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1. Introduction

Intelligence is commonly defined as the ability of a system to 
sense the environment, store and analyze information, and 
respond to its surrounding accordingly.[1] Many biological sys-
tems are considered intelligent (Figure 1a). Humans are highly 
intelligent species due to our ability to remember and analyze 
logically large amount of information. Many animals, such as 
dogs, dolphins, monkeys, and elephants, are regarded as intel-
ligent because of their capability to communicate, understand 
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instructions, learn, analyze, and produce 
appropriate actions.[2] Some plants are 
also considered intelligent because of their 
ability to detect changes in their surround-
ings, analyze, and produce a response.[3] 
One well-known example is the Venus fly-
trap, which senses and captures insects by 
closing its trap. Logical analysis of infor-
mation is involved in this process: the trap 
closes only when two action potentials are 
activated sequentially within 30 s apart by 
a sufficiently long signal. This analysis 
is important for the plant to save energy 
when there are false alarms caused by 
other types of short disturbances.[4]

A cell, the basic unit of complex bio-
logical organisms, can be considered to 
have a primitive form of intelligence. 
Despite being small (i.e., micrometers), 
it is a highly complex system that per-
forms a wide range of advanced extra-
cellular and intracellular functions 
(Figure 1b). These functions can generally 
be categorized into three groups: prac-

tical functions, regulatory functions, and analytical processing 
functions. Practical functions include the changes in shape 
(e.g., mitotic rounding),[5] changes in size (e.g., expansion 
after cytokinesis),[6] self-assembly (e.g., the actin filaments and 
microtubules),[7] motion of the cell,[8] and communication by 
intracellular (e.g., signaling from the membrane to the nucleus) 
and extracellular signaling (e.g., signaling between cells).[9] The 
internal regulatory functions include self-regulation (e.g., the 
regulation of intracellular pH via the Na+/H+ antiporters),[10] 
amplification (e.g., the enhancement of a shallow concentra-
tion gradient outside of the cell to a large gradient within the 
cell for polarization),[9] self-replication (e.g., DNA),[11] self-
oscillation (e.g., waves of calcium ions within the cell),[9] and 
self-organization (e.g., the network of cytoskeleton).[7] In addi-
tion, cells are capable of performing basic logical analyses. For 
example, the lactose operon is activated only when lactose, but 
not glucose, is present for the production of monosaccharides 
(i.e., the carbon catabolite repression). However, when both glu-
cose and lactose are present, the lactose operon is inactivated, 
thus allowing the cell to obtain energy from glucose rather than 
the less efficient lactose.[12]
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Intelligence has also been demonstrated in man-made elec-
tronic systems (Figure 1a). At the fundamental level, many 
smart basic electronic components have been fabricated, 
including logic gates and transistors. These electronic com-
ponents are capable of controlling current flow,[13] amplifying 
current,[14] and performing logical operations.[13] The integra-
tion of these individual components has resulted in highly 
complex analytical machines, such as computers. Com-
puters are able to collect and remember a large amount of 
information and process them logically. Building upon these 
electronic systems, humans have established the pathway to 
intelligence. First, highly advanced robots have been devel-
oped; they can sense their environment, collect and analyze 
information, and implement many functions. One example 
is the Curiosity Mars rover which is capable of sensing, 
motion, actuation (e.g., picking samples), self-regulation 
(e.g., temperature), communication (e.g., between the rover 
and earth), and complex logical analysis (e.g., autonomous 
navigation across treacherous terrain by 3D imaging of its 
surrounding and determining the safest route).[15] Second, 
artificial intelligence (AI) has also been achieved by humans. 
Based on complex electronic machines, advanced algo-
rithms, and large data sets, AI machines are able to analyze 
situations autonomously and, at times, display superhuman 
performance.[16] One famous recent example is that an AI 
machine (i.e., the AlphaGo) has defeated the world champion 
in the game of Go.[17] However, these electronic machines 
are tethered: they require a constant power supply to operate. 
For many types of applications (e.g., biomedical), materials 
need to be freestanding and cannot be tethered to an external 
power supply.

The common impression of a piece of freestanding mate-
rial (e.g., metallic, inorganic, or polymeric) is that it is static 
and passive; hence, it is generally not considered smart. One 
possible approach toward creating smartness in materials is 
to use stimuli-responsive materials. These materials are usu-
ally considered smart because of their ability to sense their 
surroundings and produce a simple and direct response. 
Stimuli-responsiveness is the ability to detect a signal that is 
applied remotely or sense a chemical species that is naturally 
occurring. Signals that can be applied remotely include possible 
changes in the surrounding such as temperature, pressure, 
electric field, and magnetic field. Naturally occurring chemicals 
include substances found in minerals (e.g., sodium and cal-
cium) and those produced by biological organisms (e.g., pro-
teins and enzymes). Hence, synthetic molecules that are not 
available naturally are not regarded as stimuli. Stimuli-respon-
sive materials have been studied for many decades; a wide 
range of stimuli-responsive materials that respond to many dif-
ferent types of stimuli has been fabricated.

However, although stimuli-responsive materials are 
generally considered smart, they are not regarded as 
intelligent because they are not able to perform advanced 
types of functions (e.g., analytical, regulatory, or complex 
practical functions). Hence, we ask the question: can mate-
rials be fabricated so that they are intelligent? Herein, we 
briefly describe the fascinating systems that researchers 
have constructed in the pursuit of higher levels of smart-
ness. We consider only stimuli-responsive materials that are 
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not tethered to any sources of energy. Energy is necessary 
for performing functions and analyses; for example, power 
is needed to drive electronic systems to accomplish complex 
tasks. When materials are not tethered, however, an alterna-
tive is needed to drive the operation: by using a (untethered) 
stimulus as the driving force for materials to perform their 
functions. Alternatively, the stimulus can be used to trigger 
the release of the internal energy stored in the system. By 
using stimuli-responsive materials as the building blocks for 
constructing complex systems, researchers around the world 
have created many interesting systems that are remarkably 
smart and functional. This review first discusses very briefly 
a few types of stimuli-responsive molecules that are com-
monly used in stimuli-responsive materials. We then review 
the many types of functions that have been achieved by 

stimuli-responsive materials. We categorized these functions 
broadly into four classes: basic functions, practical functions, 
regulatory functions, and analytical processing functions 
(i.e., similar to a cell). Figure 2 shows the tree diagram that 
illustrates the interconnectivity of the various functions and 
the level of complexity of each function. For each function, 
we first briefly define and describe its roles specifically for 
constructing intelligent systems. We will then discuss a few 
selected examples (out of the large number of systems that 
have been investigated) that describe the different types of 
capabilities of the functions and/or the synergistic combina-
tion of functions for creating smart systems. Through these 
few examples, we intend to showcase the functions developed 
by humans as an illustration of how we can establish the 
pathway to intelligence for materials.

Adv. Mater. 2019, 1804540

Figure 1. a) Intelligent biological and electronic systems. b) Various functions of a cell. Green headings represent practical functions; red headings 
represent regulatory functions; purple heading represents analytical processing function.
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2. Molecular Function

For constructing advanced intelligent systems, the most basic 
elements are the molecules. A large number of molecules have 
been synthesized for responding to a wide variety of stimuli. 
Despite the many types of molecules that are available for selec-
tion, a majority of the smart devices fabricated by material 
scientists are usually based on a few common types of stimuli-
responsive molecules. The responsiveness of these common 
types of molecules can broadly be grouped into three main cat-
egories: change in molecular structure, bond formation and/or 
cleavage, and response to external fields (Figure 3).

