 These two physical processes create a 

double layer surrounding the nanoparticles, referring to two 

parallel layers of opposite charges, in which the first layer com-

prises charged ligands due to the dissociation of surface func-

tional groups. In contrast, the second layer is made of the coun-

terions attracted to the surface charges via electrostatic 

forces.119,120 The association-dissociation equilibrium of such 

complex structures is determined by a constant Keq, which is the 

intrinsic properties of specific ligand-ion pairs. Another im-

portant parameter to characterize the associated exponential de-

cay of electrostatic potential (φ) in colloidal dispersions is 

called Debye screening length or simply Debye length (κ-1).121 

In an equilibrium system, the Debye length can be calculated 

by κ-1 =(ε0εskBT/2000e2NAI)-1/2, where kB, e, I, ε0, εr, NA, and T 

are the Boltzmann constant, the charge of the electron, the ionic 

strength of the solvent, permittivity of free space, the dielectric 

constant of the solvent, Avogadro constant, and absolute tem-

perature, respectively. This critical Debye length makes it pos-

sible to compute the electrostatic potential energy via the fol-

lowing equation based on the Derjaguin-Landau-Verwey-Over-

beek (DLVO) theory.122-124 

𝑉𝑒𝑙𝑒𝑐 = 2𝜋𝜀𝑟𝜀0𝑎𝜓0
2(𝑇)ln⁡(1 + exp(−𝑎κ(R − 2)))⁡       (4) 

In this equation, a and ψ0 are the radius of the particle and the 

surface potential of the particle. R equals r/a with r as the parti-

cle center-to-center distance. This equation predicts that, in ad-

dition to the known deterministic parameters of electrostatic 

forces (e.g., ionic strength, surface charge density, solvent), the 

temperature is also important in determining the driving forces 

between interacting nanoparticles. In fact, it has been used to 

reversibly assemble and dissemble charged nanoparticles for re-

sponsive plasmonic superstructures.123  

In a different but highly relevant theory that neglects the ion 

correlation effect, nanoparticles are assumed as point 

charges,125,126 and the electrostatic potential energy can be cal-

culated through analyzing the constant chemical potential in an 

equilibrium solution system. By substituting the derived local 

ion concentration and charge density into Poisson's equation, 

2=-/0, it is possible to calculate the electrostatic potential 

energy using the Poisson–Boltzmann equation for a monovalent 

electrolyte.127,128  

2 =
2𝑒𝑐𝑠

0𝑟
sinh⁡(

𝑒

𝑘𝐵𝑇
)         (5) 

The Cs is the bulk salt concentration. Accurately describing the 

electrostatic potential energy requires three different boundary 

conditions to further characterize the surface of charged parti-

cles and to specify the electrostatics of the system. In this re-

gard, the charged particle surfaces are divided into neutral sur-

faces absorbed by charged species and ionizable surfaces. 

Based on this simple approximation, three boundary conditions 

are recognized: constant charge, charge-regulating, and con-

stant potential conditions. In an ideal case where all the particle 

surface functional groups are dissociated, the constant charge 

boundary condition is the natural choice since external stimuli 

may cause small changes in the surface charge due to its high 

equilibrium dissociation constant. In a middle state, the disso-

ciation of surface ligands and the ionic equilibrium is compara-

ble, and their completing effects lead to a charge-regulating 

boundary condition.129,130 At a considerably low dissociation 

constant, however, the constant potential boundary condition is 

reasonable and adopted for calculation. Therefore, this theoret-

ical consideration produces three different electrostatic poten-

tials based on the involved boundary conditions (Figure 15b). 

Prior to using these equations, it is important to estimate the 

particle surface properties and the ionic strength in the solution 

so that an optimal condition and equation can be properly em-

ployed. Notably, these equations are operational for both elec-

trostatic repulsive and attractive forces but with different mag-

nitudes for any constant separation (Figure 15b) because the 

affinities of positively and negatively charged ligands with their 

counterions can be significantly different at the charge balance 

state. This situation is particularly true for charged nanoparti-

cles surrounded by monovalent counterions with considerably 

different sizes.131,132  

 

Figure 15. Electrostatic interactions between charged colloids. (a) 

Schematic illustration of dissociation of oppositely charged Au na-

noparticles. (b) Electrostatic interaction potential between the Au 

nanoparticles. The dashed curve is the asymptotic approximation 

of electrostatic interaction potential between spherical particles. 

Reproduced with permission from ref 118. Copyright 2009 John 

Wiley and Sons.  

These equations are possible to be extended to anisotropic na-

noparticles but with limited capability. This barrier is mainly 

caused by the structural complexity of anisotropic nanoparticles 

and their solvation layers, which makes many prerequisites un-

available. However, they can still provide considerable accu-

racy in predicting the self-assembly of a few common aniso-

tropic particles, like nanorods. Consider a case where the Debye 

length is considerably smaller than particle size and imagine the 

electrostatic force is only dependent on the local curvature of 

interacting colloids near the contact. It is possible to predict a 

"side-on" attachment of nanospheres to oppositely charged na-

norods, which is favored by a stronger attraction than the "end-

on" attachment. For assembling nanoparticles with the same 
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charges, one may expect a stronger repulsion in "side-on" than 

"end-on" attachments, which suggests a favorable "end-on" at-

tachment. In some cases, the polarization effect may be effec-

tive such that it imposes an additional limitation to the use of 

these equations.133 Albeit the accuracy in predicting forces, de-

termining the electrostatic force direction is particularly diffi-

cult for these equations. To this end, developing a new reliable 

method to overcome the existing barrier and precisely predict 

force directions is required to understand the colloidal self-as-

sembly driven by electrostatic forces.  

Coarse-grained simulation as an established methodology pro-

vides considerably accurate modeling of many complex sys-

tems, including the colloidal self-assembly problems. For 

demonstrating its unique capabilities, two nanorods with only 

orientational order and the same surface charges are used as a 

model system to predict their electrostatic interactions (Figure 

16a). With the assumption of a homogeneous charge distribu-

tion, it is possible to divide rod surface into finite, sufficiently 

small domains carrying identical charges (periodic dots in Fig-

ure 16a) such that each domain can serve as a point charge. 

Based on the classic Coulomb's law, the electrostatic forces be-

tween any two domains can easily be calculated, the vector sum 

of which provides both force magnitudes and directions with 

reasonable accuracy. Notably, this method has been extensively 

used in Monte Carlo simulation to provide a numerical ap-

proach to the thermodynamic equilibrium states of colloidal 

self-assembly.96,134,135 It is also operational to many underlying 

forces if there exist reliable equations to calculate the forces be-

tween grain pairs. In the case of electrostatic interactions, the 

rods experience both separation- and orientation-dependent re-

pulsive force, whose direction changes simultaneously. The 

force magnitude decreases as the rod center-to-center distance 

increases, consistent with the prediction of classic Coulomb's 

law (Figure 16b). What is interesting is the dependence of force 

direction on the rod relative orientation. Colloidal particles with 

arbitrary shapes can be treated as point charges if their separa-

tion is relatively larger than their sizes, and their electrostatic 

forces have been demonstrated to be along the rod connection 

line (namely center to center).136,137 When particle separation 

decreases from a value comparable with rod length, the electro-

static repulsion is gradually approaching the rod surface nor-

mal, whose dependence is difficult to predict based on empirical 

or numerical equations (Figure 16c). It allows to precisely cal-

culate different forces between interacting colloids and predict 

their thermodynamic equilibrium state and superstructures by 

analyzing these forces. The accuracy that can be achieved is 

only limited to the characterization of particle properties (sur-

face charges, ligand density, dielectric constant, etc.) and grain 

sizes.  

 

Figure 16. Electrostatic interactions between charged nanorods. (a) 

Scheme of the rod size. (b) Dependence of electrostatic repulsion 

on the azimuth angle (ϴ). (c) Changes in the electrostatic repulsion 

direction (α) with the azimuth angle. The numbers indicate the sur-

face-to-surface distance between the two nanorods. The curves la-

beled as “surface normal” and “center to center” are the predicted 

dependence of repulsion direction on the azimuth angle, assuming 

that the electrostatic repulsion is parallel to the surface normal and 

the center-to-center connecting line, respectively.  

In the self-assembly of colloidal nanoparticles stabilized by sur-

face charges, it is possible to assemble them into secondary 

structures by controlling the electrostatic repulsion. This strat-

egy has been extensively used in the solution-processed assem-

bly of responsive plasmonic nanoparticles motivated by their 

unique optical properties. A few associated attractive forces in-

clude underlying van der Waals force or emergent entropic 

force, which alone tends to assemble monodisperse nanoparti-

cles into dense clusters or close packing crystals with broadband 

coupling in the visible spectrum. To achieve optimal optical 

properties, many elegant methods have been developed to con-

trol these interplaying forces and thus the assembled plasmonic 

structures.138-140 A great benefit in this regard is that the electri-

cal double layer is reconfigurable depending on the structural 

geometry.141 In a colloidal oligomer from the self-assembly of 

a few nanoparticles, the electrical double layer reconfigures to 

wrap the whole oligomer due to the close arrangement of adja-

cent nanoparticles, which produces anisotropic electrostatic re-

pulsion to its neighboring monomers. Therefore, the neighbors 

will experience a stronger electrostatic repulsion when ap-

proaching the oligomer from the side than from the end. This 

consideration is consistent with the discussion in the electro-

static forces between nanorods and nanospheres and leads to fa-

vorable "end-on" attachment of colloidal monomers into chain-

like structures. When monomer is depleted, the number of oli-

gomers increases, making the selective addition of chains diffi-

cult and enabling the formation of branched chains.142 This in-

teresting phase property has been observed in many solution-

based self-assembly processes regulated by pH, salt, and tem-

perature.143-148 Producing perfect 1D chains without branches or 

other defects is possible by introducing strong anisotropic re-

pulsion to prevent morphological isomer formation, which may 

change the assembly pathway of colloids.138  

The fast developments of ligand-mediated self-assembly in the 

past two decades have come to appreciate that it somewhat re-

https://en.wikipedia.org/wiki/Emergence
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sembles a typical polymerization process, with assembly path-

way, polydisperse intermediate, and the final product similar in 

many ways to those involved in organic polymerization.149-155 

As monodisperse nanoparticles have the same tendency to as-

semble, many solution-processed self-assembly processes favor 

the step-growth polymerization pathway.149,151,156 That is, the 

colloid monomer first assembles into short chains, which fur-

ther join through branching and addition to form large chains 

(left panel in Figure 17a). One feature of this pathway is that 

chain size increases slowly initially but more dramatically in the 

later stage of the assembly process, leading to polydisperse 

branched colloidal chains (Figure 17b).157 In another case 

where a strong anisotropic driving force prevents any unfavor-

able side attachment, the self-assembly occurs through single-

particle addition and thus follows a chain-growth pathway 

(right panel in Figure 17a). This consideration partially ex-

plains why linear chains are produced through the chain-growth 

pathway (Figure 17c).158 The chain branching is possible in 

step growth, and one may expect highly cross-linked short 

chains in the final products instead of perfect linear chains. Alt-

hough the electrostatic repulsion is also anisotropic in step-

growth self-assembly, its weak strength probably explains why 

the kinetically favored branching effect can occur.  

 

Figure 17. Self-assembly pathway of plasmonic nanospheres medi-

ated by surface ligand interactions and van der Waals forces. (a) 

Scheme of two representative pathways. Reproduced with permis-

sion from ref 74. Copyright 2020 Elsevier. (b) TEM images of (b) 

branched chains from the step-growth pathway. Reproduced with 

permission from ref 157. Copyright 2011 American Chemical Soci-

ety. (c) TEM image of perfectly line chains from the chain-growth 

pathway. Reproduced with permission from ref 158. Copyright 2012 

John Wiley and Sons. 

Electrostatic self-assembly of oppositely charged nanoparticles 

can produce superstructures of defined crystal symmetry, 

mainly due to the interplay between electrostatic repulsion and 

attraction of similar magnitudes in such binary systems. For bi-

nary metal nanoparticles of similar sizes (Figure 18a),131 

screening electrostatic interactions is significant due to the me-

tallic cores and presence of counterions. The short screening 

length implies that electrostatic forces are effective only for na-

noparticles with the closest proximity. Crystallizing such a bi-

nary system in proper solvent leads to a diamond lattice with 

each nanoparticle coordinated with four oppositely charged 

neighbors (Figure 18b). The particle arrangement in diamond 

lattices has larger interparticle separation than NaCl and CsCl 

lattices, with a value close to 2κ-1. This unique structure features 

negligible positive electrostatic potentials due to the week re-

pulsion between like-charged nanoparticles, making it energet-

ically favorable compared with the other two candidates. Nota-

bly, the stoichiometry of a diamond lattice is simple AB type 

despite its low structural symmetry. A few close studies demon-

strate that it is possible to further extending the structural stoi-

chiometry to AB6 type using binary nanoparticles but with dif-

ferent sizes (Figure 18c).159 One great benefit associated with 

large size difference is a high likelihood that smaller particles 

can self-assemble in free gaps between larger particles. The in-

filling ratio and the lattice stoichiometry are dependent on the 

particle size and screening length of each component. In the 

self-assembly of equally sized nanoparticles, the phase diagram 

is simple, only producing NaCl and CsCl lattices in the crystal-

line domains (Figure 18d). Simply increasing the size differ-

ence of the two components yields a surprisingly complex phase 

diagram (Figure 18e), with the crystal symmetry highly de-

pending on particle charge ratio.  

 

Figure 18. Self-assembly of oppositely charged nanoparticles 

through electrostatic interactions. (a) Scheme and size of oppositely 

charged Au and Ag nanoparticles. (b) SEM image of assembled 

colloidal crystals and particle arrangement in the lattice. Repro-

duced with permission from ref 131. Copyright 2006 The American 

Association for the Advancement of Science. (c) Confocal image 

and the scheme of binary colloidal crystals. Scale bar: 4 μm. Self-

assembly phase diagram of two types of nanospheres with a size 

ratio of (d) 1 and (e) 0.31. Positively and negatively charged 

polymethylmethacrylate (PMMA) particles are represented in red 

and green spheres, respectively. Reproduced with permission from 

ref 159. Copyright 2005 Springer Nature.  

To tune the particle separation more efficiently, other short- and 

long-range forces have been introduced to electrostatic self-as-

sembly, including steric repulsion,29 van der Waals force,160-162 

entropic force,163 and surface patchy interaction.164 These forces 

allow to precisely tune the attractive overlap and electrical dou-

ble layers, direct the colloidal self-assembly into superlattices, 
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and, in some cases, fix the assembled crystals. For example, in-

troducing polymer brushes can induce effective steric repulsion, 

which prevents interacting nanoparticles from falling into the 

van der Waals regime and regulates the overlap of the electrical 

double layers.29 Its interplay with electrostatic attraction facili-

tates the tuning of interparticle separation and their electrostatic 

attraction, making the self-assembly susceptible to screening 

length. This consideration is confirmed by the pair potential 

profile, which demonstrates the convenient tuning of the local 

minimum by controlling screening length relative to polymer 

spacer. A comparable screening length to polymer thickness is 

important to establish a suitable ionic bond for the crystalliza-

tion of oppositely charged particles. In experiments, this opti-

mization can be readily reached by controlling NaCl concentra-

tion, leading to perfectly ordered ionic solids (Figure 19a). 

There only exists one narrow crystallization window for an es-

tablished combination of screening length and polymer thick-

ness. Such explicit dependence makes the superstructures stable 

through a self-locking mechanism. If a charged substrate is in-

troduced to accommodate heterogeneous nucleation, oppositely 

charged particles are possible to crystallize along specific direc-

tions, effectively shaping the grown solids (Figure 19b). This 

strategy is based on the electrostatic attractions between 

charged substrates and particles, which is also used in templated 

self-assembly on charge-patterned substrates165 and electrical 

assembly of tunable photonic crystals in electric cells.166,167  

 

Figure 19. Self-assembly of oppositely charged colloids into ionic 

solids. (a) Confocal microscopy (left) and computer simulations 

(right) of the ionic solids. Scale bar: 4 μm. (b) Bright-field micro-

graph (left) and SEM image (right) of monodisperse pyramid-like 

crystals. Scale bars: 20 μm.  Reproduced with permission from ref 
29. Copyright 2020 Springer Nature.  

2.3.2. Hydrogen Bonding 

A hydrogen bond refers to a universal electrostatic force be-

tween a hydrogen atom and a neighboring electronegative atom 

having a lone pair of electrons. Despite the associated complex-

ity and chemical variability of hydrogen bonds, it is possible to 

propose a flexible and general definition, which covers the 

strongest and weakest species of the family and inter- and intra-

molecular interactions. In the strict sense as proposed by Steiner 

and illustrated in the inset of Figure 20a,168 an X-H∙∙∙A interac-

tion is a "hydrogen bond" if it constitutes a local bond and X-H 

acts as a proton donor to A. Its dissociation energies span 0.2-

40 kcal/mol depending on donor and acceptor atoms, bond ge-

ometry, and environment, giving rise to a bond strength be-

tween van der Waals attractions and covalent or ionic bonds.168 

A typical hydrogen bond potential is given in Figure 20a, and 

it suggests an optimal bond length at the global minimum of 

these interacting potentials. And a hydrogen bond diverging 

from this equilibrium length implies a force toward the geome-

try of the lowest energy, that is, by attraction and repulsion if 

the real bond length is larger and smaller than the optimal 

length, respectively. In practice, distortion from the optimal 

bond length is still possible, but only a small population has an 

energy differing by more than 1 kcal/mol from the lowest en-

ergy.169,170  

Although its relatively weak bond strength compared with co-

valent or ionic bonds, its effect in the macromolecular and su-

pramolecular systems is significant due to the high density in 

polymer networks.171-174 It was later used as an effective driving 

force for the responsive self-assembly of colloidal particles, in-

cluding nanospheres175-177 and nanorods.144,178,179 One straight-

forward strategy in this regard is to modify metal nanoparticle 

surfaces with functional groups that are possible to form hydro-

gen bonds (e.g., -OH, -COOH, -NH2).
175 Depending on the bond 

strength, the order of the secondary structures and their degree 

of aggregation varies between different assembly conditions.180 

Similar hydrogen bonds can also form between colloidal parti-

cles and copolymers, leading to special particle arrangement on 

a soft copolymer template (Figures 20b and 20c).181 A few ad-

vanced strategies proposed controllable colloidal self-assembly 

using site-selective functionalization of particle surfaces178,179 

and by pH-responsive hydrogen bonds.144,175 An interesting ex-

ample in the first strategy is the end-to-end assembly of Au na-

norods driven by hydrogen bonds. This unique directional self-

assembly takes advantage of the inhomogeneous distribution of 

ligands on Au nanorods for selective functionalization of car-

boxylic groups. Because the dissociation constant of these func-

tional groups is dependent on ionic strength, pH, temperature, 

etc., most of the secondary structures cross-linked by hydrogen 

bonds are responsive to these stimuli. This compelling charac-

teristic makes hydrogen bonds very useful in developing smart 

colloidal assemblies in many solution processes and solid 

states.  
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Figure 20. Self-assembly of colloidal superstructures driven by hy-

drogen bonding. (a) Schematic representation of a typical hydrogen 

bond potential. Reproduced with permission from ref 168. Copyright 

2002 John Wiley and Sons. Inset is representative interactions be-

tween polymers. Reproduced with permission from ref 177. Copy-

right 2000 Springer Nature. (b) Scheme of hydrogen bonds be-

tween nanoparticles and polymers. (c)TME image of self-assem-

bled nanoparticles on polymer substrates. Reproduced with permis-

sion from ref 181. Copyright 2011 American Chemical Society. 

2.3.3. Molecular Dipole-Dipole Interaction 

Molecular dipole-dipole interactions are attractive forces be-

tween the permanent dipoles of molecules. Under such electro-

static attractions, polar molecules will align such that the posi-

tive end of one molecule interacts with the negative end of an-

other molecule. Therefore, the force strength is usually stronger 

than the London forces and weaker than ion-ion interactions. 

The potential energy in terms of kBT of an interaction between 

two permanent dipoles with moments of m1 and m2 can be 

simply calculated by Vdd(r)=-m1m2/2π0rr
3, where r is the min-

imal distance between the dipoles. Notably, the dependence of 

dipole-dipole potential on distance is different from that of 

Keesom force due to electrostatic interactions between rotating 

permanent dipoles. In fact, the electrostatic potential of differ-

ent rotational orientations of these dipoles needs to be averaged 

to calculate the Keesom interaction potential. Azobenzene is a 

photoactive molecule that can transform from its nonpolar trans 

configuration (m=0 debye) to polar cis (m=4.4 debye) configu-

ration (Figure 21a) under ultraviolet (UV) light excitation.182 

The molecular dipole-dipole interaction is much weaker in a po-

lar solvent than a nonpolar solvent. If the molecular rotation 

freedom is considered, the Keesom interaction potential is re-

duced to -0.9 kBT in toluene (see section 2.3 for Keesom inter-

action).  

If colloids are modified with polar molecules, the dipole-dipole 

interaction on the particle surface is strong enough to drive col-

loidal self-assembly. In this case, the total dipole-dipole inter-

action potential between two nanoparticles of radius a can be 

estimated by AeffVdd(r)N where N is the surface density of polar 

molecules and Aeff =2πar is the effective contact areas. This cal-

culation leads to total interaction energy of approximately 40 

kBT for two 3-nm Au nanoparticles bearing azobenzene on their 

surfaces, which is much stronger than the van der Waals forces. 

This consideration leads to the self-assembly of Au nanoparti-

cles into a dense cluster (Figure 21b).183 And the photoactive 

reversible isomerization enables the assembly and disassembly 

of the colloidal crystals in response to light irradiation (Figure 

21c), leading to dynamic color switching and potential applica-

tions in color printing and anticounterfeiting. A practical strat-

egy has incorporated the photoactive assembly of plasmonic na-

noparticles into polymer matrix for rewritable plasmonic papers 

along this line.184  

 

Figure 21. Self-assembly of colloidal superstructures driven by mo-

lecular dipole interactions. (a) Scheme of azobenzene thiol isomer-

izes from the trans- to the cis-conformation upon UV light expo-

sure. The cis-isomer has a strong molecular dipole. Reproduced 

with permission from ref 118. Copyright 2009 John Wiley and Sons. 

(b) Scheme (top) and digital pictures (bottom) showing the self-

assembly of Au nanoparticles driven by the dipole interactions be-

tween azobenzene derivatives. (c) SEM image of the self-assem-

bled colloidal crystals. Scale bar: 200 nm. Reproduced with per-

mission from ref 183. Copyright 2007 National Academy of Sci-

ences. 

2.3.4. DNA Base-Pair Interaction 

Deoxyribonucleic acid (DNA) is a biomolecule made 

of two polynucleotide helical chains, which encodes genetic in-

formation into its four nucleobases, adenine (A), guanine (G), 

cytosine (C), and thymine (T).185 To realize biological func-

tions, molecular machinery needs to translate a sequence of the 

four nucleobases into personalized materials using the twenty-

one proteinogenic α-amino acids. The assembly of DNA dou-

ble-helical chains relies on the Watson-Crick base pair interac-

tions, which are the preferential interactions between two base 

pairs, namely A with T and G with C, through hydrogen bond-

ing (Figure 22a).185,186 There are a few unique features that 

make DNA base pair interactions particularly useful in devel-

oping smart materials and structures. Firstly, the base pair inter-

actions are highly specific so that one DNA strand only reacts 

strongly with its complementary strand.187 Secondly, since the 

base pair recognition is based on hydrogen bonds, the dissocia-

tion constant of base pairs is dependent on temperature and 

ionic strength,188-190 with the bond strength and population re-

sponsive to external stimuli.191 To this end, a critical tempera-

ture is introduced where dissociation of hydrogen bonds occurs 

in DNA base pair to describe such thermoresponsive DNA 

recognition, which is between 40oC to 80oC for oligomers with 

~20 bases.192 While the high specificity allows the programma-

ble design of functional materials, the temperature-dependent 

properties make DNA reconfigurable and responsive to sur-

rounding changes, both of which are highly desirable in devel-

oping smart materials. Thirdly, the helical DNA chains are ideal 

templates for assembling chiral superstructures with tunable 

pitch and chirality (See section 3.3.4.).193-195 These unique fea-

tures have promoted extensive studies of the self-assembly of 

DNA into functional nanoscale structures. As a result, many 

concepts and principles for controlling the size, shape, and di-
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mension of the soft materials have been developed for these ma-

terials composed of DNA (purely DNA-based structural mate-

rials, like DNA origami).196-198 However, a unified set of self-

assembly protocols and concepts is simultaneously applied to 

composite materials containing DNA components, such as the 

nanoparticle-DNA hybrid nanostructures.20,193,199,200 These ma-

terials are expected to extend the application of DNA in colloi-

dal self-assembly, representing an emerging approach to smart 

materials.  

As a leading technique in colloidal self-assembly, colloidal 

crystals engineered with DNA have manifested the unique ad-

vantages of using DNA base pair interaction in controlling na-

noparticle connection. In current literature, the first evidence is 

the astonishing structural diversity of colloidal crystals involv-

ing DNA as a crosslinker, which varies from the most common 

unary fcc crystals (Figure 22b) to emerging isostructural crys-

tals with alkali-fullerene complex Cs6C60 (Figure 22c).201,202 In 

developing these high-quality crystals, three empirical strate-

gies have been recognized for driving colloidal self-assembly, 

with differences in DNA number and length. In the first scheme, 

double-stranded DNA serving as crosslinker is modified on par-

ticle surface through anchor DNA; the linker DNA has a single, 

unpaired flexor base so that this adhesive end can connect to 

particles. In a simpler protocol, nanoparticles are modified with 

self-complementary, single-stranded DNA, whose sticky ends 

at the terminus assemble nanoparticles into superlattices. The 

third scheme modifies the nanoparticles using single-stranded 

DNA but most frequently without self-complementary capabil-

ity. Colloidal connection requires an additional DNA cross-

linker (Figure 22d).203   

 

Figure 22. Colloidal self-assembly driven by DNA base pair inter-

actions. (a) Scheme showing the two base-pair interactions between 

DNA chains (credit to Madeleine Price Ball). Scheme (left) and 

TEM images (right) of (b) fcc and (c) Cs6C60 superlattices from Au 

nanoparticles. Scale bars: 50 nm. Reproduced with permission 

from ref 201. Copyright 2011 The American Association for the Ad-

vancement of Science. (d) Three practical strategies for DNA-

directed self-assembly. Reproduced with permission from ref 203. 

Copyright 2019 Springer Nature. 

Previous studies have recognized a few critical parameters in 

determining the self-assembly dynamics and kinetics, including 

DNA chain length, the sequence of the nucleobases, and the 

structural ratio of single-stranded DNA segments. A systematic 

study of the assembly phase and structures is beneficial to out-

line a set of concepts and predict the DNA-directed colloidal 

self-assembly. That is, nanoparticles with the same hydrody-

namic radii tend to form as many numbers of DNA bonds as 

possible; this simple rule is first proposed by the complemen-

tary contact model and has been confirmed in the self-assembly 

of isotropic nanoparticles (Figure 23a).201 For example, single-

component systems with self-complementary DNA strands 

self-assemble into fcc supercrystals with close packing and 

maximum DNA bonds.22,204-206 While in binary systems func-

tionalized with two or more different but complementary DNA 

strands, body-centered cubic (bcc) crystals are the thermody-

namic products because nanoparticles in a bcc superlattice pos-

sess the most DNA bonds with their complementary counter-

parts.22,201,204,206 An advanced strategy further extends the struc-

tural diversity using building blocks with multiple sticky ends 

such that a programmable connection is possible between nano-

particles (Figure 23b). Specifically, a binary lattice can be fur-

ther used as templates to assemble their building blocks into 

predictable positions if the particles have the suitable size to ac-

commodate such intercalation.201,207,208  In addition to the base 

pair interactions, there are other interactions between DNA 

chains, particularly the steric and electrostatic repulsion be-

tween the polyanionic phosphate backbones. These enthalpic 

and entropic forces react with the base pair attraction, change 

the interaction potential profile, and yield emerging lattices 

with crystal symmetry difficult to predict by the complementary 

contact model (Figure 23c). The role of repulsion in colloidal 

crystals engineered with DNA is quantitatively described in a 

self-assembly system coupled with DNA base pair attraction 

and excluded volume repulsion.209 One direct result of introduc-

ing repulsion is to increase the interparticle separation, which 

derives the crystal symmetry from the predicted CsCl phase to 

the Th3P4 phase for a binary system. This simple change in in-

terparticle separation implies subtle evolution in lattice sym-

metry, underpinning the important role of repulsion in produc-

ing superlattices with reduced symmetry.208-211 These assembly 

protocols and concepts can also be applied to prepare super-

structures from anisotropic building blocks (Figures 23d, 23e) 

or colloids with anisotropic surface properties (Figure 23f). 

Readers may refer to a recent critical review on colloidal crys-

tals engineered with DNA for a complete library of lattice sym-

metry.203  
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Figure 23. A summary of superlattices that have been achieved 

based on DNA-directed self-assembly. Reproduced with permis-

sion from ref 203. Copyright 2019 Springer Nature. 

2.3.5. Nonadditivity of Nanoscale Force 

The interactions between nanoparticles are normally estimated 

based on many assumptions to approximate the ligand distribu-

tion and to simplify the calculation.212 For example, the classic 

DLVO theory is being extensively cited to quantitatively de-

scribe the colloidal interactions, which uses distinct energy 

terms to compute individual force.213 In its classic equation, the 

total interaction potential is the sum of electrostatic (Vel), vdW 

(VvdW), and other contributing potentials (V’).214 In approaching 

each interaction potential, DLVO theory uses a few assump-

tions to deal with these dynamic forces acting on nanoparticles, 

which, however, sets limitations to its uses. Colloidal particles 

are simulated as regularly shaped objects with smooth surface 

curvature, homogeneous ligands on their surfaces, and negligi-

bly small ligands and solvation layers (Figure 24a).215 These 

assumptions provide a reasonably accurate description of as-

sembly behaviors of large particles but are facing increasing 

challenges to deal with the self-assembly of nanoparticles 

smaller than ~50 nm. Such essential distinction mainly origi-

nates from the size difference of a few orders of magnitude be-

tween microparticles and nanoparticles. Thence, the high spe-

cific surface areas of nanoparticles facilitate the morphology 

control during nanocrystal synthesis, which is most frequently 

achieved by choosing proper capping ligands to limit crystal 

growth on specific facets and yield nanoparticles of diverse 

shapes (e.g., cube, polyhedron, rod, dumbbells, plate, and 

star).216-218 While the nanocrystals with defined shapes are of 

both fundamental and practical importance to understand the 

unique properties associated with their nanometer sizes, the 

above facts pose additional challenges to predict their phase be-

havior during self-assembly because of the anisotropy in both 

ligand distribution and orientation (Figure 24b).215,219 Even the 

as-claimed spherical nanocrystals are, in fact, highly faceted 

such that the spontaneous unevenness of their accurate shapes, 

ligands, and solvation layers need to be taken into considera-

tion.220 A particular example in this regard is the collective be-

haviors of capping ligands on nanocrystal surfaces, exhibiting 

multibody phenomena at the molecular level, such as the spon-

taneous bunching of organic molecules (Figure 24c).221,222 One 

consequence of these events is the reconfigurable solvation lay-

ers in response to various physical parameters, like temperature, 

ionic strength, pH, solvent, and particle aggregation state,223-225 

calling for additional efforts to understand their dynamic prop-

erties. These considerations, in combination with the dynamic 

organic-inorganic interfaces of individual nanoparticles,1 un-

derpins the importance of developing new molecular dynamics 

to address such nonadditivity barriers spanning from molecular 

to nanometer scales.  

At the current stage, a new set of analyzing tools has been pro-

posed to solve the highly correlated forces and the interaction 

nonadditivity, such as atomistic simulations.215 The discreteness 

of capping ligands and quantum effect caused by the reduced 

size and large specific surface area of nanocrystals make it dif-

ficult to reach a reasonable correlation with experiments by 

simply adding smooth potentials contributed from the individ-

ual force. Molecular simulation methods, instead, avoid such 

complexity and determine the net interparticle potential of mean 

force directly from the atomistic level. This strategy provides 

adequate accuracy in describing the self-assembly and phase 

behavior of nanoparticles that have been observed in current 

characterization techniques. It also allows considering addi-

tional underlying forces (e.g., hydrogen bonding, capillary 

force, hydrophobic interactions) in understanding the self-as-

sembly of nanoparticles, which are difficult to be incorporated 

individually in the classic DLVO theory.226-228 On the other 

hand, the fast advances in liquid cell electron microscopy and 

in situ spectroscopy have enabled accurate description and di-

rect observation of nanoparticle structures and defects, fine 

structures of ligands, interaction potential of nanoparticles in 

response to external stimuli.229-231 In some cases of anisotropic 

nanoparticles, the in situ liquid cell electron microscopy serves 

as an experimental approach to the interaction potential of na-

noparticles mediated by their capping ligands. Through map-

ping the total number of nanorods and their distribution around 

reference Au nanorods (Figure 24d), it is possible to derive the 

site-dependent interaction potential.232 This interesting result 

confirms the uneven distribution of ligands on anisotropic nano-

crystals and explains some preferential bonding that has been 

observed in colloidal self-assembly. It also enables the selective 

functionalization of other ligands on the less capped particle 

surfaces, which is responsible for the achievements in site-se-

lective crystal growth and specific arrangement in nanoparticle 

self-assembly (Figure 24e).233,234 Therefore, this important 

technical progress is reliable to verify the results of molecular 

simulations, which together provide new opportunities in mod-

ulating the ligand interactions during colloidal self-assembly 

and further produce emerging superstructures. In fact, we are 

approaching an exciting era when the capability of computer 

simulation, the precision of nanoparticle synthesis, and the res-

olution of characterizing techniques join at the nanoscale, set-

ting the stage ready for exploiting the self-organization of na-

noparticles within the nonadditivity regime.  
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Figure 24. Nonadditivity of nanoparticle interactions. Scheme 

showing the ligand distribution on (a) microparticles and (b) nano-

particles. Reproduced with permission from ref 215. Copyright 2015 

The American Association for the Advancement of Science. (c) 

Snapshot of MD simulation of charged icosahedral nanoparticles. 

Reproduced with permission from ref 221. Copyright 2011 Ameri-

can Chemical Society. (d) The color-coded counts of a total number 

of rods in the 2D plane of 5 nm by 5 nm pixels. Interacting rods 

become oriented with respect to each other before they assemble 

tip-to-tip. Reproduced with permission from ref 232. Copyright 

2015 American Chemical Society. (e) SEM image and scheme (in-

set) of the end-to-end self-assembly of gold nanorods. Reproduced 

with permission from ref 233. Copyright 2015 Springer Nature.  

2.4. Depletion Force 

A depletion force is an attractive force between suspended large 

colloids in a dilute solution of depletants, which are normally 

small solutes (e.g., polymers, small nanoparticles, micelles, 

salts). It was first recognized by Bondy back in 1938 that rubber 

latex aggregated upon the addition of polymer depletants.235 

This interesting phenomenon was later explained by the estab-

lished Asakura–Oosawa model. The attractive force to cause 

the latex aggregation is regarded as entropic force,236 which be-

comes effective because of the tendency of a system to increase 

its entropy rather than a particular physical interaction between 

atoms. Consider the large colloids and the small depletants as 

dissimilarly sized hard spheres and imagine a hard-sphere po-

tential between them. An excluded volume exists (highlighted 

in dashed lines in Figure 25a) surrounding the large colloids, 

which is unavailable to the center of small depletants and has 

the same thickness as the depletant radius. When two large col-

loids approach close enough with surface-to-surface distance 

smaller than the depletant diameter, the excluded volume starts 

to overlap, and thus the vicinity between large colloids is not 

accessible to depletants. This sequence of events will cause an 

osmotic pressure to the colloids and assemble them into dense 

clusters. From the entropy point of view, the volume overlap 

will offer more accessible free spaces to accommodate the de-

pletants and increase their translational degree of freedom so 

that the system entropy will increase. The ensuing decrease in 

the Helmholtz free energy makes the system stable, yielding a 

thermodynamic equilibrium in the assembled state.  

The depletion force and potential can be derived from the os-

motic pressure using the model shown in the inset of Figure 

25b. Notably, the depletants in this model are approximated as 

penetrable hard spheres; the osmotic pressure (P0) on two large 

nanospheres can be calculated by the Van’t Hoff law: P0=nbkBT, 

where nb is the bulk number density of the depletant particles. 

For two interacting nanoparticles with a given volume overlap, 

their depletion force is derived by integrating the osmotic pres-

sure over the overlapping surface.237 

𝐹 = −𝜋𝑛𝑏𝑘𝐵𝑇𝑅𝑑
2[1 − (

𝑟

2𝑅𝑑
)2]          (9) 

In this equation, r is the center-to-center distance of the large 

colloids, and Rd is the sum of the large colloid radius (R) and 

the excluded volume thickness (σ/2). The depletion force po-

tential can thus be obtained by integrating the force over the 

working distance. 
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The force and potential decay gradually with the interparticle 

separation (r) in the range of [2R, 2Rd] and vanish when the 

separation is larger than 2Rd (Figure 25b). The depletion force 

equation and its derivation are different between different large 

colloidal particles and types of depletants (e.g., penetrable hard 

spheres, ideal polymers, colloidal hard spheres, and thin colloi-

dal disks).237 It is therefore important to use the right equation 

for an accurate description of the force. In experiments, diverse 

superstructures have been observed by regulating the depletion 

in colloidal dispersions, including face-to-face stacking of na-

noplates,238 side-on attachment of nanorods,109 block-copoly-

mer micelles,239 and chains of cylindrical particles and 

plates.240,241 A recent study describes the self-assembly of sem-

iconductor nanorods into vertical bundles (Figure 25c), multi-

layer stacking, and smectic monolayers depending on the rela-

tive magnitude of depletion forces between nanorods and be-

tween nanorods and a substrate.242  

 

Figure 25. Depletion force between colloidal particles. (a) Sche-

matic illustration of the depletion between two nanospheres. (b) 

Depletion interaction potential between nanospheres as illustrated 

in the scheme. Reproduced with permission from ref 237. Copyright 

2011 Springer Nature. (c) TEM images and scheme of the bundle 
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of standing semiconductor nanorods on solid substrates. Repro-

duced with permission from ref 242. Copyright 2019 American 

Chemical Society.  

2.5. Gravity Force 

Gravity is a universal force for particles at all scales. Its effect 

is, however, relatively weak compared with other driven forces 

(e.g., capillary force). But for large nanoparticles, it is still a 

plausible driving force that causes them to sediment from col-

loidal dispersions. This common physical process can be used 

to assemble colloidal crystals if it can be carefully controlled in 

experiments. For example, uniform Ag polyhedral nanocrystals 

self-assemble into densely packed colloidal crystals driven by 

gravity.30 The gravity of 300-nm Ag octahedra is equivalent to 

0.23 kBT per micrometer, and steadily seating a dilute solution 

of Ag nanoparticles causes them to self-assemble into colloidal 

crystals. The resulting crystals exhibit both translational and 

orientational orders in a large length scale (Figure 26). Specif-

ically, Ag nanocubes self-assemble into simple cubic crystals, 

such that the densest lattice packing can propagate up to 10 µm 

(Figure 26a). The dense tessellation of highly faceted nano-

crystals is also observed in truncated octahedra and octahedra 

but with different crystal symmetries. In the same precipitation 

condition, Ag truncated octahedra and octahedra nanocrystals 

self-assemble into space-filling Kelvin structure (body-centered 

cubic lattice) and perfect Minkowski lattice (Figure 26b), re-

spectively. The deterministic effect of gravity can be well un-

derstood in Monte Carlo simulation by mimicking the experi-

mental process. At the initial stage, the nanocrystals in a low-

density dispersion begin to sediment, causing a density gradient 

along the vertical direction. The resulting pressure that the 

nanocrystals at the bottom are experiencing is sufficient to drive 

the spontaneous crystallization into colloidal crystals. This con-

sideration also explains why the self-assembly normally occurs 

within at least a few hours. The slow precipitation of nanocrys-

tals is purely driven by gravity, which has high resistance in 

aqueous dispersions. However, this slow process allows bottom 

particles to rearrange their position and orientation such that a 

thermodynamic equilibrium state can be reached before the 

dense fluid further condenses into solid aggregates. Because of 

the weak connection between precipitated nanocrystals, the sta-

bility of such superlattices needs to be addressed before their 

further advances to practical applications.  

 

Figure 26. Self-assembly of uniform polyhedral silver nanocrystals 

driven by gravity force. SEM images (left) and corresponding dia-

grams (right) of the dense packing of (a) Ag nanocube and (b) oc-

tahedra. Scale bar: 500 nm. Reproduced with permission from ref 
30. Copyright 2012 Springer Nature.  

2.6. Capillary Force 

The cohesive forces between molecules of the same type cause 

the surface of a liquid to contract to a minimum possible surface 

area, which is generally called surface tension and explains co-

pious interesting phenomena in daily life. Molecules at the liq-

uid surface experience higher cohesive forces with inner liquid 

molecules than the adhesive forces with molecules in the gas 

phase so that the liquid contracts into droplet shapes to mini-

mize their surface energy. In fact, the competition between the 

cohesive forces among liquid molecules and the adhesive forces 

between liquid-gas and liquid-solid plays an important role in 

manipulating diverse interfacial effects and transportations in 

both microscopic and macroscopic length scales. In bulk mate-

rials, this competing interaction can be readily characterized by 

the contact angle where a liquid-vapor interface meets a bulk 

solid surface.243 In capillary tubes, interestingly, this competing 

interaction causes the liquid to be raised or to be suppressed de-

pending on its wettability to the solid surface; the driven force 

for such capillary action is called capillary force, which is de-

termined by the cohesive forces among liquid molecules and 

their adhesive forces with the solid and gas molecules. Similar 

phenomena have also been observed in diverse narrow slits 

around the meniscus between colloidal particles in considerable 

proximity, which normally occurs in drying a dense colloidal 

dispersion or in floating colloids at a liquid-air interface. For 

lyophilic colloids, their adhesive attraction with water mole-

cules is stronger than the cohesive forces among water mole-

cules themselves, causing an effective capillary force that 

drives the self-assembly of colloidal particles into close pack-

ing.  

The capillary force-driven self-assembly occurs among colloids 

well-dispersed in a water-air interface or during various drying 

processes. Because the water-air interface serves as a soft tem-

plate to confine and regulate the colloidal self-assembly, this 
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method will be introduced as a template-assisted colloidal as-

sembly in section 2.7.2. In the second scenario, nanoparticles 

self-assemble into colloidal crystal arrays featuring the so-

called close packing. In fact, this method has been extensively 

used in assembling monodisperse nanospheres into opals and in 

creating inverse opals, which represent a well-established ap-

proach to smart nanostructures in response to an extended set of 

stimuli from temperature changes to external fields. In a typical 

preparation scheme, colloidal dispersion is first deposited on a 

proper solid surface to form a thin liquid film or small droplets. 

Upon solvent evaporation, colloidal particles are pulled to-

gether as the concentration increases to a critical volume frac-

tion where the capillary force becomes effective and drives the 

self-assembly of the dense fluid into close-packed photonic 

films (Figure 27a).244 Treating colloidal building blocks as re-

active atoms, it is possible to understand the dynamic and com-

plex drying assembly within the classic nucleation-growth re-

gime, which involves a two-step physical event. In the nuclea-

tion step, the attractive capillary force, mediated by the liquid 

meniscus between adjacent colloidal particles at the drying 

front, causes colloids to nucleate into small cluster oligomers, 

which will initiate colloidal crystallization. In the growth step, 

solvent evaporation from the solvent front generates a convec-

tive colloid flux from a bulk suspension to the liquid film edge 

so that evenly crystal growth occurs at the dynamic water-solid-

air interfaces.  

During experimental implementation, depositing colloidal dis-

persions on solid substrates is important to prepare stimuli-re-

sponsive photonic films with desirable sizes, shapes, and pat-

terns. From the application point of view, there are a few pre-

requisites for a good deposition method, such as large-scale pro-

duction, uniform film deposition, controllable solvent evapora-

tion, and the ability to pattern film formation. To this end, sev-

eral standard procedures have been established or simply bor-

rowed from conventional coating methods to transfer bulk col-

loidal dispersions to solid substrates, including spin coating,245-

248 spray coating,249-251 doctor blade coating,252-255 dip coating 

(or vertical deposition),256-259 inkjet printing,244,260-265 and capil-

lary bridge technique.266 Spin coating, as a conventional coating 

method in microfabrication of functional films (e.g., photoresist 

layers in photolithography), has been extensively studied in de-

positing polymeric and colloidal materials on substrates.267-269 It 

therefore allows a flexible choice of preparatory solutions for 

wafer-scale film processing, during which the film thickness 

can be readily tuned from monolayer to hundreds of layers by 

controlling spinning conditions.270 Its compatibility with con-

ventional micro-/nanofabrication techniques also facilitates fur-

ther film processing to diverse functional materials and optical 

devices in data storage, sensing, and anticounterfeiting.271 Spray 

coating produces large-scale colloidal crystals within a few sec-

onds regardless of the particle size, shape, component, and sur-

face property.249,272-274 Both the spray coating and doctor blade 

coating are capable of roll-to-roll production of photonic films 

of the colloidal dispersion, and depositing substrate can be en-

gineered in a continuous manner. One apparent difference be-

tween these two techniques is using a blade in the latter, which 

involves shear forces to control the film thickness and colloidal 

order.252,254,275 Dip coating or vertical deposition method has a 

significantly different film formation process, in which colloids 

self-assemble on a vertical substrate in convective flows. It was 

firstly developed in the Nagayama group to fabricate 2D colloi-

dal crystals and was later extended to prepare 3D colloidal films 

by other researchers.276-278 In a typical assembly process, a solid 

substrate is vertically dipped into a colloidal dispersion, and the 

capillary force at the meniscus drives the self-assembly of col-

loidal particles on the substrate.279 Notably, during the drying 

process, simultaneous sedimentation is possible for large col-

loids, which is highly undesirable because it changes the colloid 

concentration, deposition kinetics, and film thickness. Previous 

studies have reached an empirical agreement that this method is 

operational to colloids smaller than 400 nm in diameter. One 

way to break such a size limit is to create controllable convec-

tive flow in colloidal dispersion to prevent particle sedimenta-

tion, making this method feasible to sub-micrometer parti-

cles.280 Compared with the extremely fast drying process in liq-

uid films or droplets, dip coating occurs slowly in a bulk solu-

tion, allowing precise control over the assembly kinetics and 

deposition uniformity, and enabling large-scale production of 

high-quality colloidal crystals.281 The inkjet printing is unique 

in producing patterned photonic crystals because of its easy 

control over the deposition position using commercial printers, 

which combines colloidal self-assembly with direct print-

ing.264,282,283 After its first introduction in assembling latex 

spheres using single-orifice inkjet printing,260,262,263,284 its poten-

tials have been extensively exploited with a specific focus on 

creating patterned photonic crystals.71 Song et al. developed a 

colloidal ink by mixing latex colloidal particles with a high-

boiling-point solvent (ethylene glycol), which is printed on an 

optimized substrate for the effective spreading of the colloidal 

ink.244 In addition to ink, the quality of the colloidal crystals is 

also affected by the wettability of the printing substrates and 

evaporation kinetics. In an optimal condition, inkjet printing is 

advantageous for customizable photonic patterns, adjustable 

ink components, continuous crystal production, and recyclable 

printing setups.285-287  

These fabrication methods produce colloidal crystals with sin-

gle- or polycrystalline domains, normally with their (111) 

planes parallel to crystal surfaces (Figure 27b). It is possible to 

fabricate colloidal crystals with different exposed crystal planes 

using templates with unique surface features to control the nu-

cleation. For example, assembling polystyrene beads on 2D reg-

ular arrays of square pyramidal pits etched into Si wafers yields 

colloidal crystals with their (100) planes exposed on the film 

surfaces, which will be discussed in detail in section 2.7.1.288 

Another characteristic of colloidal assemblies driven by capil-

lary forces is their size-dependent optical diffraction and struc-

tural colors due to the periodicity of 3D lattices (Figure 27c).244 

Therefore, the particle size and uniformity should be carefully 

chosen before assembly for desirable structural colors. Colloi-

dal assemblies driven by capillary force are associated with 

crack defects because of significant volume shrinkage and ten-

sile stress during solvent evaporation, which unfortunately de-

teriorates the color uniformity and intensity. A few advanced 

strategies have been developed to overcome this challenge and 

prepare crack-free colloidal crystals, focusing on how to elimi-

nate uneven volume shrinkage during the drying process. Sub-

stituting “hard” building blocks with “soft” microgels or poly-

mer colloids is one possible way considering that these deform-

able particles interact with each other through soft interaction 

potentials and can dissipate tensile stress over a long dis-

tance.289,290 Using polymeric building blocks also facilitates the 
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introduction of reactive groups on particle surfaces, which 

joints neighboring colloids with covalent bonds. Such a soft 

connection can counteract the inner tensile stress and stabilize 

the colloidal crystals.291-294 Another practical strategy is to form 

a hard connection between assembled colloids to strengthen the 

crystal mechanical properties.295,296 In this regard, adding sol-

gel precursor is a reliable method. Upon hydrolysis, a 3D hard 

matrix of SiO2 forms to fix the colloid position in the crystal 

lattice. For example, crack-free colloidal crystals of SiO2 and 

PS nanospheres have been reported by introducing SiO2 precur-

sors to assembly solutions.281,297,298 

Manipulating the capillary bridge formed by confining colloidal 

dispersions between templates is an emerging technique to as-

semble colloids into patterned superstructures.266 This general 

method is realized by sandwiching colloidal dispersions be-

tween a target substrate and a micropillar-structured template 

(Figure 27d). During the dewetting process, the colloidal dis-

persion will be trapped in the confined spaces between the bot-

tom micropillars and the top substrates, which produces super-

structures with identical shape and symmetry as the pre-de-

signed template after solvent evaporation (Figure 27e). For ex-

ample, self-assembly of BaTiO3 nanocubes using a linear array 

yields long-stripe superstructures, with the nanocubes arranged 

into simple cubic crystals driven by the capillary force during 

drying.266 In another study, solvent viscosity is recognized as an 

important property to tune the assembled superstructures, which 

determines particle rearrangement in the confined spaces.299 

While solvents of high viscosity limit particle rearrangement 

during the self-assembly, leading to zigzag colloidal chains, 

low-viscosity solvents allows particles to rearrange into linear 

or zipper chains if proper templates are used.  It is also possible 

to assemble particles of different sizes into binary superstruc-

tures with size-sorted patterns by a similar templated dewetting 

approach.300,301 For example, co-assembly of polystyrene nano-

particles of two different sizes produces asymmetric 1D binary 

superstructures (Figure 27f).300 

 

Figure 27. Self-assembly of colloidal crystal array driven by capil-

lary force. (a) Schematic illustration of colloidal crystal formation 

upon solvent evaporation. Reproduced with permission from ref 251. 

Copyright 2021 John Wiley and Sons. (b) SEM image of the col-

loidal crystal array made of latex spheres. Scale bar: 1 μm. (c) The 

structural colors of the colloidal crystal array on nanosphere size. 

Scale bar: 1 cm. Reproduced with permission from ref 244. Copy-

right 2009 Royal Society of Chemistry. (d) Schematic illustration 

of the formation of capillary bridge and self-assembly of the pat-

terned superstructures in the confined spaces. (e) SEM image of 

superstructure array from self-assembly of BaTiO3 nanocubes. 

Scale bar: 5 μm. Reproduced with permission from ref 266. Copy-

right 2017 John Wiley and Sons. (f) Bottom-view confocal micro-

graph (upper panel) and top-view SEM image (bottom panel) 

showing the asymmetric 1D binary superstructures assembled from 

3.00-μm (green) and 0.34-μm (red) polystyrene particles. Scale bar: 

10 μm. Reproduced with permission from ref 300. Copyright 2017 

American Chemical Society. 

2.7. Template-assisted Colloidal Self-assembly 

In contrast to colloidal self-assembly in bulk solutions, tem-

plate-assisted assembly confines colloidal particles in pre-de-

signed spaces or interfaces so that their self-assembly occurs 

locally. Based on their deformability, commonly used templates 

can be divided into hard and soft templates. The hard templates 

are solid substrates with pre-designed surface cavities, defined 

sizes, and shapes, most frequently made by lithography. In most 

circumstances, the colloidal assemblies will adopt the specific 

shapes and sizes of the templates. Some hard templates may 

serve as microscopic containers to confine the assembly into 

uniform and regular superstructures. However, in soft tem-

plates, their volumes, sizes, or interfaces where the self-assem-

bly occurs change across the assembly process, during which 

colloidal particles can adjust their positions and orientations to 

minimize the system energy. In both cases, templates are used 
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to assemble colloidal particles into nano-, micro-sized super-

structures or thin films with controllable shapes, sizes, and crys-

tal orientation. These templating techniques produce several 

emerging superstructures or lattices that are otherwise not at-

tainable, such as regular homo- or hetero-clusters, uniform plas-

monic hybrid oligomers, 2D complex colloidal tessellations, 

and colloidal crystals with high-energy facets.  

2.7.1. Hard Templates 

Self-assembly involving hard templates most often occurs in a 

dewetting process, in which colloidal particles are trapped into 

periodic templates on 2D arrays and organize locally into col-

loidal aggregates with well-defined sizes, shapes, and struc-

tures.302 Typical 2D array templates are made by lithography 

techniques through anisotropic chemical etching in either pho-

toresist films or silicon wafer surfaces. During the following 

dewetting process, the designated 2D templates provide con-

fined spaces and limit the assembly from some directions.303 In 

patterning single particles, for example, only when colloidal 

particles fit the hole size may they be trapped into the individual 

template at the meniscus of the dewetting front. Being first 

demonstrated in 2001, the early effort of this technique was fo-

cused on assembling monodisperse colloidal particles, both sil-

ica and polymer nanospheres, into uniform clusters with differ-

ent sizes, shapes, and symmetries. With cylindrical holes in a 

2D square array as a simple template, uniform colloidal clusters 

were assembled inside the holes (Figure 28a). Tuning the com-

posing particle number is possible by simply changing the par-

ticle size. Sequentially decreasing particle size from a value 

close to the hole diameter leads to the formation of colloidal 

monomers, dimers, trimers, and complex polygonal clusters on 

the same template.304  A representative example of hexagonal 

clusters in the left panel of Figure 28b demonstrates the high 

cluster uniformity and the precise position of colloids within 

each cluster.305 During the solvent evaporation, the nanospheres 

confined in each hole could adjust their positions to allow a 

size-maximized packing, whose symmetry is mainly deter-

mined by the geometric confinement. This templating principle 

is readily extended to assembling 3D clusters comprising multi-

layered units of colloids if the hole depth is reasonably larger 

than the colloidal diameter.304 Introducing templates of other 

shapes in place of cylinder holes yields colloidal clusters with 

copious dimensions and symmetries. In this regard, a few com-

pelling structures include linear or zigzag chains (right panel of 

Figure 28b),304 helical chains with well-controlled handed-

ness.306 To create hetero-clusters with asymmetric shapes, a 

template containing a 2D array of the first component is used in 

another step of self-assembly to add a different colloid into the 

remaining spaces of each template.307 Another interesting effect 

of templates is that they can direct colloidal assembly to begin 

at particular facets. For example, templating assembly of mon-

odisperse colloids against a regular array of square pyramidal 

pits produces (100)-oriented fcc crystals.288,308 Because the tem-

plate-assisted self-assembly is driven by capillary force, it is 

possible to extend this strategy to a number of colloidal parti-

cles, leading to plentiful smart superstructures that are valuable 

to new applications.139,309  

With twenty years’ development, a few advanced techniques 

have being innovated in template-assisted self-assembly. While 

the use of capillary force is beneficial for the wide application 

of this method, its low selectivity limits the degree of precision 

within which the secondary structures can achieve. To this end, 

a derived technique introduces the specific interaction between 

DNA, in place of capillary force, as the driving force to assem-

ble plasmonic nanoparticles inside a hard template.310 Figure 

28c illustrates a 2D array of cylindrical holes on the Au surface, 

whose exposed areas at the cylinder bottom are modified with 

DNA. The self-assembly of plasmonic nanoparticles in the con-

fined spaces occurs in a layer-by-layer manner by designing 

each layer of particles to have a terminal DNA sequence com-

plementary to the previous layer. The DNA-functionalized tem-

plate is directly submerged in a particle solution to enable spe-

cific recognition of DNA strands. With plasmonic nanoparticles 

with different shapes and sizes, it is possible to assemble plas-

monic superstructures with controllable configurations and par-

ticle numbers. Two exquisite architectures are shown in Figure 

28d, with three-layer superstructures made of different plas-

monic particles. The erect superstructures imply the vertical 

deposition of one particle in the cylindrical holes, as limited by 

the templates. Albeit driven by a different force, the high-yield 

production of these plasmonic superstructures still needs to ful-

fill the size-matching role, an empirical practice that delineates 

the proper particle size range for a given template. However, in 

a recent study, this strict requirement is found to be not neces-

sary, thus extending the template-assisted self-assembly to a sit-

uation where the colloidal particles can be much smaller than 

the templates.311 This strategy uses a similar 2D array of cylin-

der holes but with a large size (Figure 28e). One significant 

benefit of this new advance is the high flexibility in choosing 

building blocks, making it a universal assembly strategy at all 

scales. Instead of individual colloids, this strategy confines a 

constant volume of solution that contains nanoparticles, mole-

cules, or mixtures. The following solvent evaporation drives the 

assembly of the solute in each template into colloidal or molec-

ular crystals. Accompanied by significant volume shrinkage, 

this approach yields clusters or crystals with their shape inde-

pendent of the template (left panel in Figure 28f). In practice, 

various molecules and particles have been assembled with one 

template, including salts, polymers, cells, nanostructures (e.g., 

Au nanospheres, polydopamine nanoparticles, FeOOH nano-

rods, and Fe2O3 nanodiscs in Figure 28f).  
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Figure 28. Hard template-assisted colloidal self-assembly. (a) 

Schematic illustration of the hard template that was used to assem-

ble colloidal particles into defined aggregates. (b) SEM images of 

the assembled colloidal aggregates (left) and zigzag chains (right) 

of polystyrene beads. Reproduced with permission from ref 305. 

Copyright 2001 American Chemical Society. (c) Schematic illus-

tration of the hard template that was used to assemble Au nanopar-

ticles into defined chains. (d) SEM images of the assembled colloi-

dal chains. Scale bars: 300 nm. Reproduced with permission from 

ref 310. Copyright 2018 The American Association for the Advance-

ment of Science. (e) Schematic illustration of the hard template that 

was used to assemble silica colloidal particles into spherical clus-

ters. (f) SEM images of the assembled colloidal clusters. The build-

ing blocks are Au nanospheres (top left), polydopamine nanopar-

ticles (top right), FeOOH nanorods (bottom left), and Fe2O3 

nanodiscs (bottom right). Scale bars in the right panels: 500 nm. 

Reproduced with permission from ref 311. Copyright 2020 Elsevier. 

2.7.2. Soft Templates 

Soft templates allow colloids to adjust their positional and ori-

entational orders in confined spaces and generally lead to form-

ing large clusters or 2D colloidal crystals. One merit associated 

with this structural feature is the active response of colloidal as-

semblies under external stimuli, making them promising and at-

tractive in developing smart materials. The Langmuir-Blodgett 

technique using the liquid-air interface as a soft template is a 

famous example.312 Upon its introduction, this technique was a 

powerful tool to assemble amphiphilic compounds at the air-

water interface into molecular monolayers.313 Its later extension 

to colloidal particles has attracted lots of attention, particularly 

in producing 2D colloidal crystals. In 1992, the behavior of hy-

drophobic colloids at the air/water interface and the energy to 

transfer them upward from the interface were quantitatively de-

scribed, setting the stage ready for fully exploiting new possi-

bilities.314 It is the theoretical basis behind many interesting in-

terfacial phenomena and suggests a few practical routes to ma-

nipulate the 2D superstructures. Shortly, a few careful studies 

pointed out that the deliberate surface functionalization on hy-

drophilic particles was not always necessary to form a stable 

colloidal film.315 Specifically, silica particles prepared in etha-

nol with diameters between 180 and 360 nm do not require the 

surface modification largely because the CH2 units of ethanol 

contribute to the surface hydrophobicity. Continuous produc-

tion of high-quality photonic crystals is possible in a modern 

technique, which simply uses a roll-to-roll device to transfer the 

photonic layer (Figure 29a).316 This procedure yields hexago-

nal-packed 2D photonic crystals with monodisperse silica nan-

ospheres as building blocks (Figure 29b). Such close packing 

is the most common configuration among the superstructures 

that have been developed in the Langmuir-Blodgett assembly. 

While the interface confines the assembly within the 2D plane, 

the soft surface allows colloids to move under a driving force to 

adopt the close packing. Compared with self-assembly occur-

ring on a hard surface, the free movement of colloids within the 

soft interface is important to anneal out any defects, leading to 

the formation of the most energy-favorable superstructures. The 

significance of this unique property is further manifested by a 

few emerging superlattices from the interface-confined self-as-

sembly.96,317 For example, small magnetite nanocubes self-as-

sembled into nanobelts, single- or double-stranded helices at a 

liquid interface under a uniform magnetic field.96 These attrac-

tive superstructures were attributed to the delicate balance be-

tween the dipole-dipole interactions and Zeeman coupling, dur-

ing which the nanocubes can easily adjust their orientational 

and translational orders to minimize the global energy without 

being interfered with by undesirable forces from hard tem-

plates. In addition, the soft interface can afford any chape 

changes of the complex superstructures so that these elegant 

structures are measurable in carefully designed assembly pro-

cesses. Later, this strategy was extended to preparing tunable 

porous Au nanoallotropes from binary nanoparticle superlat-

tices assembled at the same interface.317 The observation of co-

pious binary superlattices, with some of them being first pre-

pared, underpins the important role of soft templates in colloidal 

self-assembly, which is not attainable through self-assembly in 

bulk solutions or on hard templates. The easy transfer of the 

superstructures from the soft interfaces is also advantageous to 

assemble complicated superstructures by a self-templating 

strategy.318  This modified Langmuir-Blodgett technique em-

ploys a water-oil interface to confine the self-assembly of mi-

crogels into a common hexagonal lattice (Figure 29c), which is 

carefully transferred to a solid substrate. Simply depositing an-

other monolayer on the same substrate interestingly elicits 

many 2D complex lattices that cannot be produced in a single 

assembly step, with interlocking-S structures and hexagonal su-

perlattices shown in the left and right panels of Figure 29d, re-

spectively. This complicated phase transition is due to the re-

configuration of the second layer mediated by the fixed mono-

layer template through repulsive short-range interactions. This 

self-templating strategy demonstrates the likelihood that colloi-

dal particles can re-configure inside the interface to reach the 

thermodynamic equilibrium that is determined by both the driv-

ing force and the surface property of a template.  

Colloidal templates are another widely used soft template, 

which can be produced by emulsification via microfluidics or 

simply mechanical stirring.319 Due to the flexibility in produc-

ing monodisperse microdroplets, microfluidics have been ex-

tensively used to assemble mono-component, multi-compo-

nent, and Janus superstructures. The size, component, surface 

property, and structures of the colloidal templates can be readily 

controlled by engineering the emulsification, adjusting flow 

rate, and choosing functional materials. A typical setup to pro-

duce core/shell colloidal templates is illustrated in Figure 

29e.320 This double emulsion system produces highly uniform 

micro-sized templates, where the self-assembly of nanospheres 

happens. Its versability is manifested by facial production of 

multi-core emulsions if the flow rate of the core and shell stream 

reaches optimal values (Figure 29f). One exciting advance in 

microfluidics is the great diversity in engineering the capillary 

chips, which have been created for producing simple, 

core/shell, multi-core, multi-component, Janus, spindle-knotted 

particles or fibers.321,322 Readers may refer to a comprehensive 

review for understanding up-to-date research activities in engi-

neering droplet microfluidics.323  
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Figure 29. Soft template-assisted colloidal self-assembly. (a) Sche-

matic illustration of the roll-to-roll Langmuir–Blodgett technique. 

(b) SEM image of the assembled silica colloidal crystal arrays. 

Scale bar: 4 μm. Reproduced with permission from ref 316. Copy-

right 2016 American Chemical Society. (c) Schematic illustration 

of the self-templating assembly of soft microparticles. (d) Atomic 

force microscopy (AFM) image of the experimental superstructures 

assembled from monodisperse poly(N-isopropylacrylamide) 

(PNIPAM) microgels. Reproduced with permission from ref 318. 

Copyright 2020 Springer Nature. (e) Schematic illustration of col-

loidal self-assembly using microfluidic emulsification process. (f) 

Microscope photographs of polystyrene photonic bubbles with dif-

ferent numbers of blue cores (top) and with two (bottom left) and 

three (bottom right) different cores. Scale bar: 300 μm. Reproduced 

with permission from ref 320. Copyright 2015 American Chemical 

Society. 

2.8. Self-assembly of Janus Particles 

Janus colloidal particles are attractive building blocks for as-

sembling complex superstructures.324-326 These emerging super-

lattices and networks at multiscale are expected to provide a set 

of systems whose structures and properties can respond to ex-

ternal stimuli if designed properly. Their contributions to devel-

oping smart materials are of both fundamental and practical im-

portance. Their unique structures are expected to offer new 

phase transition under external stimuli, which is responsible for 

emerging materials and properties. The precise control over the 

binding direction and particle valence is an ideal measurable 

system to understand the kinetics and dynamics of chemical re-

actions by mimicking the reactions in colloidal systems under 

properly designed stimuli. In 1991, the Nobel Laureate P. G. de 

Gennes brought this unique class of particles to the public at-

tention in his Nobel lecture entitled “Soft Matter”.327 Just like 

the meaning of the name, Janus colloidal particles are famous 

for their customizable surfaces having distinct chemical and 

physical properties.328,329 The past two decades have witnessed 

great advances in the synthesis of diverse Janus particles and 

their assembly into superstructures at different scales. A com-

prehensive review by Walther and Muller summarized progress 

in synthesis, assembly, and emerging applications of Janus par-

ticles in the first decade of the 21st century.330 While chemists 

have developed various synthetic approaches to Janus particles 

of different shapes, the binary or multiple compartmentaliza-

tions of physicochemical properties may occur at different 

scales within individual colloids.331 It can occur through the 

solid colloidal cores with heterogeneous interfaces, through sur-

face capping layers with different functional patches, or both 

with multilevel Janus structures. One compelling feature of 

these heterogeneous patches or material domains is their highly 

directed interactions between individual Janus colloids, which 

is of profound fundamental and practical interest in colloidal 

self-assembly. As summarized in Figure 30, there are a few key 

parameters that determine the dimension, size, symmetry, and 

shape of the superstructures from Janus particles, including 

both structural characteristics (e.g., patch size, number, and 

shape) and component aspects (including surface capping lig-

ands, interaction motif, chemical components of cores, etc.).  

Spherical Janus particles have been most extensively exploited 

largely because of their relatively easy synthesis and selective 

surface functionalization, representing an ideal and open plat-

form to address the fundamental aspects of Janus particle self-

assembly. Tuning the patch size and number is the first step to 

study the assembly phase behavior. A close investigation per-

formed by Pine et al. recognized that the interaction strength of 

the attractive patch and the Janus balance, defined as the frac-

tional area of the attractive patch, played an important role in 

determining the equilibrium states of superstructures. Although 

the Janus balance is related to the structural details of the as-

semblies, it resembles the hydrophilic-lipophilic balance (HLB) 

that determines the amphiphilicity of macromolecules.332 To 

prepare Janus particles with precisely and widely tunable Janus 

balance, a cosolvent emulsion droplet was introduced, and var-

ying monomer amounts yielded Janus particles with different 

surface properties. These colloids were used as model systems 

after selective DNA surface modification. Colloids with small 

patch ratios are self-assembled into colloidal oligomers because 

such a small attractive domain only allows the attachment of a 

few particles. Simply increasing the pitch ratio diversifies the 

observed superstructures from low-dimension oligomers to 

high-dimension colloidal chains, rings, and bilayers (Figure 

30a). These results imply that it is possible to create colloidal 

molecules with pre-designed valence and specific bonding di-

rections if one can accurately control the patch of Janus parti-

cles. To this end, a DNA patch with programmable coordination 

numbers is developed based on the bioconjugation technique.333 

The specific binding between DNA strands leads to supracol-

loidal molecules with intrinsic hybridized atomic orbitals de-

pending on patch numbers (Figure 30b). In addition, the patch 

shape also plays an important role in determining the super-

structure symmetry. Using a cluster encapsulation method,334 a 

recent study could produce monodisperse biphasic triblock par-

ticles, in which the patch size and shape can be simultaneously 

tuned to achieve regioselective bonding.335 Adding a proper sur-

factant drives the self-assembly of the Janus ellipsoids into 

emerging superstructures through depletion forces, with 1D 

cross-chains, ladder chains, and tilted ladder chains being ob-

served for micelle depletant. Interestingly, modifying the mid-

dle patch from a concave shape to a convex shape with a simul-

taneous change of aspect ratio leads to 2D colloidal poly-
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morphs, whose representative structures are presented in Fig-

ure 30c. These herringbone (left panels) and brick-wall (right 

panels) monolayers co-exist in colloidal dispersions, with the 

latter dominating the observed phases. These unique structures 

underpin the critical roles of pitch shape in determining the final 

superstructures; using Janus particles of low-symmetry patches 

in place of spherical ones as building blocks produces new spa-

tial configurations through regioselective depletion.  

Through surface and colloidal chemistry, it is possible to care-

fully tune the physicochemical properties of Janus particles, 

which can self-assemble into superstructures unique to their in-

trinsic driving forces. Several well-established driving forces in 

this regard include specific binding between biological mole-

cules, electrostatic interaction, hydrophobic attraction, deple-

tion force, hydrodynamic force, and magnetic force.331,336-338 Se-

lective surface modification of self-complementary DNA 

strands has been used as a delicate approach to emerging col-

loidal crystals, with diamond and clathrate crystals being the 

two most attractive examples.339,340 A few additional advantages 

include high binding efficiency, superior specificity, and the ca-

pability of responding to external stimuli (e.g., temperature), al-

lowing both directional interactions and crystal reconfigura-

tion.341 In several functionalization techniques, bioconjugation 

(e.g., biotin-avidin) or chemical addition reaction are typi-

cal.156,342 For example, tetrahedral clusters of four polystyrene 

colloids bound to a center DNA patch are synthesized through 

selectively functionalizing the center domain of colloidal te-

tramers by azide-alkyne cycloaddition.340  The self-complemen-

tary DNA strands are carefully designed so that their radial ex-

tent is retracted from the plane formed by the spherical lobes. 

This structure allows DNA to bind only if the lobes on different 

tetramers are orientated in a staggered conformation (inset in 

Figure 30d), avoiding other isomers. If occurring on a large 

scale, such a unique arrangement leads to perfect diamond col-

loidal crystals (Figure 30d), which have been theoretically pro-

posed to generate complete photonic bandgaps for two dec-

ades.343,344 Hydrophobic attraction is another broadly used driv-

ing force in Janus particle assembly. While it is less specific 

than DNA binding, it is still possible to produce complex lat-

tices by cooperating with other forces. Electrostatic repulsion, 

for example, is an ideal candidate, which occurs between the 

hydrophilic domains and helps regulate the Janus particle as-

sembly into ordered structures. Triblock Janus spheres with hy-

drophobic poles and hydrophilic equator are a simple model 

system to fulfill these requirements.345 Under the presence of 

salt to screen the electrostatic repulsion, the Janus particles self-

assemble into kagome structure, an open 2D lattice presented in 

Figure 30e. The weak repulsion between the middle patches 

and hydrophobic attraction between the pole patches are re-

sponsible for such a unique network. The intricate control of the 

two forces is likely the main reason why a 2D lattice is favored 

in place of 3D superstructures, which again demonstrates the 

critical roles of driving forces in assembling Janus particles. A 

similar dependence is also observed in Janus particles with het-

erogeneous solid cores instead of a “soft” surface patch. Intro-

ducing functional domains in Janus particles also allows remote 

control of their self-assembly, providing possible ways to ma-

nipulating the collective behavior of the assemblies. A few 

promising driving stimuli include magnetic fields346 and electric 

fields.347 To prepare such Janus particles, a seeded polymeriza-

tion was introduced, during which  polymer domains are par-

tially coated on various colloidal seeds.348 If magnetic 

nanocubes are used, this process yield Janus spheres with well-

defined magnetic patches (red domains in Figure 30f).349 In col-

loidal dispersions, the strong magnetic interactions between 

nanocubes tend to assemble in a close proximity while the pol-

ymer domains limits the further growth of the assemblies along 

other directions. This sequence of events creates colloidal oli-

gomers depending on particle sizes or chains if a magnetic field 

is applied (Figure 30f). The directional magnetic interactions 

between magnetic dipoles or external fields with dipoles are the 

main reason for such interesting phase behaviors.  

 

Figure 30. Self-assembly of Janus colloids with (a) different patch 

sizes, (b) different patch numbers, (c) different patch shapes, (d) 

DNA patch, (e) hydrophobic patch, and (f) magnetic patch. Scale 

bars are (b) 2 μm; (c) 5 μm; (d) 5 μm; (e) 4 μm. (a) Reproduced 

with permission from ref 332. Copyright 2019 The Author(s). (b) 

Reproduced with permission from ref 333. Copyright 2012 Springer 

Nature. (c) Reproduced with permission from ref 335. Copyright 

2020 Springer Nature. (d) Reproduced with permission from ref 340. 

Copyright 2020 Springer Nature. (e) Reproduced with permission 

from ref 345. Copyright 2011 Springer Nature. (f) Reproduced with 

permission from ref 349. Copyright 2012 American Chemical Soci-

ety.  

3. ENGINEERING SMARTNESS in COLLOIDAL 

ASSEMBLIES 

Based on the detailed interpretation of nanoscale interactions 

between colloidal particles and the diverse secondary structures 

driven by these forces, this section comprehensively introduces 

working principles for and practical strategies of creating smart 

colloidal assemblies, whose collective optical, mechanical, and 

electric properties are responsive to local environmental 

changes (temperature, pH, ionic strength, depletant, humidity, 

solvent, etc.) and remote perturbation (electric field, magnetic 

field, mechanical force, gravity force, light, etc.). Both interpar-

ticle connectivity and separation play important roles in design-

ing stimuli-responsive colloidal assemblies. The regular and 

tunable particle separation in a secondary structure provides 

readily accessible spaces and interfaces, which allows for tun-

ing surrounding physical properties of the superstructures and 
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leads to fast and impressive color changes. Inverse opal is a typ-

ical example in this regard, and its preparation strategies are 

summarized at the beginning of this section, followed by the 

introduction of these remarkable porous frameworks in devel-

oping smart materials. The weak particle connectivity within 

the superstructures and dynamic interplays between constituent 

colloids with external stimuli enable many advanced strategies 

to precisely tune colloidal crystal order and orientation. These 

dynamic processes are most frequently enabled by using re-

sponsive building blocks, surface functionalization of colloids 

with reactive molecules, or embedding colloidal crystals in 

stimuli-responsive matrix. Many interesting color and shape 

changes of these smart materials in response to an extended set 

of stimuli are presented based on the category of the external 

stimuli in each subsection. 

3.1. Tuning Surrounding Physical Properties 

The fact that there is a volume fraction of 26% even in closed 

packing structures provides plenty of room to incorporate smart 

or responsive features into the space contained within the col-

loidal assemblies. The refractive index and dielectric constant 

of the chemical environment of colloidal assemblies are im-

portant parameters that have been carefully manipulated to tune 

the optical, electric, chemical properties. This subsection out-

lines a set of existing strategies for preparing smart colloidal 

assemblies by controlling their surrounding physical properties 

in response to temperature, electric field, chemical, and light.  

3.1.1. Preparation of Inverse Opals 

Inverse opals consist of a solid material framework and inter-

connected, highly ordered air pores, which are fabricated by 

templating against opals. Because opals are 3D colloidal crys-

tals assembled from close-packing of monodisperse nano-

spheres, inverse opals share the same crystal symmetry but with 

their structures complementary to opals.350 These 3D-ordered 

macroporous materials have unique physicochemical proper-

ties, making them extremely useful in various importation ap-

plications, including photonics and catalysis.351 Particularly, 

these materials exhibit brilliant structural colors due to their or-

dered pores, leading to size-dependent coloration for colorimet-

ric sensing and anticounterfeiting. In addition, the highly porous 

structures have extremely large surfaces and interfaces, which 

facilitates the mass transportation of chemicals and their ab-

sorption/desorption to these interfaces. The widely accessible 

perfusion materials make it an open-ended approach to smart 

materials of desirable properties. In a general sense, their prep-

aration principle is simple by forming solid materials between 

interspaces of opal structures and then etching away the initial 

templates. But its experimental implementation can be quite 

flexible and complicated, leading to hierarchical materials with 

structures spanning different length scales and pores varying 

from microporous to mesoporous and macroporous sizes.  

In literature, three typical methods have been established to pre-

pare inverse opals (Figure 31), involving self-assembly and 

then etching of opal crystals.40 In the first scheme (Figure 31a), 

the fabrication follows sequential self-assembly, precursor in-

filtration, and template removal. The most used colloidal parti-

cles in this method are monodisperse SiO2 and polystyrene nan-

ospheres largely because of their widely accessible sizes, high 

particle uniformity, low cost, and easy in situ chemical etch-

ing.47 The quality of opal templates is important to prepare per-

fect inverse opals since any crystal defects will be transferred to 

the inverse opals after etching. Since the first introduction back 

in the 1990s,352,353 this method has been greatly modified to pre-

pare diverse inverse opals by approaches of wet chemical pro-

cess,354-357 chemical vapor deposition (CVD),356,358,359 and atom 

layer deposition (ALD).360-362 In the last etching step, SiO2 can 

be readily removed by HF etching, while PS nanospheres can 

be etched by a few different methods, including dissolution in 

proper solvents and high-temperature calcination. It opens the 

ordered air pores and exposes interspace walls so that the skel-

etal materials are accessible. Another interesting result is the in-

terconnected macropore through twelve windows to its neigh-

bours, which originates from the close packing and hard contact 

of the colloidal templates and facilitates mass transfer in inverse 

opals. In the second approach to inverse opals, co-self-assembly 

of nanoparticles with different sizes occurs (Figure 31b), where 

larger particles self-assemble into an opal template, and smaller 

ones infill it to form an inverse opal skeleton.363-366 Simply etch-

ing the primary template yields inverse opals made of small par-

ticle aggregates. This approach is advantageous to produce hi-

erarchical structures considering the widely accessible nanopar-

ticles of different sizes and components. But the size of the 

small particles relative to the large ones should be carefully cho-

sen so that the inverse opal structures are stable after removal 

of the particle template. The third method is to directly assem-

ble core-shell nanoparticles into opals, and the following selec-

tive etching of core materials leads to inverse opals made of 

contacted nanoshells (Figure 31c).367-369 One unique benefit as-

sociated with this method is the easy control over the volume 

ratio of the air pores, which can be achieved by changing the 

shell thickness of the colloidal templates. Because of this prop-

erty, the air pores are closed and separated by the shells, de-

creasing the porosity and connectivity of the resulting inverse 

opals.  

 

Figure 31. Inver opals by templating against opals. (a) The assem-

bly-infiltration process. (b) The co-self-assembly process. (c) The 

assembly-etching process. Reproduced with permission from ref 40. 

Copyright 2008 American Chemical Society. 

Considering the 74% volume fraction of opals, one may expect 

an equal or higher air space in inverse opals due to possible in-

complete material infiltration.40 This consideration is confirmed 

by the presence of high-density pores connecting adjacent air 

holes in inverse opals prepared by the first two methods. The 
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skeletal wall thickness is within tens of nanometers if submi-

crometer particles are used as templates, making inverse opals 

a bulk material but with similar properties of nanoparticles, like 

high specific surface areas and confinement effect. Their prime 

material architectures are beautiful and elegant under an elec-

tron microscope due to the periodic arrangement of air pores, 

producing many compelling images that have been documented 

in the literature (Figure 32).279 Although opals and inverse 

opals normally have their (111) planes on their crystal surfaces, 

it is possible to visualize other planes by etching the crystals 

through reactive ion etching. For fcc crystals, their (111) planes 

have hexagonal symmetry (Figure 32a), and (100) planes have 

square symmetry (Figure 32b).  

 

Figure 32. Structures of inverse opals. SEM images of silicon in-

verse opals (a) with a planar (111) surface and with (b) with a pla-

nar (100) surface. Reproduced with permission from ref 279. Copy-

right 2001 Springer Nature. 

3.1.2. Thermoresponsive Assemblies 

Some functional materials can change their phases upon heating 

or cooling, which alters their physical properties, like permit-

tivity and refractive index. These thermoresponsive materials 

are good candidates for designing smart colloidal assemblies 

that are controlled by temperature. Typical materials in this re-

gard include liquid crystals, polymers, and metal oxides. One 

attractive advantage of using metal oxides is their extremely fast 

phase transitions, with less than 10-12 s for VO2 under pulsed 

laser irradiation.370 When being heated above its phase transi-

tion temperature (~68 oC), VO2 transits from semiconductor 

phase to metallic phase with a simultaneous decrease in its re-

fractive index from 2.9 to 2.3.371 Using this unique property, a 

temperature-responsive photonic crystal was prepared by im-

pregnating SiO2 opals with VO2 through chemical bath deposi-

tion, which exhibited 21-nm blueshift under 800-nm laser irra-

diation.372 Other promising inorganic materials are Se and β-

Ag2Se, with an amorphous to trigonal phase transition at 31oC 

and β to α phase transition at 133oC, respectively. A polyol pro-

cess was used to prepare monodisperse Se@Ag2Se nano-

spheres, which self-assembled into opal crystals; increasing the 

crystal temperature above 150oC led to a blueshift of their dif-

fraction peaks due to the increase of Se@Ag2Se refractive in-

dex.373 Using diverse thermochromic molecules and liquid crys-

tals, it is also possible to prepare thermoresponsive colloidal 

crystals via incorporating them into ordered structures. Figure 

33a shows a reversible thermochromic reaction that has been 

employed in preparing color-switching materials.374 These ther-

mochromic molecules are infiltrated into the porous inverse 

opals, and changing the temperature produces dynamic color 

changes. The color switching is achieved by the phase transition 

of the thermochromic molecules from a red crystalline state to 

a transparent molten state when temperature increases. At a low 

temperature, the thermochromic molecule is in a crystalline 

state and exhibits pigmentary red color. When temperature in-

creases over a critical phase transition temperature, it is in its 

molten state and becomes transparent. At this stage, a compo-

site responsive film comprising the molecules in an inverse opal 

scaffold (Figure 33b) exhibits brilliant structural colors, which 

is determined by initial particle size (inset in Figure 33b). This 

responsive color-switching is beneficial for developing high-

performance thermochromic probes and highly desirable in in-

formation encryption and anticounterfeiting.  

3.1.3. Electroresponsive Assemblies 

Liquid crystals have anisotropic physical properties due to the 

crystallization of rod-like molecules, including elastic, electric, 

magnetic, and optical properties. Among these, optical birefrin-

gence is attractive in developing smart optical devices because 

it provides a simple and efficient way to modulate light inten-

sity, color, and polarization. Such interesting birefringence is 

due to the varying refractive index along different crystal direc-

tions. Therefore, it is possible to modulate the refractive index 

for a constant light incidence by simply applying electric fields 

to change the phase of liquid crystals (Figure 33c). To this end, 

early studies demonstrated a few electroresponsive inverse 

opals via infiltrating nematic liquid crystals into the porous 

structures.375-377 Applying voltages to this composite material 

alters the effective surrounding refractive index of the inverse 

opals, thus creating responsive optical signals. Although this 

method is effective, it provides weak optical responses under a 

high voltage largely because the change in refractive index is 

small during the isotropic-nematic phase transition. Another ap-

proach to voltage-driven smart colloidal assemblies is through 

electrochemical reactions, which use electrochromic materials 

for reversible color-switching (e.g., WO3 and NiO).378,379 While 

WO3 changes from the bleached state to the color state upon 

electrochemical reduction, NiO has opposite appearance 

changes. If these two materials are assembled layer-by-layer on 

an electrode, their diffraction intensity can be modulated by ap-

plying voltages.380  
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Figure 33. Thermo- and electroresponsive colloidal assemblies. (a) 

Thermoresponsive color changes of organic molecules. (b) SEM 

image of the SnO2 inverse opals. Inset pictures show the color 

changes in different states. Reproduced with permission from ref 
374. Copyright 2019 American Chemical Society. (c) Liquid crystal 

alignment changes in response to the applied voltage. Reproduced 

with permission from ref 167. Copyright 2015 Royal Society of 

Chemistry.  