Many stimuli-responsive molecules undergo a change in 
molecular structure when they are exposed to an appropriate 
stimulus.[18–22] A common class of light-responsive molecules is 
based on azobenzene (AB) derivatives.[22] This type of molecule 
can undergo a cis–trans isomerization upon exposure to light 
(part (i) of Figure 3a). This transformation has been widely used 
for building smart systems because of the difference in the dipole 
moments of its cis or trans isomer. Specifically, for the cis isomer, 
the molecule has a dipole moment of around 3.1–4.4 D, while for 
the trans isomer, the dipole moment is a lot smaller (i.e., around 
0–1.2 D).[23] This relatively large difference in dipole moment 
has allowed the molecule to be used in many applications (e.g., 
reversible assembly and disassembly) due to the switchable 

interactions between the molecules. Another very common class 
of light-responsive molecules is the spiropyran derivatives.[19,21] 
Upon exposure to UV, this type of molecule undergoes a ring-
opening process as illustrated in part (ii) of Figure 3a. Exposure 
to visible light allows the molecule to undergo the reverse (i.e., 
the ring-closing) process. Importantly, this transformation allows 
the molecule to have a relatively large change in polarity. When 
the ring opens, the molecule acquires a moiety with a positive 
charge and a moiety with a negative charge. The formation of 
charged groups increases the polarity of the molecule. In terms 
of temperature-responsive molecules, poly(N-isopropylacryl-
amide) (PNIPAM) is commonly used. Below its lower critical 
solution temperature (LCST), PNIPAM forms hydrogen bonds 
with the water molecules in the solution; hence, it adopts an 
extended chain conformation (part (iii) of Figure 3a). Increasing 
the temperature above the LCST dehydrates the polymer chains 
and allows the polymeric chains to form hydrogen bonds within 
and between themselves. These interactions result in a collapsed 
conformation of the polymeric chains.[24]

Stimulus can also be used for forming or breaking bonds 
between and/or within molecules. The type of bond formation 
and/or cleavage includes electrostatic attraction or repulsion, 
hydrophobic interaction, hydrogen bonding, host–guest inter-
action, and covalent bond (Figure 3b).[25–27] Part (i) of Figure 3b 
illustrates the case when two molecules undergo electrostatic 
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Figure 2. Pathway to intelligence of stimuli-responsive materials by creating different basic, practical, regulatory, and analytical processing functions 
with increasing complexity in the materials.
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attraction or repulsion. In order to achieve these interac-
tions, the molecules need to have ionic or ionizable functional 
groups. Two widely used functional groups are the carboxylic 
acid (COOH) and the amine (NH2) groups. When these 
functional groups are exposed to an appropriate pH, the 
COOH group deprotonates to form the negatively charged 
COO− group, while the NH2 group protonates to form the 
positively charged NH3

+ group. For example, if one polymeric 
chain has the COO− groups and another polymeric chain has 
the NH3

+ groups, the chains attract electrostatically. If the 
two polymeric chains have only one type of charged group, the 
chains repel. Another useful type of molecular interaction is 
the host–guest interaction. Commonly used molecules include 
the β-cyclodextrin (β-CD) and AB derivatives. β-CD has a high 
binding affinity with the trans-AB derivatives and a low binding 
affinity with the cis-AB derivatives.[28–30] Therefore, the host–
guest interaction can be controlled reversibly by UV and vis-
ible light (part (ii) of Figure 3b). A stimulus can also be used 
to cleave covalent bonds. A common example is the cleavage of 
the disulfide bond by glutathione (GSH).[31,32]

Magnetic and electric fields are also commonly used as 
the stimuli for stimuli-responsive materials (Figure 3c). For 
example, if a material contains molecules that are magnetic or 
charged, it can orient and move with the externally applied field.

3. Basic Function

A vast range of functions and applications have been achieved 
by using these stimuli-responsive molecules for the fabrication 

of stimuli-responsive materials. Some functions of these 
stimuli-responsive materials are basic: they usually form the 
basis for creating other types of functions. These functions 
include the change in materials property, change in size, and 
self-assembly or disassembly. They are classified as basic 
because they are highly connected to other types of functions 
as shown in Figure 2 (although they may also serve as practical 
or regulatory functions). First, many types of stimuli-responsive 
materials detect a stimulus and produce a change in a prop-
erty of the material. A wide range of changes in properties (e.g., 
color, wettability, magnetic, stiffness, electrical conductivity, sol-
ubility, and many others) have been demonstrated. The reader 
is referred to reviews elsewhere for functions that involve only 
changes in the property of a material under the influence of a 
stimulus.[33–37]

3.1. Size Change

One of the most basic functions of stimuli-responsive materials 
is the change in size. Materials that change their sizes upon 
the influence of a stimulus have been developed and used for 
many decades. By now, stimuli-responsive materials can be fab-
ricated to change their sizes based on a wide variety of stimuli, 
including temperature, pH, light, electric field, magnetic field, 
pressure, gases, ions, salts, alcohols, glucose, enzymes, and 
antigens.[38–41] In addition, stimuli-responsive materials can be 
fabricated to respond to more than one type of stimuli.[38,39,42] 
The ability of these stimuli-responsive materials to change their 
sizes allows them to be used in a wide range of applications, 
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Figure 3. Stimuli-responsive molecules/particles. After detecting an external stimulus, the stimuli-responsive molecules may: a) undergo a change in 
molecular structure, or b) result in bond formation and/or cleavage. c) Particles produce a response to external fields.
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such as drug delivery, diagnostic devices, detection, and 
microgel lenses.[40,43] Being the basic function of stimuli-
responsive materials, many studies have used the change in 
the size of the materials to produce other types of functions, 
such as a change in the property of materials (e.g., wettability 
and color)[44,45] and many other functions that we will discuss 
in the subsequent sections. As a brief overview, we discuss the 
mechanisms of the change in size of stimuli-responsive mate-
rials under the influence of two of the most common stimuli: 
temperature and pH.

A widely used stimuli-responsive material that responds to 
temperature is the PNIPAM hydrogel. At temperatures below 
the LCST of PNIPAM, the hydrogel expands; at temperatures 
above the LCST, the hydrogel contracts. Similar to the mecha-
nism at the molecular level, the expansion of the hydrogel 
at temperatures below the LCST is due to the formation of 
hydrogen bonds of the hydrophilic groups (i.e., amide groups) 
of PNIPAM with water molecules in the solution.[39,40,43,46,47] 
Due to the favorable interactions, the hydrogel absorbs water 
and expands. Above the LCST, however, PNIPAM becomes 

more hydrophobic. It then expels water out of its polymeric 
matrix and contracts.

One commonly used pH-responsive material is poly(acrylic 
acid) (PAA). The PAA hydrogel expands at high pH and con-
tracts at low pH. The change in size of the PAA hydrogel occurs 
due to the protonation or deprotonation of its carboxylic acid 
groups.[40,43,48] At high pH, the carboxylic acid groups deproto-
nate; thus, the electrostatic repulsion among the ionic groups 
allows the hydrogel to expand and absorb water. At low pH, the 
carboxylic acid groups protonate and the hydrogel contracts.

In many cases, this change in size allows the stimuli-
responsive materials to be used for self-regulation of a system. 
An important application involves using stimuli-responsive 
hydrogels as smart valves for controlling the flow of fluid in 
microfluidic channels (i.e., blocking the channels by expanding 
or opening the channels by contracting the hydrogels).[49] One 
specific study involved two types of pH-responsive hydrogels 
placed in two sides of a T-shaped channel (Figure 4a).[50] The 
hydrogel on the right side of the T-shaped channel as shown 
in Figure 4a (i.e., poly(2-hydroxyethyl methylacrylate-co-acrylic), 
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Figure 4. Change in size of stimuli-responsive materials. a–d) Using stimuli-responsive hydrogels as smart self-regulating valves for blocking chan-
nels in microfluidic channels when expanded, and opening channels when contracted under the influence of the stimulus. a) Scheme illustrating the 
T-shaped microfluidic channels for controlling the direction of flow by using pH-responsive hydrogels as self-regulating valves. b–d) The liquid flowed 
to the right at a low pH of 4.7 (b), stopped flowing at a moderate range of pH 5.7–6.8 (c), and flowed to the left at a high pH of 7.8 due to the changes 
in size of the stimuli-responsive hydrogels (d). b–d) Reproduced with permission.[50] Copyright 2000, Springer Nature. e,f) Using stimuli-responsive 
hydrogels for controlling the release of chemicals from the interior of the hydrogel under the influence of the stimulus for drug delivery. e) Scheme 
illustrating the loading and releasing of a drug from the change in size of a pH-responsive hydrogel. f) Release profiles of the drug from the hydrogel 
at different pH. e,f) Reproduced with permission.[51] Copyright 2016, American Chemical Society.
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P(HEMA)-co-AA) contracted in low pH and expanded in 
high pH. On the other hand, the hydrogel on the left (i.e., 
poly(HEMA-co-(dimethylamino)ethyl methacrylate), P(HEMA-
co-DMAEMA)) had an opposite behavior: it expanded in low 
pH and contracted in high pH. Therefore, at a low pH of 4.7, 
the hydrogel on the left expanded and the hydrogel on the right 
contracted; hence, the flow of fluid was directed to the right 
of the T-shaped channel (Figure 4b). At a high pH of 7.8, the 
hydrogel on the right expanded and the hydrogel on the left 
contracted; in this case, the flow of fluid was directed to the left 
(Figure 4d). At a moderate pH range of 5.7–6.8, both hydrogels 
expanded and completely blocked the flow of fluid across both 
the channels (Figure 4c). This system is thus self-regulating 
because it was able to control autonomously the flow of fluid in 
the T-shaped channel, depending on the pH of the fluid flowing 
in the channel (i.e., not due to an externally applied stimulus 
for controlling the flow).