3.1.4. Chemoresponsive Assemblies 

Colorimetric refractive index sensor is a famous example of 

chemoresponsive smart materials based on changes of sur-

rounding physical properties. Compared with single-particle 

sensing platforms, colloidal assemblies provide much better 

sensitivity due to their collective optical properties, which can 

enhance the optical response through different physical pro-

cesses. The LSPR of plasmonic nanostructures has been exten-

sively used in detecting refractive index relying on its optical 

response to surrounding physical properties. Under light exci-

tation, free electrons in plasmonic nanostructures form resonant 

oscillation with the electric field, and the induced surface plas-

mon changes the polarization of the surrounding medium. Spe-

cifically, permittivity (ε) is a measure of the electric polariza-

bility of a dielectric, and a material with high permittivity is ex-

pected to be more significantly polarized than a low-permittiv-

ity material. Therefore, the charge density in a high-ε medium 

surrounding a plasmonic nanostructure is higher than that in a 

low-ε medium under light excitation. This simple dependence 

implies that the electrostatic potential in an excited plasmonic 

nanostructure will be reduced if its surrounding permittivity in-

creases, making the resonant frequency shifting to low-energy 

regions. This consideration further explains the LSPR peak shift 

of plasmonic nanostructures in response to changes in the sur-

rounding refractive index. In fact, plasmonic superstructures are 

advantageous in developing high-performance refractive index 

sensors due to the plasmon coupling between two plasmonic 

particles in proximity. It generates a remarkably enhanced lo-

calized electric field within a few nanometers, which is nor-

mally several orders of magnitude higher than the field en-

hancement of a single plasmonic particle. For example, an Au 

mushroom array demonstrates a 1050-nm shift per refractive in-

dex unit (RIU),381 which is much higher than the optimal value 

of single nanoparticles (e.g., 700 nm for Au nano-

branches382,383). A relevant comparison of sensing performances 

between superstructures and single particles is manifested in 

core-satellite Au assemblies.384 A few Au nanospheres of small 

size are assembled around a large nanosphere through a so-

called “hydroxylamine mediated assembly method” (Figure 

34a). Such satellite superstructure shows significantly higher 

sensitivity than single Au nanospheres of different sizes (Fig-

ure 34b), which demonstrates the superior sensing perfor-

mances of plasmonic assemblies over single particles. Notably, 

based on the capability of responding to refractive index 

changes, plasmonic superstructures are further processed for 

detecting various chemicals and chemical reactions, such as 

electrochemical process, humidity, pH, ionic strength, biomol-

ecules, and metal redox reactions.385-388  

Because the effective light pathway is proportional to the sur-

rounding refractive index, any changes in chemical environ-

ments make photonic crystals responsive through peak shifts 

and color changes. There exist a few prerequisites in developing 

high-performance photonic chemical sensors, including fast re-

sponse, large peak shift, and reversible color change. Inverse 

opals in this regard are a natural choice because of their high 

porosity, largely accessible interfaces, and durable mechanical 

properties. Following a similar templating approach (Figure 

34c), inverse opals of different materials have been developed 

for chemical sensors, such as metals,389,390 oxides,391 semicon-

ductors,392 polymers,393,394 salts,395 carbon materials,396 etc. 

Their diffraction peak shifts have a linear dependence on the 

refractive index changes when different solvents are diffused 

into the porous frameworks, with ~370-nm shift per refractive 

index. Since the kinetics of such diffusion are highly dependent 

on inverse opal surface property, it is possible to control the op-

tical responses through surface modification, allowing the cre-

ation of optical patterns in response to solvent diffusion.397,398 

Notably, this sensing platform is universal as the refractive in-

dex change is driven by physical diffusion. Specific detection 

of chemicals using inverse opals can be achieved by introducing 

materials that can react with the analyte to their skeletons, pore 

walls, or interconnected pores. For example, backfilling the 

TiO2 inverse opals with polyaniline leads to reversible blueshift 

and redshift of structural colors in exposure to HCl and NH3 

vapors.399 This opposite color change is due to the phase transi-

tion of polyaniline from emeraldine salt under the acidic condi-

tion to emeraldine base under basic conditions, which is associ-

ated with a refractive index increase. Detection of biomolecules 

is often enabled using a hydrogel inverse opal with a consider-

ably high detection limit, which was reported down to 1×10-9 M 

for DNA400 and 1 ng/mL for protein401 with opposite peak 

shifts.70 In detecting vapors or gas, semiconducting oxides or 

metal-organic frameworks are more often used as these materi-

als have excellent adsorption capability toward gas molecules. 

A ZnO inverse opal can exhibit a 40% change in transmittance 

in response to UV irradiation-induced O2 dissociation from its 

surface.402 Metal-organic frameworks are famous porous mate-

rials nowadays and have specific interactions with guest mole-

cules due to the presence of highly accessible organic ligands in 

their 3D networks. Their skeletons provide plenty of active sites 

to the guest molecules that are diffused in through the inverse 

opal pores. Therefore, inverse opals of metal-organic frame-

works are uniquely attractive in developing smart colloidal as-

semblies. An elegant example uses inverse opal made by 

Cu3(BTC)2 (BTC = benzenetricarboxylate) to detect various 

solvent vapors with optimal detection limit of 10 ppm.403 Their 

reversible optical responses can occur within 30 s with opposite 

peak shift though depending highly on the physicochemical 

properties of guest molecules: redshift for cyclohexane and tol-

uene (Figure 34d) while blueshift for ethanol and acetone.  
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Figure 34. Chemo-responsive colloidal assemblies. (a) Self-assem-

bly of binary Au nanospheres into core-satellite superstructures. In-

set shows a typical TEM image. (b) Dependence of plasmonic peak 

position on the refractive index of solvents. Reproduced with per-

mission from ref 384. Copyright 2015 American Chemical Society. 

(c) Preparation of inverse opals of metal-organic frameworks. (d) 

The diffraction peak shift in response to methanol vapor exposure. 

Reproduced with permission from ref 403. Copyright 2011 John 

Wiley and Sons.  

3.1.5. Light-responsive Assemblies 

Light-responsive colloidal assemblies are driven by light irradi-

ation and therefore are advantageous for energy conversion and 

soft robotics if one considers its remote control, fast response, 

and renewable feature. To induce measurable changes in sur-

rounding physical properties, photochromic molecules are inte-

grated into colloidal assemblies so that their reversible switch 

between two thermodynamically stable states causes smart re-

sponses. In current literature, commonly used photochemical 

reactions include cis-trans isomerization,404 photocycliza-

tions,405,406 and intramolecular mass transfer. In an early effort 

to create such structures in the 1990s, the plasmonic film was 

coated with polymers doped with photochromic molecules so 

that the film reflectance could be regulated by the color switch-

ing of the doped molecules under UV light irradiation.407,408 

This strategy was further employed to modify Au nanostruc-

tures with azobenzene, a model photochromic molecule, 

through thiol chemistry.404 Under blue light (450 nm), azoben-

zene has cis-to-trans transition, whose reverse reaction occurs 

under VU light irradiation. Such cis-to-trans transition in-

creases molecule height by ~0.5 nm, changes the surrounding 

dielectric properties, and redshifts the absorption of Au 

nanostructures. Notably, these established approaches use indi-

vidual plasmonic structures, and developing optically respon-

sive colloidal assemblies is rarely reported largely because of 

the existing challenges to incorporate photoactive molecules 

into colloidal assemblies.  

3.2. Tuning the Order of Secondary Structures 

3.2.1. Magnetically Responsive Assemblies 

The concept of nanoscale magnetic assembly has provided a 

unique set of colloidal crystals, whose potential in many im-

portant applications lies in not only the instant colloidal assem-

bly but also the rapid tuning of the colloidal crystal periodicity, 

orientation, and therefore their physical properties. Among a 

few exciting properties associated with the highly ordered struc-

tures, structural color is most attractive and thus has been ex-

tensively studied. For a perfect linear chain made of nano-

spheres, the diffraction of incident light is predicted by Bragg’s 

law, λ=2ndsinϴ. This simple equation provides a considerably 

precise prediction of the diffraction wavelength (λ), given the 

diffraction order (n), structural periodicity (d), and incident an-

gle (ϴ). It also suggests that tuning the crystal periodicity and 

orientation can lead to corresponding diffraction peak shifts. In 

experiments, the key to the successful tuning of the crystal pe-

riodicity is the dynamic balance between the magnetic attrac-

tion and electrostatic repulsion from surface charges. Simply 

decreasing the external field strength will change the color of a 

colloidal dispersion of photonic chains (TEM shown in Figure 

4b) across the whole visible range from purple to red (Figure 

35a).85,87 Within the 1D chains, the interparticle separation is 

determined by the two interplaying forces, and to explain the 

field-dependent diffraction needs first analysis of the magnetic 

interactions between adjacent nanoparticles. As shown in Fig-

ure 35b, the magnetic attraction between two adjacent nano-

spheres will decrease with the external field strength; the strong 

electrostatic repulsion will thus increase the interparticle sepa-

ration until reaching a new equilibrium state. This sequence of 

events causes an associated redshift of the diffraction peaks and 

simultaneous color changes in the colloidal dispersion (Figure 

35c). Such magnetic periodicity control is rapid, fully reversi-

ble, and contactless, providing predictable color changes in re-

sponse to a magnetic field. This unique smart material has been 

used in a wide range of practical applications, including color 

printing, rewritable photonic papers, anticounterfeiting, and 

color display (See chapter 4 for a detailed introduction). If this 

remarkable photonic chain is fixed by a silica layer, it enables 

active tuning of the collective physical properties of the fixed 

1D chain of Fe3O4 nanospheres through another important con-

cept of magnetic orientation control, which will be systemati-

cally discussed in section 3.3. 

 

Figure 35. Magnetically responsive and highly tunable 1D photonic 

crystals from the magnetic assembly of superparamagnetic Fe3O4 

colloidal nanocrystal clusters. (a) Digital images of a colloidal dis-

persion of the Fe3O4 nanoparticles under gradually increasing field 

strength from left to right image. (b) Schematic illustration of the 

1D chains and their diffraction under light illumination. Repro-

duced with permission from ref 85. Copyright 2012 American 

Chemical Society. (c) Dependence of diffraction peak position on 
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the magnetic field strength. Reproduced with permission from ref 
88. Copyright 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Wein-

heim.  

3.2.2. Thermoresponsive Assemblies 

Thermoresponsive materials that have been used for designing 

smart colloidal assemblies include polymers capable of phase 

transition or common thermal expansion, thermochromic mol-

ecules, liquid crystals, etc. The spontaneous changes of their 

physicochemical properties allow colloidal assemblies to re-

spond to temperature changes, leading to dramatic color or/and 

shape changes of the composite materials. Such attractive re-

sponses are usually associated with a critical temperature where 

the phase transition or molecular stereoisomerism occurs. Con-

versely, the thermal expansion of polymers is more often char-

acterized by continuous shape changes in response to tempera-

ture increases. Temperature-responsive polymers are an attrac-

tive category of functional materials and have been extensively 

studied in creating smart colloidal assemblies. Most polymer 

films experience thermal volume expansion with an intrinsic 

coefficient of linear thermal expansion depending on chemical 

components and crosslinking ratio. In the solution phase, some 

weakly cross-linked polymers can swell in water to form hydro-

gels, which undergo phase transition upon temperature changes. 

This physical transition induces simultaneous changes in poly-

mer configuration, volume, and hydrophilicity.409  

Among synthetic polymers, poly(N-isopropylacrylamide) 

(PNIPAM) is the most popular thermoresponsive polymer, 

which reversibly transits from a swollen, hydrophilic state to a 

collapsed, hydrophobic state above its lower critical solution 

temperature (LCST) at 32oC (Figure 36a).410 Notably, this crit-

ical temperature is often modified by forming copolymers be-

tween N-isopropylacrylamide and other monomers.411 Contrary 

to the polymers with LCST, some polymers have thermosensi-

tive phase transitions with an upper critical solution temperature 

(UCST), below which the dispersed polymers become less sol-

uble. As predicted by the Flory-Huggins theory,412 the UCST 

polymers perform a temperature-dependent “entropy-favored 

mixing” in solutions. At a temperature higher than its UCST, 

the polymer is soluble as favored by the entropy term −TΔSm 

while the polymer loses its solubility because the entropy term 

becomes less negative at a low temperature. Therefore, the self-

assembly of colloidal particles that are modified by a UCST 

polymer is expected to occur upon cooling the solution, which 

is likely a converse process to the self-assembly involving 

LCST polymers. A few typical UCST polymers that have been 

used in thermoresponsive colloidal self-assembly include poly-

styrene,413,414 poly(N-acryloyl glycinamide),415 and poly(3-di-

methyl- (methacryloyloxyethyl)ammonium propanesul-

fonate).416 Among those, poly(N-acryloyl glycinamide) is a 

long known thermoresponsive gel in concentrated solutions, 

which was first synthesized back in 1964.417 A careful study 

recognized that such temperature-sensitive cross-linking was 

attributed to randomly distributed hydrogen bonds as evidenced 

by the facts that the gel formation could be prevented by lowing 

the polymer concentration or adding hydrogen bond interrupt-

ing agents.418 As shown in Figure 36b, at a temperature lower 

than its UCST, the polymer is a gel due to the crosslinking of 

hydrogen bonds, which can fully dissolve in a solvent by in-

creasing the solution temperature.415,419 To take advantage of 

this unique property, two relevant strategies have been pro-

posed to assemble thermoresponsive colloidal superstructures. 

In the first scheme, microgels made of thermoresponsive poly-

mers or colloidal particles functionalized with these polymers 

are directly assembled into colloidal superstructures (top panel 

in Figure 36c).420,421 In an alternative approach, colloidal crys-

tals are first assembled from monodisperse particles, followed 

by infiltration and polymerization of monomers (bottom panel 

in Figure 36c). The volume shrinkage of PNIPAM above the 

LCST induces a sharp lattice and volume contraction while the 

solution of UCST gels disassembles colloidal clusters at a high 

temperature. This sequence of events has been extensively em-

ployed for preparing thermoresponsive second structures. For 

example, an opal structure of PNIPAM microgels manifests a 

continuous blueshift in its diffraction peaks in response to tem-

perature increase (Figure 36d).422 These two approaches can be 

applied to colloidal crystals with different dimensions, symme-

tries, and sizes. A few examples are colloidal crystal arrays with 

close packing of nanoparticles.292,423-425 It is later extended to 

developing thermoresponsive 1D photonic crystals prepared by 

the magnetic assembly.426,427  

 

Figure 36. Thermo-responsive phasing-changing polymers for 

smart photonic crystals. Schematic illustration of thermo-respon-

sive polymers with (a) a lower critical solution temperature and (b) 

an upper critical solution temperature. (a) Reproduced with permis-

sion from ref 410. Copyright 2005 American Chemical Society. (b) 

Reproduced with permission from ref 415. Copyright 2011 Ameri-

can Chemical Society. (c) Schematic illustration of two strategies 

to prepare thermo-responsive colloidal crystal arrays. (d) Peak shift 

of the structural colors in response to temperature changes. Repro-

duced with permission from ref 420. Copyright 2013 John Wiley and 

Sons. 

Liquid crystals normally exert smart responses via their control-

lable thermoresponsive volume expansion and shrinkage.428 In 

a case that involves photonic crystals, the shape is normally ac-

companied by observable color changes because of the defor-

mation-induced periodicity changes. For example, nematic liq-
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uid crystals can be readily integrated into colloidal crystal ar-

rays through the infiltration-polymerization process.429 At a low 

temperature, the nematic state has parallel liquid crystal moie-

ties to the film surface (Figure 37a). When the film is heated to 

close to the nematic−isotropic transition temperature, the moi-

ety re-orientation causes shape changes in the films, with sim-

ultaneous periodicity changes and diffraction peak shift (Figure 

37b). Notably, the orientation of liquid crystal molecules can be 

controlled so that achieving volume expansion or shrinkage is 

optional using the same liquid crystal. In addition, the infiltra-

tion-polymerization strategy is not limited to the component of 

the colloidal crystals, thus representing a general approach to 

smart materials.430  

Thermoresponsive colloidal assemblies are also possible in so-

lution-processed self-assembly by controlling solution temper-

ature to modulate particle interactions. This strategy is opera-

tional for charged nanoparticles because their electrostatic in-

teraction is dependent on temperature.122,431 In a carefully pre-

pared reaction, negatively charged Au nanoparticles are dis-

persed in a mixture of salt and polymer solution at high temper-

ature, which forms a gel upon lowing the solution tempera-

ture.123 By sweeping the temperature between a suitable range, 

the Au nanoparticles can be assembled and disassembled, as ev-

idenced by a remarkable red-blue color change in the dispersion 

(Figure 37c). A simple Zeta potential measurement indicates a 

dramatic, simultaneous decrease in surface charges with solu-

tion temperature. Therefore, it is expected that the Au nanopar-

ticles self-assemble into chain-like secondary structures, which 

is manifested by the regular redshift of plasmon coupling peaks 

(Figure 37d). One advantage associated with using temperature 

as a physical stimulus is its higher reversibility to regulate na-

noparticle interactions compared with adding chemicals.  

 

Figure 37. Thermo-responsive colloidal assemblies. (a) Schematic 

illustration of the thermo-responsive actuation and lattice constant 

changes. (b) The corresponding reflectivity changes. Reproduced 

with permission from ref 429. Copyright 2016 American Chemical 

Society. (c) Schematic illustration of reversible assembly-disas-

sembly of Au nanoparticles in response to temperature changes. (d) 

The corresponding plasmonic peak shifts. Reproduced with per-

mission from ref 123. Copyright 2012 John Wiley and Sons. 

3.2.3. Light-responsive Assemblies 

The use of light as external stimuli has many merits, such as 

precise control over the excitation wavelength and light inten-

sity, remote manipulation, and fast response. Light-responsive 

colloidal assemblies normally occur through two types of reac-

tions, the photochemical reaction and the photothermal effect. 

The photothermal effect is an energy conversion process where 

light energy is converted to heat by light-absorbing materials. 

The local high temperature is expected to drive phase transition 

in liquid crystal elastomers and photochromic molecules as well 

as volume changes in polymer films, leading to pre-designed 

responses in colloidal assemblies. Depending on the working 

mechanism, light irradiation can induce volume shrinkage or 

expansion of soft materials, although thermal expansion is more 

often observed. The performance of photothermal expansion is 

dependent on the physical properties of the polymer, with their 

expansion degree being determined by the coefficient of ther-

mal expansion, which can be found in previous publications.432 

Polydimethylsiloxane (PDMS with the molecular structure 

shown in Figure 38a), for example, is a poly-

meric organosilicon compound that has a higher expansion co-

efficient compared with other common polymers. It has been 

widely used for designing shape-changing smart materials that 

consist of another passive layer with less thermal expansion. In 

this design, colloidal assemblies may play different roles. As 

shown in the bottom panel in Figure 38a, a co-assembled layer 

of plasmonic nanoparticles and graphene oxide nanosheets on 

the PDMS surface serves as both the passive layer and the pho-

tothermal converter, which induces local heating and bending 

on this bilayer film upon light irradiation.433 Photothermal vol-

ume shrinkage is also possible if polymers have a negative ther-

mal expansion coefficient.434-436 In designing smart materials, 

however, it is more frequently achieved through a different 

mechanism, which involves the desorption of water molecules 

from the polymer matrix.437,438 To this end, highly absorbent 

polymers, particularly hydrogels and celluloses, are natural 

choices for creating these opposite volume changes. As a poly-

saccharide, cellulose has abundant hydroxyl groups that can ab-

sorb water molecules through hydrogen bonds (Figure 38b). 

By assembling MXene into multilayered structures under the 

presence of cellulose, it is possible to develop light-responsive 

actuators.439 Under light irradiation, MXene can efficiently con-

vert light energy into heat via the photothermal effect, and the 

high temperature causes water desorption from the assemblies, 

leading to volume shrinkage of this domain (bottom panel in 

Figure 38b). In addition to light, the water absorption-desorp-

tion is also very sensitive to humidity changes, making this ac-

tuator a multi-responsive smart device.  

An advanced technique is developed by taking advantage of the 

phase transition of liquid crystal elastomers and photochromic 

molecular crystals.440,441 Incorporation of photochromic moie-

ties into soft polymer allows colloidal crystals to respond to 

light irradiation, during which the crystal order, orientation, and 

volume may change accordingly. In liquid crystal elastomers, 

nematic and smectic phases are the two most common ordered 

structures. Generally, there exist two types of phase transitions 

at a critical temperature, the order-disorder transition and the 

order-order transition. The first transition involves the light-

driven transition of crystal moieties to an isotropic state featur-

ing random molecular orientation.442 Albeit less common, the 

order-order transition contains minor changes of liquid crystal 

orientation, which normally occurs during photopolarization 

and photochemical process and, in practice, can be described as 

homeotropic (perpendicular to the substrate), homogeneous 

https://en.wikipedia.org/wiki/Organosilicon
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(parallel to the substrate), and tilted alignment (titled with re-

spect to the substrate normal).443-445 In the case of order-disorder 

phase transition, controlling the initial alignment of mesogens 

is important because their initial collective orientation deter-

mines the shape deformation of their host macroscopic films. 

Such flexibly accessible molecule alignment leads to copious 

shape deformation and therefore is one compelling feature of 

liquid crystal elastomers over other photomechanical systems. 

In existing strategies, there are two approaches to controlled 

alignment of liquid crystal mesogens, including two-step cross-

linking446 and in situ polymerization.447-449 During two-step 

crosslinking, a linear polymer is slightly crosslinked to form a 

solid film, which is subsequently stretched for uniaxial align-

ment of the mesogens. The stretched film is further crosslinked 

to fix such alignment and also the shape of the elastomers.450 

The in situ polymerization involves simultaneous polymeriza-

tion and crosslinking in glass cells that have been modified by 

alignment layers (e.g., rubbed polyimides).451 The alignment of 

mesogens in this process is temporarily fixed by the crosslinked 

polymer matrix. One advantage associated with photopolymer-

ization is the adjustable reaction temperature to facilitate the 

crystal phase formation.452 Figure 38c is a molecular formula 

of a liquid crystal monomer, which can be made into elastomer 

through the in situ polymerization strategy.453 The alignment of 

mesogens is performed in polyvinyl alcohol-coated glass slides 

that have been rubbed in antiparallel directions. Meanwhile, Au 

nanorods that preferentially align along the same direction in-

duced by capillary infiltration into the glass cell is uniformly 

dispersed in the mixture. Such host-guest system is polymerized 

through UV exposure, leading to a liquid crystal elastomer 

doped with well-aligned Au nanorods. At this carefully pre-

pared condition, the alignment of nematic liquid crystal mole-

cules are parallel to elastomer surface. The constituent Au na-

norods can generate local heat under light irradiation at their 

resonant wavelength, which further drives the nematic-isotropic 

phase transition of the elastomers. The re-alignment of meso-

gens from homogeneous state to isotropic state cause the elas-

tomer to shrink along the initial alignment direction and expand 

in the other direction. In an elastomer film with a proper thick-

ness, the light intensity decays gradually along the thickness di-

rection, producing a temperature gradient. Therefore, elastomer 

surface that is exposed to strong light contracts more along the 

shrinking direction than does the elastomer bottom. This asym-

metric volume change cause the liquid crystal elastomer to bend 

toward the light source (bottom panel in Figure 38c).  

Molecular crystals of chromophores with both positional and 

translational order are another important category of light-re-

sponsive organic materials.454 Their photoisomerization in re-

sponse to light exposure can drive various interesting physical 

transitions, such as dissolution, bending, twisting, and rotation. 

Their use and performance in developing photoactuators will be 

discussed in detail in section 4. Here, an example of photo-

chromic diarylethene crystal is introduced with its chemical 

structure shown in the top panel in Figure 38d.455 Upon UV 

light irradiation, the molecule undergoes a photocyclization re-

action from its open-ring isomer to close-ring isomer. A crystal 

film simultaneously twists with an apparent colorless-to-blue 

change in its appearance (Figure 38d). This process is reversi-

ble by simple visible-light irradiation. Notably, the manifested 

shape morphing is dependent on the crystal orientation and 

symmetry, which is, however, more difficult to control during 

crystallization compared with the mesogen alignment in the 

polymerization of liquid crystal elastomers.456  

 

Figure 38. Photo-responsive colloidal assemblies. (a) The use of 

thermal expansion of PDMS for developing photothermal actua-

tors. Reproduced with permission from ref 433. Copyright 2020 

John Wiley and Sons. (b) The water desorption from cellulose ma-

trix upon photothermal heating of MXene. Reproduced with per-

mission from ref 439. Copyright 2019 The Authors, some rights re-

served, exclusive licensee American Association for the Advance-

ment of Science.  (c) The nematic to the isotropic phase transition 

of liquid crystal elastomers for photothermal actuators. Reproduced 

with permission from ref 453. Copyright 2020 John Wiley and Sons. 

(d) Photochromic crystal twisting. Reproduced with permission 

from ref 455. Copyright 2013 John Wiley and Sons.  

Azobenzene is another attractive example of photochromic or-

ganic compounds, which have been used in developing photo-

mechanical materials. Under 380-nm light excitation, azoben-

zene changes from its trans to cis configuration with a subtle 

molecular size decrease (Figure 39a), whose reverse reaction 

occurs under visible light irradiation.457 To further understand 

this interesting photoisomerization and its developments in cre-

ating smart materials, readers are referred to a few comprehen-

sive reviews.458-462 In a recent study, it is modified on plasmonic 

Au nanoparticles for reversible assembly of colloidal crystals in 

response to light.463 This strategy incorporates azobenzene into 

DNA sticky end to actively regulate the reversible recognition 

between DNA strands (Figure 39b). Under visible light, azo-

benzene is in the trans configuration so that DNA sticky ends 

remain hybridized, leading to the assembly of cubic crystals. 

Under visible light, azobenzene cis form induces the dehybrid-

ization of DNA strands so that the Au superstructures disassem-

ble. By selectively disassembling surface-grown crystal film us-

ing light, this technique allows the creation of plasmonic pat-

terns (Figure 39c).   
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Figure 39. Photo-responsive colloidal self-assembly. (a) The re-

sponsive trans-cis transition of azobenzene. Reproduced with per-

mission from ref 457. Copyright 2018 Royal Society of Chemistry. 

(b) The reversible DNA base pair interactions mediated by the 

photo-responsive trans-cis transition. (c) SEM image of the bcc 

crystals. Reproduced with permission from ref 463. Copyright 2020 

John Wiley and Sons.  

3.2.4. Electroresponsive Polymers 

Electroresponsive colloidal assemblies are a class of superstruc-

tures with tunable physicochemical properties responsive to an 

applied voltage. Depending on working principles, they can be 

engineered through electrophysical processes or electrochemi-

cal reactions. Electrophoretic force is a common driving force 

to assemble charged colloids or polymers in solutions. Poly-

electrolytes, for example, are charged polymers with their re-

peating units bearing electrolyte groups. In a proper solvent, the 

charges on the polymer matrix make it susceptible to electric 

fields so that the matrix contracts unidirectionally (Figure 

40a).464 This mechanism is an established approach to smart in-

verse opals via polymerization of electrolytes against colloidal 

crystal templates.465-467 An alternative approach to electroni-

cally tunable crystals employs an electric field-induced strain-

ing effect, which is based on the electrostatic interaction be-

tween water-dispersed colloidal particles.468 To stabilize the 

colloidal dispersion, the particles are fixed in a hydrogel matrix, 

whose soft property allows reversible volume changes.469 Once 

a working voltage is applied, the colloidal crystal contract along 

the vertical direction and expand in lateral directions, leading to 

a decrease in periodicity along the light incidence (Figure 40b). 

This early study produces a peak shift of tens of nanometers in 

response to a direct-current voltage of a few kilovolts. The other 

two electrophysical processes involve liquid crystals or liquid 

crystal elastomers, which renders superstructures responsive to 

electric fields via changing structural refractive index or crystal 

volume. Solid elastomers containing liquid crystal mesogens 

can change the order of colloidal assemblies in response to elec-

tric fields. This working mechanism regulates the superstruc-

ture lattice constants to enhance their optical responses to a volt-

age (Figure 40c). Inverse opals of liquid crystal elastomers can 

be readily prepared by the infiltration-polymerization method 

with unidirectionally aligned mesogens.470 Through introducing 

an electrothermal layer (e.g., graphite), the applied voltage 

heats the electric cell to a critical temperature where the ne-

matic-isotropic phase transition occurs. It produces remarkable 

vertical volume expansion as determined by the initial horizon-

tal mesogen alignment. This physical process creates a color-

switching smart device with its structural color being tunable 

over the whole visible range, demonstrating much broader color 

changes under a lower voltage compared with the previous ori-

entational control strategy.  

 

Figure 40. Electroresponsive colloidal self-assembly. (a) Sche-

matic illustration of the voltage-driven structural color changes of 

inverse opals. Reproduced with permission from ref 464. Copyright 

2009 Royal Society of Chemistry. (b) Schematic illustration of 

electric-field-induced structural color tuning of photonic crystals. 

Reproduced with permission from ref 468. Copyright 2005 John 

Wiley and Sons. (c) Schematic illustration of the lattice constant 

changes of inverse opals in response to the applied voltage. Repro-

duced with permission from ref 470. Copyright 2012 Royal Society 

of Chemistry.  

With similar electronic cells, electrochemical reactions can be 

carefully designed so that they can produce desirable smart re-

sponses. These chemical reactions involve charge transfer pro-

cesses to enable responses, with the redox reaction and the acid-

base exchange being most promising. After the reactions, the 

charged products associated with polymer backbones produce 

electrostatic interaction between each soft domain, which is re-

sponsible for a simultaneous volume expansion driven by the 

repulsive forces. Notably, the design of reactive groups is flex-

ible since they can present as side functional groups or as cross-

linkers. The underlying forces and subtle changes in polymer 

electrical property cause colloidal crystals to re-organize to 

minimize their free energy, which is manifested by color and/or 

volume changes (Figure 41a). Such a charge-transfer reaction 

requires a proper conductive solvent to facilitate the migration 

of solvent molecules and charge carriers, including ions and 

electrons. The conductive solvent in which reactants covalently 

bonded to polymer chains react with electrons is one of the most 

important parameters influencing the response rate. Another 

critical parameter to access the performance of the smart device 

is switching time, which is more often related to the polymer 

matrix porosity and polymer affinity with the chosen solvent. 

There exist two challenges in designing the electrochemical cell 

for achieving a fast response. The first one is to find a proper 

reversible chemical reaction that can be powered by a consider-

ably low voltage. The second challenge is how to realize the 

physical responses utilizing the electrochemical reaction. To 

overcome the first one, chemists have recognized a set of mol-

ecules that can react to an applied voltage to yield charged prod-

ucts with full reversibility. At a few early studies in this regard, 
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ferrocene-containing polymers are first introduced into respon-

sive photonic crystals because of their redox-mediated optoe-

lectronic and catalytic switching properties.471-473  Figure 41b 

presents an electrochemical reaction of polyferrocenylsilane 

(PFS) under applied voltage. Its neutral reactant is oxidized to 

positively charged products in electrochemical cells, which is 

reversible through reduction. Other examples that have been 

used in developing electroresponsive assemblies include 

poly(methacrylic acid),424 polypyrrole,474-477 poly(2-vinyl pyri-

dine), and poly(3.4-ethylenedioxythiophene),478,479 with their 

molecular structures and working voltages summarized in Fig-

ure 41c. 

 

Figure 41. Electrochemical polymers for smart colloidal assembly. 

(a) Schematic illustration of responsive photonic crystals based on 

electrochemical cells. Reproduced with permission from ref 167. 

Copyright 2015 Royal Society of Chemistry. (b) The electrochem-

ical reaction of polyferrocenylsilane. (c) The molecular structures 

of commonly used electrochemical polymers for preparing electro-

responsive colloidal crystals. PMAA: poly (methacrylic acid); Ppy: 

polypyrrole; P2VP: poly-2-vinylpyridine; PEDOT: poly(3,4-eth-

ylenedioxythiophene).  

3.2.5. Chemoresponsive Assemblies 

Chemical species, like protons, metal cations, anions, and many 

biomolecules, are important to various biological functions in 

living organisms and to chemical reactions in developing smart 

systems. Understanding their deterministic roles requires ad-

vanced detection techniques to analyze their concentrations in 

the liquid phase and their reactions with other reactants.480 

Therefore, developing smart materials with sensitive responses 

to chemicals is of both fundamental and practical importance. 

Albeit their diverse structures and responses, colloidal assem-

blies responsive to chemicals are feasible through three empiri-

cal strategies, including using responsive building blocks, in-

corporating colloidal assemblies in a functional matrix, and em-

ploying porous superstructures like inverse opals. Their smart 

responses, dominantly in color or spectrum changes, in contact 

with analytes, occur based on changes of surrounding refractive 

index (section 3.1.4) or alteration of structural orders. Their 

working principles to alter the secondary structure orders are 

diverse, with some involving chemical reactions and others 

containing only physical processes. For the developments of 

chemical sensors in the early 2000s, one may find a few com-

prehensive reviews that focus on different responsive materials, 

e.g., photonic crystals481 and plasmonic assemblies.482,483  

The driving forces altering the structural order of the assembled 

entities depend on the types of analytes. Organic solvents or va-

pors are neutral molecules, which can swell or de-swell poly-

mers having a similar polarity or high affinity through altering 

polymer chain conformation. Such solvent-induced mechanical 

deformation allows the embedded colloidal crystals to adjust 

their periodicity, thus inducing apparent color changes in re-

sponse to solvent exposure (Figure 42a). To this end, a quick 

screening of polymer monomers, for which the analyte is a good 

solvent, is a feasible starting place to find the right polymetric 

materials. PDMS is the most commonly used polymer for de-

tecting both polar and nonpolar solvents if colloidal crystal ar-

rays, particularly silica or polystyrene nanospheres, are embed-

ded.484-486 A few systematic studies on detecting a series of or-

ganic solvents recognize an interesting fact that such composite 

photonic film has superior sensitivity in detecting non-polar sol-

vents over polar solvents. Particularly, in early research,487 the 

same PDMS photonic film made of PS colloidal crystal arrays 

experienced ~400-nm peak shift in detecting non-polar solvents 

(benzene, toluene, xylene, etc.), whose sensitivity was much 

higher than that in detecting polar solvents, like alcohols and 

water. This observation underpins the importance of the “affin-

ity rule” in developing high-performance chemical sensors for 

organic solvents. That is, polymers with highly polar functional 

groups are good candidates for detecting organic solvents with 

strong polarity. For example, a copolymer was used with a sig-

nificant peak shift in detecting acetonitrile, tetrahydrofuran, di-

methylformamide, or dimethyl sulfoxide.488,489 Similarly, these 

sensors are also responsive to organic vapors if proper materials 

are used.490,491 One apparent limitation associated with this de-

tection mechanism is the low specificity of the physical diffu-

sion-swelling processes, making it difficult to selectively detect 

certain organic molecules. Another minor disadvantage is the 

sluggish diffusion of organic molecules inside the polymer ma-

trix, which may reduce the response rate.  

Detecting ions is possible using similar photonic films, whose 

constituent polymers need to be replaced based on the “affinity 

rule” for optimal sensitivity. Because ions are charged sub-

stances, polyelectrolytes with charged or ionizable functional 

groups are a natural choice for pH and ionic strength sensors. 

Such ionic gels exhibit interesting volume-phase transitions in 

response to pH or ionic strength changes, which causes the 

guest crystal lattice to contract or expand.492-494 The randomly 

distributed charged functional groups in the hydrolyzed gels al-

low the polymer segments to interact with each other through 

electrostatic interactions or hydrogen bonding, the combination 

of which drives the phase transitions.495 This conclusion ex-

plains why the ionic gels shrink when the solution ionic strength 

increases (Figure 42b). The high-concentration counter ions 

presented in detection solutions reduce the net charge repulsion 

between the polymer segments, thus leading to gel volume 
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shrinkage. Such phase transition has been observed on various 

polymer-colloidal crystal composites since its first use in ionic 

detection,496 such as PS nanospheres in polyacrylamide,496,497 

poly-(2-vinyl pyridine),498 poly(acrylamide-co-acrylic acid),499 

poly(vinyl alcohol)/3-aminophenol,500 silica nanospheres in 

poly(hydroxyethyl methacrylate-co-methacrylic acid),501 and 

morpho butterfly wing scales in polymethacrylic acid.502 Alt-

hough the performances of these sensors vary, a few detailed 

studies suggest a quasilinear response to the log scale value of 

salt concentrations in a certain concentration or pH range.497 

Again, these sensing platforms suffer from low sensing selec-

tivity because they are based on non-specific electrostatic inter-

actions. A few advanced techniques have instead been devel-

oped to overcome this lasting challenge and improve ion sensi-

tivity. One chemical approach uses the specific interactions be-

tween ions and organic compounds for ion-selective sensing. 

Among cation detections, crown ethers were introduced as mo-

lecular receptors into hydrogels for selective detection of potas-

sium503 or lead (II) ions.504-506 Selective detection of anions is 

also possible using a photonic ionic-liquid polymer or a hydro-

gel opal structure.507,508 Another powerful derivative combines 

molecular imprinting technique with the polymer-colloidal 

crystal sensing platform, which commonly uses inverse opals 

as sensing scaffolds. In a typical preparation process, inverse 

opals are made by following the classic infiltration-polymeriza-

tion recipe, during which an analyte is added to serve as molec-

ular imprints. The initial opal template is later removed to create 

defined spaces, into which the analyte from a sample can diffuse 

only if it fits. This emerging sensing method has been exten-

sively used in detecting biomolecules, including egg albumin 

and lysozymes,509 cholesterol,510 L-pyroglutamic acid,511 or in 

detecting organic compounds (e.g., Bisphenol A,509,512 vanil-

lin513).  

 

Figure 42. Chemo-responsive photonic crystals. (a) Peak position 

shifts in response to lattice changes of photonic crystals. Repro-

duced with permission from ref 487. Copyright 2007 Elsevier. (b) 

Schematic illustration of photonic crystal response to ionic strength 

changes. Inset pictures show the color of colloidal dispersions with 

various ionic strengths. Reproduced with permission from ref 497. 

Copyright 2012 American Chemical Society.  

In developing biosensors, the selectivity of the photonic crystals 

can be further improved by taking advantage of specific recog-

nition of biomolecules or certain chemical interactions. These 

strategies have been fully manifested by detecting glucose 

through various chemical routes, exhibiting complex depend-

ence of diffraction peak shift on glucose concentration. Asher 

et al. developed a set of glucose sensors by engineering the 

functional groups associated with a polyacrylamide hydrogel 

matrix that incorporates colloidal crystal arrays. These different 

sensors are designed based on glucose-boronic acid complexa-

tion, whose optical performance depends on both glucose con-

centration and ionic strength. At low ionic strength, the binding 

of glucose causes the formation of anionic boronate groups in 

the polymer matrix, which increases the electrostatic repulsion 

between hydrogel segments.514 This sequence of events also 

creates significant ionic strength differences inside and outside 

the hydrogel, which generates a Donnan potential.496,504,515 Both 

these two inferences explain the hydrogel volume expansion 

and diffraction peak redshift of the colloidal crystal arrays.516,517 

Under high ionic strength or the presence of PEG, however, the 

boronate charges generated during glucose binding are neutral-

ized by PEG-capped sodium cations, which increases the asso-

ciation constant of the bidentate complex. This complex further 

condenses the hydrogel through crosslinking, leading to its vol-

ume shrinkage and diffraction peak blueshift.518,519 Similar 

strategies can be developed using biological molecule probes 

(gene, antibody, aptamer, enzyme, etc.) to recognize a specific 

target. Common molecular recognition in developing biosen-

sors include creatinine-enzyme creatinine deiminase,520 choles-

terol-cholesterol oxidase,521 avidin-biotin,522 and nucleotide ol-

igomer-DNA,523-525 which have been used in compound screen-

ing, ligand-receptor screening, label-free optical detection, and 

cell morphology studies.  

Another sensing scheme uses plasmonic assemblies for colori-

metric and spectroscopic detection, which works based on tun-

ing the interparticle separation and thus their plasmon coupling. 

It benefits from diverse plasmonic superstructures that are as-

sembled in the solution phase, whose further process to durable 

chemical sensors needs additional efforts of preparing solid-

state color-switching systems. One strategy to overcome this 

barrier is to incorporate plasmonic assemblies into 

chemoresponsive polymers526,527 or to modify the constituent 

nanoparticles with responsive polymer brushes.528,529 The re-

versible colorimetric sensing can be achieved by polymer struc-

ture changes upon introducing chemical stimuli, like pH,530 hu-

midity,531,532 biomolecules.533 These plasmonic polymer nano-

composites have been extensively studied because of their sharp 

absorption peaks and widely tunable colors, whose further de-

velopment is, however, limited by slow color switching, small 

peak shift, poor reversibility, and duration. A recent study re-

ports a new plasmonic chemical sensor by coupling reversible 

humidity-sensitive salt hydrolysis with the deprotonation/pro-

tonation of surface-capped PAA.534 This advanced technique 

assembles PAA-capped Ag nanoparticles into a solid film on a 

sodium borate-coated substrate. Upon humidity exposure, so-

dium borate hydrolyzes into H3BO3, releasing OH- ions (Figure 

43a),535 which subsequently deprotonates the carboxyl groups 
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of PAA on the particle surface.536 This sequence of events in-

creases particle surface charges and interparticle separation 

such that the coupling peak of the Ag assemblies blueshifts. 