The change in size of a stimuli-responsive hydrogel can also 
be used for controlling the amount of chemicals released from 
the interior of the hydrogel—a feature that is important for 
drug delivery. One study described a pH-responsive hydrogel 
with ferrocene side groups that were able to form host–guest 
inclusion complexes with the water-soluble pillar[6]arene 
(WP6).[51] By forming the WP6–ferrocene inclusion complex, 
the hydrophobic ferrocene subunits became hydrophilic com-
plexes; this transformation allowed the hydrogel to absorb water 
and produced a large change in size (i.e., a 11-fold increase in 
size compared to when the hydrogel was immersed in pure 
water without WP6). Importantly, this change in size is pH-
responsive. In an acidic medium, the protonation of WP6 led 
to the decomplexation of the hydrophilic complex; hence, the 
hydrogel shrank. In a basic medium, the hydrogel swelled. This 
large change in size due to the difference in pH of the medium 
was found to be effective in controlling the rate of release of a 
drug (e.g., doxorubicin) preloaded in the hydrogel. When the 
hydrogel shrank in an acidic medium, the drug molecules were 
squeezed out and released from the hydrogel (Figure 4e,f).

3.2. Self-Assembly

Self-assembly is the process in which separated discrete com-
ponents come together to form a higher ordered structure.[52–54] 
Self-assembly is extensively observed in nature. At the 
molecular scale, polypeptides self-assemble into folded globular 
proteins; at the microscopic scale, a large number of amoebas 
(dictyostelium discoideum) can self-assemble into slime molds 
when there is a lack of food (i.e., bacteria).[55] For synthetic 
systems, many materials reported in previous studies require 
a stimulus to be applied before the self-assembly occurs spon-
taneously. Stimuli-responsive self-assembly usually consists of 
a few elements: the discrete components, stimulus needed for 
the self-assembly to occur, and forces for assembling the com-
ponents. A diverse range of systems that self-assemble has 
been developed in previous studies. These systems include 
discrete components that range from nanoscale (i.e., nanopar-
ticles, nanotubes, and nanorods) to microscale (i.e., particles). 
Stimuli that have been used include pH,[56] temperature,[57] 
ionic strength,[58] electric field,[58] magnetic field,[59] and light.[59] 

Different types of forces are responsible for the assembly, such 
as van der Waals interactions, π–π interactions, electrostatic 
forces, and hydrogen bonding. A few common self-assembled 
structures are micelles,[57,60,61] vesicles,[62] nanocrystal superlat-
tices,[63] and nanofibers (e.g., from the assembly of nanoparti-
cles or peptide amphiphiles).[58,64,65]

Self-assembly of small discrete components into a larger 
ordered structure is considered as an attractive approach 
for autonomous bottom-up fabrication of materials with the 
desired features. For example, metallic nanoparticles (≈5 nm) 
coated with oppositely charged pH-responsive ligands were 
demonstrated to self-assemble into a larger diamond lattice 
structure (≈1 µm) via electrostatic interactions.[66] Specifically, 
two types of nanoparticles were used: gold nanoparticles func-
tionalized with alkane thiols that contained carboxylic groups 
(i.e., HS(CH2)10COOH) and silver nanoparticles functionalized 
with alkane thiols that contained tertiary amine groups (i.e., 
HS(CH2)11NMe3

+Cl−; Figure 5a). At basic pH (i.e., pH 9.7), the 
carboxylic groups on the gold nanoparticles deprotonated; thus, 
the nanoparticles became negatively charged. Because the silver 
nanoparticles were positively charged due to the charged amine 
groups, the oppositely charged silver and gold nanoparticles 
attracted each other via electrostatic interactions. Different types 
of self-assembled structures were achieved using this method 
(i.e., amorphous aggregates or crystalline) depending on the 
distribution of the size of the nanoparticles used (Figure 5b).

Dynamic self-assembly is an important class of self-
assembly.[67] It is a type of nonequilibrium assembly that 
is maintained in steady state by the balance of a constant 
influx of energy applied externally to the system and the dis-
sipation of energy of the assemblies. In the absence of the 
external source of energy, the assembly falls apart. Dynamic 
self-assembly is commonly found in living systems, such as 
the formation of actin filaments (e.g., for cell motility and 
mitosis),[53] growth of bacterial colonies,[68] and swarming 
motion of a school of fish.[69] Many types of chemical fuels 
(or stimuli), such as the adenosine triphosphate (ATP)[62] and 
enzymes,[70] are often needed for these dynamic assemblies 
to occur.

For artificial systems, the complexity of dynamic self-
assembly was demonstrated elegantly in one study in which 
magnetic disks fabricated by filling hollow polyethylene tubes 
with a magnetite-doped polymer (i.e., polydimethylsiloxane, 
PDMS) were placed at the surface of a liquid mixture (i.e., eth-
ylene glycol and water).[71] A bar magnet was placed below the 
dish containing the liquid mixture as illustrated in Figure 5c. 
When the bar magnet rotated, the average magnetic field gener-
ated by the rotating magnet (i.e., the stimulus) drew the disks to 
the center of the dish; hence, the disks assembled at the center. 
At the same time, each disk spun around its own axis with the 
same angular frequency as the rotating bar magnet. The spin-
ning disk generated convective currents around the disk that 
led to hydrodynamic repulsion between the disks. In general, 
the balance between the magnetic attraction and hydrodynamic 
repulsion resulted in the formation of patterns of the aggre-
gated magnetic disks rotating at the liquid-air interface. Various 
interesting patterns (i.e., polygons and multishell structures) 
were observed depending on the number of magnetic disks 
used (Figure 5d).

Adv. Mater. 2019, 1804540
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4. Practical Function

4.1. Targeting

Targeting is a function that enables materials to recognize a 
specific microenvironment (e.g., via diffusible chemicals pro-
duced only at the localized region)[72] or selectively locate func-
tionalized surfaces at target sites (e.g., receptors overexpressed 
on surfaces of cancer cells).[73,74] Many biological systems need 
the function of targeting for locating a specific site; examples 
include animals moving toward a source of food (e.g., by smell) 
or the chemotaxis of leukocytes toward sites of infection or 
injury. Targeting is important for many practical applications, 
especially for the delivery of drugs and other types of biomedical 
applications. An important example is the treatment of cancer. 
Many drug molecules that are used for treating cancer are 
also harmful to healthy cells; hence, they can cause undesired 
side effects to the human body.[75] Therefore, it is important to 
deliver the drug molecules only at the tumor sites. As the micro-
environment around the tumor site usually has a lower pH and 
a slightly higher temperature than the surrounding healthy 
regions,[76–78] it is possible to target the tumor site by designing 
nanocarriers that are responsive to pH and/or temperature. In 
one study, for example, nanoparticles (i.e., P(NIPAM-co-AA)-
b-polycaprolactone) that were responsive to both temperature 
and pH were specifically designed and fabricated for targeting 

tumor sites.[79] Many other types of materials that are sensitive 
to pH between 4 and 6 have also been reported for the release 
of drugs at the targeted tumor sites.[80]

Another way to achieve targeting is by using a magnetic field 
to guide and accumulate drug-containing magnetic particles at 
a targeted site.[81,82] It was demonstrated that magnetic fluid–
loaded liposomes (MFLs) could be used to target the tumor site 
in the striatum of mice. The MFLs were PEG-ylated phospho-
lipids vesicles (≈212 nm in diameter) with superparamagnetic 
nanocrystals entrapped in their aqueous cores. Results showed 
that when the tumor site was subjected to an external magnetic 
field, the concentration of particles at the tumor site was higher 
than that of the control experiment in which the magnetic field 
was not applied.[83]

4.2. Gating

Gating is the control of the opening of a material. By controlling 
the opening, this function is commonly used for regulating the 
passage of different types of substances through a material 
(e.g., the passage of ions through the ion channels on cell mem-
branes).[84] A common example involves a porous particle that 
consists of stimuli-responsive polymers grafted on its surface 
and chemicals stored within its pores. The stimuli-responsive 
polymers control the opening of the pores and the release of 
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Figure 5. Self-assembly. a,b) Electrostatic self-assembly of oppositely charged nanoparticles. a) Silver (left) and gold (right) nanoparticles function-
alized with alkane thiols containing tertiary amine groups and carboxylic groups, respectively. b) Different types of structures obtained by the self-
assembly of the functionalized silver and gold nanoparticles at pH 9.7. a,b) Reproduced with permission.[66] Copyright 2006, The American Association 
for the Advancement of Science (AAAS). c,d) Dynamic self-assembly. c) Scheme illustrating the experimental setup for the dynamic self-assembly of 
magnetic disks under the influence of a rotating magnetic field. d) Patterns formed by the dynamic self-assembly of different numbers of the magnetic 
disks. c,d) Reproduced with permission.[71] Copyright 2000, Springer Nature.
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the chemicals. PNIPAM is usually used as the stimuli-respon-
sive polymer.[85] At a low temperature (e.g., 32 °C or lower), 
the polymeric chains adopt an extended conformation, thus 
blocking the pores. When heat is applied to the particle (i.e., the 
stimulus), the polymeric chains undergo a change in confor-
mation and collapse. Hence, the pores open and the chemicals 
are released from the pores.[86,87] Because of the importance of 
gating in the wide field of drug delivery, many different types 
of particles and membranes that can perform the function of 
gating have been developed.[26,88] These materials can be fab-
ricated to respond to a wide range of stimuli, including light, 
temperature, magnetic field, ultrasound, pH, ions, biomole-
cules, and enzymes.[26]

Another typical example involves gating by the disassembly 
of a large molecule that blocks the release of chemicals from 
the pores. In one study, mesostructured silica nanoparticles 
loaded with rhodamine B (Rh B) were functionalized on their 
outer surfaces with a light-responsive molecule (i.e., a (E)-4-((4- 
(benzylcarbamoyl)phenyl)diazenyl)benzoic acid derivative).[89] 

β-CDs were allowed to form inclusion complexes with the 
trans-isomer of the grafted light-responsive molecules. The 
large β-CDs effectively blocked the release of the Rh B. Upon 
irradiation with light (i.e., 351 nm), the AB units of the light-
responsive molecules isomerized from the trans to the cis 
isomer. Due to the low binding affinity between β-CD and the 
cis-AB derivatives, β-CD disassembled and was released from 
the nanoparticle. Subsequently, Rh B was released from the 
pores (Figure 6a,b). Hence, gating was achieved indirectly by 
the function of disassembly of the complexes.

4.3. Rupture

Rupturing is useful for many purposes, such as the extraction 
or releasing of contents within an enclosure (e.g., the rupturing 
of fruits by animals and seed pods for spreading of seeds) and 
breaking objects. For drug delivery, stimuli-responsive rup-
turing is commonly used for releasing drugs from a particle. 
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Figure 6. Gating, rupturing, and capture and release. a,b) Gating for controlling the release of chemicals from the pores. a) Scheme illustrating the 
process of gating of the pores of mesoporous silica nanoparticles controlled by the light-triggered host–guest disassembly of a large molecule (i.e., 
β-cyclodextrin). b) Release profiles showed the rates of release of the large molecules that blocked the pores (blue line) and the molecules loaded in the 
mesostructured silica nanoparticles (red line) upon UV irradiation. a,b) Reproduced with permission.[89] Copyright 2009, American Chemical Society. 
c,d) Rupturing cancer cells using temperature-responsive hydrogels. c) Scheme illustrating the surface modification of the temperature-responsive 
hydrogel (PNIPAM) with RGD peptides. d) Scheme illustrating the rupturing of the cancer cells attached onto the surface of the hydrogel after the 
hydrogel expands by a decrease in temperature. c,d) Reproduced with permission.[46] Copyright 2018, Springer Nature. e–g) Reversible capture and 
release of proteins by changes in pH. e) Cross-sectional view of the two-channel microfluidic system with constant laminar flow. The polymeric micro-
rods modified with DNA aptamers embedded in the hydrogel captured thrombin from the upper layer of liquid at pH 7.2 and release it to the lower 
layer of liquid when pH was changed to 3.2. f) Reversible change in volume of the hydrogel by changing pH. g) Reversible binding and releasing of 
thrombin by the DNA aptamer by changing pH. e–g) Reproduced with permission.[95] Copyright 2015, Springer Nature.
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One example involved a microcapsule that consisted of a 
crosslinked temperature-responsive shell (i.e., PNIPAM) and a 
core containing a liquid mixed with nanoparticles.[90] The shell 
protected the liquid and encapsulated nanoparticles when the 
temperature was below the LCST of PNIPAM. When the tem-
perature was higher than the LCST of PNIPAM, the PNIPAM 
shell contracted dramatically, thus leading to a sudden increase 
in pressure inside the microcapsule. When the internal pres-
sure reached a critical amount, the PNIPAM shell ruptured; 
hence, the liquid together with the encapsulated nanoparticles 
were released from the microcapsule.

For destroying objects, we have previously demonstrated that 
the expansion of stimuli-responsive hydrogels could physically 
rupture cancer cells that were attached onto the surfaces of the 
hydrogels.[46] We used a temperature-responsive hydrogel (i.e., 
PNIPAM) coated with a layer of arginine–glycine–aspartate 
(RGD) peptides on its surface (Figure 6c). When the tempera-
ture-responsive hydrogel was allowed to come into contact with 
cancer cells, the cells attached onto the surface of the hydrogel 
by binding onto the RGD peptides (Figure 6d). Subsequently, 
the temperature was decreased (i.e., the stimulus) and the 
hydrogel expanded. Through observing the cells by scanning 
electron microscopy (SEM) after expanding the hydrogels, 
we observed that the cells ruptured into smaller fragments. 
Results from the MTT assay and analysis based on trypan blue 
showed that almost all the cancer cells attached were killed by 
the hydrogels. The lowering of temperature of the body is a 
common method used for the treatment of a variety of illness 
(e.g., via using packs, blankets, or vests filled with ice). This 
study thus demonstrated that cancer cells can be killed effec-
tively by a physical force in contrast to other chemical (e.g., 
drug molecules) and biological methods (e.g., immunotherapy) 
currently used for the treatment of cancer.

4.4. Capture and Release

Capture and release are the actions of catching a target onto 
a material and then releasing it. Biological systems often need 
this function for transporting materials. In the human body, 
for example, hemoglobin in the blood carries oxygen from 
the lungs to other parts of the body (e.g., tissues).[91] Stimuli-
responsive capture and release can allow a highly specific 
target to be transported by capturing the target at one loca-
tion, moving it, and then releasing it at a desired location. 
The material used usually involves a substrate functionalized 
with the stimuli-responsive molecules on its surface.[92–96] This 
function of capture and release has been used on many types 
of targets, including proteins, enzymes, DNA, and cells.[97–99] 
Different types of stimuli have been used, such as UV light, 
temperature, pH, and CO2.[92,94,96,100,101] Some applications of 
stimuli-responsive capture and release include diagnosis (e.g., 
through capturing and releasing of circulating tumor cells), 
separation, sensing, and regulation (e.g., caffeine).[93,95,96,100,102] 
A representative example involves Si(001) substrates coated 
with molecules (i.e., 4′-carboxy-4-(dimethylamino)azoben-
zene) that consisted of photoactive AB moieties and N(CH3)2 
groups for the capture and release of ssDNA.[92] The N(CH3)2 
groups protonated and charged positively in a medium that 

had a pH of 6.8. When exposed to visible light (i.e., the stim-
ulus), the AB moiety was in the trans configuration. This con-
figuration had an extended molecular structure that allowed 
the protonated N(CH3)2 groups to be directed away from the 
underlying substrate and exposed the charged group to the sur-
rounding medium. Any negatively charged ssDNA present in 
the medium then bound to the protonated N(CH3)2 groups 
through attractive electrostatic forces. In this way, the ssDNA 
was captured onto the substrate. Upon irradiation of UV, the 
AB moiety became a cis isomer. This configuration allowed the 
protonated N(CH3)2 groups to be directed toward the under-
lying substrate. Because these groups were no longer exposed 
to the surrounding solution, the ssDNA was released from the 
substrate.

One fascinating example of capture and release is a complex 
system that combined multiple other functions: the change in 
size of a stimuli-responsive hydrogel, the change in shape of 
microrods, and the change in configuration of an aptamer.[95] 
This system was used for the separation of a protein (i.e., 
thrombin) by capturing it from one stream of fluid and 
releasing it into another stream of fluid. The system consisted 
of two layers of microfluidic channels. The bottom channel 
was fed with a solution of a specific pH, and the top channel 
was fed with a solution that contained thrombin (Figure 6e). A 
pH-responsive hydrogel (i.e., poly(acrylamide-co-acrylic acid)) 
that expanded at high pH (i.e., > 4.3) and contracted at low 
pH (i.e., < 4.3) was placed in the bottom channel (Figure 6f). 
Polymeric microrods were embedded within and covalently 
conjugated to the pH-responsive hydrogel. Thrombin-specific 
aptamers were functionalized on the microrods. At pH 6–7, 
the thrombin aptamer remained in its folded configuration that 
could bind with thrombin as illustrated in Figure 6g. However, 
at pH < 5, the thrombin aptamer denatured and lost its ability 
to bind with thrombin; any bound thrombin was thus released 
(Figure 6g).