This plasmonic film demonstrates fast responses within 200 ms 

(Figure 43b) upon breathing. Through simple UV irradiation, 

Ag nanoparticles can easily ripen into large particles, which 

limits their disassembly under vapor exposure. This additional 

treatment creates patterns on the Ag plasmonic film in response 

to humidity. Its sensitive response allows color-switching even 

under the humidity from a touchless fingertip (Figure 43c).  

 

Figure 43. Chemo-responsive plasmonic superstructures. (a) Peak 

position shifts in response to lattice changes of photonic crystals. 

Working principle of color-switching plasmonic films. (b) The fast 

color switching of the plasmonic Ag film upon humidity changes. 

(c) Touchless plasmonic color-switching of the plasmonic film of 

Ag nanoparticles. Reproduced with permission from ref 534. Copy-

right 2019 John Wiley and Sons. 

3.2.6. Mechanically Responsive Polymers 

The order of secondary structures can be efficiently tuned by 

mechanical forces if they are incorporated into a soft polymer 

matrix. This method is simple and effective in regulating struc-

tural orders with a widely accessible response rate and sensitiv-

ity. Compared with electronic or fluorescent mechanical sen-

sors, mechanoresponsive colloidal assemblies are advantageous 

in detecting various mechanical deformations and locomotion. 

Firstly, their multi-color responses allow strain mapping with 

high spatial resolution. Depending on the soft matrix and work-

ing mechanism, colloidal assemblies provide widely accessible 

sensing platforms with tunable detection limits and sensitivity. 

Besides, their colorimetric responses enable fast, on-site esti-

mation of local stresses, and the degree of precision within 

which they can achieve is not attainable in monochromatic or 

grayscale sensors. In most cases, the mechanochromic re-

sponses are reversible thanks to the elastic deformation of the 

polymer matrix, enabling the multiple uses of such sensors in 

practical applications.537 In developing robust mechanical sen-

sors, self-assembly of block copolymers into lamellar structures 

is a typical approach to mechanochromic elastomers, where the 

copolymers serve as deformable matrices and meanwhile main-

tain photonic bandgaps due to their 1D periodic structures.538-

541 A few representative examples in this regard include 

PS/P2VP,539 PSS/PMMA,542 PDMS/PSPI,543 and 

PDGI/PAAm.544  

Incorporating colloidal crystals into the soft polymer matrix is 

an alternative approach to mechanochromic superstructures. 

Upon mechanical stresses, the host polymer substrate deforms 

and induces concomitant order change in the guest colloidal as-

semblies. This indirect mechanism is feasible for both photonic 

crystals and plasmonic assemblies, which exhibit similar color 

changes. Ge et al. systematically studied the mechanochromic 

performances of a silica opal embedded in poly(ethylene gly-

col) methacrylate in response to various mechanical defor-

mations (Figure 44a).545 Their results demonstrate a defor-

mation-dependent color change on a similar mechanochromic 

film. That is, the diffraction peak of the silica opal redshifts only 

when such composite gel expands its volume in the vertical di-

rection. Pushing, for example, is a typical unidirectional force 

that makes the photonic film shrink along the force directions 

while expanding along the other direction. In this regard, ~22% 

horizontal shrinkage yields a 100-nm peak redshift (Figure 

44b). Conversely, pressing the photonic film leads to a blueshift 

of its diffraction peaks due to the reduced periodicity along the 

vertical direction (Figure 44c). Compared with conventional 

photonic gels, this silica opal gel has improved mecha-

nochromic sensitivity, extended color tuning range, and fully 

reversible responses in milliseconds. For early developments of 

such mechanochromic photonic gels, readers may refer to a re-

view article for a quick overview.546   

 

Figure 44. Mechanoresponsive photonic crystals. (a) Schematic il-

lustration of the lattice changes of a photonic crystal in response to 

mechanical stress. (b) The continuous redshift of colloidal crystal 

array in response to pushing. (c) The continuous blueshift of col-

loidal crystal array in response to pressing. Reproduced with per-

mission from ref 545. Copyright 2014 John Wiley and Sons. 

Through this similar material design, plasmonic pressure sen-

sors have also been developed, whose colorimetric responses 

are determined by the plasmon coupling between adjacent par-

ticles.547 For example, a plasmonic film sensor comprises Au 

nanoparticle chains in plastic polymer substrates, which self-

assemble in colloidal dispersions (Figure 45a). At the initial 

state, the proximity between assembled Au nanoparticles gen-
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erates strong plasmon coupling and has a characteristic cou-

pling peak at a long wavelength, which explains the comple-

mentary blue color in the plasmonic film. Under uniform me-

chanical pressing, the plastic deformation of PVP drives the dis-

assembly of the Au nanoparticle chains, leading to a continuous 

blueshift of the absorption of the plasmonic film (Figure 45b). 

Meanwhile, the perceptible film color changes from blue to red 

as the pressure increases. Tuning the mechanochromic sensitiv-

ity is possible in this strategy by modifying the polymer plastic-

ity using a mixture of two polymers.   

 

Figure 45. Mechanoresponsive plasmonic chains. (a) The colori-

metric responses of the plasmonic film under different pressures. 

(b) The continuous blueshift of the plasmonic peak in response to 

mechanical pressure. Reproduced with permission from ref 547. 

Copyright 2014 American Chemical Society. 

3.2.7. Biohybrid Smart Assemblies 

Many biomolecules or cells are natural responsive entities, 

which play important and unique roles in performing bodily 

functions. Integrating these living materials into synthetic col-

loidal assemblies represents an emerging approach to biohybrid 

smart materials. Before its experimental implementation, one 

challenge to be addressed is the biocompatibility of the assem-

bled entities, which determines the normal responses and func-

tions of these living materials. To this end, Zhao et al. estab-

lished a few strategies to integrate synthetic materials with re-

sponsive biological systems by carefully engineering the bio-

compatible organic-inorganic interfaces. One simple route to 

the proposed biohybrid materials is to introduce biocompatible 

materials while preparing the colloidal assemblies. Methacrylate 

gelatin hydrogel is such a natural candidate because of its high 

compatibility to biological systems,548,549 which is introduced as 

scaffold materials of an inverse opal prepared by templating 

against silica colloidal crystals.550 Using this inverse opal as 

substrates, cardiomyocyte has been cultured on the porous ma-

terials, and the cell elongation and contraction in the beating 

processes create a synchronous shift of the inverse opal diffrac-

tion peaks. This strategy is later extended to Janus microparti-

cles with the same inverse opal structures (Figure 46a).551 With 

enough cardiomyocytes attached to the particle surface, an au-

tonomous color change can be observed on the Janus structures 

because the cell contraction deforms the hydrogel inverse opals 

and changes the structural orders during each beat (Figure 

46b). This biohybrid living material that integrates natural re-

sponsive biomaterials with synthetic structures is expected to 

open a new platform to improve life healthcare.552 One ad-

vantage of these biohybrid structures is their ready accessibility 

to various clinical medicine and bioengineering, like tissue re-

pair and regeneration. Bioinspired structural color patch, for ex-

ample, is a recent advance among these exciting applications, 

which is prepared by infiltrating adhesive polydopamine layer 

into an inverse opal of anti-adhesive poly(ethylene glycol) di-

acrylate (PEGDA) hydrogel.553 Such an established method 

yields a colorimetric Janus tissue patch, with excellent adhesion 

properties and anti-adhesion property on the other surface (Fig-

ure 46c). The superior adhesion allows this patch to be applied 

to biological tissues in vitro, and the synchronous color changes 

of the photonic patch with the mechanical contraction of the 

heart demonstrate the good reliability of the biological-syn-

thetic interfaces. With these unique properties and biomimetic 

smart responses, one may expect a growing interest in this 

emerging approach in designing smart colloidal structures.  

 

Figure 46. Living photonic crystals enabled by active biological 

materials. (a)  Schematic illustration of living hydrogel inverse 

opals using cardiomyocyte. (b) Optical microscope images of the 

structural color changes during half myocardial cycles. Reproduced 

with permission from ref 551. Copyright 2020 The Authors, some 

rights reserved; exclusive licensee American Association for the 

Advancement of Science. (c) Optical images of the structural color 

changes of a fixed patch actuated by a duck cardiac. Reproduced 

with permission from ref 553. Copyright 2020 The Authors, some 

rights reserved, exclusive licensee American Association for the 

Advancement of Science.  
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3.2.8. Colloidal assemblies with other tunable properties 

In addition to the optical properties, strategies to tune the elec-

tronic, mechanical, and magnetic properties have also been es-

tablished by controlling the orders and symmetry of colloidal 

assemblies.554 These extended techniques demonstrate the 

widely accessible phases of colloidal assemblies and the asso-

ciated diverse solid-state properties by controlling the assembly 

conditions and magnitude of forces involved. Controlling the 

surface ligand coverage has been demonstrated as an effective 

method to tune the interactions in colloidal assembly as well as 

the physical properties of the superstructures. In assembling oil-

phase small nanocrystals, this principle has been employed to 

create superstructures with different crystal symmetry and elec-

tronic properties by choosing different solvents. For example, 

the coverage of oleic acid on PbS nanocrystals can be tuned if 

methanol (MeOH), dimethyl sulfoxide (DMSO), and acetoni-

trile (MeCN) with decreasing solubility to dissolve the oleic 

acid are used as the bottom liquid during a liquid/air interface 

assembly.555 The considerably low coverage in the case of 

MeOH produces random aggregates while the medium and full 

coverage using DMSO and MeCN as solvents produce square 

lattices featuring oriented attachment (Figure 47a) and quasi-

honeycomb lattices comprising two-layer hexagonal lattices 

(Figure 47b), respectively. Such different assembly manners 

are due to the different stripping capability of these three sol-

vents. Since MeCN has lowest solubility to oleic acid, the high-

density capping ligands on PbS nanocrystals form isotropic 

solvation layers and thus produce hexagonal lattices. In the case 

of DMSO with mild oleic acid solubility, the ligand stripping 

occurs on all the [100] facets because oleic acid has a much 

weaker binding strength on the [100] facets than the [111] facets 

in PbS nanocrystals.556 These selectively exposed [100] facets 

lead to the orientated attachment between interacting nanocrys-

tals at the interfaces.557 When MeOH is used as the bottom liq-

uid to completely remove the oleic acid ligands, the nanocrys-

tals assemble into random aggregates driven by the strong cou-

lombic forces between nanocrystals. An ionic-liquid-gated 

field-effect transistor is later introduced to study the electronic 

properties of the prepared superstructures (Figure 47c). Among 

all the three samples, the quasi-honeycomb lattice shows no ob-

vious modulated electrical conductivity due to the entirely oleic 

acid-capped nanocrystals. The square lattices demonstrate 

prominent electron mobility compared with the random aggre-

gates largely due to the highly ordered lattices with oriented at-

tachment (Figure 47d).  

 

Figure 47. Tunable electronic properties of PbS nanocrystal as-

semblies. (a, b) TEM images of PbS superlattices with (a) di-

methyl sulfoxide and (b) acetonitrile as the bottom liquids dur-

ing the assembly at the air/liquid interfaces. (c) Schematic illus-

tration of the prepared ionic-liquid-gated field-effect transistor. 

(d) Mobility values of the PbS NC films prepared using various 

bottom liquids. Reproduced with permission from ref 555. Cop-

yright 2019, Royal Society of Chemistry.  

Another important property associated with superlattice struc-

tures is mechanical properties. The widely accessible crystal 

symmetry and lattice constants of colloidal assemblies make it 

possible to link the mechanical properties to the superlattice or-

der and symmetry and to elaborate superstructures with defined 

strength, stiffness, and toughness by controlling the particle 

separation and connectivity. Polymer-capped nanocrystals are 

ideal for studying the dependence of mechanical strength of su-

perstructures on crystal architectures and dimensions due to the 

highly tunable polymer length, type, and grafting density on 

particle surfaces. Through a similar evaporation-induced inter-

facial assembly process, polystyrene-capped Au nanoparticles 

can be assembled into hexagonal lattices, with millimeter to 

centimeter lateral dimensions and up to hundreds of nanometers 

thickness.558 The superlattice periodicity can be carefully tuned 

by changing the polystyrene molecular weight while maintain-

ing the Au nanoparticle size. Increasing the molecule weight 

leads to hexagonal superlattices with increasing particle separa-

tion (Figures 48a and 48b). The structural conformation of 

capped polystyrene can be described by the polymer brush 

model, which deals with polymers with their one end connected 

to an interface.559,560  This model supports two physical interac-

tions between capped polymers, including entanglement be-

tween long chains and physically interlocked segments between 

interdigitated polymer strands, which in combination with the 

Van der Waals forces between the inorganic cores contribute to 

the different elastic moduli of the superstructures. Specifically, 

the elastic modulus of Au superstructures increases as with the 

molecular weight and the crystal periodicity, which are all 

higher than that of pure polystyrene films (Figure 48c). This 

observation confirms the critical role of superlattice structures 

and the contribution of surface capping ligands on the mechan-

ical properties of colloidal assemblies. If colloidal particles are 
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assembled into superstructures featuring hard surface contact 

and interlocked junction, it is possible to greatly enhance the 

mechanical properties of the assemblies. To this end, europium 

oxide nanosheets are assembled into superstructure films with 

controllable nanosheet configurations, including face-to-face 

and interlocked manners (Figure 48d), using a similar interfa-

cial assembly method.561 The formation of the interesting, inter-

locked phase is due to selective exfoliation of oleic acid ligands 

from the nanosheet edge and the ensuing anisotropic atomic 

packing factor on the nanosheets. One direct consequence of 

this event is the greater solvophobicity on the nanosheet edges 

than that of the top and bottom surfaces, making nanosheets re-

configure into the interlocked phase to reduce the surface po-

tential. Such a unique phase leads to a greatly enhanced 

Young’s modulus of the interlocked phase than that of random 

and face-to-face assemblies (Figure 48e). Further theoretical 

analysis and experimental results demonstrate the superior me-

chanical properties of the interlocked phase with enhanced 

transverse compression and slipping resistance.  

 

Figure 48. Mechanical properties of superstructures assembled 

from polystyrene-grafted Au nanocrystals with different poly-

styrene molecular weights. TEM images of Au superlattices 

with polystyrene molecular weight of (a) 1.1-kg/mol and (b) 20-

kg/mol. (c) The elastic modulus of bulk polystyrene (green 

dots) and superlattice (blue dots) calculated using the Halpin–

Tsai model. Reproduced with permission from ref 558. Copy-

right 2017 The Authors. (d) TEM image of the europium oxide 

nanosheet superstructures. (e) Young’s modulus as a function 

of loading force for different superstructures. The IL, FF, and 

Ra represent interlocked, face-to-face, and random assemblies, 

respectively. Reproduced with permission from ref 561. Copy-

right 2020 John Wiley and Sons.  

Tuning the magnetic properties of materials is also possible by 

controlling the assembly of colloidal particles. It has been long 

recognized that the magnetic properties of nanostructures are 

dependent on particle size, morphology, and surface properties. 

When nanostructures are assembled in proximity, their induced 

magnetic dipoles interact, with strength and direction highly de-

pendent on particle arrangement within the assemblies. For ex-

ample, superstructures of nickel nanoparticles, including na-

nochains, nanowires, fabrics, and foils, demonstrate tunable co-

ercivity depending on the superstructure morphologies and 

sizes.562 In a close study, a reversible transformation between 

paramagnetic and ferromagnetic properties is achieved by as-

sembling and jamming a monolayer of magnetic nanoparticles 

at the water-oil interfaces.563 An aqueous dispersion of carbox-

ylated, 22-nm Fe3O4 nanoparticles are firstly immersed into 

amine-modified polyhedral oligomeric silsesquioxane (POSS-

NH2) in toluene. The surfactant POSS-NH2 self-assembles at 

the interfaces and interacts with the magnetic nanoparticles due 

to the electrostatic attraction, leading to the formation of a mon-

olayer of the magnetic nanoparticles at the interfaces (insets in 

Figure 49a). The saturated magnetization, coercive field, and 

remanent magnetization of the ferrofluid droplets depend on the 

total number of nanoparticles in the droplets. Adding more sur-

factants or decreasing pH will cause more particles to assemble 

at the interfaces, and more interfaces will be covered by the 

magnetic particles with reduced surface tension. With sufficient 

surface coverage, the particle will jam at the liquid-liquid inter-

faces, leading to a transition from paramagnetic to ferromag-

netic droplets (Figure 49a). If the nanoparticles are not 

jammed, there is no hysteresis in the magnetization measure-

ment, but yielding different saturated magnetization under dif-

ferent pH values and particle concentrations (Figure 49b), 

which underpins the importance of particle jamming in the fer-

romagnetic transition. Another remarkable feature of the ferro-

magnetic droplets is that their shapes can be reconfigured using 

a template. As demonstrated in Figure 49c, a spherical droplet 

is drawn into a glass capillary and transformed to a rod shape 

while retaining the ferromagnetic properties after being re-

leased. This interesting shape change is driven by the decrease 

of interfacial energy caused by a 2.5-fold increase in interface 

areas and more particles jammed at the interfaces. The for-

mation of ferromagnetic droplets is reversible. By controlling 

the monolayer assemblies at the interfaces, the magnetic prop-

erties and the shapes of the droplets can be tuned in response to 

external stimuli, opening the door to reconfigurable materials 

through the colloidal assembly.  

 

Figure 49. Reconfigurable magnetic properties of liquid droplet 

superstructures. (a) Magnetic hysteresis loops of droplets with 

and without an interfacial layer of 22-nm Fe3O4 nanoparticles. 

Insets show the ferrofluid (FF) and ferromagnetic liquid droplet 

(FLD). (b) Hysteresis loops of individual 5-mL aqueous drop-

lets with an interfacial layer of Fe3O4 nanoparticles in response 

to pH changes. (c) Reconfigurable shape changes of the droplets 

using a glass capillary as a mechanical mold. Scale bar: 1 mm. 

Reproduced with permission from ref 563. Copyright 2019 The 

American Association for the Advancement of Science.  
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3.3. Tuning the Assembly Orientation 

3.3.1. Magnetic Orientation Control 

Magnetic anisotropy describes the direction-dependent magnet-

ization properties of magnetic materials, which allows remote, 

reversible, and rapid orientational control over many physical 

and chemical properties (see the nanoscale magnetic assembly 

in section 2.1).564 This unique property can be easily developed 

to control the collective orientation of magnetic nanorods for 

magnetically actuated liquid crystals.63 It allows instant and re-

versible manipulation of rod orientation in a dispersion using a 

considerably weak magnetic field, which exhibits orientation-

dependent light transmittance between two polarizers (Figure 

50a). A close measurement demonstrates their extremely fast 

optical responses to a magnetic field (within a few milliseconds 

in Figure 50b). This technique can be combined with magnetic 

field-assisted lithography to create pre-designed patterns, which 

may be further processed for displays or anticounterfeiting 

(Figure 50c). The combination of orientation-dependent phys-

ical properties and the widely accessible monodisperse 

nanostructures make this strategy promising for creating smart 

responses through regulating orientations.  

 

Figure 50. Magnetically actuated liquid crystals. (a) Polarized op-

tical microscopy images of liquid crystals under different magnetic 

field directions (white arrows). Scale bars: 500 μm. (b) Fast and 

reversible transmittance changes in response to an alternating mag-

netic field. (c) Polarization-modulated patterns under cross polariz-

ers. Reproduced with permission from ref 63. Copyright 2014 

American Chemical Society.  

But the ability to control the structure orientation is not only of 

practical interest: easy and repeatable access to colloidal crystal 

orientational control is the key to understanding and exploiting 

their unique collective properties. Paramagnetic nanoparticles 

are a natural choice because of their easy fabrication and pro-

cessing under external magnetic fields. One challenge associ-

ated with this implementation is that some monodisperse super-

paramagnetic colloids are spherical and lack magnetic anisot-

ropy.565 Assembling them into anisotropic superstructures is an 

empirical approach to overcome this barrier by either fixing the 

superstructures or embedding them into a polymer matrix.426,566-

568 In the case of photonic microspheres made of 1D magnetic 

chains, their magnetic shape anisotropy aligns the chains along 

the external magnetic field so that the microsphere orientation 

and photonic crystal diffraction can be tuned using a permanent 

magnet (Figure 51a).569 This photonic microsphere is prepared 

by polymerizing emulsion droplets under the presence of a mag-

netic field to assemble 1D chains and uniformly align them, and 

the diffraction of the products can be tuned over 100 nm by 

changing the field direction (Figure 51a). By combining the 

field strength and orientational control, it is possible to prepare 

multicolor photonic balls with their on-off states highly tunable 

by changing the field direction (Figure 51b). The potential of 

magnetic shape anisotropy is not only to practically control as-

sembly orientation and properties but also to fundamentally de-

termine the crystal symmetry and structures during the self-as-

sembly process. In fact, a few recent studies have underpinned 

this important role, providing emerging photonic structures and 

optical tunability. Ellipsoidal nanoparticles are unique in this 

regard due to their tunable aspect ratios and easy magnetization 

along their geometrical long-axis.570 They self-assembled into 

face-centered orthorhombic photonic crystals driven by the in-

terplay between electrostatic repulsion and magnetic attraction, 

whose optical properties are highly tunable by changing magnet 

directions (Figure 51c). Considering a constant incident light, 

changing the field direction from parallel to perpendicular to 

light incidence induces a continuous diffraction blueshift (Fig-

ure 51d). Under a linear Halbach array, the photonic crystals 

exhibit defined monochromatic stripes in accordance with the 

periodic field changes (Figure 51e).  

 

Figure 51. Responsive photonic crystals by tuning magnetic field 

directions. (a) Schematic illustration (left) and reflection spectra 

(right) of orientation-dependent photonic balls in response to dif-

ferent magnetic field directions. (b) Optical microscopy images of 

the photonic balls, whose structural colors can be switched on (left 

panels) and off (right panels) by changing the field direction. Scale 

bars: 100 μm. Reproduced with permission from ref 569. Copyright 

2009 American Chemical Society. (c) Schematic outline of the 

magnetic assembly and field-tuning of photonic crystals from el-

lipsoidal nanoparticles. (d) The reflection spectra under different 
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magnetic fields. (e) Digital pictures of the photonic crystals under 

a non‐ideal linear Halbach array. Scale bar: 5 mm. Reproduced 

with permission from ref 570. Copyright 2015 John Wiley and Sons. 

Similarly, highly tunable structural colors are also observed in 

the magnetic assembly of large nanorods into body-centered te-

tragonal crystals (crystals shown in Figure 11), which are di-

rectly driven by magnetic forces (Figure 52a). In the case of 

large nanorods, one apparent distinction from the small ones is 

the much stronger magnetic force in an external magnetic field 

than the electrostatic repulsion; the magnetic interaction will 

thus dominate their assembly process, leading to better lattice 

periodicity and more bright colors (Figure 52b). Another inter-

esting phenomenon unique to the large nanorods is that the te-

tragonal colloidal crystals have a needle-like microscopic mor-

phology and a reduced crystal transverse symmetry. Switching 

the external field will cause the colloidal crystals to rotate along 

their long axes if they are confined in two glass slides, which is 

largely because of the Zeeman coupling between the large crys-

tal and the external field. This sequence of events creates sim-

ultaneous color changes since different facets will be exposed 

with a corresponding periodicity change during the rotation of 

a small piece of colloidal crystal (Figure 52c).  

 

Figure 52. Magnetically responsive and highly tunable 3D photonic 

crystals from the magnetic assembly of Fe3O4 nanorods. (a) Reflec-

tion spectra of the photonic crystals under different magnetic field 

directions. (b) Digital images demonstrating the bright structural 

colors in a colloidal dispersion of the photonic crystals. Scale bar: 

5 mm. (c) Optical microscopy images of one photonic crystal under 

different orientations by switching the applied field direction. Scale 

bar: 20 μm. 

If the magnetic shape anisotropy of colloids is coupled with 

their dipole-dipole interactions, it is possible to prepare new 

types of photonic structures, which, however, require compara-

ble Zeeman coupling strength and dipole-dipole coupling 

strength. To this end, a recent study using magnetic nanocubes 

as building blocks explains how this particular condition can be 

fulfilled.97 Specifically, the easy axis of paramagnetic 

nanocubes is their body diagonals. Driven by the Zeeman cou-

pling, nanocubes tend to tilt themselves such that the diagonals 

are parallel to the external field. The dipole-dipole coupling be-

tween nanocubes, however, favors close face-to-face packing to 

minimize the magnetic potential energy, which is apparently 

different from their easy axes. In a colloidal dispersion of mag-

netic nanocubes, such competing interplay between Zeeman 

coupling and dipole-dipole coupling interestingly leads to 1D 

chains of nanocubes in an edge-by-edge manner (Figure 53a). 

The [110] chains diffract light to a direction that is different 

from the incident light, whose structural colors are dependent 

on both viewing angles and magnetic field directions (high-

lighted in the bottom panel in Figure 53a). One of their main 

difference with 1D photonic chains of nanospheres is the highly 

orientation-dependent photonic responses, which can be revers-

ibly, continuously tuned from UV to visible, and near-infrared 

(NIR) regions by simply changing the field direction (Figure 

53b). A low-concentration nanocube dispersion can efficiently 

diffract brilliant structural colors upon applying a magnetic 

field, whose intensity is qualitatively higher than that of nano-

sphere photonic chains (Figure 53c). This new photonic struc-

ture and its unique optical properties, in combination with our 

unpublished results that magnetic nanorods can magnetically 

assemble into tetragonal or orthorhombic lattices depending on 

assembly conditions, further underpin the importance and great 

potentials of magnetic shape anisotropy in assembling novel 

smart superstructures.  

 

Figure 53. Magnetic assembly of nanocubes for orientation-de-

pendent photonic responses. (a) TEM image of a photonic chain 

assembled from Fe3O4 nanocubes with edge-to-edge manner. The 

bottom inset demonstrates the different diffraction performances 

between photonic chains made of nanospheres and nanocubes. (b) 

Reflection spectra of photonic crystals measured under different 

magnetic field directions. (c) Structural colors of a colloidal disper-

sion of nanocubes in response to different viewing angles (left pan-

els) and magnetic field directions (right panels). Reproduced with 

permission from ref 97. Copyright 2019 American Chemical Soci-

ety.  

Thanks to its high effectiveness, magnetic orientational control 

offers many opportunities, especially when it is coupled with 

other physical properties, such as surface plasmon resonance. 

Au nanorods have been extensively used in this regard largely 

because of their high stability, widely accessible synthesis, 

highly tunable sizes, and plasmonic properties. The resonant os-

cillation of free electrons under light excitation is dependent on 

the excitation geometry, which has been illustrated in Figure 

54a. Consider a z-polarized light and imagine the rotation of a 

single Au nanorod in the y-z plane. Its free electrons can form 

resonant oscillation within rod short or long axes, causing a 

transverse and longitudinal plasmon mode, respectively. In 
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principle, selective excitation of these two modes is possible by 

controlling the collective orientation of Au nanorods, which is 

practically difficult due to the lack of an efficient driving force. 

Magnetic forces are the right candidate for overcoming this 

long-term challenge if one considers their efficient orientation 

control and long-range effectiveness, whose implementation is 

then determined by how to integrate magnetic anisotropy into 

plasmonic nanostructures. Back in 2013, our group reported di-

rect attachment of Au nanorods to the surfaces of magnetic na-

norods through electrostatic interactions; this method yields 

magnetic-plasmonic hybrid nanorods with coupled magnetic 

and plasmonic anisotropy (Figure 54b).571 By using the orien-

tation control shown in Figure 54a, the transverse (at ~515 nm) 

and longitudinal (at ~725 nm) modes can be selectively excited 

by simply applying magnetic fields to assemble the dispersed 

hybrid nanorods (Figure 54c). A different but advanced ap-

proach uses templating strategy to directly grow Au nanorods 

alongside magnetic nanorods,572 which employs highly perme-

able polymer shells to confine the seeded growth in a gap.573 

This seed-mediated space-confined growth is universal to pre-

pare Janus nanorods with different chemical components and 

plasmonic properties. The polymer shells not only confine the 

anisotropic growth of Au into a shape complementary to the gap 

but also allows parallel alignment of the two rods, as demon-

strated in Figure 54d. A joint experimental and theoretical 

study suggests a trigonometric dependence of the two plasmon 

modes on orientational angles (Figure 54e).  

 

Figure 54. Magnetically tunable plasmonic excitation of hybrid na-

norods. (a) Schematic illustration of the orientation-dependent ex-

citation of longitudinal and transverse resonant modes of plasmonic 

nanorods. (b) TEM image of hybrid Fe3O4/Au nanorods assembled 

by surface attachment. (c) Extinction spectra of hybrid nanorods 

under different magnetic fields. Reproduced with permission from 

ref 571. Copyright 2013 American Chemical Society. (d) TEM im-

age of hybrid Fe3O4/Au nanorods prepared from space-confined 

seeded growth. (e) The dependence of plasmonic excitation and 

longitudinal plasmon mode of Au nanorods relative to light polari-

zation. Reproduced with permission from ref 572. Copyright 2020 

The Author(s). 

This strategy has recently been successfully extended to prepare 

Fe3O4/Cu and Fe3O4/Ag hybrid nanorods with a similar size and 

morphology; their unique coupled plasmonic-magnetic anisot-

ropy is useful in fabricating polarization-sensitive optical de-

vices and robots.574 Two other alternative approaches produce 

nanorods with different fine structures but similar coupled mag-

netic-plasmonic anisotropy. Templated self-assembly of super-

paramagnetic and Au nanocrystals in nanoscale rod-like tem-

plates produces magnetically switchable plasmonic nanorods. 

The rods comprise a mixture of binary nanocrystals, with their 

size being determined by the used templates (Figure 55a).575 

Notably, the self-assembly process allows flexible changes of 

building blocks so that one may expect to produce many colloi-

dal superparticles of desirable components. Because of the large 

size of the products, their optical modulation mainly occurs in 

NIR regions, which is achieved by changing the direction of a 

magnet (Figure 55b). Another templating strategy is exten-

sively reported by electrochemical deposition of magnetic and 

plasmonic segments in anodized aluminum oxide (AAO) chan-

nels.576-578 Controlling the chemical components of each block 

is important to optimize the magnetic and plasmonic properties, 

which can be achieved by tuning the sequence and amount of 

metal plating solution during the electrochemical deposition. 

Currently available components for magnetic and plasmonic 

blocks include Fe, Ni, and Au, respectively (triblock Au-Fe-Au 

nanorods shown in Figure 55c).577-580 These multi-block nano-

rods are more often used for dynamic modulation of plasmonic 

scattering or absorption under a rotating magnetic field for bio-

detection (Figure 55d).576,581  

 

Figure 55. Magnetically tunable plasmonic excitation of hybrid na-

norods. (a) SEM image of hybrid nanorod arrays assembled from a 

binary nanocrystal mixture. Scale bar: 1 μm. (b) Transmission 

changes of the binary hybrid nanorods response to different mag-

netic fields. Reproduced with permission from ref 575. Copyright 

2017 Springer Nature. (c) TEM image and elemental mapping of 

triblock nanorods. (d) The dynamic optical response of the nano-

rods under an alternating magnetic field. Reproduced with permis-

sion from ref 576. Copyright 2018 John Wiley and Sons.  
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Magnetic orientation control is also applicable to colloidal assem-

blies with tunable metasurfaces. This technique takes advantage of 

remote, rapid, and reversible magnetic responses to tune the surface 

properties of solid films. To make the soft materials magnetically 

responsive, ferromagnetic particles are commonly mixed with pol-

ymer precursors, which are polymerized against a template to gen-

erate designed surface features, like the 2D arrays of pillars shown 

in Figure 56a.582 An external magnetic field is applied simultane-

ously to magnetize the employed magnetic particles so that each 

pillar act as a micrometer permanent magnet, whose orientation can 

be actively tuned by a magnetic field. One sequence of this mag-

netic orientation control is the anisotropic transportation properties, 

leading to the fast movement of liquid droplets along the tilt-angle 

direction (Figure 56b). Based on the same strategy, another study 

reports a metasurface with tunable surface adhesion in response to 

magnetic field changes.583 The T-shaped surface patterns (Figure 

56c) show similar responses to an external magnetic field, leading 

to dynamic switching between an adhesive and non-adhesive state 

(Figure 56d).  

 

Figure 56. Tunable surface properties of magnetic micropillar ar-

rays in response to a magnetic field. (a) Optical images showing the 

micropillar arrays in response to different magnetic fields. Scale 

bar: 100 μm. (b) The dependence of transport length on tilting an-

gle. Reproduced with permission from ref 582. Copyright 2013, 

John Wiley and Sons. (c) SEM image of magnetic polymer pat-

terns. (d) Change of the adhesion force with the bending of the pil-

lars caused by changing the magnetic fields. Inset: the correspond-

ing microscopic images of the tilted pillars. Reproduced with per-

mission from ref 381583. Copyright 2013, John Wiley and Sons.  

3.3.2. Mechanical Force 

When a secondary structure of nanoparticles adheres to or is 

embedded in a polymer matrix, their positional and orienta-

tional orders are subject to mechanical forces that are acting on 

the film. In a simple case where a polymer film is unidirection-

ally stretched or compressed, its deformation features simulta-

neous expansion and contraction depending on the strains and 

directions. In the case of being compressed, it has axial contrac-

tion and transverse expansion, which is contrary to a film being 

stretched. These processes can be precisely described by Pois-

son’s ratio, which is between -1.0 and 0.5 for elastic polymer 

films because of the requirement for Young’s modulus, the 

shear modulus, and the bulk modulus to have positive values. 

Such mechanical strains modify the structures of associated col-

loidal assemblies via changing their positions, orientations, or 

both, with the first one having been introduced in section 3.2. 

The fact that the Poisson’s ratio is smaller than 0.5 in most cases 

implies the presence of shear forces under the uniaxial strains, 

which is responsible for the ensuing alignment of anisotropic 

structures. Such a deformation mode featuring a small Pois-

son’s ratio has been used to assemble various anisotropic 

nanostructures, such as Au nanorods,572,584 carbon nano-

tubes,585,586 cells,587 liquid crystal mesogens.588 An impressive 

consequence of uniaxial stretch is the unidirectional alignment 

of the long axis of randomly distributed anisotropic structures 

relative to the mechanical forces, whose orientational orders 

have been demonstrated by spectroscopy and electron micros-

copy. If the nanostructures have been assembled into a liquid 

crystal phase in the polymer film prior to mechanical strains, 

they can provide a precise assessment of how these mechanical 

forces change the collective orientation through deformation 

and enable the design of highly sensitive mechanical sensors by 

monitoring such reorientation.572  

Compared with stretching and pressing, twisting is more com-

plex but promising to enable new superstructures that are not 

attainable by other means. Because twisting a polymer film in-

duces chiral deformation, it is a natural platform to create chiral 

colloidal assemblies. Its potential in this regard has been 

demonstrated in a recent study that uses the hybrid magnetic-

plasmonic nanorods shown in Figure 54d as building blocks, 

in which the assembled chiral superstructures exhibit compel-

ling optical properties in response to linear and circular polar-

ized light (Figure 57a).572 During preparation, the hybrid nano-

rods are firstly assembled into a nematic phase with perfect ori-

entational order using a magnet, followed by polymerization to 

fix such phase in a polymer film (Figure 57b). Their orientation 

is deliberately fixed at 45o relative to film edges so that the fol-

lowing structure reorientation can be conveniently observed us-

ing a linear polarizer. Interestingly, twisting the plasmonic film 

causes site-dependent orientation changes of the hybrid nano-

rods and helical films, which drive the transition of the associ-

ated superstructures from a nematic phase to a chiral phase (left 

panel in Figure 57b). In addition to the generation of remarka-

ble circular dichroism signals in the twisted film, an alternative 

color switching is observed under a linear polarized light be-

cause of the reorientation of hybrid nanorods (right panel in 

Figure 57b). This consideration is further confirmed by a sim-

ple model during a finite-element analysis, in which the local 

orientation of individual nanorods can be precisely calculated 

based on the twisting angle and the rod position. This simple 

model predicts a linear increase in the rotation angle of each 

nanorod and a nonlinear change of their azimuth orientation in 

response to twisting deformation, leading to a chiral configura-

tion of the hybrid nanorods (Figure 57c).  
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Figure 57. Twisting chirality enabled by the nanoscale magnetic 

assembly and mechanical deformation. (a) Schematic illustration 

of the chiral configuration of plasmonic nanorods. (b) Schematic 

illustration (left panels) and digital pictures (right panels) of the 

twisted plasmonic film. (c) Simulation snapshot of chiral plasmonic 

nanorods under linearly polarized light excitation. Reproduced 

with permission from ref 572. Copyright 2020 The Author(s). 

Another relevant but simple strategy assembles nanospheres 

into chiral superstructures.589 This inverse procedure starts with 

twisted polymer films, on which nanospheres are deposited 

through layer-by-layer assembly (Figure 58a). Simply releas-

ing the twisted films leads to a transfer of the macroscale chi-

rality to the underlying nanostructures in a top-down manner 

(Figure 58b). One significant advantage associated with the 

macroscale mechanical manipulation is the easy control over 

the nanoscale superstructure handedness and CD single inten-

sity (Figure 58c). Because the chirality is determined by the 

macroscopic twisting deformation, repeated stretch-release cy-

cles cause reversible chiroptical responses in the composite 

film. Such a strategy is operational for various nanostructures, 

which represents a general approach to mechanoresponsive 

smart materials with tunable chirality and unique optical prop-

erties.  

 

Figure 58. Reconfigurable chiroptical nanocomposites. (a) Polymer 

substrate after deposition of plasmonic nanoparticles in left-handed 

and right-handed configurations. (b) Relaxed polymer substrate 

coated with Au nanoparticle multilayers. (c) Apparent CD spectra 

of samples under different mechanical stretching. (d) The highly 

tunable and reversible tuning of CD intensity in response to me-

chanical stretching and releasing. Reproduced with permission 

from ref 589. Copyright 2016 Springer Nature.  

3.3.3. Liquid Crystals 

The phase transition of liquid crystals is associated with distinc-

tive collective reorientation of molecules under external stimuli, 

which can be used as host systems to control the orientation of 

a guest colloidal crystal.590-592 Albeit full of challenges, the de-

sign of such composite materials that combine the fluidity of 

liquid crystals and the ordering of colloids is of both fundamen-

tal importance and technical interest.593 In fact, several pioneer-

ing studies have confirmed the possibility of using liquid crys-

tals to control colloidal orientation by coupling them in a model 

host-guest system with controllable boundary conditions. The 

host-guest system comprises a dispersion of colloidal particles 

with proper surface properties in a liquid crystal; the mixture is 

infiltrated into glass cells, rectangular capillaries, or microfab-

ricated containers of various dimensions, with their inner sur-

faces having been modified to impart molecule alignment. Alt-

hough these studies use colloids of different shapes (e.g., nano-

rods,594,595 nanoplates,593,596-599 dumpling-shaped particles,136 

helices600), this new understanding has allowed one to appreci-

ate that the interfacial interaction in the boundary conditions is 

determined by the surface property of the guest colloids. In ex-

periments, the boundary conditions can be precisely controlled 

by the density of polymer brushes (e.g., PEG) on the colloid 

surface; the degree of sensitivity with which the orientation and 

symmetry of the guest colloid crystal are affected is so high that 

simply increasing the PEG density on ferromagnetic nanoplates 

leads to perpendicular to nearly tangential alignment relative to 

the host molecules.593,596,597 These consideration explains why 

the emergency of new orientational order in the coupled col-

loids-liquid crystals system is possible, which is different from 

the symmetry properties of their own.598 The stimuli-responsive 

boundary conditions on the colloidal surfaces interplay with the 

competing electrostatic and elastic interactions between each 

constituent, allowing colloids to rotate relative to the liquid 
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crystal host in response to external stimuli. This sequence of 

events first assembles colloids into a thermodynamically favor-

able phase, which in turn transforms its symmetry to and 

changes the phase of the host liquid crystal via ensuing mole-

cule reconfiguration.  

Other deterministic properties that influence crystal symmetry 

include solution temperature, constituent concentration, and 

colloid surface charge. In a few close studies of these important 

parameters, charged colloidal disks (Figure 59a) in a nematic 

host could self-assemble into the nematic, smectic, columnar 

organization with symmetries varying from uniaxial601,602 to or-

thorhombic595,603-606 and monoclinic.607-609 To ensure their good 

colloidal stability and optimize the boundary condition towards 

self-reconfigurability, upconversion nanodiscs are coated with 

silica and modified with polyethylene glycol.598 When dis-

persed in a nematic liquid crystal in a unified container, nano-

discs locally distort the molecular nematic order, and the aniso-

tropic interactions on their surfaces cause strong elasticity-me-

diated interactions, whose binding energy is thousands of times 

greater than thermal energy.610,611 Therefore, the nanodiscs can 

self-assemble with unidirectional order in the dispersion, which 

is surprisingly dependent on solution temperature (Figure 59b). 

It is pointed out that increasing the temperature causes the nano-

discs to rotate from perpendicular to parallel orientation relative 

to liquid crystal molecule alignment. Such temperature-depend-

ent orientation control is attributed to boundary condition 

changes mediated by the interplay between electrostatic612 and 

temperature-dependent molecular interactions613 at the colloid 

surfaces.  It further perturbs the order and symmetry of the liq-

uid crystals depending on their relative orientation, which pre-

serves the initial D∞h symmetry of nanodiscs and liquid crystals 

at parallel alignment but induces D2h symmetry and C2h sym-

metry at perpendicular and tilted alignment, respectively. In ad-

dition to temperature, voltages are also found to have profound 

impacts on colloid orientation and crystal symmetry because 

they can change the phase and alignment of the host liquid crys-

tals.614  

 

Figure 59. Thermo- and electro-responsive liquid colloidal crystals. 

(a) SEM image of disk building blocks. Scale bar: 2 μm. (b) The 

transition of orientational order of the liquid colloidal crystals in 

response to different temperatures. Reproduced with permission 

from ref 598. Copyright 2021 Springer Nature. (c) Co-alignment of 

nanorods relative to an electric field. (d) The upconversion lumi-

nescence intensity of liquid colloidal crystals in response to appli-

cation of an electric field. Reproduced with permission from ref 594. 