Operationally, a high pH solution was first fed into the 
bottom microfluidic channel. With this solution, the hydrogel 
expanded and caused the microrods to stand upright. By 
standing upright, the top portion of the microrods extended 
into the solution in the top channel, thus allowing the aptamer 
to interact with the thrombin present in the top channel 
(Figure 6e). Subsequently, a low pH solution was fed into the 
bottom microfluidic channel. This resulted in the contraction 
of the hydrogel. Because the microrods were covalently bound 
to the hydrogel, the contraction caused the microrods to bend 
sideways (Figure 6e); hence, the aptamers were immersed into 
the bottom microfluidic channel. The low pH denatured the 
aptamer and released the bound thrombin into the outflow 
of the bottom microfluidic channel. Therefore, thrombin was 
separated (or “captured”) from the solution in the top microflu-
idic channel and released into the bottom channel. The authors 
reported superior separation of thrombin at low levels of con-
centration (i.e., 20 × 10−9 m) with a 95.5% efficiency.

4.5. Shape Change

Systems that change their shapes due to the influence of a stim-
ulus are commonly found in nature. A few examples include 
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the inflating of a pufferfish when they feel threatened, opening 
and closing of pinecones when there is a change in humidity, 
and folding of the Mimosa pudica when touched. The changes 
in shapes of these natural living systems have inspired many 
researchers to fabricate adaptive materials that change their 
shapes in the three-dimensional space upon the application 
of an external stimulus (e.g., temperature, light, electric field, 
magnetic field, chemicals, and biomolecules). Shape-changing 
materials are used in many applications, such as sensors,[103,104] 
actuators,[105,106] and drug-delivery systems.[90] There are two 
main approaches by which the stimuli-responsive materials can 
transform their shape: by applying: 1) a directional stimulus 
to a homogeneous material and 2) a uniform stimulus to an 
inhomogeneous material. For the second approach (2), we dis-
cuss three general ways used in previous studies for fabricating 
the inhomogeneous material: varying the property of a single 
piece of material spatially in 2D or 3D (e.g., via patterning tech-
niques), fabricating a composite material, and 4D printing of 
active materials.

One of the easiest ways to obtain transformations of shapes 
is by selectively applying a stimulus in a specific direction to 
a desired region of a material. For example, light irradiation 
on one side of a UV-responsive hydrogel was able to induce 
the bending of the hydrogel due to the asymmetric expansion 
of the hydrogel.[107] In another common example, placing a 
droplet of water on one face of a water-absorbing material (e.g., 
polypyrrole film, PPy) induced an asymmetric swelling and a 
gradual deformation of the surface; the original shape could be 
recovered by allowing the water to evaporate.[108]

On the other hand, the stimulus are usually present uni-
formly throughout the environment (e.g., a uniform change 
in temperature or pH of the medium) in many circumstances. 
Nevertheless, complex changes in shape (e.g., bending, twisting, 
and rolling) can still be achieved by fabricating a material with 
spatially nonuniform properties. Through the use of advanced 
fabrication techniques (e.g., stereolithography, multiphoton 
lithography, interference lithography, photolithography, and 3D 
printing), precisely tailored 2D or 3D nonuniform properties 
can be fabricated in a material. These techniques can be used 
on a wide selection of stimuli-responsive materials with easily 
tunable physical and chemical properties for achieving complex 
changes in shapes.[109] Nonuniform properties in polymers can 
be achieved by introducing spatially different concentration of 
the monomers,[110,111] density of the crosslinkers,[111–113] and 
volume of the pores.[114,115]

One study demonstrated the possibility of fabricating a 
stimuli-responsive material with spatially nonuniform proper-
ties in 2D that changed its shape in 3D under the influence 
of a stimulus. The spatial inhomogeneity was introduced by 
varying the crosslinking density spatially across the material 
by a method called “halftone gel lithography.” This method 
was inspired by the traditional half-tone reprographic screen 
printing technique in which differently sized dots are printed 
on a background to create an illusion of continuous gradients. 
Using this concept, temperature-responsive hydrogels (i.e., 
P(NIPAM-co-AA)) containing photo-crosslinkable benzophe-
none units were patterned with a gradient of differently sized 
circular and highly crosslinked regions by photolithography 
(part (i) in Figure 7a).[112] When the temperature was decreased, 

the temperature-responsive hydrogel swelled. Because of the 
gradient of crosslinking density throughout the hydrogel, it 
swelled to different extents spatially. These differences in the 
expansion caused nonuniform in-plane stresses to be built up. 
In order to relieve the stress, the hydrogel deformed out of 
the 2D plane; thus, it buckled and was able to form complex 
3D shapes. Many interesting three-dimensional shapes (e.g., 
saddle, cone, spherical cap, and hybrid Enneper's surfaces) 
were achieved by swelling differently patterned flat 2D pieces 
of the hydrogel (part (ii) in Figure 7a). The transformation from 
2D to 3D was reversible by changing the temperature.

Complex 3D changes in shape can also be achieved by fab-
ricating a composite stimuli-responsive material that consists 
of multiple different types of materials assembled (or layered) 
together. Changes in shape can be obtained by harnessing the 
differential response of the different materials to the same stim-
ulus.[116,117] The most commonly reported composite material is 
a bilayer that consists of a layer of stimuli-responsive polymer 
and a layer of non-responsive material. When the stimuli-
responsive polymer expands (or contracts) under the influence 
of a stimulus, the composite material bends toward (or away 
from) the layer of the non-responsive material. Many different 
types of composite materials with a bilayer have been fabri-
cated; examples include those that are responsive to stimuli 
such as pH,[118] temperature,[116,119,120] humidity,[121,122] electric 
field,[123] and biomolecules.[124] Many types of non-responsive 
materials have been used, including materials that are stiff 
(e.g., reduced graphene oxide)[119,125] or elastic (e.g., PDMS).[117] 
In some cases, the bilayer consists of two layers of stimuli-
responsive polymers with different expansion ratios.[117,126,127]

One study demonstrated the possibility to program the self-
folding origami of photo-crosslinkable polymers into complex 
3D shapes.[128] The material was composed of three layers: two 
layers of polymer ((i.e., poly(p-methylstyrene), PpMS) that sand-
wiched a temperature-responsive layer (i.e., PNIPAM) in the 
middle (part (i) in Figure 7b). The trilayer film was fabricated 
by first spin-coating the bottom PpMS layer on a substrate 
and then crosslinking the polymer to form a film. Importantly, 
a pattern was formed by crosslinking only selected regions 
of the layer using a patterned source of UV (i.e., via a digital 
micromirror array device). Most of the area of the layer was 
crosslinked except for a number of thin straight regions. After 
dissolving away these regions that were not crosslinked, thin 
straight gaps were formed between the crosslinked regions; 
these thin straight gaps served as the lines at which the poly-
meric film folded. A layer of temperature-responsive hydrogel 
was then coated and polymerized over the bottom layer of 
PpMS. Subsequently, a top layer of PpMS with a different pat-
tern of crosslinked regions from the bottom layer of PpMS was 
crosslinked. In addition, pendant reactive groups at the inter-
faces between the layers crosslinked all the layers together; 
thus, the trilayer film was fabricated (part (i) in Figure 7b). 
This trilayer film self-folded under a change in temperature. 
At the region of the gap (either on the top or bottom layer), 
the remaining trilayer film consisted of only a bilayer: a layer 
of temperature-responsive hydrogel and a layer of PpMS. This 
bilayer bent in the same way as the stimuli-responsive bilayer 
discussed in the previous paragraph. Therefore, when the 
temperature-responsive hydrogel expanded due to a decrease 
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in temperature, any gaps at the top PpMS layer allowed the 
trilayer film to bend downward; on the other hand, any gaps 
at the bottom PpMS layer allowed the trilayer film to bend 
upward. In this way, self-folding origami of complex 3D geom-
etries was achieved simply by changing the temperature (e.g., a 
flapping bird; see part (ii) in Figure 7b).

3D printing is a technique that allows 3D objects to be fab-
ricated in a layer-by-layer manner. Recently, there has been a 
strong interest in 4D printing: the process of 3D printing 

active materials such as shape memory polymers[129] and stim-
uli-responsive polymers.[130] This 3D-printed active material 
can change its shape under the influence of a stimulus (e.g., 
humidity or temperature) in a programmable manner. In par-
ticular, many fascinating shapes had been achieved in a previous 
study by 3D printing of a stimuli-responsive polymeric material 
in a one-step process.[130] A viscoelastic liquid that consisted 
of mainly a stimuli-responsive monomer (i.e., N,N-dimethy-
lacrylamide or NIPAM), cellulose fibrils (aspect ratio ≈100), 
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Figure 7. Shape change. a) Changing shape of a material with spatially inhomogeneous property under the influence of a stimulus. i) Scheme illus-
trating the method of patterning spatially different crosslinking density in a temperature-responsive hydrogel using the halftone gel lithography. ii) The 
patterned 2D disks of temperature-responsive hydrogel can generate surfaces with different 3D geometries (e.g., a saddle, spherical cap, and cone) 
after decreasing temperature. Reproduced with permission.[112] Copyright 2012, AAAS. b) Stimuli-responsive self-folding origami. i) Scheme illustrating 
the fabrication procedure of the PpMS-PNIPAM-PpMS trilayer film with patterned regions that are not crosslinked. ii) A trilayer film with a specific 
pattern self-folded into a flapping bird by a change in temperature. Top images show the lines at which the trilayer polymer self-folded. Bottom images 
show the flapping bird by folding the self-folding of the polymeric trilayer film (right). Reproduced with permission.[128] Copyright 2014, Wiley-VCH. 
c) Changing shape by 4D printing. i) Scheme illustrates the printing process. ii) Scheme illustrates the transformation of a 2D orthogonal bilayer to 
a 3D saddle when swollen. iii) Complex morphologies generated by 4D printing include shape-changing flowers (images on the top) and an orchid 
(images on the bottom). Reproduced with permission.[130] Copyright 2016, Springer Nature.
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and other additives were extruded through a nozzle (510 µm 
in diameter). During the process of extrusion, shear-induced 
alignment allowed the long cellulose fibrils to align with the 
direction of flow. The subsequent polymerization of the mate-
rial allowed the orientation of the aligned cellulose fibrils to be 
fixed. After the material was printed, it exhibited anisotropic 
swelling by immersing it in water (or changing the tempera-
ture) due to the alignment of the cellulose fibrils in the material 
(part (i) in Figure 7c). The swelling strain in the direction per-
pendicular to the printed path (α⊥) was four times greater than 
the swelling strain in the parallel direction (α||). By printing 
different 3D shapes, different types of complex and program-
mable changes in shapes were achieved. In one example, only 
two layers were printed with crisscrossed lines as shown in part 
(ii) in Figure 7c (i.e., an orthogonal bilayer lattice). Importantly, 
because the lines of the two layers were printed to be perpen-
dicular to each other at each intersecting joint, the direction of 
anisotropic swelling of the lines were also perpendicular. Based 
on our previous discussion of bending of a bilayer due to the 
different expansion ratios of the two layers, this perpendicular 
anisotropic swelling changed the shape from the original 2D 
plane to a 3D saddle after expanding the material in water (part 
(ii) in Figure 7c). This concept was used to print the shape of a 
flower. Upon immersion in water, this material was able to curl 
up in around five minutes (part (iii) in Figure 7c). Many other 
interesting shapes were produced, including nature-inspired 
architectures such as the orchid (Dendrobium helix) and calla 
lily flower (Zantedeschia aethiopica).

4.6. Pattern Formation

Pattern formation is the generation of large-scale spatially 
ordered structure in a material. In many cases, the patterns 
are formed from the collective organization of many small 
features into a large ordered structure. Patterns are widely 
found in nature. A few examples include the spots on leop-
ards, decorations on the feathers of peacocks,[131] periodic 
structures on the wings of butterflies,[132] and the hierarchical 
nano- to microsized features on leaves (e.g., lotus).[133] These 
patterns play an important role in nature, such as active 
camouflage, communication between the organisms, and 
self-cleaning of the surfaces.[134,135] Patterning, especially on 
surfaces, is important for the development of a wide range 
of technologies from controlling surface properties (e.g., 
friction, adhesion, and superhydrophobicity), to flexible dis-
plays,[136] and to guiding cell migration.[137] Surfaces can be 
patterned via many techniques, such as electron beam litho-
graphy, focused ion beam lithography, photolithography, and 
self-assembly of particles.[138–140] In most cases, the patterns 
on the surfaces were created by external means. For example, 
photolithography involves first printing a photomask with 
the specifically designed pattern and then using it for cre-
ating the same patterned features on a surface.[141] In recent 
years, patterns that are formed dynamically in response to an 
applied stimulus due to the intrinsic property of the mate-
rial (i.e., not due to a pattern imposed by an external method) 
has drawn increasing attention in the materials community. 
Dynamic pattern formation has potential applications that 

include dynamic light grating,[142] tunable friction and adhe-
sion,[143] and display.[136]

Liquid crystal polymer network (LCN) is an interesting class 
of materials that has been used for dynamic pattern forma-
tion due to its ability to change its shape in solvent-free envi-
ronments under the influence of a stimulus (e.g., light,[144,145] 
temperature,[146,147] electric field, and mechanical force[148,149]). 
One representative example involved a bilayer that consisted of 
a thin polystyrene (PS) film (≈30 nm) coated on top of a thick 
liquid crystal elastomer (i.e., poly(methylhydrosiloxane) func-
tionalized with liquid crystal molecules; ≈0.36 mm). The liquid  
crystal elastomer was composed of rod-like molecules that 
were fabricated to be aligned in a specific orientation (i.e., the 
director n as shown by the arrow in Figure 8a). When the tem-
perature increased (e.g., from 30 to 40 °C), the order of the 
molecules along the aligned direction decreased. This decrease 
in the order resulted in the contraction of the liquid crystal elas-
tomer in the direction of the director, n (and expansion in the 
direction perpendicular to n). The in-plane compressive strain 
due to the contraction induced the wrinkling instability[150] 
and generated the wrinkle pattern as shown in Figure 8a. On  
the other hand, if the liquid crystal elastomer experienced a 
decrease in temperature (e.g., from 60 to 30 °C), the order of 
the molecules increased. This increase caused the liquid crystal 
elastomer to contract in the direction perpendicular to n (and 
expand in the direction parallel to n); hence, the direction of the 
wrinkle pattern generated on the surface was perpendicular to 
the case when the temperature was increased (Figure 8b).[146]

Besides liquid crystal polymers, other types of materials can 
also generate patterns dynamically under the influence of a 
stimulus. Previous studies have investigated the reversible for-
mation of patterns on the surface of elastomers under the influ-
ence of an electric field.[151,152] The whole system consisted of 
four layers (i.e., from top to bottom as illustrated in Figure 8c): a 
liquid electrode (e.g., a 20 wt% NaCl solution), a polymeric film 
(i.e., a silicone elastomer) that had the ability to form the pat-
tern, a rigid polymeric substrate, and a metal electrode. When a 
high potential was applied onto the top liquid and bottom metal 
electrodes, the high electric field (up to 108 V m−1) caused the 
polymeric film to undergo an electromechanical instability as 
described in a previous study.[151–154] This electric field induced 
a horizontal compressive stress parallel to the plane of the film. 
This stress caused the initially flat surface of the polymer to 
form randomly oriented creases (Figure 8e). When a higher 
electric field was imposed onto the polymeric film, random cra-
ters were observed instead. In addition, prestretching the film 
before applying the potential could also change the type of pat-
tern formed on the polymeric film (Figure 8c,d). Therefore, a 
variety of other patterns were formed by varying the amount of 
stress used for prestretching the film and the strength of the 
electric field (i.e., aligned creases, aligned craters, and aligned 
lines; Figure 8e).[155]

4.7. Motion

Motion is essential for life. After millions of years, complex 
living organisms have evolved to acquire different mecha-
nisms of motion for a wide range of purposes (e.g., the search 
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for food). Examples of biological motions include the migra-
tion of animals, cell migration, and the locomotion of motor 
proteins (e.g., kinesin and myosin) within a cell. Inspired 
by nature, a lot of progress has recently been made toward 
the fabrication of micro- or nanomotors (e.g., nanorods or 
Janus particles)[156–158] that can be propelled by different 
mechanisms, such as bubble propulsion,[159,160] self-electro-
phoresis,[161] diffusiophoresis,[162] and gradients of surface 
tension.[163,164] Hence, materials can be propelled to move by 
many different types of stimuli, including pH, light, ultra-
sound, magnetic field, electric field, and biomolecules.[165,166] 
These small motors have been proposed to be useful for 
applications such as targeted drug delivery, cell manipulation 
and isolation, bioimaging, biosensing, and environmental 
monitoring and remediation.[167] Within this rich field of fab-
ricating motors for motion,[165,168–170] we describe four inter-
esting examples that are driven by different types of stimuli: 

magnetic field, generation of bubbles, gradient of surface ten-
sion, and gradient of water vapor.