Copyright 2019 John Wiley and Sons. 

In other carefully prepared conditions, colloidal nanoparticles 

of highly anisotropic shapes can self-assemble into a lyotropic 

nematic liquid-crystalline phase without the need for an aniso-

tropic liquid crystal host.615-617 Under this scenario, the orienta-

tional order is driven by the interactions between nanorods in a 

high-concentration colloidal dispersion, whose orientation and 

properties show interesting dependence on electric fields.618-621 

For example, upconversion nanorods with large aspect ratios 

can transit from an isotropic phase to a nematic phase upon ap-

plying an electric field, with the rod orientation parallel to the 

field direction (Figure 59c). Such orientational order produces 

a field-induced birefringence and anisotropic upconversion 

emission, which is dependent on field strength and direction. In 

Figure 59d, the upconversion fluorescence intensity shows a 

sharp rise and fall in response to on-off switching of the electric 

field, demonstrating that the polarization dependence of the up-

conversion luminescence is determined by the nanorod orienta-

tion. These interesting observations, in combination with the di-

verse crystal structures presented in the guest-host systems, un-

derpins both the fundamental importance and the practical po-

tentials of liquid crystals in developing orientation-mediated 

smart superstructures.  

3.3.4. DNA Templates 

Assembling colloidal structures with chiral symmetry is an ex-

treme case that requires precise control over particle position 

and orientation. One of the fundamental challenges is to design 

chiral superstructures in a high precision within which the chi-

rality and circular dichroism can be tuned similarly in assem-

bling colloidal lattices. To overcome this challenge, DNA tech-

niques have been extensively introduced in many powerful bot-

tom-up approaches to precisely control the relative orientation 

and position of colloidal particles, particularly plasmonic Ag 

and Au nanostructures, due to their unique optical properties 

and easy binding to functional groups in DNA strands.67 De-

pending on the working mechanism, current strategies consist 

of the DNA templating method and DNA scaffold-directed self-

assembly. In some self-assembly, colloidal particles are first 

modified with single-stranded DNA, which can react with other 

specifically functionalized particles, during which the specific 

DNA recognition directs colloids to self-assemble in a desig-

nated manner into configurational or constitutional chiral struc-

tures. In the templating strategy, DNA backbone or complex 

origami templates act as nanoscale rigid substrates for site-sen-

sitive colloid deposition. The DNA origami templates, such as 

sheets or bundles, comprise long DNA strands that are assem-

bled and folded into solid nanoscale templates in a programma-

ble manner.622-624 The various pre-designed binding sites con-

taining single-stranded DNA on the templates capture colloids 

modified with complementary DNA strands via DNA hybridi-

zation, leading to chiral oligomers,625,626 clusters,627,628 and 

chains.193,629  

The potential of DNA templates in controlling colloid orienta-

tion allows the design of a stepwise plasmonic clock, whose op-

tical signals are highly sensitive to the relative orientation of rod 

dimers and specific DNA strands.630 The plasmonic clock con-

sists of an Au nanorod dimer (Figure 60a), with one nanorod 

assembled on a bottom DNA origami nanoplate and the other 

one attached on a top origami bundle.196,631,632 Both the two tem-

https://en.wikipedia.org/wiki/Circular_dichroism
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plates contain 10 binding sites, allowing the assembly of Au na-

norods with designated orientation to the template surfaces. 

Two 12-nt foot strands are extended from the two ends of the 

DNA origami bundle, which serve as a rotator to accurately 

control the orientation of the top nanorod. A ring-shaped DNA 

template is introduced to facilitate rod orientation with sixteen 

footholds evenly distributed on a circular track.633 Each foot-

hold is encoded with a binding block with an identical sequence 

and a toehold block with the specific binding information. Upon 

addition of carefully designed blocking and removal strands, 

the up nanorods can rotate to their neighboring binding sites 

with a step length of ~6.5 nm and step angle of ~π/8 (Figure 

60b).634 Depending on the sequence of adding these DNA fuels, 

the dimer can form clockwise or counterclockwise rotation with 

similar sensitivity and step size, allowing highly sensitive chi-

rality responses (Figure 60c).  Based on a similar “release and 

capture” mechanism, a so-called plasmonic walker is also de-

veloped, which drives the translational move of Au nanorods 

relative to another rod. The relative position changes between 

the two orthogonally aligned nanorods alter the chiral symmetry 

of the dimers and thus its circular dichroism signals.634  

 

Figure 60. Rotary chiral plasmonics by templating against DNA 

origami. (a) TEM image of self-assembled plasmonic nanoclocks. 

(b) Working principle of the smart nanoclocks in response to the 

addition of DNA strands. (c) Schematic illustration (left) and meas-

ured CD intensity (right) of the smart assemblies during a full-turn 

clockwise rotation process. Reproduced with permission from ref 
630. Copyright 2019 The Authors. (d) The design principle (left) and 

working mechanism (right two panels) of epicyclic gearset. Repro-

duced with permission from ref 635. Copyright 2019 The Authors, 

some rights reserved; exclusive licensee American Association for 

the Advancement of Science.  

The DNA templating strategy is further extended to functional 

materials of different components, sizes, and shapes, such as 

fluorophores, which enables the design of smart nanomachinery 

with regulated and coordinated motion.635 These highly inte-

grated devices consist of responsive elements, which drive co-

ordinated motion under external stimuli, and functional constit-

uent materials, such as nanocrystals and fluorophores. They are 

assembled into hybrid machinery through DNA cross-linking, 

which can independently revolve around an Au nanorod driven 

by DNA fuels. As a representative design in Figure 60d, two 

DNA origami filaments of different diameters are crosslinked 

to a middle Au nanorod, the DNA binding between which can 

be regulated in response to the addition of blocking and removal 

strands.636,637 It allows filament A to rotate with a step rotation 

angle of 120o around Au nanorod surface and changes its posi-

tion relative to filament B. This sequence of events also alters 

the distance of two fluorophores attached on the two DNA fila-

ments to the Au nanorod surface, and thus their fluorescent in-

tensity due to the distance-dependent quenching effects. Track-

ing the fluorescent intensity also allows precisely monitoring 

the rotation of DNA filaments in response to the addition of 

DNA fuels. A similar design principle has been used to develop 

various nanomachinery to perform desirable functions, includ-

ing independent rotation, synchronous rotation, and joint mo-

tion. These inspiring nanomachines take advantage of precise 

positional, orientational control of DNA techniques and sensi-

tivity of functional materials in response to their configurational 

changes and is therefore promising in developing smart na-

noscale robots.  

4. APPLICATIONS OF SMART COLLOIDAL 

ASSEMBLIES 

4.1. Color Displays and Filters 

4.1.1. Liquid Crystal Displays 

Liquid crystals have attracted long-lasting interest in both aca-

demic research and industrial developments.638 They share the 

physical properties of crystalline materials and the unique fea-

tures of fluids. The long-range order endows them with aniso-

tropic optical properties, viscosity, and elasticity, while the flu-

idity provides controllable susceptibility to external stimuli, like 

electric fields, magnetic fields, mechanical forces, and light.54 

These properties make liquid crystals (LCs) one of the most 

promising materials for color displays.55 In addition to the con-

ventional liquid crystal displays (LCD) that are made of organic 

molecules, colloidal particles can self-assemble in solution 

phases and respond to external stimuli, representing another 

promising material for color displays.55 A few well-known ex-

amples are graphene oxide nanosheets and cellulose 

LCs.62,639,640 Due to their larger sizes and higher aspect ratios 

than organic LCs molecules, their optical properties can be eas-

ily regulated with lower energy consumption (e.g., lower volt-

ages). Cellulose nanocrystals (CNCs) are rod-like crystalline 

materials with varying diameters between 3 and 20 nm and 

lengths ranging from 50 nm to a few micrometers.641 In aqueous 

dispersions, some of them form chiral nematic phases and a 

pseudolayered helical structure, whose structures can be fixed 

by evaporating water.642 Depending on the helical pitches, sep-

arated domains exhibit vivid structural colors, with blue color 

for a small pitch. 

As predicted by Onsager’s theory, carbon nanotubes and gra-

phene oxide nanosheets in colloidal dispersions can transit from 

an isotropic to a nematic phase as their concentrations in-

crease.643,644 The optimal concentrations depend sensitively on 

structural aspect ratios. In experiments, their phase behaviors 
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have been extensively studied, promoting the research for ex-

ploiting their practical applications in colloidal LCDs.645,646 If 

an electric field is applied, birefringence is observed in all three 

phases of graphene oxide (GO) nanosheets. However, to avoid 

chemical reduction and electrolysis, a high-frequency, low-

magnitude electric field is preferred. In a typical measurement 

shown in Figure 61a, the application of an electric field yields 

obvious birefringence in the dispersion.647 Notably, the field 

magnitude is three orders of magnitude weaker than the field 

for conventional molecular LC switching. After the field is 

switched off, the birefringence gradually disappears, demon-

strating the transition from the nematic phase to the isotropic 

phase. As predicted, the electric field-induced phase transition 

of GO is dependent on concentration, with an optical concen-

tration at ~0.11 vol% (Figure 61b). The optical response of GO 

is very sensitive to external fields, which is characterized by the 

Kerr coefficient and three orders higher than any other Kerr ma-

terials. The significance of such a large Kerr coefficient is the 

fast response to the electric field. In an electronic device, the 

optical signals can be readily switched on and off by simply ap-

plying a voltage of 20 V (Figure 61c). Its further optimization 

may lead to a comparable performance to commercial LCDs but 

requires additional efforts in synthesizing high-concentration 

GO dispersion for high saturated birefringence and in control-

ling ionic influence for long-term stability.640,648  

 

Figure 61. Electro-optical switching of colloidal liquid crystals for 

displays. (a) Optical responses of a graphene oxide dispersion un-

der different electric fields. The vertical axis represents the induced 

birefringence obtained by subtracting the initial birefringence at 0 

V mm−1 from the measured birefringence. (b) Field-induced bire-

fringence curves by applying extremely low electric fields. (c) The 

on and off state of a liquid crystal display. Reproduced with per-

mission from ref 647. Copyright 2014 Springer Nature. 

4.1.2. Plasmonic Color Displays and Filters 

The LSPR of plasmonic nanostructures has many advantages in 

designing color displays and filters, particularly compared with 

conventional pigmentation-based display technologies.649-651 

Firstly, the LSPR peak position can be easily tuned by changing 

the structural sizes, morphologies, and assemblies. It provides 

widely accessible color ranges that cover the whole visible 

spectrum for displaying wide color gamut images. Secondly, 

the LSPR produces a sharp peak at the resonant wavelength, 

leading to high monochromaticity for color mixing.652 Thirdly, 

the resonant absorption and scattering of plasmonic nanostruc-

tures offer optional display modes. Their structure-determined 

light scattering enables the design of transparent displays that 

can exhibit arbitrary monochromatic images.653 Instead, plas-

monic nanostructures with absorption-dominated optical prop-

erties are promising in designing high-performance color filters 

and in displaying pre-designed pictures in a transmission 

mode.654 Lastly, many well-established fabrication techniques 

(e.g., colloidal assembly and lithography) enable large-scale 

production of high-resolution plasmonic pixels.655 In this re-

gard, the LSPR of plasmonic nanostructures has inimitable mer-

its because their highly localized electric fields can regulate 

light propagation below the diffraction limits.656 The use of 

these advanced techniques also allows for integrating plas-

monic pixels into conventional electronic devices (e.g., LCDs); 

it represents an open platform for designing active plasmonic 

displays for consumer electro-optical devices.  

Two challenges in developing these inspiring displays are to 

synthesize monodisperse plasmonic nanostructures with well-

defined optical properties and to manipulate their large-scale 

assemblies with nanometer precision. In existing techniques, 

templating synthesis and assembly are promising. For example, 

high-quality Fe3O4@Au nanoparticles can be made on a large 

scale using an advanced templating method.657 It yields Au 

nanoshells with controllable inner diameters, thicknesses, and 

optical properties. The hollow nanostructures have hybridized 

plasmon modes, which offer widely accessible resonant wave-

length and predominant scattering of light. Therefore, a trans-

parent display has been developed using the Fe3O4@Au nano-

particles as building blocks (Figure 62a). This display is highly 

transparent due to the use of non-absorbing polymers in the vis-

ible spectrum (Figure 62b). By choosing Au nanoshells with 

proper inner diameters, the transparent display can scatter light 

at the nanoshell resonant wavelength while remaining high 

transparency elsewhere in the visible spectrum (Figures 62c 

and 62d). Templates with pre-created features can also regulate 

the assembly of plasmonic nanoparticles into complex struc-

tures.310 This technique is a directed assembly process and 

guides plasmonic nanoparticles of different chemical compo-

nents, shapes, and sizes to assemble in pre-designed geometries 

and locations.658 A 2D template with defined gaps is created us-

ing electron-beam lithography. The generated patterns are fur-

ther modified by polylysine for positively charged surfaces, 

which serve as binding sites for assembling negatively charged 

particles. As shown in Figure 62d, colloidal linear chains of 35-

nm silver nanoparticles can be produced with controllable 

length and particle number. These assemblies act as plasmonic 

pixels that have two unique properties. One is the length-de-

pendent plasmon coupling, in which the resonant peak positions 

can be tuned across the whole visible spectrum (the spectra in 

Figure 62d). The second character is their polarization-depend-

ent color switching (Figure 62e).  



50 

 

 

Figure 62. Plasmonic color displays. (a) Fabrication of the plas-

monic color display based on resonant scattering of Au nanoshells. 

(b) Digital image of the highly transparent plasmonic display. (c) 

Digital images of the display made of small (left) and large (right) 

Au nanoshells, which exhibit different colors. Scale bars: 1 cm. Re-

produced with permission from ref 657. Copyright 2020 American 

Chemical Society. (d) SEM images (left), optical images (middle), 

and scattering spectra (right) of the longitudinal mode of linear 

plasmonic chains. (e) Polarization-dependent color switching of the 

plasmonic color display. Reproduced with permission from ref 658. 

Copyright 2016 John Wiley and Sons. 

To develop actively addressable plasmonic displays, the optical 

properties of plasmonic structures need to be responsive to ex-

ternal stimuli. Electric fields are a promising and useful stimu-

lus in this regard, considering their easy fabrication and prom-

ising applications in various electronic devices. There exist two 

approaches to active displays with plasmonic assemblies as 

back reflectors and liquid crystals for color switching. Using the 

established nanofabrication techniques, including electron 

beam lithography,659-661 photolithography,662 and colloidal self-

assembly,229,663 it is possible to create plasmonic nanostructures 

on desirable substrates with sub-10-nm precision. The tiny 

small sizes lead to ultra-fine color pixels and high-resolution 

images beyond the conventional diffraction limits.655 Franklin 

and Chanda established a mature method to fabricate actively 

tunable color displays by integrating imprinted or self-assem-

bled plasmonic surfaces into LC cells.649,663,664 In their early 

studies, a plasmonic-liquid crystal cell was developed with im-

pinging white light. Transmitted light through the LC layers in-

teracts with the plasmonic layers while reflecting complemen-

tary colors. The wavelength of absorbed light is determined by 

the LC orientation near the interfaces so that the plasmonic col-

oration can be actively tuned by voltages.649 Simply adding a 

polarizer to the integrated electronic cells leads to actively ad-

dressed full-color plasmonic displays that can exhibit polariza-

tion-dependent images.664 The use of lithography techniques to 

prepare large-scale 2D plasmonic arrays has several limitations 

in further commercialization. The coloration in these ordered 

plasmonic structures is dependent on light incident angles. A 

self-assembled plasmonic reflector was recently developed to 

better suit practical applications.663 A physical vapor deposition 

method was employed to grow plasmonic nanostructures with 

random plasmon coupling. This simple modification provides 

randomly dispersed plasmonic particles and therefore over-

comes the challenges of viewing-angle dependence and the ab-

sence of black/gray states. The working principle of this new 

electronic device uses dispersed LCs as the color modulator. In 

the off state, the chiral configuration of LCs allows for the re-

flected light to penetrate the cell, thus displaying pixel-wise col-

ors. When voltage is applied, the pixels turn black because the 

vertical aligned LCs do not change the polarization of incident 

light, and the reflected light will be absorbed by a surface po-

larizer. One promise of this technique is its ease of integration 

into commercial displays so that a prototype device is demon-

strated to display arbitrary motion pictures. Another approach 

to active plasmonic coloration assembles plasmonic nanostruc-

tures in electronic cells. This technique relies on the anisotropic 

electric susceptibility of plasmonic nanorods or on the interac-

tions between LC molecules and the guest plasmonic nanostruc-

tures.64,665,666 Taking the plasmonic guest-host LCs for example, 

Au nanorods are first modified by poly(ethylene glycol) to in-

duce weak interactions with the host LC molecules.614 The sig-

nificance of this surface modification is nanorod co-alignment 

with the molecules under an applied electric field (Figure 63a). 

It, therefore, leads to long-range order in colloidal dispersions 

and allows for electrically switching the rod optical properties 

(Figure 63b). Notably, this strategy relies on the interactions 

between surface ligands and LC molecules for assembling ani-

sotropic plasmonic nanostructures, which is not limited to par-

ticle shapes, sizes, and chemical components. Its highly com-

patible fabrication with conventional LC cells sets the stage 

ready for exploiting its practical uses (e.g., plasmonic displays, 

smart windows, and color filters).  

 

Figure 63. Self-assembly of plasmonic nanoparticles for color dis-

plays. (a) Schematic illustration of the orientational orders of Au 

nanorods in liquid crystals. (b) Optical microscopy images of the 

plasmonic displays in response to different polarization. Repro-

duced with permission from ref 614. Copyright 2014 American 

Chemical Society.  

4.1.3. Photonic Crystal Display 

Photonic crystals are famous for their intrinsic photonic 

bandgaps and unique optical properties. Their coloration has 

dramatic merits in place of conventional pigments in develop-

ing optical devices.667 The structural colors are determined by 

structural periodicity and therefore do not photobleach. An 

ideal photonic display is expected to reflect light in the whole 

visible range in response to external stimuli. The application of 

physical or chemical stimuli alters the photonic bandgaps and 

structural colors so that desirable patterns can display on pho-

tonic materials. In some advanced strategies, a few microfabri-

cation techniques are involved for actively addressable, pixel-

wise display. The existing external stimuli evoking color 

changes include chemicals,668,669 electric fields,472,476,477,667,670-673 

heat,674 magnetic fields,569 and mechanical forces.545,675,676 In 

some photonic displays, they can exhibit designated patterns in 

reaction to multiple stimuli.677,678  

Electrically driven photonic crystal displays consist of photonic 

crystals, transparent electrodes, and electrolytes. In electro-

chemical cells, reactive or phase-changing polymers are needed 

to impose tunability on structural periodicity and colors. Self-

assembly of copolymers into layered photonic films is one ap-

proach to responsive coloration via film swelling under applied 

voltages. A noticeable copolymer is polystyrene-b-poly(2-vinyl 

pyridine) (PS-b-P2VP).476,477 Under anodic bias voltage, the 

pyridine groups in the P2VP block are protonated so that anion 
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electrolytes will migrate toward the photonic films, which in-

creases the periodicity of the photonic films. Colloidal crystal 

arrays are another promising example in developing photonic 

crystal displays, which involves the colloidal self-assembly of 

photonic crystals and the infiltration of reactive polymers in the 

crystal networks. Ozin et al. introduced a crosslinked network 

of polyferrocenylsilane into the crystal matrix of silica nanopar-

ticles that are prepared by convective self-assembly.472 The 

polyferrocenylsilane has electrochemical oxidation and reduc-

tion under applied voltages, leading to partial electronic delo-

calization in the polymer backbone. This process electrochemi-

cally drives swelling and shrinking of the polymer matrix and 

actively regulates the lattice spacing of the photonic crystals 

(Figure 64a), demonstrating whole spectral tunability, high 

brightness, and color saturation.671 If ITO arrays are used as pat-

terned electrodes, the optical device can display well-defined 

images by controlling the voltages on each electrode. Figure 

64b demonstrates alternating green and red stripes by applying 

voltages to every other electrode line. Increasing the applied 

voltage will redshift the structural colors to near-infrared re-

gions so that the display becomes transparent. The power con-

sumption of this electrochemical cells is compatible with some 

portable electronics, which is promising in developing active 

camouflage and full-color photonic crystal displays.  

 

Figure 64. Self-assembly of colloidal particles for photonic full-

color displays. (a) Schematic illustration and working principle of 

electric actuation of photonic crystal lattice for dynamic full-color 

displays. (b) Images of a photonic ink film under different applied 

voltages. Reproduced with permission from ref 472. Copyright 2007 

Springer Nature. (c) Working principle of the electrically driven 

photonic display. (d) Digital photos of the photonic crystal display. 

Reproduced with permission from ref 672. Copyright 2018 John 

Wiley and Sons. 

Using electrophoresis of charged colloidal particles in uniform 

electric fields, it is possible to directly assemble colloidal parti-

cles and tune lattice spacing in electronic cells (Figure 64c). A 

few monodisperse particles or core/shell nanostructures (e.g., 

SiO2, CeO2, Fe3O4@SiO2) are good suitable building blocks 

largely because of their high uniformity, simple synthesis, and 

high mobility in an electric field.670,672,679 A 3D photonic crystal 

is assembled between two transparent ITO electrodes using a 

spontaneous precipitation method.672 When an electric field 

with a proper magnitude is applied, positively and negatively 

charged particles would migrate to the cathode and anode, re-

spectively, driven by electrophoretic forces. In both cases, the 

colloidal particles will be packed more densely towards the 

electrodes, leading to a dramatic decrease in lattice spacing and 

blueshifts in structural colors. A prototype of reflective displays 

is demonstrated by employing patterned electrodes as pixels. 

Each electronic cell is powered separately so that the color of 

an individual pixel can be conveniently tuned (Figure 64d). A 

simple extension of this working principle to assemble amor-

phous photonic crystals leads to a viewing angle-independent 

color display,670 which is more desirable in inventing commer-

cial color displays.  

Photonic crystals that are responsive to magnetic fields or me-

chanical forces can also be properly designed to display images. 

One advantage is their high response rate, which is normally 

within 1s. By dispersing magnetic nanoparticles in emulsion 

droplets, Ge et al. developed an effective approach to magneto-

chromatic microspheres.569 It is achieved by first dispersing 

magnetic particles in PEGDA monomers, followed by emulsion 

formation and UV polymerization (Figure 65a). This process 

yields magnetochromatic microspheres with well-aligned 1D 

photonic chains. While their structural colors are determined by 

the interparticle separation and chain orientation, the coloration 

can be switched on and off by controlling the magnetic field 

direction. To prepare solid optical devices, temperature-sensi-

tive PEG is introduced as a phase-changing matrix so that the 

chain orientation and the display color can be reversibly con-

trolled by a magnetic field (“on” and “off” states shown in the 

left and right panels, respectively in Figure 65b). Different 

from the remote magnetic control, mechanical forces exert con-

tact impact on deformable photonic elastomers for mecha-

nochromic responses. The optical performances are highly de-

pendent on the way that the mechanical forces are applied. For 

example, stretching or pressing induce blueshift of the struc-

tural colors while pushing the elastomer lateral leads to red-

shifts.545 In creating patterns, the imprinting technique has been 

established to display pre-designed images on monochromatic 

photonic crystal display.675,676  

Developing multi-responsive photonic crystal displays are at-

tractive because of their potential broad applications. Using 

functional polymers to enclose photonic crystals is a simple 

way. While their functional groups make the displayed color 

susceptible to chemicals, like pH and water, the polymer elas-

ticity offers mechanochromic responses.677 Pixel-wise display 

is also possible by using the microfluidic technique to assemble 

multi-responsive Janus microspheres.204,680 An elegant example 

is presented in Figure 65c, with triple optical responses to mag-

netic fields, light, and temperature changes.678 While the optical 

performance is promising in these established methods, how to 

manage or take advantage of the multiple optical responses for 

more advanced optical devices remains a challenge. 

4.2. Color Printing and Rewritable Papers 

The active optical responses of colloidal assemblies can be uti-

lized to develop color printing processes and create rewritable 

papers.52 Their working principles are similar to those estab-

lished in color displays but are more focused on reproducing 

pre-designed images and printing letters. In responsive photonic 

crystals, active tuning of the periodicity of photonic crystals and 

orientational control represent two typical approaches to color 

printing. Plasmonic assemblies generate shape- and structure-

dependent coloration so that color printing is also possible by 

modulating their collective optical properties. Depending on the 

color-changing mechanism, they can be categorized into per-

manent color printing and rewritable papers.166,485,681 Some 

techniques themselves or combined with other physical pro-
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cesses provide irreversible color changes in colloidal assem-

blies and are therefore developed for printing permanent im-

ages. A few established techniques in this regard include mag-

netic field- or electric field-assisted photolithography, mechan-

ical imprinting, and some irreversible chemical reactions. 

Meanwhile, some optical devices have been developed with re-

versible color changes so that they can be used multiple times 

as rewritable papers. In this regard, magnetic orientational con-

trol and the chemical-induced swelling-deswelling of polymers 

are two noticeable examples, which are either made into rigid 

optical devices or flexible paper-like films. 

 

Figure 65. Responsive color displays to multiple stimuli. (a) Sche-

matic illustration of preparing magnetic photonic microspheres. (b) 

Digital images of the on (left) and off (right) states of photonic dis-

play regulated by a magnetic field. Reproduced with permission 

from ref 569. Copyright 2009 American Chemical Society. (c) The 

on-off switching and dynamic color changes of a photonic display 

in response to multiple stimuli. Reproduced with permission from 

ref 678. Copyright 2015 American Chemical Society. 

4.2.1. Magnetic Color Printing 

Magnetic color printing utilizes the interactions between colloi-

dal particles and external magnetic fields for color generation. 

For colloidal particles with a simple spherical shape, they self-

assemble into 1D chain-like structures under magnetic fields, 

which diffract light only when light is incident along or at a 

small angle to the chain. Based on this orientation-dependent 

coloration, a magnetically rewritable ink is created.682 This 

technique uses the fixed 1D chains as color units (Figure 66a), 

which can be rapidly and reversibly switched on and off by ap-

plying vertical and horizontal magnetic fields, respectively. 

One challenge for using this ink for magnetic printing is how to 

stabilize the chain orientation in a considerably long time to pre-

sent the printed images. In this regard, highly viscous solvents 

are introduced as a dispersant, which suppresses the chain rota-

tion at ambient conditions. Notably, the coloration state can be 

elongated from a few seconds to several minutes by simply in-

creasing the viscosity of the dispersant. A digital image in Fig-

ure 66b shows well-defined patterns right after removing a 

stripe-patterned magnet. The printed image can be erased by ap-

plying a horizontal magnetic field. And letters can be directly 

written on the same optical device using a small permanent 

magnet as a pen (Figure 66c). An alternative strategy employs 

photolithography to selectively fix the magnetic nanostructures 

in a polymer matrix, leaving other areas still responsive to a 

magnetic field.683,684 To prepare a solid film, superparamagnetic 

nanoparticles are first dispersed in a prepolymer of PEGDA, 

which is then thoroughly mixed with a PDMS precursor to form 

an emulsion. After thermally curing the PDMS, the magnetic 

particles in PEGDA droplets can still move freely until UV ir-

radiation is applied under a photomask to polymerize some 

droplets. Notably, the droplets that are covered by the photo-

mask contain well-dispersed magnetic particles. They can still 

self-assemble under a magnetic field, and the device displays an 

image that is determined by the photomask. If the magnetically 

tunable structural color is coupled with a maskless lithography 

system, it is possible to directly print arbitrary images using 

magnetic ink.685 This composite ink comprises superparamag-

netic nanoparticles, PEGDA prepolymers, and ethanol as sol-

vent. In an integrated printing system, a digital micromirror ar-

ray modulator can reflect patterned UV light to polymerize the 

magnetic ink while a magnetic field with proper strength is ap-

plied to produce desirable structural colors (Figure 66d). This 

technique allows for instantaneous modulation of the structural 

colors so that high-resolution, structural-color images can be 

printed (Figure 66e). The digital modulator produces pixels of 

16.7 µm×16.7 µm with a resolution of ~1500 dpi. Such a small 

size of the printed dost also enables reflection intensity modu-

lation and spatial color mixing, thereby broadening the capabil-

ity of color expression.  

 

Figure 66. Magnetically responsive photonic nanostructures for 

color printing. (a) SEM image of photonic chains from the mag-

netic assembly of nanospheres. (b) Multicolor photonic display 

showing color pattern under a stripe-patterned magnet. (c) Mag-

netic writing letters on the photonic display. Reproduced with per-

mission from ref 682. Copyright 2013 Royal Society of Chemistry. 

(d) Schematic illustration of magnetic field-assisted photonic li-

thography. (e) Digital pictures demonstrating the rapid printing of 

high-resolution photonic images. Scale bars: 100 μm. Reproduced 

with permission from ref 685. Copyright 2009 Springer Nature. 

4.2.2. Mechanical Imprinting 

Mechanical imprinting is a replication process capable of nano-

manufacturing and reproduces pre-created patterns on soft or 

thermoplastic substrates. Generally, nanoimprint lithography 

(NIL) is a famous mechanical imprinting process, which can be 

divided into thermoplastic nanoimprint lithography, photo 

nanoimprint lithography, and direct nanoimprint lithography. In 

these established techniques, direct mechanical imprinting is re-

sist-free, simple, and therefore has been extensively used in 

color printing. Photonic crystals or plasmonic assemblies 

demonstrating vivid colors are ideal materials for mechanical 

imprinting. It relies on mechanical forces-induced deformations 

and evolves corresponding color changes.686 This approach of-

fers an alternative method to print images with improved 

throughput and yields.687  
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Ge and his colleagues developed a strategy to prepare mecha-

nochromic photonic prints by fixing photonic crystals in trans-

parent polymers (e.g., photo-curable PEGDA and thermal cur-

able PDMS).688,689 A metastable colloidal crystal array is used 

as responsive photonic crystals and is first fixed in the matrix 

of ethylene glycol and poly(ethylene glycol) methacrylate. The 

invisible patterns are printed on the photonic film by soaking 

the film with PEGDA, followed by crosslinking the unshielded 

region through a photomask. Because the second step causes 

negligible changes in the film's optical properties, the printed 

patterns are invisible under a relaxed state. However, the second 

photopolymerization during the second light exposure leads to 

highly cross-linked domains in the photonic films, whose 

Young’s modulus is much higher than that of the shielded do-

mains. Upon mechanical forces, including stretching, squeez-

ing, the different elasticity in the two domains induces non-uni-

form mechanical deformation and thus distinct color changes 

(Figure 67a).689 The resolution of the printed images is mainly 

determined by the surface features of the imprint. For example, 

a linear resolution of ~10 µm is possible on 2D images that are 

imprinted from a properly prepared PDMS staple (Figures 67b 

and 67c). The mechanical imprinting technique has advantages 

of large-scale production and high-resolution printing, leading 

to many promising applications in both consumer and profes-

sional devices.  

Because mechanical imprinting changes the interparticle sepa-

ration in colloidal assemblies, it is possible to print colors on 

plasmonic nanostructures whose absorption and complemen-

tary colors are determined by interparticle separation. Ag nano-

particles are an ideal material for dynamic color tuning because 

of the low price, strong, and widely tunable LSPR in the visible 

range. A limited-ligand-protection strategy is reported to enable 

reversible assembly of Ag nanoparticles with precisely con-

trolled surface passivation of poly(acrylic acid) ligands.690 By 

adding a limited amount of PAA, assemblies of Ag nanoparti-

cles can be directly formed in the reaction solution (scheme 

shown in Figure 67d). The self-assembly is evidenced by the 

obvious redshift of the absorption peaks of the products, whose 

complementary colors simultaneously change from yellow to 

red and blue (Figure 67e). Since the self-assembly of Ag nano-

particles is determined by their surface charges, it is possible to 

reversibly assemble and disassemble the particles by adding 

H3PO4 and NaOH, respectively. Incorporating the Ag super-

structures in solid films is a reliable method for colorimetric 

sensing or mechanical imprinting. When the film is subjected to 

mechanical pressures, its deformation causes Ag nanoparticles 

to disassemble so that the film color changes accordingly. If a 

stamp is used, it is possible to print images on the plasmonic 

film with pronounced contrasts (Figure 67f).  

 

Figure 67. Responsive photonic and plasmonic films under me-

chanical pressure. (a) Working principle of the mechanochromic 

photonic crystal films. (b-c) Optical microscope images of a hex-

agonal array of micro triangles printed on the paper. Reproduced 

with permission from ref 689. Copyright 2015 Royal Society of 

Chemistry. (d) Self-assembly of Ag nanospheres for mecha-

nochromic plasmonic film. (e) Digital pictures of the dynamic color 

changes during the self-assembly of Ag nanospheres. (f) Mecha-

nochromic film under different mechanical pressure. Reproduced 

with permission from ref 690. Copyright 2018 American Chemical 

Society.  

4.2.3. Electronic Color Printing 

Electronic color printing uses an electric field to actively tune 

the structural color of photonic crystals. One typical strategy is 

to integrate electroactive photonic crystals in electronic cells. 

These optical devices can display permanent or bistable color 

printing without the use of inks or stamps. Electrophoresis de-

scribes the motion of dispersed, charged particles in colloidal 

solutions under an electric field.691,692 If the colloidal particles 

have self-assembled into colloidal crystal arrays, it leads to lat-

tice contraction and expansion. One merit of this working prin-

ciple is that the structural colors can be tuned continuously over 

a broad spectrum by simply changing the field magnitude (Fig-

ure 68a).166 Multicolor printing is possible by fixing the equi-

librium structures in the electronic cells using lithography. Fig-

ure 68b demonstrates a multicolor printing process by combin-

ing electric field tuning and UV curing. In addition to particle 

electrophoresis, electroactive polymers have also been used for 

electronic color printing. In some established strategies, pho-

tonic polymer matrices are reversibly swelled through redox re-

action or hydrogel hysteresis.475,477,693,694 Dielectric elastomers 

are another type of electroactive polymers, which induce me-

chanical compression or stretch of photonic crystal lattices un-

der an electric field.468,695,696 To induce bistable color printing, 

the modified photonic film needs to be temporarily fixed so that 

writing can maintain for a considerably long time and be erased 

on demand. To this end, a shape-memory electroactive copoly-

mer is used, whose phase-changing is dependent on tempera-

ture.697 Above the phase-changing temperature, an applied elec-

tric field can locally actuate the composite photonic film and 

print images on the optical devices. The writing is enduring by 

decreasing the film temperature, while any written patterns can 

be erased by heating the film above the phase-changing temper-

ature.  

4.2.4. Photonic Papers with Chemical inks 

Photonic papers comprise photonic crystals in a polymer ma-

trix, exhibiting obvious color changes in exposure to solvents 

or ions. In a few cases, the polymer matrix self-assembles into 

1D photonic crystals and serves as both the coloration elements 

and responsive materials.698,699 In other cases, the preparation of 

photonic papers involves the assembly of photonic crystals 

(e.g., 1D chains or 3D colloidal crystal arrays), followed by fix-

ing the formed structures in a responsive polymer matrix. When 

the solvents or ions are in contact with the photonic papers, their 

diffusion swells the polymer matrix so that the periodicity of 

the photonic crystals increases. This sequence of events leads to 

vivid color changes in the drawn areas and creates images on 

the photonic papers. Several reported chemical inks include wa-

ter,699-704 salt solution,705 carbon disulfide,706 ethanol,698 tetrahy-

drofuran,707 propanol,484 and silicone fluid.485 The macroscopic 
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increase in polymer volume induced by solvent diffusion is as-

cribed to both pore geometry changes and reconfiguration of 

polymer chains.708 Solvents having strong interactions with 

chemical groups in the polymer have the potential to swell the 

matrix so that they can be used as chemical inks. A quick search 

of good solvent to the monomer of a target polymer is a good 

starting place to screen a proper writing solvent. As shown in 

Figure 68c, a photonic paper is prepared by magnetically as-

sembling magnetite nanoparticles into 1D nanochains and fur-

ther fixing the chains in the PEGDA matrix.705 A water-ethanol 

solution of chloride salts is used to write on this photonic paper 

directly. The PEGDA swelling increases the interparticle sepa-

ration and induces a redshift of the perceived colors (Figure 

68d). Simply rinsing the used paper in distilled water removes 

salt inks and allows the polymer to recover its initial volume. 

Therefore, the ink marks can be easily erased because of the 

blueshift of structural colors in the swelling areas. The use of 

the salt solution in place of pure water is to create stable writing 

on the photonic papers, the key challenge of which is to main-

tain the swelling state of the marked areas. The hygroscopic 

salts can absorb water from the surroundings, which results in 

an equilibrium wetting and swelling state in the polymer matrix. 

This chemical ink produces stable writing for a few months with 

improved durability. Based on the same working principle, 

many photonic crystals have been used for photonic papers, 

whose writing performances highly depend on the transport 

properties and phase behavior of polymers and the used chemi-

cal inks. In addition to conventional writing, photonic papers 

with invisible color print are also reported.398,700,702 This tech-

nique modifies the transport properties of the polymer matrix, 

with selective surface treatment being the commonly used 

method. For example, if the surface of the photonic paper is par-

tially treated by hydrophobic agents (e.g., fluoroalkylsilane), an 

invisible photonic print with different wetting ability and swell-

ing performances is prepared.702 Immersing the “blank” pho-

tonic papers in water will visualize the encrypted prints due to 

the water diffusion difference in the hydrophobic and hydro-

philic regions. Another strategy modifies the crosslinking ratio 

of the polymeric photonic paper by light irradiation.700 This 

method is compatible with the fabrication process of light-cur-

able photonic papers and leads to polymer matrix with different 

mechanical properties.  

 

Figure 68. Multicolor printing and writing via repeated electric tun-

ing and chemical inks. (a) Schematic illustration of multicolor 

printing on photonic film. (b) Printing multicolor patterns on the 

photonic film via photolithography. Reproduced with permission 

from ref 166. Copyright 2017 John Wiley and Sons. (c) Rewritable 

photonic papers using a salt solution as chemical ink. (d) Digital 

pictures of the writing arbitrary letters on the flexible photonic pa-

per. Reproduced with permission from ref 705. Copyright 2017 John 

Wiley and Sons. 

4.2.5. Laser Printing 

Laser printing uses light as environmentally friendly stimuli and 

produces high-quality text and images. Compared with mechan-

ical imprinting and writing with chemical inks, it is much faster 

in reproducing images with higher resolution. Different from 

conventional electrostatic digital printing, the emerging laser 

printing based on smart materials relies on the photothermal ef-

fects when light interacts with nanostructures.709 It modulates 

the collective optical properties of colloidal assemblies for gen-

erating color contrast and forming images. Recent advances in 

this regard have demonstrated that both plasmonic nanostruc-

tures and photonic crystals can be used as “papers” in laser 

printing. In a recent report, an inverse opal photonic film was 

prepared by templating against a colloidal crystal array of sil-

ica.710 To prepare photonic paper, inverse opals are mechani-

cally compressed at ambient temperature to a deformed state 

(lower than the glass transition temperature of the copolymer). 

During this mechanical deformation, the inverse opals collapse, 

and the disordered structure becomes translucent. This de-

formed state is stable unless the temperature of the deformed 

inverse opal is heated above the critical glass transition temper-

ature by either direct heating or photothermal heating. The re-

laxation of the compressed inverse opal produces a few meta-

stable states, whose final periodicity and structural colors are 

determined by the working temperature and heating duration. If 

a laser is used to induce local photothermal heating, it is possi-

ble to directly print images or to copy existing images from a 

conventional paper. As illustrated in Figure 69a, the NIR laser-

programmable multi-color photocopy uses a black image 

printed on paper as a template. Upon light irradiation, the black 

inks can locally heat the bottom photonic paper such that the 

printed information can be transferred downwards. This print-

ing technique can reproduce complex images with high resolu-

tion and contrast (Figure 69b).  

Another laser printing strategy involves the photothermal ef-

fects of plasmonic nanostructures and their shape-dependent 

coloration.709 Plasmonic color generation has many advantages 

compared with the coloration of dyes or pigments, including 

smaller pixel size, higher resolution, and higher stability for am-

bient use.656 A printable plasmonic metasurface is prepared by 

nanoimprinting technique,711 with metal disks on top of dielec-

tric pillars (Figure 69c). Pulsed laser irradiation induces inten-

sive local heat generation that melts and reshapes the plasmonic 

nanostructures (Figure 69d). Depending on the laser intensity, 

intermediate shapes can be obtained, leading to different plas-

monic resonances and colors. This plasmonic color printing 

yields all primary colors and high-resolution images (up to 

127000 DPI in Figure 69e). 
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Figure 69. Laser printing on colloidal crystals and arrays. (a) Sche-

matic illustration of laser printing on photonic paper. (b) A printed 

image on photonic paper. Scale bar: 1 cm. Reproduced with per-

mission from ref 710. Copyright 2020 The Royal Society of Chem-

istry. (c) SEM image of a plasmonic metasurface. (d) Laser photo-

thermal printing and the associated shape change of plasmonic pix-

els. (e) A printed high-resolution image (left) and the underlying 

deformed color pixels. Scale bars at the left and right panels are 2 

mm and 500 μm, respectively. Reproduced with permission from 

ref 712. Copyright 2016 Springer Nature.  

4.3. Colorimetric Sensing and Spectroscopic Detections 

Nowadays, human beings are facing internal and external un-

certainties. While evolution has allowed living organisms to 

adopt astonishing complexity, our understanding of biological 

progress and their subtle evolution has been greatly limited by 

the available detection and sensing techniques. Meanwhile, the 

environmental and energy crisis is the most rigorous external 

challenge that we are facing. Unraveling these requires power-

ful tools to probe the molecular reactions and provide useful 

feedback on the origin and development of these uncertainties. 