A moving magnetic field is a conceptually straightforward 
way to induce motion of magnetic materials.[171] On the other 
hand, a moving magnetic field can also be used creatively to 
induce motion indirectly via a biomimicking component: the 
flagellum of a bacteria.[172] The microscopic artificial magnetic 
flagellum consisted of a linear chain of colloidal magnetic parti-
cles (i.e., superparamagnetic particles; ≈1 µm) covalently linked 
to each other by DNA as illustrated in Figure 9a. This artificial 
flexible flagellum was attached to a red blood cell. By applying 
the magnetic field in a specific direction, Bx, the flagellum 
aligned with the direction of the field. In addition, by changing 
the magnetic field in an oscillatory manner in the perpendic-
ular direction, By, the flagellum was actuated to swing with a 
whiplike motion (Figure 9a). This oscillatory motion of the fla-
gellum caused the fluid in the surrounding medium to flow; 
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Figure 8. Pattern formation. a,b) Reversible formation of wrinkle patterns based on stimuli-responsive liquid crystal elastomers (LCEs). a) The polysty-
rene and LCE bilayer formed wrinkle pattern when temperature increased from 30 to 40 °C. b) The wrinkle pattern formed when temperature decreased 
from 60 to 30 °C. a,b) Reproduced with permission.[146] Copyright 2012, The Royal Society of Chemistry. c–e) Controlled pattern formation on a polymer 
film by an applied electric field. c) Schematic illustration of the experimental setup. A tensile stress was used to control the alignment of the pattern. 
d) A phase diagram showing the different patterns formed as a function of a quantity that is proportional to the electric field, E (y-axis) and the uniaxial 
prestretch ratio, λp (x-axis). e) Optical images of the different patterns formed on the polymer film. The numbers under each image correspond to 
those labeled in the phase diagram in (d). c–e) Reproduced with permission.[155] Copyright 2012, Wiley-VCH.
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this fluid then led to the motion of the whole material (i.e., the 
red blood cell and the flagellum) toward the direction indicated 
in Figure 9a. Therefore, the magnetic field was used to induce 
the motion of the artificial flagellum instead of directly using 
a moving magnetic field to induce the motion of the magnetic 
materials in the same direction.

The asymmetric generation of bubbles around a particle is 
another common way to induce motion as reported in many 
previous studies. Despite being widely studied, most of the 
systems investigated cannot be used in actual applications 
because the fuel needed for generating the bubbles (e.g., most 
commonly hydrogen peroxide) is usually not available in nat-
ural systems (e.g., in the environment or in vivo).[167] In one 
study, however, the authors designed an Mg-based micro-
motor that used the naturally available acidic medium as the 
fuel for treating gastric bacterial infection in the stomach of a 
mouse.[160] The micromotors (≈20 µm) consisted of an Mg core, 
an outer layer of TiO2, an additional outer layer of poly(lactic-co-
glycolic acid) (PLGA) that was loaded with the clarithromycin 
antibiotic, and an outermost layer of chitosan (Figure 9b). 
This multilayered particle was fabricated on a flat substrate; 
upon removing the particle from the substrate, the inner Mg 
core was exposed to its surrounding due to the truncated por-
tion of the particle (when it formed on the surface). When the 
micromotors were exposed to low pH (i.e., the stimulus) in the 
gastric medium of the mouse, the reaction of the acid with Mg 
caused hydrogen gas to be generated (Figure 9c). This evolu-
tion of gas on one side of the micromotor (i.e., the side with 
the exposed Mg core) caused the micromotor to move unidi-
rectionally. When the micromotor came into contact with the 
wall of the stomach, the positively charged chitosan adhered 
onto the wall. The subsequent release of the antibody from the 

micromotor was thus localized in the vicinity of the wall of the 
stomach. Results showed that there was a significant reduc-
tion in the bacteria in the stomach of the mouse (without any 
apparent toxicity) compared to that of the control experiment in 
which drug carriers that did not move were used.

Surface tension driven flows of fluid can also be used to drive 
the motion of objects. In addition to motion, one study demon-
strated that analytical operations could also be performed: an 
oil droplet containing a surfactant (i.e., 2-hexyldecanoic acid) 
was able to move and solve a maze via the shortest possible 
path.[164] The maze consisted of a complex geometry as shown 
in Figure 9d and was filled with an alkaline solution. A block of 
agarose gel filled with acid was placed at the exit of the maze 
(i.e., the stimulus applied for solving the maze). There was thus 
a concentration gradient of pH in the maze: more acidic at the 
exit and more alkaline at the starting point. Once the oil droplet 
was placed at the starting point, the surfactant diffused out of 
the droplet and was deprotonated in the alkaline environment. 
More surfactant, however, was protonated in the direction 
toward the source of the acid. This asymmetric concentration of 
surfactant around the droplet thus led to an asymmetric surface 
tension driven flow that propelled the droplet toward the exit. 
Since the gradient in pH was the steepest along the shortest 
route, the droplet experienced the greatest driving force along 
the same direction; hence, it was able to solve the maze via the 
shortest path (Figure 9d).

In a remarkable example, water vapor was shown to be able 
to drive the motion of a piece of polymer for harvesting energy 
and actuation. The motion was achieved by a water-responsive 
polymeric film that moved based on a gradient of water vapor 
present in the atmosphere.[173] The strong and flexible poly-
meric film consisted of an interpenetrating polymer network of 
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Figure 9. Motion. a) Motion of a microscopic artificial flagellum based on DNA-linked magnetic particles driven by a magnetic field. Reproduced with 
permission.[172] Copyright 2005, Springer Nature. b,c) Micromotors propelled by asymmetric generation of bubbles. b) Scheme illustrating the fabrica-
tion of the Mg-based multilayer micromotor on a substrate. c) Asymmetric generation of hydrogen bubbles propelled the micromotors to move in 
a gastric fluid. b,c) Reproduced with permission.[160] Copyright 2017, Nature Publishing Group. d) Self-propelled oil droplet solving a maze via the 
shortest path by sensing a source of low pH placed at the exit of the maze. Reproduced with permission.[164] Copyright 2010, American Chemical Society. 
e) The motion of a polymeric film driven by water gradients. Reproduced with permission.[173] Copyright 2013, AAAS.
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PPy and polyol-borate. When the polymeric film was exposed to 
water, the water hydrolyzed the crosslinking borate ester groups 
in the polyol-borate network, thus causing the polymer to swell. 
At the same time, the water also disrupted the intermolecular 
hydrogen bonding between the polyol-borate network and PPy, 
thus causing the polymer to swell further. In the absence of 
water, the process was reversed and the polymer contracted. 
When this polymeric film was placed on a moist piece of paper, 
the gradient of water vapor between the moist paper and air 
caused an asymmetric deformation of the polymeric film. 
Specifically, the portion of the polymeric film that was in con-
tact with the moist paper absorbed water and swelled; at the 
same time, water evaporated at regions of the polymeric film 
that were farther away from the moist paper. This asymmetric 
swelling and evaporation caused the polymeric film to deform 
into a series of interesting shapes as shown in Figure 9e. At cer-
tain stages of the deformation, the bent polymeric film toppled 
under its own weight in one direction, thus causing the film 
to move laterally. The authors demonstrated that this motion 
allowed the polymeric film to lift objects, transport cargo, and 
harvest the energy from the gradient of water vapor in the 
surrounding.

4.8. Communication

Communication is the process in which a signal (i.e., any 
transferrable form of information, such as molecules, sound, 
or gesture) is transferred from one entity to another, or the 
exchange of a signal between two entities. Communication is 
important in nature. Most living organisms (e.g., humans and 
animals) communicate with their external environments via 
different means (e.g., sight and sound).[174–177] Communication 
is also important within the organism; an important example 
is the rapid transfer of information via nerve impulses.[178] For 
smaller systems (e.g., millimeters and below), communica-
tion is commonly performed by the transport of small diffus-
ible molecules. For example, cells communicate externally with 
their neighbors by exchanging chemicals[177,179] and internally 
via the numerous signaling molecules within the body of the 
cell.[180] Similarly, it is necessary for synthetic systems to be 
able to communicate effectively both externally with their envi-
ronments and internally for coordinating the various opera-
tions functioning within the system. In many circumstances, 
the communication should only be established when needed. 
Hence, it is desirable for the system to be stimuli-responsive 
for triggering the communication only when required. In this 
section, we discuss three types of stimuli-activated communica-
tion demonstrated in synthetic systems: cascading communica-
tion, interactive communication, and targeted communication.