Colorimetric sensing and spectroscopic detection provide such 

a powerful methodology and lay the foundation for biomedical, 

environmental, and energy research and practices. Because 

their advances will significantly enrich our understanding of 

important biological processes and functions and provide sen-

sitive approaches to monitor environmental deterioration, di-

verse molecular probes and detection devices have been devel-

oped. Among these striking developments, colorimetric sensors 

involving colloidal superstructures represent an emerging cate-

gory. Nanoparticles themselves or their superstructures have 

many unparalleled merits compared with bulk materials and re-

active molecules. Nanostructured materials have large specific 

surface areas, which provide sufficient binding sites for detect-

ing molecular analytes with a low detection limit. The widely 

accessible nanoparticles and superstructures have distinct phys-

ical and chemical properties that are unique to their low-dimen-

sion sizes and structures. A few famous examples include LSPR 

of plasmonic nanostructures, emission of quantum dots, and dif-

fraction in photonic crystals. Another advantage associated with 

these properties is the diversity of the sensor readouts; they pro-

vide qualitative signals (e.g., colorimetric responses) for quick 

assessment of the targets, while some platforms produce a quan-

titative analysis of the analytes (e.g., spectroscopic detection 

technique). Lastly, compared with conventional labeling tech-

niques, smart nanosensors can screen and concentrate target an-

alytes so that no additional purification steps are required to re-

move any byproducts or impurities. The main significance of 

this merit is the in-situ detection of important biological mole-

cules, such as an antibody, antigen, and various biomarkers. To 

this end, chemists and biologists have derived several key con-

cepts from this technique advances, including single-molecule 

detection and molecular imaging. This subsection outlines a set 

of basic concepts in colorimetric sensing and spectroscopic de-

tection using smart colloidal assemblies. It delineates crucial 

developments in designing high-performance nanosensors 

based on responsive colloidal assemblies, with a specific focus 

on fluorescence, surface-enhanced Raman scattering (SERS), 

LSPR, and diffraction from colloidal assemblies.  

4.3.1. Fluorescence Sensing Enhanced by Colloidal Self-

assembly 

Fluorescence occurs in many colloidal particles and involves 

various physical processes.713,714 A striking example is quantum 

dots that emit long-wavelength light within nanoseconds after 

absorbing short-wavelength light. In this process, the electronic 

transition from a high-energy state to a low-energy state pro-

duces the famous Stokes shift in fluorescence spectroscopy. In 

other cases, the emitted photons have high energy than the ab-

sorbed photons, leading to anti-Stokes shifts. Upconversion na-

noparticles are a typical example in this regard. One astonishing 

benefit of using fluorescent nanoparticles for detection is the 

high signal-to-noise ratio. Therefore, fluorescence sensors have 

been extensively used in biological imaging, DNA sequences, 

medical theranostics, and chemical detection.715-717 The inven-

tion of high-performance sensors requires advanced techniques, 

which are expected to reduce the detection limits and improve 

the sensing specificity. Assembling fluorescent colloids into su-

perstructures with long-range orders or incorporating fluores-

cent probes in colloidal assemblies are two approaches in col-

loidal chemistry. Developing strategies to enrich the fluores-

cence of covalently or physically attached fluorophores and to 

modulate the fluorescence resonance energy transfer (FRET) 

processes is the key to high-performance detection, bioimaging, 

advanced labeling techniques, optoelectronic devices.718,719  

The driving forces to assemble fluorescent particles (e.g., su-

permolecule particles and inorganic crystals) include depletion 

attraction,109,242 valency interactions,720 mechanical forces,721,722 

van der Waals, and dipole interactions.110,111,723 The self-assem-

bly of fluorophores into superstructures produces additional 

fascinating properties that are unique to the ordered structures. 

For example, supramolecule and polymeric assemblies are ideal 

platforms to achieve stimuli-responsive fluorescence emission, 

with aggregation-induced emission (AIE) being the most com-

pelling example.724-726 The ease of changing chemical compo-

nents and moiety functions through physical interactions and 

chemical reactions has greatly diversified the types of respon-

sive fluorescence materials. Noncovalently incorporating fluo-

rescent moieties into stimuli-responsive polymeric assemblies 

is a simple strategy.727-729 For applications requiring high struc-

tural stability, covalent labeling through copolymerization or 

fluorophore functionalization is a better choice.345,730-733 Nowa-

days, diverse supramolecular and macromolecular probes have 

been developed, whose photoluminescence responds to 

light,728,734,735 salts,736-738 biological molecules (e.g., enzyme, 

DNA, RNA, proteins ),739  temperature,740,741 pH,733 and ions.742 
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Some carefully designed probes are responsive to multiple stim-

uli.743,744 Anisotropic photoluminescence is another attractive 

phenomenon, which has been observed in a few well-defined 

superstructures from anisotropic luminescent colloids.110,722 It is 

well-known that anisotropic fluorophores (e.g., semiconductor 

nanowires,745 quantum dots,746 and organic dyes747) have polar-

ized emissions largely due to the quantum size effect and the 

electric field confinement effect on both excitation and emis-

sion.748-750 An early close study demonstrated that the photolu-

minescence anisotropy of semiconductor nanorods could be 

significantly enhanced if they were self-assembled into 

mesoscopic superstructures.110 Such enhanced emission anisot-

ropy is likely caused by a synergistic dielectric effect and col-

lective electric dipole coupling effects among the assembled na-

norods. In addition to fluorophores, rare-earth phosphors have 

a similar polarized emission but with distinct mechanisms and 

longer luminescence timescales. The multiple transition levels 

and degenerate sublevels of lanthanide ions in a crystalline host 

produce many sharp peaks in their photoluminescence spec-

trum.751 The emission from each sublevel is polarized along a 

pre-defined direction by the crystallographic symmetry. This 

phenomenon is independent of crystal size, shape, and excita-

tion polarization; it produces different line shapes if the crys-

tal’s orientation changes.752,753 Using the orientation-dependent 

emission, it is possible to sensitively probe dynamic parameters 

in fluids,722 whose working mechanism is shown in Figure 70a. 

Poiseuille flow of a nanorod dispersion experiences different 

shear forces along the transverse direction so that the rods will 

self-assemble into a liquid phase. Its orientational order is sen-

sitive to both the flow velocity (Figure 70b) and the rods’ trans-

verse position. Carefully monitoring the polarized emission us-

ing a confocal microscope produces flow shear tomography 

with high spatial resolution and accuracy (Figure 70c).  

 

Figure 70. Responsive colloidal assembly for fluorescent sensing. 

(a) Schematic illustration of self-assembly of nanorods into liquid 

crystals under shearing low. (b) Optical transmission microscopy 

images of the liquid crystal flowing through a microfluidic channel 

for three different average shear rates, which increase from 0.45 s-

1 (left panel) to 4.5 s-1 (middle panel), and 45 s-1 (right panel). (c) 

Experimental and simulated results of flow shear tomography 

based on the fluorescent sensors. Reproduced with permission from 

ref 722. Copyright 2017 Springer Nature. (d) Schematic illustration 

of fluorescence enhancement using photonic films. (e) Thermo-re-

sponsive fluorescent intensity. Reproduced with permission from 

ref 754. Copyright 2016 Springer Nature.  

Many research results have joined in appreciating that co-as-

sembly of fluorophores and colloidal particles into hybrid or 

crystal structures may lead to fluorescence enhancement. As 

first proposed by Purcell in 1964, fluorescence can be modified 

by resonant coupling to the external electromagnetic environ-

ment.755 A number of fundamental studies have recognized this 

coupling effect, with photonic crystals and plasmonic structures 

(both single particles and superstructures) being extensively 

studied.756 Plasmon-enhanced fluorescence is a surface-en-

hanced spectroscopy technique,  which involves the co-assem-

bly of fluorophores and plasmonic structures in suitable prox-

imity.757-759 In extreme cases where fluorophores are directly at-

tached to metal particles, an opposite fluorescence quenching 

occurs through several possible non-radiative energy transfer 

processes (e.g., Förster resonance energy transfer, Dexter elec-

tron transfer, and static quenching).760,761 Upon light excitation, 

the LSPR of plasmonic structures will generate strong, local-

ized electric fields. The enhanced dipole field will excite the 

nearby fluorophores, leading to a field enhancement factor of 

E2, where E is the near field enhancement.762-764 These theoreti-

cal considerations underpin the important roles of plasmonic as-

semblies in preparing advanced fluorescent: their response to 

external stimuli leads to detectable intensity changes for high-

performance sensing.  

Through a distinct physical process and mechanism, photonic 

crystals also demonstrate enhanced fluorescence. When the ex-

citation or emission of fluorophores matches the stop bands of 

photonic crystals, the angle-dependent diffraction will promote 

the absorption of incident photons or reflect more emitted pho-

tons to a detector, both of which increase the fluorescence in-

tensity (Figure 70d).754,765,766  This unique property allows the 

development of multiangle fluorescent chips for the efficient 

detection of saccharides.767 Another interesting optical effect is 

the shift of fluorescence emission with detection angles, which 

has been observed on 1D photonic crystals.768,769 These obser-

vations suggest that incorporating fluorophores into responsive 

photonic crystals is a feasible approach to smart fluorescent sen-

sors, whose photoluminescence can be actively switched by 

changing crystal structures and material properties. A related 

example is the use of responsive building blocks, such as 

PS@PNIPAM, with a tunable lattice constant in response to ex-

ternal stimuli.754 Depending on the shift of diffraction peaks rel-

ative to the fluorophore emission, a monotonic periodicity in-

crease can lead to either an increase or decrease in the fluores-

cence intensity (Figure 70e). This fluorescence switching is re-

versible; the response rate and tunability depend on the stimu-

lation mechanism and diffraction peak shifts.718,770  

4.3.2. Active Plasmonic Assemblies for Sensing 

The unique electron-photon interactions in plasmonic materials 

provide surface plasmon resonance (SPR), which has been 

demonstrated with great potentials in developing high-perfor-

mance sensors. Generally, two types of plasmon resonance are 

employed, propagating surface plasmon polaritons (SPPs, the 

propagating mode of SPR normally occurring in thin metal 

films) and the LSPR in nanostructured metals.53,771,772 Com-

pared with SPPs, LSPR is more attractive because of its higher 

flexibility in tuning the localized electric field directions and 

magnitudes, benefiting from diverse synthetic and lithographic 

approaches to plasmonic nanostructures. Previous studies have 

https://en.wikipedia.org/wiki/Fluorophore
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underpinned the importance of coupling gap and superstructure 

orientation in determining LSPR properties. These dependen-

cies have also been broadly used as practical guidelines to cre-

ate responsive plasmonic sensors. For example, in response to 

existing physical or chemical stimuli, plasmonic assemblies can 

alter surrounding dielectrics, interparticle separation, or orien-

tation so that their LSPR peaks will shift accordingly. Observ-

ing these colorimetric responses or precisely measuring the 

spectroscopic shifts provides diverse ways to estimate the stim-

uli with widely accessible accuracy.482 Smart plasmonic super-

structures are also ideal platforms for enhanced fluorescence 

detection and SERS analysis if they are coupled with fluoro-

phores and Raman molecules, which will be introduced individ-

ually in separated sections. Because the charge distribution of 

LSPR is very sensitive to surrounding dielectrics, plasmonic 

nanostructures have been extensively used for sensing sur-

rounding refractive index. Generally, increases in refractive in-

dex induce redshifts of LSPR peaks. In this regard, many tech-

niques have been developed to monitor such peak shifts, includ-

ing angular interrogation, wavelength interrogation, or intensity 

measurements. Their sensing performances are usually esti-

mated by the wavelength shift per refractive index unit. In sin-

gle-particle sensors, ideal nanostructures have sharp features for 

highly localized electric field enhancement (e.g., Au nanos-

tars382 and bipyramids773). These highly sensitive plasmonic 

probes enable the analysis of important parameters in the phys-

ical process and the detection of reactive species in chemical 

reactions. For example, optically or thermally responsive plas-

monic structures are important branches because they can pro-

vide kinetic and thermodynamic data during various physico-

chemical events. They employ photochromic molecules, photo-

chemical reactions, or temperature-dependent phase-changing 

materials for colorimetric responses. Another important branch 

is responsive plasmonic nanostructures to chemicals. Plasmonic 

chemical sensors and biosensors are famous tools for probing 

diverse molecular binding events, including electrochemical re-

actions, hydration, protonation, coordination, and particularly 

the specific interactions between biological mole-

cules.385,387,388,774  

Compared with individual plasmonic colloids, the LSPR of 

their superstructures has much higher electric field enhance-

ment due to the unique plasmon coupling effect. Therefore, the 

assembly of metal particles into responsive entities is predomi-

nant in developing smart plasmonic sensors. Many plasmonic 

assemblies, in the cases of Au, Ag, and Al, have demonstrated 

this unique property.775-777 The advances in this regard have de-

rived several important concepts in sensing, with plasmon ruler 

and plasmonic metamolecules as two compelling exam-

ples.79,778-783 The first approach to tunable plasmon coupling is 

the surface functionalization of plasmonic nanoparticles. A no-

ticeable plasmonic sensing system, particularly for biological 

molecules and ions, uses solution-processed assembly-disas-

sembly of plasmonic particles.784,785 This working principle lev-

erages the easy surface functionalization of plasmonic 

nanostructures for selective recognition of analytes, which com-

monly accomplishes the assembly of these structures in colloi-

dal solutions and redshifts of LSPR peaks. Depending on the 

dimension and shape of the superstructures, the assembly kinet-

ics, thermodynamics, driving forces, and optical performances 

may vary significantly in the reported literature. Regarding 

plasmonic superstructures geometry, the current sensing units 

can be divided into dimers, oligomers, 1D chains, branched 

chains, 2D monolayers, 3D aggregates, and crystals.786 They are 

of particular importance in real-time biosensing with single-

molecule resolution. In this regard, typical applications include 

RNAse cleavage,787 telomerase activity,779 DNA hairpin fold-

ing,788 membrane receptor separation,789 mRNA quantifica-

tion,790 DNA screening,791 protein detection,792  living cell 

tracking,793 isomerization monitoring,794 aptamer analysis,795 

and single-chain measurement.796 The working mechanism of a 

plasmonic ruler made of Au dimers is presented in Figure 71a. 

The coupled Au nanoparticles in the scheme are capped by a 

single aptamer, which is capable of binding individual target 

molecules. This specific recognition triggers reconfiguration of 

the aptamer crosslinker so that the decreased Au-Au separation 

leads to measurable redshifts with single-molecule sensitivity 

(Figure 71b).795 The second approach is to incorporate plas-

monic assemblies into a responsive matrix (e.g., colloids or thin 

films). While many superstructures can be directly embedded 

into functional materials, plasmonic particles can be co-assem-

bled with responsive polymers into hybrid structures, both of 

which share smart responses in sensing and detection. Plas-

monic nanoparticles are conductive organic particles stabilized 

by capping ligands that are neutral or charged organic mole-

cules.112,797 It is, therefore, possible to assemble plasmonic col-

loids by regulating these interparticle forces.6 One may refer to 

a recently published review for a quick overview of colloidal 

assembly and active tuning of coupled plasmonic particles. In 

solution-processed self-assembly, the driving forces include 

van der Waals force and entropic force and a counterforce is 

necessary for exquisite control over the superstructures and op-

tical properties, which typically include long-range electrostatic 

repulsion and short-range steric repulsion.122,798,799 In several 

carefully prepared reactions, branched chains are observed by 

manipulating these interacting force pairs, which have optimal 

optical performances in place of random plasmonic aggregates. 

Typical examples include pH-, salt-, and temperature-driven as-

sembly of plasmonic nanoparticles of different chemical com-

ponents and sizes.143-146,148,800 They can be used for sensing dif-

ferent types of solutes in solution or surrounding temperatures. 

Besides, these superstructures can further act as responsive 

units to probe solid-state physical processes and chemical reac-

tions. Because of the strong plasmon coupling, a film contain-

ing Au chains appears blue that is the complementary color to 

the LSPR peak at the long wavelength. Pressing the film in-

creases the interparticle separation and decreases the coupling 

strength so that the film gradually turns red. This colorimetric 

pressure sensor also provide progressive spectroscopic shifts 

for accurately evaluating mechanical strains.547 
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Figure 71. Active plasmonic assemblies for colorimetric sensing 

and spectroscopic detection. (a) Working principle of plasmonic di-

mer ruler for detection of biomolecules. (b) Reversible plasmonic 

peak shift in response to biomolecules. Reproduced with permis-

sion from ref 795. Copyright 2015 American Chemical Society. (c) 

Schematic illustration of the dual-responsive plasmonic assemblies 

to thermal and aptamer-target regulations. (d) Reversible circular 

dichroism signal changes in response to temperature. Reproduced 

with permission from ref 801. Copyright 2018 American Chemical 

Society.  

Anisotropic plasmonic nanostructures have apparent benefits in 

colorimetric sensing, including enhanced sensitivity and multi-

plexed detection capability. To this end, self-assembly of ani-

sotropic plasmonic colloids with precise orientational control 

has been developed using electric fields,802 magnetic fields,68,572 

mechanical forces,584 electrospinning,803 and DNA tem-

plates.634,804 Generally, the first four techniques yield plasmonic 

assemblies with collective orientational orders on a large scale, 

and the DNA templating technique is famous for producing 

small-size superstructures (typical of a few particles) with ex-

clusively positional and orientational accuracy.805 DNA tem-

plates with customizable sizes and reactivities can be prepared 

by the DNA origami technique. Figure 71c exemplifies such a 

complex structure, with a rotary bundle connected to a bilayer 

rectangular plate via a scaffold DNA strand. Two Au nanorods 

can be assembled to the top rotary bundle and the back surface 

of the origami plate. The as-prepared 3D plasmonic chiral di-

mers feature asymmetric coupling that is sensitive to circularly 

polarized light, leading to strong circular dichroism. Decreasing 

the solution temperature stabilizes the dimers and leads to a sen-

sitive increase in circular dichroism (Figure 71d). This system 

can also be actively regulated by ATP molecules and demon-

strates a dual-responsive plasmonic sensor.801 One advantage 

associated with circular dichroism spectroscopy is the high sig-

nal-to-noise ratio, allowing for solution-processed detection of 

biological molecules. The highly orientational order of plas-

monic assemblies makes individual LSPR very sensitive to any 

structural reconfiguration that is imposed by external stimuli. 

This property is based on the selective LSPR excitation in ani-

sotropic plasmonic structures. Plasmonic nanorods, particularly 

of Au and Ag, have transverse and longitudinal plasmon modes 

because of the resonant oscillation of free electrons along short 

and long geometrical axes, respectively. In a superstructure 

with liquid crystal phases, it is possible to detect any small, lo-

cal changes in structural orientation by measuring the intensities 

of the two plasmon modes. To this end, we performed system-

atic studies on the orientation-dependent plasmonic excitation 

using magnetic-plasmonic hybrid nanorods as building 

blocks.572 This unique Janus structure allows for precisely con-

trolling the rod orientation by external magnetic fields. A nu-

merical model predicts that the plasmonic sensitivity in re-

sponse to a small orientational variation is dependent on initial 

alignment, with an optimal performance around 45o to surface 

normal (Figure 72a). An experimental prototype is fabricated 

by applying a magnetic field along the pre-designed direction. 

For example, a film with an initial 30o alignment demonstrates 

very sensitive changes in LSPR peak intensity in response to 

mechanical pressures (Figure 72b). This sensing platform is 

universal to mechanical deformation, rotation, bending, and 

twisting but with interestingly different optical performances. 

The perceived color changes are uniform in rotation as the well-

aligned nanorods have identical, linear changes in their collec-

tive orientations (left panels in Figures 72c and 72d). In bend-

ing deformation, different colors are observed in the film two 

ends, indicating an opposite change in the plasmon excitation in 

the two regions (right panels in Figures 72c and 72d). In a com-

plex twisting process, the unidirectionally aligned nanorods re-

configure their assemblies into a chiral arrangement. Under lin-

ear polarization, the twisted films demonstrate alternative red-

green segments due to the selective excitation of the transverse-

longitudinal modes, respectively. These fundamental studies re-

veal the great potentials of anisotropic plasmonic structures in 

developing emerging colorimetric sensors if they can be 

properly assembled. A further extension of this strategy leads to 

complex colorimetric responses with high contrast and sensitiv-

ity (Figure 72e).  

 

Figure 72. Mechanochromic plasmonic film enabled by the na-

noscale magnetic assembly. (a) Theoretical prediction of the pres-

sure-dependent orientation changes of plasmonic nanorods. (b) Ex-

tinction spectra of plasmonic films with unidirectional nanorod 

alignment under different mechanical pressure. (c) Schematic illus-

tration and (d) colorimetric plasmonic films in response to rotation 

and bending. (e) Programmable mechanochromic responses of a 

plasmonic film. Reproduced with permission from ref 572. Copy-

right 2020 The Authors.   
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4.3.3. Responsive Photonic Crystals for Sensing 

Colorimetric sensing and detection is a well-established re-

search field among many interesting applications of photonic 

crystals.806 Several compelling examples are 1D photonic 

chains, 2D photonic films, and 3D opals or inverse opals with 

diverse optical responses to external stimuli (e.g., mechanical 

forces, chemicals, and heat). The large-scale fabrication of 

opals and inverse opals has been extensively exploited because 

of their low cost and easy fabrication. A typical sensing scheme 

is developed in Figure 73a through sequential assembly, infil-

tration, and etching.807 In practice,  the assembled opals, opals 

in a functional matrix, and inverse opals constitute a great pro-

portion of photonic crystal sensors, with optical responses that 

are unique to their structures. For example, opals themselves 

have been extensively used for preparing chemical sensors 

based on the refractive index changes. They have apparent ad-

vantages of easy fabrication but have slower responses and 

smaller peak shifts compared with inverse opals. Embedding 

the opals into functional polymers can greatly extend their sens-

ing capability because a great number of responsive polymers 

can be used to enhance their optical responses. For conventional 

sensors based on static reflection spectrum in an equilibrium 

state, many research results have reached an agreement that the 

dependence of peak shifts on refractive index or deformation is 

linear so that screening target analytes or analyzing mechanical 

strains is convenient. This implementation, in turn, limits the 

detection performances of photonic crystals. Instead, an ad-

vanced detecting technique measures the dynamic reflection 

spectrum to probe the diffusion kinetics and thus differentiate 

molecules with similar refractive index (Figure 73b).808 When 

liquid analytes were added to a photonic crystal gel, the inter-

diffusion between the analytes and gel solvent is determined by 

the analyte polarity and its affinity to the gel. Therefore, mole-

cules with high affinity led to fast analyte diffusion and signifi-

cant swelling of the photonic gels so that a continuous redshift 

dominates the dynamic spectrum. In the case of non-polar and 

viscous solvents, gel extraction produced blueshifts. By care-

fully monitoring the dynamic peak shifts, it is possible to ana-

lyze molecules with similar physical properties, such as homo-

logs (Figure 73c) and isomers.  

2D and 1D photonic crystals can also be used for colorimetric 

detection. 2D array photonic crystals are usually made by as-

sembling colloidal particles of a proper size at liquid-air inter-

faces or on flat substrates to limit the crystal growth along other 

directions.499 Fixing the 2D structures in a polymer matrix is 

still necessary to enhance their mechanical properties and to al-

low reversible color changes in response to chemical or physi-

cal stimuli.498 The process for polymer infiltration and their 

functions in colorimetric sensing are similar to what has been 

established in opals. 1D photonic chains are another attractive 

structure for sensing. In addition to being incorporated into the 

polymer matrix, the chains can serve as individual sensing pix-

els, allowing high-contrast, high-resolution colorimetric detec-

tion. Experimentally, this design can be achieved by magneti-

cally aligning photonic chains so that vivid color changes can 

be observed during sensing. A recent study developed soft pho-

tonic chains made of magnetic nanoparticles using a pH-sensi-

tive hydrogel to crosslink neighboring magnetic nanoparticles 

(Figure 73d).809 Under a vertical magnetic field, the photonic 

chains can be aligned in the same direction, exhibiting bright 

structural colors determined by the interparticle separation. In-

creasing the pH alters the chain length and interparticle separa-

tion so that uniform color changes can be observed on individ-

ual chains (Figure 73e). This technique allows solution-pro-

cessed colorimetric detection with greatly enhanced resolution 

and response rate.  

 

Figure 73. Smart photonic structures for sensing and detection. (a) 

Inverse opals for macromolecule sensing. Reproduced with permis-

sion from ref 807. Copyright 2015 John Wiley and Sons. (b) Inverse 

opals for dynamic spectroscopic detection of solvents. (c) Dynamic 

reflection patterns in the detection of ethanol (left) and propanol 

(right). Reproduced with permission from ref 808. Copyright 2015 

The Authors. (d) Schematic illustration of the pH-induced color 

changing process of photonic chains. (e) Dark-field optical micros-

copy images showing the colorimetric response for different pH 

values. Reproduced with permission from ref 809. Copyright 2020 

American Chemical Society.  

 

4.4. Anticounterfeiting and Information Encryption 

4.4.1. Fluorescent Colloidal Assemblies 

Fluorescent colloidal particles are ideal candidates for anticoun-

terfeiting and information encryption because their emission 

can only be excited by light with a proper wavelength. Several 

compelling fluorescent colloids include quantum dots,810,811 

polymer nanoparticles,812,813 carbon dots,814 upconversion nano-

particles,815-817 supramolecular particles.818 In practical applica-

tions, a UV light is commonly used to read the encoded infor-

mation or to access the authentication. This has been seen in 

several commercialized techniques in easy-to-use labels inte-

grated into products or banknotes. For encoding information 

into customizable optical signals, many assembly or lithogra-

phy techniques have been developed, such as nanoimprint-

ing,819 inkjet printing,820-823 template-assisted assembly,824-826 

and simply handwriting.827 Instead of forming highly ordered 

structures, these methods focus on creating arbitrary images and 

patterns that can communicate useful messages. Inkjet printing, 

for example, produces fluorescent images and letters with con-

siderable resolution in cm2-sized areas. It provides multilevel, 

high throughput production of customizable light-emitting tags 

and labels.  

4.4.2. Plasmonic Colloidal Assemblies in Encryption 

The LSPR of plasmonic colloidal particles features many attrac-

tive optical phenomena. They provide not only visible readouts 
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but also IR and SERS signals for high-level information encod-

ing. Early attempts use their shape- and size-dependent LSPR 

for producing unique, high-density encoding.828-830 The ability 

to manipulate light beyond the diffraction limits leads to high-

resolution visible images that are difficult to be reproduced by 

other materials.831 If the fabricated nanostructures are made 

with anisotropic shapes, the encrypted information can only be 

interpreted by applying a proper polarizer.832-835 Assembling 

these metallic nanostructures in crystal phases (with both tran-

sitional and orientational orders) or mesophases (with either 

transitional or orientational orders) provides an open platform 

to pattern informative images in numerous optical devices. 

Along these lines, one challenge in the experiment is to assem-

ble plasmonic colloids into desirable superstructures. Interface 

assembly provides such an elegant control, which regulates the 

self-assembly of plasmonic nanoparticles into 2D monolay-

ers.822,836 In representative work, Au nanoparticles are modified 

by a pH- and thermo-responsive dendronized copolymer.837 It 

points out that an increase in temperature or pH alters surround-

ing copolymer configuration such that the interparticle separa-

tion decreases and the LSPR peaks redshift (Figure 74a). Inter-

estingly, increasing the film humidity induces a reverse peak 

shift because the swollen polymer chains enlarge the interparti-

cle separation. This sequence of events can be used to design a 

multi-panel anticounterfeiting film, which can exhibit visible 

color changes in response to humidity, pH, and temperature 

(Figure 74b). This approach to multi-responsive safety labels 

enhances the security and creditability of plasmonic anticoun-

terfeiting devices.  

Besides the perceptible colors, there also exist other intriguing 

physical processes that can be used, with photothermal effect 

and SERS being two compelling examples.838 In photothermal 

conversion, the energy of absorbed light by the plasmonic 

nanostructures is converted into heat, leading to drastic temper-

ature increases and infrared light emission. Some research ef-

forts have been made to develop photothermal encryption-de-

cryption techniques in which the encoded information is reada-

ble only using an IR camera.839,840 SERS is a spectroscopic tech-

nique that takes advantage of the significant electric field en-

hancement on plasmonic particle surfaces or within the 

nanogaps of plasmonic assemblies.828,841-843 The enhanced scat-

tering from Raman molecules can be mapped from the pre-de-

signed images so that reading the encrypted information is pos-

sible using a Raman spectrometer.844-846 Monitoring the orien-

tation-dependent LSPR is an alternative approach whose imple-

mentation and performance depend on the optical properties of 

the plasmonic building blocks. For example, short Ag or Au na-

norods have their longitudinal LSPR peaks in the visible spec-

trum so that naked-eye encryption is possible. In other cases, an 

advanced electronic terminal is required to interpret the invisi-

ble information. In a recent development, a photoelectric sensor 

(photodiode) is introduced to decrypt information from 

mesophase plasmonic assemblies.847 Magnetic/plasmonic nano-

composites are magnetically aligned in a polymer matrix with a 

pre-designed orientation. The larger nanorods have a longitudi-

nal LSPR peak in the NIR region, and the absorbance change in 

the visible spectrum is relatively small. This explanation indi-

cates that the assembled plasmonic films have similar colors, 

although the nanorods have different orientations (Figure 74c). 

Instead, the encrypted information in the rod orientation can be 

decoded by using a properly polarized light and a photodiode. 

As demonstrated in Figure 74d, the different rod orientations 

can regulate the transmittance of NIR light through the plas-

monic films so that corresponding electric signals can be rec-

orded precisely (Figure 74e). This system allows for high 

throughput information encryption-decryption by miniaturizing 

the plasmonic films. 

 

Figure 74. Smart colloidal assembly for anticounterfeiting and in-

formation encryption. (a) Schematic illustration of the crystal lat-

tice changes in response to temperature and pH changes. (b) Mul-

tiple-coded anticounterfeit labels. Reproduced with permission 

from ref 837. Copyright 2018 American Chemical Society. (c) Dig-

ital pictures of the plasmonic films for anticounterfeiting. (d) Sche-

matic illustration of the decryption process. (e) Optoelectrical re-

sponse of the plasmonic films. Reproduced with permission from 

ref 847. Copyright 2018 The Authors.  

4.4.3. Smart Photonic Crystals in Anticounterfeiting 

The unique structural colors of photonic crystals have been ex-

tensively exploited for creating anticounterfeiting photonic 

films. For example, the structural colors of crystalline photonic 

structures are dependent on viewing angles or, in some cases, 

rotation angles. This special optical performance is not attaina-

ble by conventional pigments or dyes and has been widely used 

in consumer products in global markets due to the low cost and 

mass production. While industrialists favor a few well-estab-

lished techniques for creating such structures (e.g., lithography 

and laser printing), several state-of-the-art approaches have 

been created to diversify the small anticounterfeiting films, with 

a focus on creating customizable patterns.71,848 It includes sev-

eral coating techniques (spray coating,849 dipping coating,850,851 

and spin coating246,247), directed colloidal assembly,852 nanoim-

printing,853 and printing.848,854 Some advanced strategies use re-

sponsive photonic crystals for high-level anti-counterfeiting 

and information encryption. One distinct feature is their highly 

sensitive optical signals in response to external physical and 

chemical stimuli, enabling flexible information encryption-de-

cryption. For practical applications, there are several criteria on 

the stimuli, including easy access in daily use, low cost, and 

high security. To this end, some biological stimuli (e.g., body 

temperature and humidity) are ideal. Shape memory or other 

thermal responsive photonic crystals offer such options for 

mechanochromic and thermochromic optical encryption.855-857 

Their color changes in response to mechanical forces and tem-

perate allow potential authentication or information decryption 

using body temperature as a heat source if their phase transition 

temperature can be properly designed between ambient temper-

ature and body temperature. In practice, combining responsive 
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materials with photonic crystals is a mature encryption strategy 

for information security.858-860 Several previous reports come to 

appreciate that integrating photonic crystals with optically re-

sponsive layers (namely hidden layers) into heterolayers is sim-

ple yet effective approach.858,860,861 The useful information is 

concealed in the encrypted layer of the hieratical structures, 

which can only be revealed by transparency changes of the top 

or surrounding hidden layers. Materials having been used for 

the hidden layer should have large transparency changes in a 

broad spectrum, including random colloidal aggregates861 and 

amorphous opal array with a different structural colors.858,862 A 

noticeable example is shown in Figure 75a, which contains top 

amorphous opal array and bottom crystalline inverse opals in 

the heterolayers.862 At its dry state, the information is encrypted 

by the noniridescent structural color from the top layer. Inter-

estingly, wiping ethanol discloses the information in the en-

crypted layer (bottom panel in Figure 75a). That is because eth-

anol has a similar refractive index with the top hidden layer so 

that this layer becomes transparent.  

4.4.4. Hybrid Assemblies for Encryption 

Colloidal particles may exhibit different physical and chemical 

properties depending on their organic/inorganic cores and the 

passivating ligands. Assembling them into binary or plural 

structures with tunable interparticle separation, hierarchy, and 

stoichiometry integrates these diverse functionalities and pro-

vides many compelling optical phenomena for information en-

cryption and anticounterfeiting. Typical dual-mode encryption 

includes diffraction-emission863 and absorption-emission.864-866 

The energy transfer between these physical processes has been 

used for highly secure encryption. When light-emitting materi-

als (e.g., fluorescent molecules and upconversion nanoparti-

cles) are in close contact with plasmonic nanostructures, their 

fluorescence is generally quenched due to a nonradiative pro-

cess. On the contrary, when an intermediate graphene layer is 

introduced, the fluorescence is significantly enhanced largely 

because of the excitation of the gap plasmon polaritons. With 

this synergistic effect, a hybrid structure is developed (top panel 

in Figure 75b).864 It comprises a top code pattern of plasmonic 

nanoparticles and a bottom code pattern of upconversion nano-

particles. The important information is encrypted into the hy-

brid structures and can only be interpreted correctly by NIR 

light irradiation (bottom panel in Figure 75b). 

 

Figure 75. Smart colloidal assembly for anticounterfeiting and in-

formation encryption. (a) Working principle of photonic crystals 

for information encryption (top) and decryption in response to eth-

anol vapor (bottom). Reproduced with permission from ref 862. 

Copyright 2020 American Chemical Society. (b) Working princi-

ple of hybrid superstructures for information encryption (top panel) 

and decryption under near-infrared light (bottom panel). Scale bars: 

100 μm. Reproduced with permission from ref 864. Copyright 2018 

John Wiley and Sons.  

4.5. Soft Actuators and Robots 

Soft actuators and robots are made of composite materials for 

controllable mechanical deformation and locomotion.867,868 One 

of their most attractive features is pre-designed shape morphing 

and locomotion powered by external stimuli, including light, 

chemicals, mechanical forces, electric fields, magnetic fields, 

electricity, and heat.48,869 Compared with conventional mechan-

ical robots made of rigid, high-density materials and skeletal 

structures, soft actuators have many advantages in performing 

mechanical work in place of their rigid counterparts. For exam-

ple, they are usually made of low-density, soft materials, which 

can use the input energy more efficiently. Their soft bodies en-

able more flexible and more complex shape morphing and lo-

comotion. This property also enables the design of smart adap-

tive robots that can perform untethered mechanical work in re-

sponse to changing environments. While majority of the rigid 

robots use electricity, soft actuators and robots have more op-

tional energy inputs, with some of them being renewable (e.g., 

light, wind).870 In addition, relying on many advanced lithogra-

phy and assembly techniques, the fabrication of soft robots is 

scalable and easy to be miniaturized. Therefore, soft actuators 

have been extensively exploited in many research fields, rang-

ing from targeted drug delivery to bioimaging, man-made ro-

bots, artificial muscles, and bionic devices.871,872 The key to cre-

ating desirable mechanical deformation or locomotion is to in-

duce volume or shape changes in the composite structures. In 

this section, we summarize the existing colloidal assembly ap-

proaches to soft actuators and robots. 

4.5.1. Magnetic Actuators 

The magnetic interaction between external magnetic fields and 

particles embedded in actuators is one common driving force 

for magnetic actuation. This nanoscale magnetic assembly of-

fers fine control over the orientational and/or positional orders 

of magnetic building blocks in soft materials.66 The magnetic 

interactions are reversible, instant, and remote, setting the stage 

ready for designing multifunctional actuators and robots. For 

example, if the assembled magnetic nanostructures are pat-

terned in specific domains, it is possible to develop magnetic 

actuators with complex and programmable shape morphing.873 

In addition, many functional soft materials can be introduced to 

design actuators that are responsive to multiple stimuli or per-

form reconfigurable shape changes in phase-changing poly-

mers. 

Aligning and pattering ferromagnetic particles in soft matrice is 

a simple yet promising method to prepare magnetic actuators. 

This approach uses the parallel alignment of ferromagnetic par-

ticles with the external magnetic fields for assembling each di-

pole into uniform orientational order and actuating individual 

domains into a collective, complex shape morphing. A noticea-

ble example is NdFeB magnetic particles that are a few microm-

eters and ferromagnetic with high remanent magnetization and 

high coercivity. There exist several advanced techniques for as-

sembling and patterning the magnetic particles inside the soft 

matrix. For example, applying a considerably strong magnetic 

field is able to magnetize the embedded particles, leading to an 

actuator configuration-dependent magnetization profile.874 That 

is, the dipolar orientation and strength of magnetic particles in 

the soft actuator are determined by the spatial configuration of 

the soft body upon magnetization. Wrapping the soft structures 
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in a cylinder during magnetization yields soft actuators with pe-

riodic, harmonic magnetization profiles. This unique feature en-

ables the soft actuators to adjust their deformations under dif-

ferent field strengths and directions. If an alternating magnetic 

field is used, an actuator prepared by the same design can per-

form multimodal locomotion, such as rolling, walking, jump-

ing, crawling, and swimming. Given its high flexibility in de-

formation and locomotion, this adaptive magnetic actuator is 

expected to perform work in biological tissues and other un-

structured environments. An alternative, more frequently used 

approach magnetizes the magnetic particles before polymeriza-

tion of the soft actuators. This technique is combined with con-

ventional printing or molding processes to produce pre-de-

signed magnetization profiles and programmable deformations. 

Zhao et al. developed a continuum magnetic robot by firstly 

magnetizing the NdFeB microparticles in elastomer precursor 

and then printing the component ink into a 1D continuum ro-

bot.875 In the first step, a strong impulse of a magnetic field is 

used to magnetically saturate the microparticles, and the follow-

ing printing yields a uniform magnetic domain in the cured elas-

tomers. Since the continuum robot has a circular cross-section, 

active steering is possible under magnetic field actuation. Alt-

hough it can also perform work in complex biological tissues, it 

is tethered, which may limit its use to steerable delivery and 

navigation. An untethered fast-transforming soft robot can be 

created by printing ferromagnetic domains with controllable 

shapes and domain distribution. In a modified printing step 

(Figure 76a), an electromagnet is integrated into a dispensing 

nozzle so that the NdFeB microparticles will be magnetized and 

aligned with tunable orientational orders in each domain during 

printing. One advantage of using an electromagnet is the easy 

switching of the field direction, which is important for actuating 

complex deformations. Controlling the shape and dimensions 

of the soft body is also possible by the printing process. For ex-

ample, annulus, hollow cross, quadrupedal and hexapedal (Fig-

ure 76b) structures can be easily printed, and applying a verti-

cal magnetic field generates 3D shape changes determined by 

the encoded magnetic patterns. This process can be used to cap-

ture a fast-moving object using a permanent magnet (top panel 

in Figure 76b). More interestingly, the soft actuator can per-

form rolling-based locomotion under a rotating magnetic field 

and release the object on demand (bottom panel in Figure 76b). 

The magnetization of assembled structures can be programmed 

in sequence based on the different magnetic properties of the 

building blocks.876 This material design enables reconfigurable 

and reprogrammable functions for a single actuator. Figure 76c 

shows a four-panel micromachine with 2D arrays of nanomag-

nets. Notably, the size of the nanomagnets is different, so that 

their magnetization profile is tunable. Under a carefully chosen 

magnetic switching field, the direction of the 2D arrays can be 

selectively reversed. The combined rigid magnetic panels and 

elastic joints induce complex 3D shape changes in response to 

static or changing magnetic fields (Figure 76d). This assembly-

magnetization strategy is expected to provide smarter microm-

achines if a radio-frequency magnetic field is employed. 

 

Figure 76. Colloidal superstructures for magnetic actuators. (a) 

Working principle of designing magnetic actuators by combining 

nanoscale magnetic assembly and printing. (b) A hexapedal robot 

capturing a fast-moving object (top) and shipping cargo using roll-

ing-based locomotion under a rotating magnetic field. Scale bars: 

10 mm. Reproduced with permission from ref 877. Copyright 2018 

Springer Nature. (c) Four-panel micromachine with an array of na-

nomagnets with different orientations (top) and SEM images of the 

nanomagnet 2D array (bottom). (d) Programmable microscale bird 

with multiple shape-morphing modes. Scale bars: 30 μm. Repro-

duced with permission from ref 876. Copyright 2019 Springer Na-

ture. 

Assembling magnetic nanoparticles into 1D superstructures is 

another approach to magnetic soft actuators. This working prin-

ciple relies on the magnetic anisotropy of the assembled super-

structures for actuating soft materials. Magnetic field-assisted 

lithography is a common method because its flexibility allows 

for controlling the superstructure orientations by applying a 

magnetic field followed by curing the elastic precursors. In 

early research, Kim et al. used a digital micromirror modulator 

to pattern the assembled structures. This printing process pro-

vides accurate, high-resolution patterning of magnetic assem-

blies.685 The well-defined magnetic anisotropy in the polymer 

matrix allows for predesigned, complex 2D and 3D motion.878 

In more common practice, a photomask is used to fix and pat-

tern the assembled magnetic structures in elastomers.879 Figure 

77a shows a typical lithography process, during which mag-

netic fields are changed on demand so that the alignment of the 

superstructures in each soft domain is well-defined. One addi-

tional advantage of the aligned 1D assemblies is the anisotropic 

swelling property of the elastomers. Specifically, the swelling 

of polymer matrix along the perpendicular direction of 1D 

chains is much higher than the parallel direction because of the 

local reinforcement of the assembled 1D structures. In the ex-

ample of Figure 77a, the structural tail is an elastomer mono-

layer with uniformly aligned chains. Its folding axis in water is 

perpendicular to the alignment of magnetic 1D chains, leading 

to a twisted shape. With the preferential parallel alignment of 

the assembled 1D structures in the curved actuator with mag-

netic fields, this unique swollen actuator can be propelled in 

water by applying a rotating magnetic field (Figure 77b). Re-

alignment of the assembled magnetic structures is possible if 

they are embedded in phase-changing materials, such as oligo-

meric-PEG (Figure 77c).880 The PEG oligomer used in this 

work has a melting temperature of 58 oC so that the embedded 

magnetic chains can be re-aligned along any arbitrary directions 

by simply heating the elastomer and applying a magnetic field 
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(Figure 77d). Therefore, a single magnetic actuator can per-

form several complex shape changes (Figure 77e). 

 

Figure 77. Preparation of magnetic actuators by lithography and 

nanoscale magnetic assembly. (a) Schematic illustration of the fab-

rication of biomimetic soft micromachines. (b) Optical images of a 

biomimetic robot driven by a rotating magnetic field. Scale bar: 2 

mm. Reproduced with permission from ref 879. Copyright 2016 The 

Authors. (c) Schematic illustration of structures of the reprogram-

mable magnetic actuators. (d) Schematic illustration of reprogram-

ming the orientation of magnetic chains. (e) Digital pictures of the 

shape-morphing of the magnetic actuator. Scale bars: 10 mm. Re-

produced with permission from ref 880. Copyright 2020 American 

Chemical Society. 

4.5.2. Photoactuators 

Light-driven actuators and robots use light as renewable energy 

for actuating soft materials. They can convert light energy into 

mechanical deformations or locomotion at multiscale. Based on 

the working mechanism, light-driven soft actuators can be cat-

egorized into photochemical actuators and photothermal actua-

tors.881 Photoisomerization and photodimerization are two typ-

ical photochemical reactions to drive mechanical motions. To 

exploit the unique photochromic properties, chemists have syn-

thesized many photosensitive chromophores with tunable re-

sponse rate and wavelength, controllable conformal changes or 

chemical reactions, high sensitivity, and good stability. A few 

noticeable examples include diarylethene,882,883 azoben-

zene,458,884-886 anthracene derivatives,454,887,888 salicylideneani-

line family,889-891 spiropyran derivatives,892-894 phenylbutadiene 

derivatives,895 and other alkenes.896 Depending on the structural 

order of these photosensitive molecules, commonly used mate-

rials for photochemical actuators include liquid crystal elasto-

mers (LCEs) and molecular crystals, with the former of purely 

orientational orders. LCEs have a polymer network that is func-

tionalized with active photochromic dyes, with mesogens at-

tached either in the polymer chains (main-chain LCEs) or via 

an alkyl spacer (sidechain LCEs). Therefore, dye photoisomer-

ization, e.g., E/Z isomerization, valence isomerization, cycload-

dition, and tautomerization, can be used for actuating the soft 

polymer matrix with designable deformations. In many care-

fully prepared reactions, some photochromic molecules will 

crystalize into photomechanical molecular crystals.441 In solid-

state, large changes in the molecular geometry lead to a dra-

matic photomechanical response in the bulky crystals. Several 

established photomechanical responses include bending,897-899 

twisting,888,900 rotation,901 crawling,902 peeling,903 expansion,454 

spreading,895 and hopping.904  

Photothermal actuators take advantage of the photothermal ef-

fect of light-absorbing materials for actuating soft materials. 

Under light irradiation, these materials can efficiently absorb 

light at a particular wavelength or over a broad spectrum and 

convert the light energy into heat. The temperature-induced 

phase changes of surrounding polymer networks or small mol-

ecules will lead to predesigned mechanical work, which is 

highly dependent on actuator designs, the assembled structures 

inside, and the phase-changing materials. A typical photother-

mal actuator comprises three components, the light-absorbing 

materials, a passive layer, and thermally responsive layers for 

volume expansion, phase changes, or molecule absorption/de-

sorption. Commonly used light-absorbing materials include 

carbon nanostructures, plasmonic nanomaterials, and photo-

chromic molecules. In some actuators, the light-absorbing ma-

terials also serve as responsive or passive layers. This simple 

design of materials represents an open platform to prepare di-

verse photothermal actuation.  

Combining the photochemical and photothermal effects of 

LCEs has been demonstrated as a promising approach to recon-

figurable photoactuators.905 One attractive feature is their adap-

tive shape morphing in response to an identical stimulus. The 

dual responses of azobenzene photoisomerization are illustrated 

in Figure 78a. Its configuration changes lead to a simultaneous 

transition from the liquid-crystal phase to a disordered phase in 

the irradiated domain of LCEs and thus a slight shape change 

of the soft actuator. Because of this phase transition, the actua-

tor shrinks along the initial alignment direction of the LC mol-

ecules and expands along the perpendicular direction. The abil-

ity to control the molecular orders in LCEs is the key to recon-

figuration. As shown in Figure 78b, an LCEs film is first irra-

diated by UV light to generate photochemical patterns, with dif-

ferent molecular orders in each domain, leading to one type of 

shape-morphing under red-light irradiation. The original liquid 

phase can be recovered by blue-light irradiation so that the ac-

tuator shape-morphing can be reprogrammed. Photochemical 

patterning is a useful strategy for designing functional actua-

tors, for example, photonic actuators. This scheme shown in 

Figure 78c incorporates inverse opals with LCEs for simulta-

neous shape-morphing and color changes.906  

Carbon nanomaterials have many categories with distinct phys-

ical, chemical, and mechanical properties.907-909 And, the major-

ity of them (except diamond) have broad-band absorption in the 

visible range.910 This unique property makes carbon materials 

extensively exploited in developing photothermal actuators.432 

Among these materials, carbon nanotubes, with their attractive 

1D features, are a promising candidate. Many research works 

have demonstrated that aligned carbon nanotubes in a soft mat-

ter can significantly enhance and modulate the mechanical 

property of the substrate.911 This effect can be used to prepare 

tunable photothermal actuators whose deformations (e.g., pho-

totropic/apheliotropic bending, three-dimensional twisting) de-

pends on the nanotube alignment.912 The assembled carbon 

nanotubes were spun from spinnable arrays that were prepared 

by chemical vapor deposition.913,914 A polyimide/paraffin bi-

layer film was used as a soft matrix, with carbon nanotube uni-

https://en.wikipedia.org/wiki/Mesogen
https://en.wikipedia.org/wiki/Alkyl_group
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formly aligned inside. Cutting the film along different direc-

tions produced actuators with different nanotube orientations 

(Figure 78d) so that the soft actuator has anisotropic mechani-

cal properties. This effect constraints longitudinal volume ex-

pansion of the actuator, only allowing expansion perpendicular 

to the orientation of aligned CNTs. Therefore, apheliotropic 

(top panel in Figure 78d) and phototropic bending (bottom 

panel in Figure 78d) can be achieved by aligning the carbon 

nanotubes along the transverse and longitudinal directions, re-

spectively. Graphene oxide nanosheets are another attractive 

carbon material for photothermal actuators.433,915,916 Their black 

color implies the broad-band absorption in the visible range, 

while their ability to absorb water molecules leads to unique 

swelling behavior. Co-assembly of CO nanosheets and polymer 

nanospheres with a composition gradient leads to photothermal 

actuators that are responsive to both moisture and light.917 Upon 

light irradiation, the photothermal effect of GO nanosheets 

caused the volume expansion of polymer spheres and the bend-

ing toward the GO-rich side. When the actuator was exposed to 

moisture, however, the GO-rich side swelled, leading to an op-

posite bending.  

 

Figure 78. Preparation of magnetic actuators by lithography and 

nanoscale magnetic assembly. (a) Schematic illustration of the pho-

tochemical (top) and photothermal (bottom) actuation. (b) Sche-

matic illustration of reconfigurable shape morphing.  Reproduced 

with permission from ref 905. Copyright 2018 The Authors. (c) 

Preparation of photothermal actuators using liquid crystal elasto-

mer. Reproduced with permission from ref 906. Copyright 2018 

John Wiley and Sons. (d) Scheme of tunable photothermal actua-

tors based on carbon nanotubes with pre-programmed alignment. 

Reproduced with permission from ref 912. Copyright 2015 Ameri-

can Chemical Society. 

In contrast to the broad-band absorption of carbon materials, 

nanostructured plasmonic materials have well-defined absorp-

tion at the resonant wavelength. One interesting effect of the 

LSPR is the local heating that is induced by electron-phonon 

relaxation.918 By embedding or directly printing plasmonic 

nanostructures in phase-changing materials, a plain film can en-

gage in designed deformations powered by light.919-921 Printing 

plasmonic nanostructures requires first impregnating the poly-

mer networks with metal precursors and reducing them to metal 

nanostructures by photochemical reactions.922 This process 

yields printed features as small as a few micrometers and has 

precise control over the particle location in the soft matrices. Its 

high patterning performance has been used for designing 

emerging shape-morphing and complex collective motion of 

nanocomposite actuators.921 Controlling the positional and/or 

orientational orders of plasmonic nanostructures by the colloi-

dal assembly is an alternative approach to advanced photother-

mal actuators. However, assembling the plasmonic nanostruc-

tures in polymer networks is a challenge. Among the many es-

tablished techniques, magnetic assembly is the most effective 

method largely because of its remote control, good reversibility, 

and fast response. A free-standing, multidirectional photother-

mal actuator is created by the nanoscale magnetic assembly of 

Janus Fe3O4/Ag nanorods.574 A space-confined seeded-medi-

ated growth of Ag is employed by templating against silica 

shells, which yields Janus Ag and Fe3O4 nanorods with parallel 

alignment (Figure 79a). If a magnetic field was applied during 

light-initiated polymerization of a polyacrylamide network, the 

Janus nanorods are assembled into liquid-crystal phases by the 

nanoscale magnetic assembly. The defined orientational order 

of the co-aligned Ag nanorods enables the selective excitation 

of the LSPR modes and on-demand bending of the PAM matrix 

under polarized light irradiation. For converting this unique 

bending into continuous locomotion, the Janus nanorods are 

aligned in horizontal and vertical directions in a bipedal robot’s 

legs (Figure 79b). Switching the light polarization between the 

two directions leads to a continuous walking of the free-stand-

ing robot. Turning the robot to a desirable direction is also pos-

sible if the laser polarization is fixed for constant actuation of 

one leg. In another design, magnetic assembly is employed to 

cofacially align diamagnetic titanate nanosheets in a PNIPAM 

network (Figure 79c).923 This soft actuator contains Au nano-

particles for photothermal conversion, which raises the network 

temperature and drives its phase transition under light irradia-

tion. One interesting effect of the dehydration-rehydration tran-

sition of PNIPAM is the synchronous changes of its apparent 

electrostatic permittivity.924 It leads to simultaneous modulation 

of the electrostatic interactions between the well-aligned titan-

ate nanosheets so that a reversible expansion and contraction of 

the hydrogel occurs isovolumetrically along the nanosheet or-

thogonal direction (the scheme in Figure 79d).925 A cylindrical 

soft actuator can therefore perform earthworm-like locomotion 

in a confined space (optical pictures in Figure 79d). These ele-

gant designs of photothermal actuators come to appreciate the 

important role of colloidal assembly in designing bionic robots 

and functional devices.  

 

Figure 79. Advanced photothermal actuators enabled by the na-

noscale magnetic assembly. (a) TEM image of magnetic-plasmonic 

hybrid nanorods. (b) Schematic illustration (top) and forward 
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movement (bottom) of the polarization-modulated soft robots. Re-

produced with permission from ref 574. Copyright 2020 John Wiley 

and Sons. (c) Schematic illustration of the anisotropic photothermal 

actuator enabled by the nanoscale magnetic assembly. (d) Working 

mechanism and digital pictures of the anisotropic hydrogel actua-

tors driven by light irradiation. Reproduced with permission from 

ref 923. Copyright 2018 John Wiley and Sons.  

4.5.3. Thermal Actuators 

Thermal actuators use heat as the input energy and have many 

similarities with photothermal actuators in structures and per-

formances. Many phase-changing materials that have been used 

in photothermal actuators are also good candidates for thermal 

actuation, with bimorph being a common example.926 The hier-

archical structures have thermally responsive and passive lay-

ers/domains.927 Creating gradient materials with changing me-

chanical properties or phase behaviors is another empirical ap-

proach to thermal actuators.928 A few commonly used tempera-

ture-responsive materials include PNIPAM, LCEs, and 

PDMS.929-931 One great benefit of employing colloidal assembly 

in this regard is to bring new functions in addition to shape 

morphing when the temperature changes. Color change takes 

advantage of the thermal deformations in soft matric for ther-

mochromic responses. Because the elastomer deformation is as-

sociated with volume shrinkage or expansion, photonic crystals 

and plasmonic nanostructures whose color is dependent on the 

orders of colloidal particles are two promising materials.429,430 

They can be readily incorporated when polymerizing the elas-

tomers, leading to color-changing thermal actuators. Figure 

80a shows a working scheme for a plasmonic thermal actuator 

with a 2D Ag array on its surface.430 The temperature-induced 

surface expansion of the LCEs leads to an increase in interpar-

ticle separations. The plasmon coupling between neighboring 

Ag nanoparticles becomes weak, and their LSPR peaks will 

blue shift with noticeable color changes. In a carefully designed 

system, colloidal assemblies can be crucial to driving the ther-

mal actuation.925 Its working mechanism is based on the elec-

trostatic repulsion changes between assembled nanosheets, 

which is proposed in Figure 79d. An L-shaped, symmetric hy-

drogel actuator is created with cofacially oriented nanosheets to 

achieve unidirectional locomotion on a solid substrate (Figure 

80b). At high temperatures, the strong electrostatic repulsion 

between the nanosheets drives the actuator to elongate perpen-

dicularly to the sheet alignment. This sequence of events pro-

pels the hydrogel actuator to walk unidirectionally (Figure 

80c). The mechanical response of thermal actuators is generally 

slower than that of photothermal actuators, largely because of 

heat diffusion in the bulk actuators.  

 

Figure 80. Thermal actuators. (a) Schematic illustration of the de-

formation behavior of plasmonic-liquid crystal hybrid actuators. 

Reproduced with permission from ref 430. Copyright 2016 Royal 

Society of Chemistry and the Centre National de la Recherche Sci-

entifique. (b) Working principle and (c) digital pictures of the ani-

sotropic thermal actuators enabled by magnetic alignment. Repro-

duced with permission from ref 925. Copyright 2015 Springer Na-

ture. 

4.5.4. Electric Actuators 

Compared with other stimuli, the use of electricity as input en-

ergy has several advantages. For example, the easy modulation 

of the power, amperage, voltage, and current type enables flex-

ible control over the actuation magnitude, phase, and vibration 

frequency. Besides, their designs are compatible with emerging 

soft electronics and conventional batteries. It is also possible to 

engineer them into self-powered electronic devices. Thirdly, the 

use of microcircuits or integrated circuits in designing electric 

actuators provides great opportunities in creating complex me-

chanical work and locomotion. It is therefore highly expected 

that integrating soft electronics with electric actuators has great 

potential in developing artificial muscles and organs, program-

mable microrobots, microfluidic devices, and wearable elec-

tronics.932-934 To prepare electrically responsive actuators, there 

exist several empirical and fundamental criteria, including con-

ductivity, deformability, fast response, and high efficiency. 

Several modern designs use tethered structures to power the soft 

actuators, while only a few examples introduce integrated bat-

teries for self-sustained mechanical work.935-937 No matter how 

they are powered, current studies have verified some important 

working principles for electric actuators, including electrother-

mal effects,938-941 electro-hydraulic actuation,942 electrophore-

sis,943 and pseudocapacitance-based lattice contraction.944  

Electrothermal actuators use Joule heating for actuating ther-

mally responsive materials. Because of the resistance of con-

ventional conductors (e.g., carbon materials, plasmonic 

nanostructures, and conductive polymers), the electric current 

passing through them will produce heat. Li et al. developed a 

printing assembly strategy to align GO sheets into laminar-

structured patterns (Figure 81a).938 The shear force during 

printing makes GO align along the flowing direction, and the 

close-packed structures after drying produce excellent conduc-

tivity. The printed patterns are uniform on a large scale, with an 

optical resolution of 200 µm (optical image in Figure 81b). One 

advantage of the printing assembly is the ease of its application 

on substrates or templates. For example, the patterns can be di-

rectly printed on soft PDMS films as electrodes. After applying 

a voltage, the Joule heating induces thermal expansion of the 

film surface, leading to reversible bending of the integrated film 

(Figure 81c). If printed domains are controlled by separate cir-

cuits, it is possible to create programmable actuators (Figure 

81d). Their mechanical deformation and functions can be accu-

rately controlled by the way to apply voltages. This invention is 

expected to produce miniature robots with integrated function-

alities.  
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Figure 81. Electric actuators by printing assembly. (a) Scheme of 

the printing assembly. (b) Digital picture of the printing process. 

Inset is the picture of the ink. (c) Digital pictures of the bending 

under electrical stimulation. (d) Electrically tunable shape-morph-

ing of a hand-shaped actuator. Reproduced with permission from 

ref 938. Copyright 2016 American Chemical Society.  

4.5.5. Chemically Responsive Actuators 

A chemical stimulus can be in the liquid phase or gas phase, 

both of which need to experience the diffusion from the sur-

roundings to the actuator body. Several typical examples in-

clude moisture, pH, salt, water, organic compounds, and bio-

logical molecules.945 When in contact with the stimulus mole-

cules, the soft networks may undergo chemical reactions, con-

figuration changes, or phase transitions. One common feature 

of these changes is an apparent volume shrinkage or expansion 

so that mechanical actuation can occur. There exist a few chal-

lenges that are associated with the chemical reactions or physi-

cal transitions while choosing the soft matter and the working 

mechanism. For example, a structural or molecular design to 

facilitate massive mass transfer is highly desirable, which guar-

antees a fast response in exposure to chemicals. In some sys-

tems, it takes several minutes or even hours to reach the chem-

ical and mechanical equilibrium. Therefore, it needs additional 

efforts in designing a soft actuator in fast response to target mol-

ecules. In this regard, the colloidal assembly approach plays a 

pivotal role in providing highly ordered and porous networks 

for fast chemical diffusion. The most famous example in this 

process is the use of inverse opals with 74% porosity to facili-

tate the mass transfer within photonic actuators. This imple-

mentation also provides additional color changes because of the 

well-defined 3D orders in the porous materials. Another chal-

lenge in chemically responsive actuators is to achieve complex 

shape morphing and desirable locomotion, largely because ac-

curately controlling the diffusion direction of chemicals is dif-

ficult.  

Natural species and living organisms have many fascinating 

shape changes in response to specific stimuli.946-949 A few inter-

esting examples are seed dispersal units, climbing plants, and 

carnivorous plants. A close investigation reveals that many nat-

ural plants use cellulose microfibers with well-defined align-

ment to anisotropically restrict the swelling/shrinkage of their 

organic matrices.950,951 Inspired by this working mechanism, a 

self-shaping actuator with programmable microstructures is de-

veloped by magnetically assembling Al2O3 platelets in the soft 

network of a hydrogel.950 Its significant restriction on the hy-

drogel swelling along the alignment direction leads to aniso-

tropic mechanical properties. If the platelets were aligned or-

thogonally in the top and bottom of a bimorph, the soft actuator 

could bend on immersion in water. A simple extension to a 45o 

alignment to the film edge leads to a twisting deformation, 

whose pitch and charity can be readily controlled by changing 

the alignment angle. This magnetic assembly approach estab-

lishes a reliable approach to chemically responsive actuators 

with complex and programmable shape morphing. An advanced 

technique combines the reinforcement of assembled nanostruc-

tures with biomimetic 4D printing.952 As shown in Figure 82a, 

stiff wood-derived cellulose fibrils are assembled into a liquid-

crystal phase driven by shear forces when a composite ink flows 

through the deposition nozzle. It yields printed filaments with 

anisotropic stiffness and swelling behavior in the longitudinal 

direction compared to the transverse direction (Figure 82b), al-

lowing accurate control over the bending curvature of bilayer 

structures with pre-designed, different fibril alignment.953 Two 

interesting examples include logarithmic spiral and twisted bi-

layer strips when fibril alignment in the two layers is 90o/0o with 

inhomogeneous spaces and −45o/45o with uniform spaces, re-

spectively. The programmable control over the ink paths can 

combine these simple curved surfaces so that biomimetic archi-

tectures can be produced. Specifically, to mimic flower opening 

and closing,951,954 the bilayer was printed into a floral form with 

a 90o/0o configuration (left panel in Figure 82c). Simply chang-

ing the alignment to −45o/45o combination produces flower-like 

twisted deformations in water (right panel in Figure 82c). The 

actuator’s network structures promote rapid diffusion and up-

take of water through the filament radius so that the shape 

changes can occur in several minutes. This 4D printing tech-

nique combines the ease of a programmable printing pathway 

and the functionality of assembled microstructures, providing 

shape-changing architectures that can be controlled in space and 

time. Its easy extension to unlimited choices of functional ma-

terials and soft matrix represents an open platform to design bi-

onic devices.  

In addition to bilayer structures, colloidal assemblies in liquid-

crystal phases are also used in producing gradient or composite 

materials. Bamboos are a famous natural composite material, 

which contains cellulose fibers embedded in a lignin−hemicel-

lulose matrix. The gradient distribution of load-bearing fibers 

provides comprehensive hydrogen bonds among cellulose, lig-

nin, and hemicellulose, providing strong mechanical 

strength.955 Cao et al. developed a layer-by-layer assembly of 

MXene, fibers, and polymers into hierarchical gradient struc-

tures using a vacuum-assisted filtration process.956 This method 

produces chemical actuators that have tensile strength, high 

Young’s modulus, and fast hygroscopic response. Their unique 

mechanical properties lead to multimodal actuation powered by 

humidity exposure.  
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Figure 82. Chemical actuators by printing assembly. (a) Biomi-

metic 4D printing. (b) Anisotropic swelling of the hydrogel due to 

the alignment of cellulose fibrils. (c) Digital pictures of the predict-

able shape-morphing of soft actuators in response to immersion in 

water.  Reproduced with permission from ref 952. Copyright 2016 

Springer Nature. 

If colloidal assemblies have photonic bandgaps in the visible 

spectrum, it is possible to prepare colorimetric actuators by in-

tegrating self-assembly with actuator preparation.47 Some rep-

resentative photonic structures used for fabricating chemical ac-

tuators include opals,957 inverse opals,46,550,958 layered photonic 

gels,959 and 1D cellulose photonic crystals.960 Chameleons are 

inspiring natural creatures that can alter skin colors to com-

municate and create disguises during locomotion. To mimic 

their intriguing characteristics, wang et al. developed a struc-

tural-color actuator using inverse-opal soft networks.46 Colloi-

dal crystal arrays (CCAs) of silica nanoparticles are first assem-

bled on a glass template using a conventional solvent evapora-

tion method (Figure 83a). A trimethylolpropane triacrylate pre-

polymer solution was infiltrated into the CCAs, and the follow-

ing polymerization and etching yielded an inverse opal film 

(Figure 83b). The highly ordered structures exhibit bright 

structural colors that are determined by their periodicity and 

surrounding refractive index. Meanwhile, the porous polymer 

network enables fast absorption and desorption of organic va-

pors. The diffusion of vapors leads to polymer network swell-

ing, and thus the exposed surface expands, leading to bending 

deformation toward another film surface.38,961 Therefore, a soft 

actuator with an anisotropic shape is created with simultaneous 

color changes and locomotion powered by acetone vapors (Fig-

ure 83c). A similar fabrication procedure was also used for pre-

paring a living structural-color hydrogel actuator.550 Instead of 

seeking external stimuli, the authors integrated cardiomyocyte 

tissues on synthetic inverse opal films (Figure 83d). This pho-

tonic structure contains bioactive hydrogels, whose extracellu-

lar matrix components facilitate the attachment, growth, align-

ment, and elongation of the cardiomyocyte.962,963 Further intro-

ducing radial microgrooves by templating against microgroove 

patterns enables the cardiomyocytes to align anisotropically 

along the grooves. It provides corresponding anisotropic and 

synchronous contractions and relaxations to the substrate, 

which leads to simultaneous wing swinging and color shifts on 

a biomimetic butterfly (Figure 83e).  

 

Figure 83. Inverse opal actuators. (a) Preparation of inverse opal 

soft actuator. (b) SEM image of the inverse opal. (c) The structural 

color actuator demonstrates simultaneous shape-morphing and 

color changes in response to vapor exposure. Reproduced with per-

mission from ref 46. Copyright 2019 Elsevier. (d) Design of bioin-

spired structural color actuators. (e) Optical microscope images of 

the structural color actuator driven by one myocardial cycle. Scale 

bar: 2 mm. Reproduced with permission from ref 550. Copyright 

2018 The American Association for the Advancement of Science. 

4.6. Nanomedicine 

The use of colloidal assemblies for biological applications re-

quires additional efforts to solve the biocompatibility and col-

loidal stability issues.508,964,965 In addition, there exists an opti-

mal size range for in vivo biological imaging and cancer treat-

ment.82,83,966-969 To this end, plasmonic superstructures have 

been demonstrated as a promising theranostic platform for pho-

toacoustic imaging and photothermal therapy, whose potential 

has also been extended to fluorescent and SERS imaging if light 

probes are used.78,970,971 Within the scheme of colloidal assem-

blies, it is possible to develop smart imaging and therapy agents 

based on their unique property changes in response to either re-

mote stimuli (light, electric fields, magnetic fields, etc.) or local 

stimuli in biological microenvironments (pH, H2O2, O2, temper-

ature, etc.). One great benefit of using plasmonic superstruc-

tures for nanomedicine is that their optical, photothermal, and 

photoacoustic properties are highly dependent on particle con-

nection within the assemblies. By assembling plasmonic nano-

particles with therapeutic agents, it is possible to create a NIR-

II light activatable nanomedicine (Figure 84a),972 which com-

prises amphiphilic Au nanorods, polyprodrug, and NIR-II dyes 

(Figure 84b). The plasmon coupling of Au nanorods in the 

dense assemblies has high absorbance in the NIR region, which 

is used for in vivo photoacoustic imaging, while the close con-

tact between Au nanorods and dyes quenches the fluorescence. 

Interestingly, the therapeutic vesicles disassemble upon laser ir-

radiation, releasing the densely packed nanorods, polyprodrug, 

and dyes to the tumor microenvironment. This sequence of 
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events decreases the absorption of the Au nanorods in the NIR 

regions, and the fluorescence of dyes recovers from the 

quenched state. A simultaneous decrease in photoacoustic sig-

nals and a significant increase in fluorescence intensity occur 

due to the light-responsive agent disassembly (Figure 84c). A 

similar strategy uses the thermoresponsive PNIPAM microgel 

as the smart platform, and Au nanorods are grown on its ma-

trix.973 Increasing the temperature above the LCST of PNIPAM, 

the microgel shrinks due to its hydrophilic-to-hydrophobic 

phase transition. The associated change of plasmonic coupling 

between Au nanorods alters the extinction profiles and thus gen-

erates tunable photoacoustic signals. This process is reversible, 

leading to dynamic imaging signals in response to temperature 

changes, and the responsive photoacoustic agents have been 

used for background-free photoacoustic imaging. Zhou et al. 

developed an activatable theranostic agent, and its photoacous-

tic and photothermal conversion in the second biological tissue 

transparency window can be triggered by over-expressed H2O2 

in tumor microenvironments.974 Monodisperse Au nanoparti-

cles are first assembled into plasmonic chains by mediating 

their electrostatic interactions. The proximity of Au nanoparti-

cles enables their fusion in response to H2O2 exposure, which 

occurs through a redox reaction mechanism (Figure 84d) and 

leads to high absorbance in the NIR-II region. When the chains 

are targeted to the tumor, the over-expressed H2O2 will trigger 

such interesting property changes, giving rise to activatable in 

vivo imaging and photothermal treatment of cancer (Figure 

84e). 

 

Figure 84. Responsive plasmonic superstructures for active biolog-

ical imaging and therapy. (a) Schematic illustration of light-respon-

sive therapeutic vesicles enabled by Au nanorod self-assembly. (b) 

TEM images of the plasmonic superstructure therapeutic vesicles. 

(c) Light-activable photoacoustic (top) and fluorescent (bottom) 

imaging. Reproduced with permission from ref 972. Copyright 2020 

The Authors. (d) TEM image of Au nanosphere chains. (e) Activa-

ble plasmonic chains for enhanced photothermal therapy of cancer. 

Top: infrared imaging upon laser irradiation; bottom: digital pic-

tures of the mice after photothermal treatment. Reproduced with 

permission from ref 974. Copyright 202 John Wiley and Sons. 

4.7. Energy Storage and Conversion 

The proximity of matter in colloidal assemblies provides many 

fascinating collective properties that are not attainable in indi-

vidual nanoparticles.975-977 The particle connectivity and sepa-

ration in superstructures can regulate the nanoscale chemical 

transformation, mass transportation, and wave propagation in a 

predictable way, thus allowing precise control over their elec-

tronic, optical, chemical properties.978-980 These structure-de-

pendent collective properties are significantly important in reg-

ulating energy storage and conversion and in promoting energy 

conversion efficiency.981 In electrochemical and electrophysical 

processes, colloidal superstructures are used as colloidal tem-

plates in nanoparticle lithography to produce highly porous and 

permeable 3D networks, like inverse opals.982,983 These unique 

materials can serve as active electrodes and provide alternative 

methods to solve the existing challenge in batteries. For exam-

ple, inverse opals have demonstrated improved stability, highly 

efficient electronic and ionic transportation, and greatly en-

hanced power capacity, charging-discharging rate, cycle perfor-

mances in Li-ion batteries.981 Specifically, they have been ex-

tensively used in anodes, cathodes, charge collectors, and sepa-

rators in batteries depending on the type of the functional skel-

etal materials. Typical cathodic materials include LiCoO2
984 and 

LiFePO4,
45,985,986 which are prepared by infiltrating their precur-

sors into an opal template followed by crystallization in high-

temperature calcination. In developing anodic materials, carbon 

is a natural candidate due to its low cost and high conductiv-

ity.396 A few studies in this regard have used inverse opals of 

carbon as anodes benefiting from the high mass transfer and 

easy electrolyte infiltration.987,988 It is also possible to further 

enhance the rate performance and cycling stability by introduc-

ing more stable materials as the 3D network, such as TiO2
989 

and NiO.990 

Patterned superstructures are also attractive candidates for en-

hancing catalytic performance in electrochemical reactions. In 

gas evolution reactions, there are two challenges caused by gas 

production. The gas bubble limits the mass transfer rate to the 

electrode surface and produces many inactive sites.991,992 Be-

sides, these gas bubbles will destroy the heterogeneous catalyst 

film due to the associated large stretch force when they detach 

from the film surface. To overcome these challenges in gas evo-

lution reaction, Pt nanocrystals are assembled into 1D stripe 

patterns with defined sizes and separations using the capillary 

bridge technique introduced in section 2.6 (Figure 85a).993 A 

TEM image in Figure 85b suggests the close-packed superlat-

tices with an fcc crystal structure. Such superstructure catalysts 

are used for hydrogen evolution reaction (HER), which demon-

strates a much lower overpotential compared with Pt nanocrys-

tal film or Pt foil (Figure 85c). A close analysis attributes this 

enhanced catalytic performance to the higher mass transfer and 

the smaller stretch forces on the patterned superstructure cata-

lyst than a flat Pt nanoparticle film (Figure 85d).    
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Figure 85. (a) SEM image of striped-pattern superstructures as-

sembled of platinum nanocrystals. (b) TEM image of the nano-

crystal superstructures. (c) Polarization curves of Pt superstruc-

tures with different gap widths (indicated as subscripts in μm), 

Pt nanoparticle film, Pt/C film, and Pt foil electrocatalysts nor-

malized by electrochemically active surface areas. (d) Sche-

matic illustration of the gas evolution on the electrodes. Repro-

duced with permission from ref 993. Copyright 2019 American 

Chemical Society.  

Another great benefit of periodic structures is their ability to 

modulate light propagation and to convert light energy into heat 

or electricity. The limiting steps in developing photovoltaic de-

vices have been recognized as the photon-exciton conversion 

and the charge separation under light illumination.994-996 There-

fore, the incorporation of colloidal assemblies is expected to en-

hance the absorbance of light due to their unique collective 

properties and to promote charge separation based on their 

highly accessible interfaces. Because colloids have dimensions 

smaller than or comparable to the wavelength of visible light, 

they have high efficiency in tuning the scattering and absorption 

of visible light.77 If they self-assemble into superstructures, the 

light can be trapped within the periodic structures, and therefore 

the photon-exciton conversion can be enhanced. This strategy 

can be practically achieved by light trapping using multiple 

scattering or photonic waveguides and coupled surface plasmon 

resonance in plasmonic superstructures. In addition to solar 

cells, light energy can also be converted to heat for solar steam 

generation. This emerging technique takes advantage of the 

plasmon coupling-induced broadband absorption in plasmonic 

superstructures for water purification and desalination.997,998 

Plasmonic nanoparticles usually have high absorption at a res-

onant wavelength due to the localized surface plasmon reso-

nance.999,1000 The absorbed light energy is converted to heat 

through the photothermal effect, which increases the surround-

ing temperature. To use the full-spectrum energy, they need to 

be assembled into superstructures with random coupling effects 

such that the resulting broadband absorption of the photother-

mal converters can absorb as much solar energy as possible.1001-

1003 Another great benefit associated with the dense assemblies 

is the heat localization with a small volume, which prevents the 

thermal dissipation to the surroundings and to the bulk water. 

Such heat localization produces extremely high temperatures to 

vaporize the nearby water. This concept has been unified for 

developing high-performance steam generators and is further 

extended to other light-absorbing materials and structures.1004-

1006 

5. Conclusion and Outlook 

The past two decades have witnessed great advances in the syn-

thesis of colloidal particles and their self-assembly into diverse 

secondary structures that have predictable responses to sur-

rounding physicochemical changes.1007,1008 Compared with 

other nanomanufacturing techniques, like top-down lithogra-

phy, 3D printing, mechanical rubbing, and laser-based structur-

ing, the colloidal assembly of nanostructured materials has 

many advantages in creating secondary structures. While the 

resolution of photolithography and laser-based structuring is re-

stricted by the optical diffraction limit, colloidal self-assembly 

provides superstructures with nanometer precision. The perio-

dicity of the superstructures is closely related to the building 

blocks, leading to highly tunable feature sizes and length scales 

of the secondary structures. Besides, as a printing technique, li-

thography uses multiple steps in manufacturing superstructures, 

in which the involved processes increase intensively in produc-

ing 3D microscale or nanoscale architectures. In contrast, the 

widely accessible assembly techniques provide high flexibility 

in creating superstructures with different dimensions, sizes, and 

symmetries. In addition to superstructures, colloidal assemblies 

provide many methods to precisely align anisotropic nanostruc-

tures, which is also achievable in the mechanical rubbing pro-

cess but with much lower precision. 3D and 4D printing tech-

niques are emerging in nanomanufacturing and provide pro-

grammable, highly customizable solutions to superstructures. 

Their developments, albeit rather quickly, are approaching the 

resolution limits of current existing printing techniques, making 

it still challenging in printing nanoscale objectives with defined 

superstructures and symmetry. Therefore, the colloidal assem-

bly has superior superstructure resolution and compatibility 

with many conventional material processing methods. How-

ever, combining these fabrication methods may lead to new op-

portunities for smart materials. Particularly in developing re-

sponsive materials, 4D printing represents a promising direct 

printing technique, which produces architectures or composite 

materials with transformable properties or forms in response to 

external stimuli. Relying on the same technique of 3D printing, 

it adds the property changes or matter transformation over time 

to create responses in solid materials and can produce program-

mable configuration at a micrometer resolution. The combina-

tion of colloidal assembly and 3D printing is a good example of 

an advanced nanomanufacturing technique, which takes ad-

vantage of the intrinsic features of individual fabrication meth-

ods for creating smart materials with extended length scales, 

high resolution, programmable material properties, and defined 

responses to external stimuli over time.   

The high degree of similarity in morphology and manufacturing 

between inorganic nanocrystals and colloidal crystals makes 

one realize the importance of a few key parameters in control-

ling the nanocrystal synthesis, colloidal self-assembly, and their 

dynamic responses. In fact, they are so relevant that colloidal 

self-assembly has been used as a model system to study the ki-

netics and dynamics of colloidal nanocrystal synthesis and the 

organic-inorganic interface formation. By the analogy of mon-

odisperse nanoparticles to atoms, it is possible to directly ob-

serve the bond formation between colloidal building blocks and 
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to measure the bond strength by estimating the driving forces 

using either analytical equations or software simulation. To this 

end, the DNA-directed colloidal self-assembly and self-assem-

bly of Janus colloids are two natural choices because of the high 

specificity of base-pair interactions and the defined directional-

ity between designated surface patches, respectively.20 These 

considerations have been manifested by the great diversity of 

the perfect Bravais lattices and superlattice symmetry that have 

been observed in colloidal crystals in DNA- and surface patch-

directed self-assembly.1009-1011 Particularly, the established col-

loidal syntheses and surface chemistry allow customizable and 

systematic modification of the surface patch number, size, and 

shape, making it possible to control the bond numbers, interpar-

ticle connectivity, and thus the symmetry of the colloidal cluster 

molecules in the self-assembly of Janus nanoparticles. In addi-

tion to these two interactions, other driving forces that can yield 

3D superlattices with perfect crystallinity include depletion 

force, van der Waals force, gravity force, and capillary force. 

These packing forces work in different length scales. Thus one 

may expect to use a specific strategy to control the force 

strength and direction to fabricate desirable colloidal lattices. 

The short-range van der Waals force, for example, can occur 

between surface ligands and between the nanoparticle cores, 

leading to attractions with different magnitudes. In the self-as-

sembly of anisotropic colloids, the van der Waals attraction be-

tween surface ligands is important as it determines the prefer-

ential binding direction and packing manner. Meanwhile, the 

capillary force has been extensively employed to produce col-

loidal crystal arrays with nanosphere close packing, which are 

further used as colloidal templates to prepare inverse opals. 

These dense colloidal crystals and highly porous 3D photonic 

frameworks represent a universal class of responsive photonic 

crystals, which have been extensively studied for smart optical 

devices. The electrostatic and van der Waals interactions are the 

two main contributions in DLVO theory, whose interplay in the 

self-assembly of plasmonic nanospheres is advantageous to 

yield active plasmonic superstructures. In reviewing these im-

portant driving forces and resulting secondary structures, it is 

reasonable to conclude that colloidal crystals can already be cre-

ated with far more complex crystal structures and far greater 

control over their dimensions, sizes, connectivity, and symme-

tries than what has long been thought possible. But, at the time 

of writing, we are still facing critical challenges in describing 

these forces, particularly on self-assembly of small nanoparti-

cles where additivity of individual interaction potential and 

many assumptions for large colloids are not operational. To 

move beyond the qualitative description of the colloidal assem-

bly, developing analytical methodologies to simultaneously 

treat the atomic and entropic forces is essential. Obtaining this 

new knowledge will at least require accurate colloidal property 

measurements, detailed surrounding characterization, as well as 

quantum theoretical calculations.  

Relying on empirical principles and theoretical predictions, 

chemists have achieved exquisite control over the colloidal 

crystal constant, orientation, and surrounding dielectrics. The 

high-density voids in colloidal crystals can be utilized to mod-

ulate the surrounding physical and chemical properties of the 

superstructures with constant interparticle connection and sep-

aration. This simple strategy allows direct use of superstruc-

tures or lattices for chemical and physical detection while re-

maining open to functional integration of other responsive ma-

terials. Inverse opals have great benefits in this regard due to 

their highly porous superstructures, brilliant structural colors, 

and sensitive colorimetric responses. Their 3D frameworks pos-

sess useful properties that are dependent on chemical composi-

tion and microstructure, and the interconnected pores ensure 

that these structures are highly accessible to guest molecules 

and are easy to process further to functional materials with more 

complex responses to external stimuli. This combination of fea-

tures makes inverse opals compelling and promising for colori-

metric sensors and smart optical devices. Compared with 

changing surrounding properties, actively regulating superlat-

tice constant and orientation is more effective in developing 

smart colloidal assemblies. One great benefit associated with 

colloidal self-assembly is that chemists are achieving more ele-

gant control over the composition, size, shape, and surface 

chemistry of colloidal building blocks, allowing widely acces-

sible colloids for designed smart responses and functionalities. 

Some colloids themselves are reactive to external stimuli, like 

remote fields and local chemical surroundings, such that regu-

lating their self-assemblies is possible by carefully taking ad-

vantage of these unique properties. This working principle pro-

duces responsive superstructures to magnetic fields, electric 

fields, temperature, ionic strength, humidity, etc.  For non-re-

sponsive colloids, it is also possible to engineer smart responses 

by incorporating their superstructures into an active organic or 

inorganic matrix. Such guest-host strategy combines the unique 

collective properties of colloidal assemblies with plentiful func-

tional materials, which represents an extended platform to smart 

colloidal assemblies. Compared with smart superstructures with 

constant particle separation, active colloidal assemblies with 

tunable superstructures are nimbler in performing optical re-

sponses or shape morphing under external stimuli, thus having 

been extensively used in practice. Their capability to react to 

ever-changing surroundings is not limited to the fixed spaces 

between colloidal separation, which more importantly releases 

these spaces for further material functionalization and device 

fabrication. Another associated advantage is the wider tunabil-

ity in their optical, mechanical properties and higher sensitivity 

in response to external influences, which has been manifested 

in a few carefully designed responsive photonic crystals and ac-

tive plasmonic superstructures with full visible spectrum tuna-

bility. Their compatible hierarchical structures also allow a 

widely accessible response rate from milliseconds to a few 

hours depending on the involved working mechanism, which 

provides a complete library of the functional materials to fulfill 

the complex requirements in practical applications.   

Given these promising self-assembly strategies and associated 

exciting properties, scientists are leading their research to apply 

smart colloidal assemblies for solving existing challenges in a 

broad spectrum of applications. In early developments, colloi-

dal assemblies, particularly photonic crystals and plasmonic su-

perstructures, have served as superior systems for several key 

techniques in chemical sensing, including ultrafast spectro-

scopic detection and colorimetric sensing.482,771,1012 Such dy-

namic color-switching is also highly desirable in anticounter-

feiting and coloration, which uses responsive colloidal assem-

blies for security labels, multicolor displays, and rewritable pa-

pers. In addition to these conventional applications, the emerg-

ing soft actuators and robotics also significantly benefit from 

the flexible bottom-up approach to colloidal superstructures 
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that serve as responsive components. In developing high-per-

formance soft actuators, colloidal assemblies can provide addi-

tional functionalities or enable new actuation modes in response 

to desirable stimuli. To this end, responsive colloidal assem-

blies have irreplaceable advantages over other material systems. 

Incorporating responsive colloidal assemblies into soft actua-

tors offers simultaneous color changes in addition to shape 

morphing, which is very difficult to realize in conventional mi-

crofabrication methods. Besides, assembling anisotropic 

nanostructures in soft materials also enables the design of soft 

actuators with anisotropic mechanical properties. One great 

benefit is the successful creation of programmable and biomi-

metic soft actuators, which can mimic many interesting behav-

iors of nature creatures and enable a few fascinating manufac-

turing techniques, such as 4D printing. In fact, the fast develop-

ment in precisely controlling and dynamically modulating the 

collective properties of colloidal superstructures has enabled 

new working principles in actuating soft robotics and has also 

provided integrated responses to external stimuli.1013 This 

unique set of functional materials has great compatibility with 

many well-established nanomanufacturing techniques, offering 

copious choices of property changes to extended stimuli. In this 

regard, the assembly of anisotropic nanoparticles into liquid 

crystals with pure orientational order is a successful approach 

to biomimetic actuators, which can mimic many fascinating 

shape morphing of natural creatures. In addition, introducing 

responsive colloidal assemblies into soft materials allows addi-

tional control over their deformation through changing the light 

wavelength, light polarization, humidity, external fields, etc. 

For biological applications, responsive colloidal assemblies 

have been developed into smart theranostic platforms, which is 

highly desirable for drug delivery, background-free imaging, 

and specific treatment of cancer. They provide a general strat-

egy to develop stimuli-responsive nanomedicines, whose phys-

ical properties or chemical reactivities can be modulated or can 

only be activated by target biomolecules, tumor microenviron-

ments, or remote stimuli (such as X-ray, magnetic field, elec-

tronic field). Such on-demand responsiveness is the most attrac-

tive advantage of smart colloidal assemblies over conventional 

single-component or core/shell nanostructures. In energy stor-

age and conversion, the accessible regular separation and the 

ordered nanomaterials can regulate the mass transportation and 

wave propagation in nanometer precision, making colloidal as-

semblies very promising in energy-related applications. For ex-

ample, the proximity of noble metal nanoparticles in plasmonic 

assemblies produces extremely strong plasmon coupling, which 

has been extensively used for converting solar energy into heat 

or electricity. A great benefit of colloidal assemblies in this re-

gard is that the coupling is highly tunable by changing the su-

perlattice constant and symmetry, with a precision that is not 

attainable in conventional top-down lithography methods. It 

therefore allows optimization of the photothermal conversion 

efficiency for enhancing the performances of solar cells and so-

lar steam generators. In electronic and electrochemical devices, 

colloidal assemblies have been demonstrated to overcome some 

challenges existing in conventional electrode materials. The 

regular separation and spaces can facilitate the electron and 

chemical transfer between the electrodes and electrolytes, while 

the highly ordered nanostructures serve as catalysts and solid 

supports to prevent deformation during use.  

Despite these exciting achievements, smart nanostructured ma-

terials are still in the early stages of bringing real benefits to our 

daily lives and industrial production. Besides, we are still far 

away from quantitatively predicting the responses of many in-

tegrated systems that combine the collective properties of col-

loidal assemblies and other functional continuum materials. 

Progressing beyond many interesting phenomena and general 

qualitative descriptions of these responses requires detailed 

knowledge of the solid interfaces between the continuous and 

dispersed phases because, in most cases, these interfaces deter-

mine the overall performances. In some relatively mature appli-

cations, such as anti-counterfeiting and sensing, they are still 

facing critical challenges in large-scale production of defect-

free superstructures at low cost, in stabilizing their fine struc-

tures for durable daily uses, and in providing biocompatible or 

environmentally friendly materials while maintaining their re-

sponsiveness and functionality. In developing color displays, it 

is still a challenge to create large-scale displays with a wide 

color gamut, low energy consumption, and a high response rate. 

Although some techniques provide active color displays based 

on photonic crystals or plasmonic superstructures, additional ef-

forts are still required to improve the long-term stability, picture 

quality, and power efficiency and to tackle the viewing-angle 

dependent optical properties of many colloidal assemblies when 

competing with the conventional liquid crystal display (LCD) 

and emerging light-emitting techniques, like light-emitting di-

ode (LED) and organic light-emitting diode (OLED). The intro-

duction of colloidal assemblies in soft materials has established 

a few working mechanisms to develop soft actuators and robot-

ics. The positional and orientational orders of nanostructured 

materials provide new functionalities or additional degrees of 

freedom to tune the shape morphing and movement of these soft 

actuators, demonstrating the unique advantages of responsive 

colloidal assemblies in creating integrated devices. Its further 

advance to the next generation requires the integration of col-

loidal assemblies with polymers for extending the fundamental 

shape morphing from bending to twisting, jumping. Also, de-

veloping mechanical oscillation under continuous external 

stimuli, such as light irradiation, is currently limited by a few 

working principles, although mechanical oscillation is highly 

desirable in biomimetic robotics. With the ability to produce 

materials with precise positional and/or orientational orders, 

colloidal assemblies are expected to overcome these existing 

challenges through a bottom-up approach. When designed for 

biological applications, colloidal assemblies have the same bi-

ocompatibility and safety concerns as with other nanostructured 

materials. Reducing the size of colloidal assemblies for meeting 

the requirements of biological microenvironments is an addi-

tional concern for developing smart colloidal assembles for in 

vivo applications. While in energy storage and conversion, the 

long-term chemical and physical stability of nanostructures take 

priority over other challenges due to the extreme working con-

ditions, like high temperature, high ionic strength, strong redox 

potential in electronic and electrochemical devices. Because of 

the weak forces between the assembled colloids, superstruc-

tures are highly possible to dis-assemble and to transform to 

other phases under applied voltages or in aqueous solutions. It 

is therefore highly desirable to add further stabilization steps to 

improve the superstructure stability for practical applications.  

In fact, it is inspiring that some responsive colloidal assemblies 

have been used in real-world applications, such as photonic 
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crystals for car painting and optical fibers, but their apparent 

advantages remain conceptual and have not been extensively 

used for replacing existing materials that are suffering high cost 

or environmental issues. In a few developing applications, 

smart superstructures by colloidal self-assembly serve as re-

sponsive elements in many fascinating “proof of concept” pro-

jects, such as rewritable papers, soft robotics, and biomedicine. 

In these emerging research fields, their blueprints need addi-

tional efforts in understanding the basic behaviors and assessing 

their performances in response to a target external stimuli. This 

will further extend the potential of many superstructures to 

other attractive fields. Clearly, inspiring opportunities remain in 

the self-assembly of responsive nanostructured materials. A 

better understanding of the driving forces between colloidal 

particles lays the foundation for preparing perfect colloidal 

crystal arrays and for exploiting new crystal structures and 

phases. The advances in these fundamental aspects hold the key 

to tuning the colloidal superstructures with nanometer preci-

sion, designing predictable responses to a set of external stim-

uli, and using these functional colloidal assemblies for a new 

generation of smart materials.  
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Sönnichsen, C. Potassium Triggers a 
Reversible Specific Stiffness Transition of 
Polyethylene Glycol. J. Phys. Chem. C 2017, 
121, 22396-22402. 

(797) Ohshima, H. Electrical phenomena at 
interfaces and biointerfaces: fundamentals 
and applications in nano-, bio-, and 
environmental sciences; John Wiley & Sons, 
2012, 1-850. 

(798) Liu, Q.; Liu, Y.; Yin, Y. Optical tuning by the 
self-assembly and disassembly of chain-like 
plasmonic superstructures. Natl. Sci. Rev. 
2018, 5, 128-130. 

(799) Lin, S.; Li, M.; Dujardin, E.; Girard, C.; Mann, S. 

One‐dimensional plasmon coupling by facile 

self ‐ assembly of gold nanoparticles into 
branched chain networks. Adv. Mater. 2005, 
17, 2553-2559. 

(800) Zhang, X.; Lv, L.; Ji, L.; Guo, G.; Liu, L.; Han, D.; 
Wang, B.; Tu, Y.; Hu, J.; Yang, D. Self-assembly 
of one-dimensional nanocrystal superlattice 
chains mediated by molecular clusters. J. Am. 
Chem. Soc. 2016, 138, 3290-3293. 

(801) Zhou, C.; Xin, L.; Duan, X.; Urban, M. J.; Liu, N. 
Dynamic plasmonic system that responds to 



108 

 

thermal and aptamer-target regulations. 
Nano Lett. 2018, 18, 7395-7399. 

(802) Kim, D.-Y.; Kang, D.-G.; Lee, M.-H.; Kim, J.-S.; 
Lee, C.-R.; Jeong, K.-U. A photo-responsive 
metallomesogen for an optically and 
electrically tunable polarized light modulator. 
Chem. Commun. 2016, 52, 12821-12824. 

(803) Zhang, H.; Hu, Z.; Ma, Z.; Gecevičius, M.; Dong, 
G.; Zhou, S.; Qiu, J. Anisotropically enhanced 
nonlinear optical properties of ensembles of 
gold nanorods electrospun in polymer 
nanofiber film. ACS Appl. Mater. Interfaces 
2016, 8, 2048-2053. 

(804) Li, N.; Tittl, A.; Yue, S.; Giessen, H.; Song, C.; 
Ding, B.; Liu, N. DNA-assembled bimetallic 
plasmonic nanosensors. Light Sci. Appl. 2014, 
3, e226-e226. 

(805) Liu, N.; Liedl, T. DNA-assembled advanced 
plasmonic architectures. Chem. Rev. 2018, 
118, 3032-3053. 

(806) Duan, W.; Liu, A.; Li, Q.; Li, Z.; Wen, C.-y.; Cai, 
Z.; Tang, S.; Li, X.; Zeng, J. Toward 
ultrasensitive and fast colorimetric detection 
of indoor formaldehyde across the visible 
region using cetyltrimethylammonium 
chloride-capped bone-shaped gold nanorods 
as “chromophores”. Analyst 2019, 144, 4582-
4588. 

(807) Couturier, J. P.; Sütterlin, M.; Laschewsky, A.; 
Hettrich, C.; Wischerhoff, E. Responsive 
inverse opal hydrogels for the sensing of 
macromolecules. Angew. Chem. Int. Ed. 2015, 
54, 6641-6644. 

(808) Zhang, Y.; Fu, Q.; Ge, J. Photonic sensing of 
organic solvents through geometric study of 
dynamic reflection spectrum. Nat. Commun. 
2015, 6, 7510. 

(809) Luo, W.; Cui, Q.; Fang, K.; Chen, K.; Ma, H.; 
Guan, J. Responsive hydrogel-based photonic 
nanochains for microenvironment sensing 
and imaging in real time and high resolution. 
Nano Lett. 2018, 20, 803-811. 

(810) Liu, Y.; Han, F.; Li, F.; Zhao, Y.; Chen, M.; Xu, Z.; 
Zheng, X.; Hu, H.; Yao, J.; Guo, T. Inkjet-
printed unclonable quantum dot fluorescent 
anti-counterfeiting labels with artificial 
intelligence authentication. Nat. Commun. 
2019, 10, 2409. 

(811) Li, F.; Wang, X.; Xia, Z.; Pan, C.; Liu, Q. 
Photoluminescence tuning in stretchable 

PDMS film grafted doped core/multishell 
quantum dots for anticounterfeiting. Adv. 
Funct. Mater. 2017, 27, 1700051. 

(812) Abdollahi, A.; Alidaei-Sharif, H.; Roghani-
Mamaqani, H.; Herizchi, A. Photoswitchable 
fluorescent polymer nanoparticles as high-
security anticounterfeiting materials for 
authentication and optical patterning. J. 
Mater. Chem. C 2020, 8, 5476-5493. 

(813) Delavari, S.; Ziadzade, S.; Rad, J. K.; Hamrang, 
V.; Mahdavian, A. R. Anticounterfeiting and 
photoluminescent cellulosic papers based on 
fluorescent acrylic copolymer nanoparticles 
containing coumarin. Carbohydr. Polym. 2020, 
247, 116756. 

(814) Jiang, K.; Zhang, L.; Lu, J.; Xu, C.; Cai, C.; Lin, H. 

Triple ‐ mode emission of carbon dots: 

applications for advanced anti ‐
counterfeiting. Angew. Chem. 2016, 128, 
7347-7351. 

(815) Liu, X.; Wang, Y.; Li, X.; Yi, Z.; Deng, R.; Liang, 
L.; Xie, X.; Loong, D. T.; Song, S.; Fan, D. Binary 
temporal upconversion codes of Mn 2+-
activated nanoparticles for multilevel anti-
counterfeiting. Nat. Commun. 2017, 8, 899. 

(816) Ni, R.; Qian, B.; Liu, C.; Liu, X.; Qiu, J. 3D 
printing of resin composites doped with 
upconversion nanoparticles for anti-
counterfeiting and temperature detection. 
Opt. Express 2018, 26, 25481-25491. 

(817) He, L.; Feng, L.; Cheng, L.; Liu, Y.; Li, Z.; Peng, 
R.; Li, Y.; Guo, L.; Liu, Z. Multilayer dual-
polymer-coated upconversion nanoparticles 
for multimodal imaging and serum-enhanced 
gene delivery. ACS Appl. Mater. Interfaces 
2013, 5, 10381-10388. 

(818) Abdollahi, A.; Roghani-Mamaqani, H.; Razavi, 
B.; Salami-Kalajahi, M. Photoluminescent and 
Chromic Nanomaterials for Anticounterfeiting 
Technologies: Recent Advances and Future 
Challenges. ACS nano 2020, 14, 14417-14492. 

(819) Diaz, R.; Palleau, E.; Poirot, D.; Sangeetha, N.; 
Ressier, L. High-throughput fabrication of 
anti-counterfeiting colloid-based 
photoluminescent microtags using electrical 
nanoimprint lithography. Nanotechnology 
2014, 25, 345302. 

(820) Liu, Y.; Zheng, Y.; Zhu, Y.; Ma, F.; Zheng, X.; 
Yang, K.; Zheng, X.; Xu, Z.; Ju, S.; Zheng, Y. 
Unclonable Perovskite Fluorescent Dots with 



109 

 

Fingerprint Pattern for Multilevel 
Anticounterfeiting. ACS Appl. Mater. 
Interfaces 2020, 12, 39649-39656. 

(821) Zhang, C.; Wang, B.; Li, W.; Huang, S.; Kong, L.; 
Li, Z.; Li, L. Conversion of invisible metal-
organic frameworks to luminescent 
perovskite nanocrystals for confidential 
information encryption and decryption. Nat. 
Commun. 2017, 8, 1138. 

(822) Huang, W.; Xu, M.; Liu, J.; Wang, J.; Zhu, Y.; Liu, 
J.; Rong, H.; Zhang, J. Hydrophilic Doped 

Quantum Dots “ Ink”  and Their Inkjet‐
Printed Patterns for Dual Mode 
Anticounterfeiting by Reversible Cation 
Exchange Mechanism. Adv. Funct. Mater. 
2019, 29, 1808762. 

(823) Da Luz, L. L.; Milani, R.; Felix, J. F.; Ribeiro, I. R.; 
Talhavini, M.; Neto, B. A.; Chojnacki, J.; 
Rodrigues, M. O.; Júnior, S. A. Inkjet printing 
of lanthanide–organic frameworks for anti-
counterfeiting applications. ACS Appl. Mater. 
Interfaces 2015, 7, 27115-27123. 

(824) Sangeetha, N. M.; Moutet, P.; Lagarde, D.; 
Sallen, G.; Urbaszek, B.; Marie, X.; Viau, G.; 
Ressier, L. 3D assembly of upconverting NaYF4 
nanocrystals by AFM nanoxerography: 
creation of anti-counterfeiting microtags. 
Nanoscale 2013, 5, 9587-9592. 

(825) Morales, D.; Teulon, L.; Palleau, E.; Alnasser, 
T.; Ressier, L. Single-step binary electrostatic 
directed assembly of active nanogels for 
smart concentration-dependent encryption. 
Langmuir 2018, 34, 1557-1563. 

(826) Gan, L.; Feng, N.; Liu, S.; Zheng, S.; Li, Z.; Huang, 

J. Assembly‐ Induced Emission of Cellulose 
Nanocrystals for Hiding Information. Part. 
Part. Syst. Charact. 2019, 36, 1800412. 

(827) Gao, R.; Yan, D.; Evans, D. G.; Duan, X. Layer-
by-layer assembly of long-afterglow self-
supporting thin films with dual-stimuli-
responsive phosphorescence and antiforgery 
applications. Nano Res. 2017, 10, 3606-3617. 

(828) Li, J.; Yu, P.; Cheng, H.; Liu, W.; Li, Z.; Xie, B.; 
Chen, S.; Tian, J. Optical polarization encoding 

using graphene ‐ loaded plasmonic 
metasurfaces. Adv. Opt. Mater. 2016, 4, 91-98. 

(829) Franklin, D.; Modak, S.; Vázquez-Guardado, A.; 
Safaei, A.; Chanda, D. Covert infrared image 
encoding through imprinted plasmonic 
cavities. Light Sci. Appl. 2018, 7, 1-8. 

(830) Zhang, T.; Blair, S. Gray level image encoding 
in plasmonic metasurfaces. Plasmonics 2020, 
15, 1305-1311. 

(831) Heydari, E.; Sperling, J. R.; Neale, S. L.; Clark, A. 

W. Plasmonic Color Filters as Dual‐ State 

Nanopixels for High ‐ Density Microimage 
Encoding. Adv. Funct. Mater. 2017, 27, 
1701866. 

(832) Smith, J. D.; Reza, M. A.; Smith, N. L.; Gu, J.; 
Ibrar, M.; Crandall, D. J.; Skrabalak, S. E. 
Plasmonic Anticounterfeit Tags with High 
Encoding Capacity Rapidly Authenticated with 
Deep Machine Learning. ACS nano 2021, 15, 
2901-2910. 

(833) Liu, H.; Zhang, B.; Gao, T.; Wu, X.; Cui, F.; Xu, 
W. 3D chiral color prints for anti-
counterfeiting. Nanoscale 2019, 11, 5506-
5511. 

(834) Frese, D.; Wei, Q.; Wang, Y.; Huang, L.; 
Zentgraf, T. Nonreciprocal asymmetric 
polarization encryption by layered plasmonic 
metasurfaces. Nano Lett. 2019, 19, 3976-3980. 

(835) Li, X.; Lan, T.-H.; Tien, C.-H.; Gu, M. Three-
dimensional orientation-unlimited 
polarization encryption by a single optically 
configured vectorial beam. Nat. Commun. 
2012, 3, 998. 

(836) McGorty, R.; Fung, J.; Kaz, D.; Manoharan, V. 
N. Colloidal self-assembly at an interface. 
Mater. Today 2010, 13, 34-42. 

(837) Liu, B.; Lu, X.; Qiao, Z.; Song, L.; Cheng, Q.; 
Zhang, J.; Zhang, A.; Huang, Y.; Chen, T. pH 
and temperature dual-responsive plasmonic 
switches of gold nanoparticle monolayer film 
for multiple anticounterfeiting. Langmuir 
2018, 34, 13047-13056. 

(838) Chen, X.; Chen, Y.; Yan, M.; Qiu, M. 
Nanosecond photothermal effects in 
plasmonic nanostructures. ACS nano 2012, 6, 
2550-2557. 

(839) Xu, L.; Feng, Y.; Yu, D.; Zheng, Z.; Chen, X.; 
Hong, W. Recoverable Photolithographic 
Patterning for Polarized Display and 
Encryption. Adv. Mater. Technol. 2020, 5, 
2000373. 

(840) Song, L.; Qiu, N.; Huang, Y.; Cheng, Q.; Yang, 
Y.; Lin, H.; Su, F.; Chen, T. Macroscopic 
Orientational Gold Nanorods Monolayer Film 
with Excellent Photothermal 



110 

 

Anticounterfeiting Performance. Adv. Opt. 
Mater. 2020, 8, 1902082. 

(841) Fukuoka, T.; Yamaguchi, A.; Hara, R.; 
Matsumoto, T.; Utsumi, Y.; Mori, Y. 2015 
International Conference on Electronics 
Packaging and iMAPS All Asia Conference 
(ICEP-IAAC), 2015; p 432-435. 

(842) Si, K. J.; Sikdar, D.; Yap, L. W.; Foo, J. K. K.; Guo, 

P.; Shi, Q.; Premaratne, M.; Cheng, W. Dual‐

Coded Plasmene Nanosheets as Next ‐
Generation Anticounterfeit Security Labels. 
Adv. Opt. Mater. 2015, 3, 1710-1717. 

(843) Gu, Y.; He, C.; Zhang, Y.; Lin, L.; Thackray, B. D.; 
Ye, J. Gap-enhanced Raman tags for physically 
unclonable anticounterfeiting labels. Nat. 
Commun. 2020, 11, 516. 

(844) Zhou, Y.; Zhao, G.; Bian, J.; Tian, X.; Cheng, X.; 
Wang, H.; Chen, H. Multiplexed SERS 
Barcodes for Anti-Counterfeiting. ACS Appl. 
Mater. Interfaces 2020, 12, 28532-28538. 

(845) Liu, Y.; Lee, Y. H.; Lee, M. R.; Yang, Y.; Ling, X. 
Y. Flexible three-dimensional 
anticounterfeiting plasmonic security labels: 
Utilizing z-axis-dependent SERS readouts to 
encode multilayered molecular information. 
ACS Photonics 2017, 4, 2529-2536. 

(846) Tang, L.; Huang, J.; Zhang, H.; Yang, T.; Mo, Z.; 
Qu, J. Multi-stimuli responsive hydrogels with 
shape memory and self-healing properties for 
information encryption. Eur. Polym. J. 2020, 
140, 110061. 

(847) Wang, X.; Feng, J.; Yu, H.; Jin, Y.; Davidson, A.; 
Li, Z.; Yin, Y. Anisotropically shaped 
magnetic/plasmonic nanocomposites for 
information encryption and magnetic-field-
direction sensing. Research 2018, 2018, 
7527825. 

(848) Li, Y.; Zhou, X.; Yang, Q.; Li, Y.; Li, W.; Li, H.; 
Chen, S.; Li, M.; Song, Y. Patterned photonic 
crystals for hiding information. J. Mater. Chem. 
C 2017, 5, 4621-4628. 

(849) Wang, C.; Lin, X.; Schäfer, C. G.; Hirsemann, S.; 
Ge, J. Spray Synthesis of Photonic Crystal 
Based Automotive Coatings with Bright and 

Angular‐Dependent Structural Colors. Adv. 
Funct. Mater. 2020, 2008601. 

(850) Wu, S.; Liu, T.; Tang, B.; Li, L.; Zhang, S. 
Different structural colors or patterns on the 
front and back sides of a multilayer photonic 

structure. ACS Appl. Mater. Interfaces 2019, 
11, 27210-27215. 

(851) Wu, S.; Huang, B.; Wu, Y.; Meng, Z.; Zhang, S. 
Reflection and transmission two-way 
structural colors. Nanoscale 2020, 12, 11460-
11467. 

(852) Xuan, R.; Ge, J. Photonic printing through the 
orientational tuning of photonic structures 
and its application to anticounterfeiting labels. 
Langmuir 2011, 27, 5694-5699. 

(853) Peng, C.-Y.; Hsu, C.-W.; Li, C.-W.; Wang, P.-L.; 
Jeng, C.-C.; Chang, C.-C.; Wang, G.-J. Flexible 
photonic crystal material for multiple 
anticounterfeiting applications. ACS Appl. 
Mater. Interfaces 2018, 10, 9858-9864. 

(854) Nam, H.; Song, K.; Ha, D.; Kim, T. Inkjet 
printing based mono-layered photonic crystal 
patterning for anti-counterfeiting structural 
colors. Sci. Rep. 2016, 6, 1-9. 

(855) Wu, P.; Shen, X.; Schäfer, C. G.; Pan, J.; Guo, J.; 
Wang, C. Mechanochromic and 
thermochromic shape memory photonic 
crystal films based on core/shell nanoparticles 
for smart monitoring. Nanoscale 2019, 11, 
20015-20023. 

(856) Chang, P.; Niu, W.; Qu, L.; Zhang, S. Two-way 
rewritable and stable photonic patterns 
enabled by near-infrared laser-responsive 
shape memory photonic crystals. J. Mater. 
Chem. C 2019, 7, 1896-1903. 

(857) Liu, F.; Zhang, S.; Meng, Y.; Tang, B. Thermal 
Responsive Photonic Crystal Achieved 
through the Control of Light Path Guided by 
Phase Transition. Small 2020, 16, 2002319. 

(858) Qi, Y.; Chu, L.; Niu, W.; Tang, B.; Wu, S.; Ma, 
W.; Zhang, S. New encryption strategy of 
photonic crystals with bilayer inverse 
heterostructure guided from transparency 
response. Adv. Funct. Mater. 2019, 29, 
1903743. 

(859) Chen, K.; Zhang, Y.; Ge, J. Highly invisible 
photonic crystal patterns encrypted in an 
inverse opaline macroporous polyurethane 
film for anti-counterfeiting applications. ACS 
Appl. Mater. Interfaces 2019, 11, 45256-
45264. 

(860) Wang, Z.; Meng, F.; Zhang, S.; Meng, Y.; Wu, 
S.; Tang, B. Robust, Portable, and Specific 
Water-Response Silk Film with Noniridescent 
Pattern Encryption for Information Security. 



111 

 

ACS Appl. Mater. Interfaces 2020, 12, 56413-
56423. 

(861) He, X.; Gu, Y.; Yu, B.; Liu, Z.; Zhu, K.; Wu, N.; 
Zhao, X.; Wei, Y.; Zhou, J.; Song, Y. Multi-mode 
structural-color anti-counterfeiting labels 
based on physically unclonable amorphous 
photonic structures with convenient artificial 
intelligence authentication. J. Mater. Chem. C 
2019, 7, 14069-14074. 

(862) Zhou, C.; Qi, Y.; Zhang, S.; Niu, W.; Wu, S.; Ma, 
W.; Tang, B. Bilayer Heterostructure Photonic 
Crystal Composed of Hollow Silica and Silica 
Sphere Arrays for Information Encryption. 
Langmuir 2020, 36, 1379-1385. 

(863) Gao, Z.; Huang, C.; Yang, D.; Zhang, H.; Guo, J.; 
Wei, J. Dual-mode multicolored photonic 
crystal patterns enabled by ultraviolet-
responsive core-shell colloidal spheres. Dyes 
Pigm. 2018, 148, 108-117. 

(864) Park, K.; Park, M.; Jang, H. S.; Park, J. H.; Kim, 
J.; Cho, Y.; Han, I. K.; Byun, D.; Ko, H. Highly 
secure plasmonic encryption keys combined 
with upconversion luminescence nanocrystals. 
Adv. Funct. Mater. 2018, 28, 1800369. 

(865) Zheng, Y.; Jiang, C.; Ng, S. H.; Lu, Y.; Han, F.; 
Bach, U.; Gooding, J. J. Unclonable Plasmonic 

Security Labels Achieved by Shadow ‐

Mask ‐ Lithography ‐ Assisted Self ‐
Assembly. Adv. Mater. 2016, 28, 2330-2336. 

(866) Tsai, W.-K.; Lai, Y.-S.; Tseng, P.-J.; Liao, C.-H.; 
Chan, Y.-H. Dual colorimetric and fluorescent 
authentication based on semiconducting 
polymer dots for anticounterfeiting 
applications. ACS Appl. Mater. Interfaces 2017, 
9, 30918-30924. 

(867) Miriyev, A.; Stack, K.; Lipson, H. Soft material 
for soft actuators. Nat. Commun. 2017, 8, 596. 

(868) Bahramzadeh, Y.; Shahinpoor, M. A review of 
ionic polymeric soft actuators and sensors. 
Soft Robot. 2014, 1, 38-52. 

(869) Nie, M.; Huang, C.; Du, X. Recent advances in 
colour-tunable soft actuators. Nanoscale 
2021, 13, 2780-2791. 

(870) Niku, S. B. Introduction to robotics: analysis, 
systems, applications; Prentice hall New 
Jersey, 2001, 1-339. 

(871) Ratna, D.; Karger-Kocsis, J. Recent advances in 
shape memory polymers and composites: a 
review. J. Mater. Sci. 2008, 43, 254-269. 

(872) Cianchetti, M.; Laschi, C.; Menciassi, A.; Dario, 
P. Biomedical applications of soft robotics. 
Nat. Rev. Mater. 2018, 3, 143-153. 

(873) Chung, H. J.; Parsons, A. M.; Zheng, L. 
Magnetically controlled soft robotics utilizing 
elastomers and gels in actuation: A review. 
Adv. Intell. Syst. 2021, 3, 2000186. 

(874) Hu, W.; Lum, G. Z.; Mastrangeli, M.; Sitti, M. 
Small-scale soft-bodied robot with 
multimodal locomotion. Nature 2018, 554, 
81-85. 

(875) Kim, Y.; Parada, G. A.; Liu, S.; Zhao, X. 
Ferromagnetic soft continuum robots. Sci. 
Robot. 2019, 4, eaax7329. 

(876) Cui, J.; Huang, T.-Y.; Luo, Z.; Testa, P.; Gu, H.; 
Chen, X.-Z.; Nelson, B. J.; Heyderman, L. J. 
Nanomagnetic encoding of shape-morphing 
micromachines. Nature 2019, 575, 164-168. 

(877) Kim, Y.; Yuk, H.; Zhao, R.; Chester, S. A.; Zhao, 
X. Printing ferromagnetic domains for 
untethered fast-transforming soft materials. 
Nature 2018, 558, 274-279. 

(878) Kim, J.; Chung, S. E.; Choi, S.-E.; Lee, H.; Kim, J.; 
Kwon, S. Programming magnetic anisotropy in 
polymeric microactuators. Nat. Mater. 2011, 
10, 747-752. 

(879) Huang, H.-W.; Sakar, M. S.; Petruska, A. J.; 
Pané, S.; Nelson, B. J. Soft micromachines with 
programmable motility and morphology. Nat. 
Commun. 2016, 7, 12263. 

(880) Song, H.; Lee, H.; Lee, J.; Choe, J. K.; Lee, S.; Yi, 
J. Y.; Park, S.; Yoo, J.-W.; Kwon, M. S.; Kim, J. 
Reprogrammable ferromagnetic domains for 
reconfigurable soft magnetic actuators. Nano 
Lett. 2020, 20, 5185-5192. 

(881) Han, D. D.; Zhang, Y. L.; Ma, J. N.; Liu, Y. Q.; 

Han, B.; Sun, H. B. Light ‐ mediated 
manufacture and manipulation of actuators. 
Adv. Mater. 2016, 28, 8328-8343. 

(882) Irie, M.; Fukaminato, T.; Matsuda, K.; 
Kobatake, S. Photochromism of diarylethene 
molecules and crystals: memories, switches, 
and actuators. Chem. Rev. 2014, 114, 12174-
12277. 

(883) Tian, H.; Yang, S. Recent progresses on 
diarylethene based photochromic switches. 
Chem. Soc. Rev. 2004, 33, 85-97. 

(884) Guo, S.; Matsukawa, K.; Miyata, T.; Okubo, T.; 
Kuroda, K.; Shimojima, A. Photoinduced 
bending of self-assembled azobenzene–



112 

 

siloxane hybrid. J. Am. Chem. Soc. 2015, 137, 
15434-15440. 

(885) Liu, D.; Liu, L.; Onck, P. R.; Broer, D. J. Reverse 
switching of surface roughness in a self-
organized polydomain liquid crystal coating. 
Proc. Natl. Acad. Sci. U.S.A. 2015, 112, 3880-
3885. 

(886) Palffy-Muhoray, P. Printed actuators in a flap. 
Nat. Mater. 2009, 8, 614-615. 

(887) Kim, T.; Zhu, L.; Mueller, L. J.; Bardeen, C. J. 
Mechanism of photoinduced bending and 
twisting in crystalline microneedles and 
microribbons composed of 9-
methylanthracene. J. Am. Chem. Soc. 2014, 
136, 6617-6625. 

(888) Zhu, L.; Al-Kaysi, R. O.; Bardeen, C. J. 
Reversible photoinduced twisting of 
molecular crystal microribbons. J. Am. Chem. 
Soc. 2011, 133, 12569-12575. 

(889) Ohshima, A.; Momotake, A.; Arai, T. 
Photochromism, thermochromism, and 
solvatochromism of naphthalene-based 
analogues of salicylideneaniline in solution. J. 
Photochem. Photobiol. A: Chem. 2004, 162, 
473-479. 

(890) Koshima, H.; Takechi, K.; Uchimoto, H.; Shiro, 
M.; Hashizume, D. Photomechanical bending 
of salicylideneaniline crystals. Chem. Commun. 
2011, 47, 11423-11425. 

(891) Harada, J.; Uekusa, H.; Ohashi, Y. X-ray 
analysis of structural changes in 
photochromic salicylideneaniline crystals. 
Solid-state reaction induced by two-photon 
excitation. J. Am. Chem. Soc. 1999, 121, 5809-
5810. 

(892) Klajn, R. Spiropyran-based dynamic materials. 
Chem. Soc. Rev. 2014, 43, 148-184. 

(893) Kortekaas, L.; Browne, W. R. The evolution of 
spiropyran: fundamentals and progress of an 
extraordinarily versatile photochrome. Chem. 
Soc. Rev. 2019, 48, 3406-3424. 

(894) Buback, J.; Kullmann, M.; Langhojer, F.; 
Nuernberger, P.; Schmidt, R.; Würthner, F.; 
Brixner, T. Ultrafast bidirectional 
photoswitching of a spiropyran. J. Am. Chem. 
Soc. 2010, 132, 16510-16519. 

(895) Tong, F.; Xu, W.; Guo, T.; Lui, B. F.; Hayward, 
R. C.; Palffy-Muhoray, P.; Al-Kaysi, R. O.; 
Bardeen, C. J. Photomechanical molecular 
crystals and nanowire assemblies based on 

the [2+ 2] photodimerization of a 
phenylbutadiene derivative. J. Mater. Chem. C 
2020, 8, 5036-5044. 

(896) Shoji, H.; Kitagawa, D.; Kobatake, S. Alkyl 
substituent effects in photochemical and 
thermal reactions of photochromic 
thiophene-S, S-dioxidized diarylethenes. New 
J. Chem. 2014, 38, 933-941. 

(897) Gupta, P.; Panda, T.; Allu, S.; Borah, S.; Baishya, 
A.; Gunnam, A.; Nangia, A.; Naumov, P. e.; 
Nath, N. K. Crystalline acylhydrazone 
photoswitches with multiple mechanical 
responses. Cryst. Growth Des. 2019, 19, 3039-
3044. 

(898) Kobatake, S.; Takami, S.; Muto, H.; Ishikawa, 
T.; Irie, M. Rapid and reversible shape changes 
of molecular crystals on photoirradiation. 
Nature 2007, 446, 778-781. 

(899) Morimoto, M.; Irie, M. A diarylethene 
cocrystal that converts light into mechanical 
work. J. Am. Chem. Soc. 2010, 132, 14172-
14178. 

(900) Kitagawa, D.; Tsujioka, H.; Tong, F.; Dong, X.; 
Bardeen, C. J.; Kobatake, S. Control of 
photomechanical crystal twisting by 
illumination direction. J. Am. Chem. Soc. 2018, 
140, 4208-4212. 

(901) Zhu, L.; Al ‐ Kaysi, R. O.; Bardeen, C. J. 

Photoinduced Ratchet ‐ Like Rotational 
Motion of Branched Molecular Crystals. 
Angew. Chem. 2016, 128, 7189-7192. 

(902) Uchida, E.; Azumi, R.; Norikane, Y. Light-
induced crawling of crystals on a glass surface. 
Nat. Commun. 2015, 6, 7310. 

(903) Tong, F.; Al-Haidar, M.; Zhu, L.; Al-Kaysi, R. O.; 
Bardeen, C. J. Photoinduced peeling of 
molecular crystals. Chem. Commun. 2019, 55, 
3709-3712. 

(904) Naumov, P.; Sahoo, S. C.; Zakharov, B. A.; 
Boldyreva, E. V. Dynamic single crystals: 
kinematic analysis of photoinduced crystal 
jumping (the photosalient effect). Angew. 
Chem. 2013, 125, 10174-10179. 

(905) Lahikainen, M.; Zeng, H.; Priimagi, A. 
Reconfigurable photoactuator through 
synergistic use of photochemical and 
photothermal effects. Nat. Commun. 2018, 9, 
4148. 

(906) Wei, W.; Zhang, Z.; Wei, J.; Li, X.; Guo, J. 

Phototriggered Selective Actuation and Self‐



113 

 

Oscillating in Dual ‐ Phase Liquid Crystal 
Photonic Actuators. Adv. Opt. Mater. 2018, 6, 
1800131. 

(907) Hong, G.; Diao, S.; Antaris, A. L.; Dai, H. Carbon 
nanomaterials for biological imaging and 
nanomedicinal therapy. Chem. Rev. 2015, 115, 
10816-10906. 

(908) Dai, L.; Chang, D. W.; Baek, J. B.; Lu, W. Carbon 
nanomaterials for advanced energy 
conversion and storage. small 2012, 8, 1130-
1166. 

(909) Jariwala, D.; Sangwan, V. K.; Lauhon, L. J.; 
Marks, T. J.; Hersam, M. C. Carbon 
nanomaterials for electronics, 
optoelectronics, photovoltaics, and sensing. 
Chem. Soc. Rev. 2013, 42, 2824-2860. 

(910) Yu, X.; Cheng, H.; Zhang, M.; Zhao, Y.; Qu, L.; 
Shi, G. Graphene-based smart materials. Nat. 
Rev. Mater. 2017, 2, 1-13. 

(911) Ji, J.; Sui, G.; Yu, Y.; Liu, Y.; Lin, Y.; Du, Z.; Ryu, 
S.; Yang, X. Significant improvement of 
mechanical properties observed in highly 
aligned carbon-nanotube-reinforced 
nanofibers. J. Phys. Chem. C 2009, 113, 4779-
4785. 

(912) Deng, J.; Li, J.; Chen, P.; Fang, X.; Sun, X.; Jiang, 
Y.; Weng, W.; Wang, B.; Peng, H. Tunable 
photothermal actuators based on a pre-
programmed aligned nanostructure. J. Am. 
Chem. Soc. 2016, 138, 225-230. 

(913) Peng, H.; Sun, X.; Cai, F.; Chen, X.; Zhu, Y.; Liao, 
G.; Chen, D.; Li, Q.; Lu, Y.; Zhu, Y. 
Electrochromatic carbon 
nanotube/polydiacetylene nanocomposite 
fibres. Nat. Nanotechnol. 2009, 4, 738-741. 

(914) Aliev, A. E.; Guthy, C.; Zhang, M.; Fang, S.; 
Zakhidov, A. A.; Fischer, J. E.; Baughman, R. H. 
Thermal transport in MWCNT sheets and 
yarns. Carbon 2007, 45, 2880-2888. 

(915) Chen, L.; Weng, M.; Zhou, P.; Zhang, L.; Huang, 
Z.; Zhang, W. Multi-responsive actuators 
based on a graphene oxide composite: 
intelligent robot and bioinspired applications. 
Nanoscale 2017, 9, 9825-9833. 

(916) Gao, D.; Lin, M.-F.; Xiong, J.; Li, S.; Lou, S. N.; 
Liu, Y.; Ciou, J.-H.; Zhou, X.; Lee, P. S. 
Photothermal actuated origamis based on 
graphene oxide–cellulose programmable 
bilayers. Nanoscale Horiz. 2020, 5, 730-738. 

(917) Gao, Y.-Y.; Zhang, Y.-L.; Han, B.; Zhu, L.; Dong, 
B.; Sun, H.-B. Gradient Assembly of Polymer 
Nanospheres and Graphene Oxide Sheets for 
Dual-Responsive Soft Actuators. ACS Appl. 
Mater. Interfaces 2019, 11, 37130-37138. 

(918) Link, S.; El-Sayed, M. A. Spectral properties 
and relaxation dynamics of surface plasmon 
electronic oscillations in gold and silver 
nanodots and nanorods. J. Phys. Chem. B 1999, 
103, 8410-8426. 

(919) Meder, F.; Naselli, G. A.; Sadeghi, A.; Mazzolai, 

B. Remotely Light ‐ Powered Soft Fluidic 

Actuators Based on Plasmonic‐Driven Phase 
Transitions in Elastic Constraint. Adv. Mater. 
2019, 31, 1905671. 

(920) Chen, J.; Feng, J.; Yang, F.; Aleisa, R.; Zhang, Q.; 

Yin, Y. Space‐Confined Seeded Growth of Cu 
Nanorods with Strong Surface Plasmon 
Resonance for Photothermal Actuation. 
Angew. Chem. 2019, 131, 9376-9382. 

(921) Kim, H.; Kang, J. H.; Zhou, Y.; Kuenstler, A. S.; 
Kim, Y.; Chen, C.; Emrick, T.; Hayward, R. C. 

Light ‐ Driven Shape Morphing, Assembly, 
and Motion of Nanocomposite Gel Surfers. 
Adv. Mater. 2019, 31, 1900932. 

(922) Nishiyama, H.; Odashima, S.; Asoh, S. 
Femtosecond laser writing of plasmonic 
nanoparticles inside PNIPAM microgels for 
light-driven 3D soft actuators. Opt. Express 
2020, 28, 26470-26480. 

(923) Sun, Z.; Yamauchi, Y.; Araoka, F.; Kim, Y. S.; 
Bergueiro, J.; Ishida, Y.; Ebina, Y.; Sasaki, T.; 
Hikima, T.; Aida, T. An Anisotropic Hydrogel 

Actuator Enabling Earthworm‐Like Directed 
Peristaltic Crawling. Angew. Chem. Int. Ed. 
2018, 57, 15772-15776. 
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