Cascading communication is the transport of a signal across 
multiple locations sequentially from one to another. One study 
demonstrated cascading communication by using three types of 
functional mesoporous silica nanoparticles (MSNs; ≈100 nm), 
labeled as S1, S2, and S3.[181] Each of these MSNs was loaded 
with a different type of chemical (i.e., the signal to be commu-
nicated) and capped with molecules that blocked the release of 
the chemicals. When a chemical (i.e., pancreatin) that served 
as the stimulus was added to the solution, it hydrolyzed and 

cleaved the bonds (i.e., the glycosidic bond) of the molecules 
that capped S1 (i.e., a saccharide derivative; Glucidex). Once the 
capping molecules were cleaved, the signaling molecules (i.e., 
tris(2-carboxyethyl)phosphine, TCEP) that was loaded in S1 was 
released from its pores. These signaling molecules released 
from S1 then moved to S2 and cleaved the bonds (i.e., the 
disulfide bonds) of the molecules that capped S2 (i.e., polyethy-
lene glycol, PEG). After cleaving the capping molecules of S2, 
the signaling molecules (i.e., dodecyl trimethylammonium bro-
mide, DTAB) that was loaded in S2 was released. The process 
repeated by allowing the signaling molecules from S2 to move 
to S3 and cleave the bonds of the molecules that capped S3 
(i.e., DOCP lipid bilayer). This process caused the fluorescent 
molecules loaded in S3 to be released; hence, a fluorescent 
output was detected. In this way, the signal was communicated 
from S1 to S2 and to S3 in a cascading manner.

Besides the unidirectional transfer of the signal, it has also 
been demonstrated that a signal can be exchanged interac-
tively in both directions between two systems. In one study, 
two types of hybrid particles were fabricated, each of which 
consisted of a gold nanoparticle connected to a relatively larger 
MSN (Figure 10a).[182] For the first particle, S1gal, the MSN 
was loaded with signaling molecules (Ru(bpy)3)2+ in its mes-
ochannels and the pores of the MSN were capped with β-CD 
attached via disulfide bonds. The MSN of the second particle, 
S2gox, was loaded with another type of signaling molecules 
(i.e., N-acetyl-l-cysteine) in its mesochannels; their pores were 
capped with a pH-responsive supramolecular nanovalve (i.e., 
β-CD:benzimidazole). The surface of the gold nanoparticle of 
S1gal was modified with the enzyme β-galactosidase (β-Gal). 
For S2gox, on the other hand, the surface of the gold nano-
particle was modified with glucose oxidase (GOx). When lac-
tose (i.e., the stimulus) was added to the solution containing 
both types of hybrid particles, the hydrolysis of lactose by 
β-Gal that was present on S1gal produced glucose. These glu-
cose molecules generated was the signal that moved over to 
S2gox; it was then hydrolyzed into gluconic acid (pKa = 3.6) 
by the GOx of S2gox. The reduction in pH by the gluconic 
acid subsequently deprotonated the benzimidazole groups 
(pKa = 5.55) on S2gox. After being deprotonated, the supra-
molecular nanovalve disassembled and released the signaling 
molecule N-acetyl-l-cysteine. This signaling molecule then 
moved to S1gal and cleaved the disulfide linkage; hence, the 
(Ru(bpy)3)2+ was released and a fluorescent signal was detected 
(Figure 10b). This system thus demonstrated the capability of 
exchanging information interactively between the two types of 
hybrid particles. This interactive communication was proven 
experimentally. When certain elements of the particles were 
not included (e.g., the surface of the gold nanoparticle was not 
functionalized with the enzymes), the (Ru(bpy)3)2+ ions were 
not released (Figure 10b).

Targeted communication involved the guiding of the motion 
of one particle via a magnetic field to another targeted particle, 
and then allowing the two particles to communicate.[183] The 
particle to be guided was made of polystyrene (≈2 µm) that was 
half coated with Ni (i.e., the magnetic component), Au and Ag. 
The targeted particle was made of SiO2 (≈1.2 µm) that was half 
coated with Pt. These particles were immersed in a solution that 
contained H2O2 (1.5 wt%). In this solution, the Ag coated on 

Adv. Mater. 2019, 1804540



© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1804540 (17 of 48)

www.advmat.dewww.advancedsciencenews.com

the PS particle reacted with the H2O2 according to reaction (1) 
illustrated in Figure 10e; this reaction produced Ag+ and super-
oxide radicals (O2

·−).[184] The process involved first using a 
magnetic field to move the PS particle (i.e., the activator or “A” 
as indicated in Figure 10c,d) toward the targeted SiO2 particle 
(i.e., the activated motor or “AM” as indicated in Figure 10c,d). 
When the distance between the two particles was less than one 
body length of the PS particle, the Ag+ and O2

·− reacted on the 
Pt surface of the targeted SiO2 particle according to reaction (2) 
(Figure 10e).[184] This reaction allowed Ag metal to be deposited 
rapidly onto the SiO2 particle because of the good match between 
the crystal lattices of Ag and Pt.[185,186] In short, the commu-
nication between the two types of particles was accomplished 
by the transfer of Ag from the PS particle to the targeted SiO2 
particle. Transmission electron microscopy (TEM) and X-ray 
photoelectron spectroscopy (XPS) confirmed the deposition of 
Ag on the SiO2 particle and the formation of the bimetallic Ag/
Pt surface. This bimetallic material and the increase in surface 
area (due to the increase in surface roughness) after the depo-
sition of Ag resulted in the greatly enhanced catalytic decom-
position of H2O2.[187,188] This increased rate of decomposition 
of H2O2 allowed more O2 gas to be evolved; hence, the speed 
of the SiO2 particle increased greatly from 4.1 to 24.3 µm s−1  

(Figure 10f). Therefore, by moving the PS particle and allowing 
it to communicate with its targeted SiO2 particles, it was pos-
sible to propel the motion of the SiO2 particles.

5. Regulatory Function

5.1. Self-Regulation

Self-regulation (or homeostasis) is the ability of a system to 
control the amount of a process variable (e.g., temperature, 
pH, glucose, and pressure) at a desired level when the system 
is perturbed. Many systems found in nature are self-regulating. 
An important example involves the regulation of the body tem-
perature at 37 °C. Upon sensing a change in the temperature of 
the body, the thermoregulatory neuronal signaling pathways in 
the brain can produce a response (e.g., the secretion of sweat 
when temperature increased and shivering when temperature 
decreased) to counter the change.[189]

In fact, many systems discussed previously herein can 
be considered as self-regulating because of the ability of stim-
uli-responsive materials to detect a stimulus and respond 
accordingly. For example, the change in pH of the fluid flowing 
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Figure 10. Communication. a,b) Exchanging communication between two particles. a) Scheme illustrating the communication from the hybrid gold/
silica particle, S1gal, to a second hybrid gold/silica particle, S2gox, and then back to S1gal again. b) Experimental verification of the interactive commu-
nication between the particles (red line indicated the successful release of dye after the communication). Without any of the required component in 
the particles, only a small amount of dye was released. a,b) Reproduced with permission.[182] Copyright 2017, Nature Publishing Group. c–f) Magnetic 
field-targeted communication. c) Scheme illustrating the communication between two Janus particles (i.e., the activator, “A” and activated motor, “AM”) 
by Ag+ under the guidance of a magnetic field. d) Time-lapse microscopy images of the communication between the particles. Particle A was guided 
to approach and communicate with particle AM, resulting in a dramatic increase in the speed of particle AM. e) Reactions for Ag dissolution and 
deposition. f) Moving speed of particle AM greatly increased after communication with particle A (red curve). c–f) Reproduced with permission.[183] 
Copyright 2018, Wiley-VCH.
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in a microfluidic channel allowed the stimuli-responsive valves 
to respond and deviate the flow of the fluid into a specific 
channel (Figure 4a). Because the direction of flow was deter-
mined by the property of the fluid within the microfluidic 
channel rather than an externally applied stimulus, the system 
is self-regulating. On the other hand, the stimuli-responsive 
materials sensed pH but produced a response (i.e., the control 
of the direction of flow) that did not affect the pH of the fluid.

A more advanced form of self-regulation is the closed-loop 
self-regulation. Stimuli-responsive closed-loop self-regulation is 
the ability to sense a stimulus and produce a response that influ-
ence the stimulus by a feedback mechanism. In many cases, the 
system contains a cargo that can be released to counteract the 
change in the environment due to the applied stimulus. For 
example, when the concentration of a chemical decreases, the 
stimuli-responsive system detects the change in concentration 
and releases the same chemical into its surrounding. In general, 
this approach of regulating the stimulus has many important 
applications, especially in the field of drug delivery. Many types 
of systems have been developed, including the delivery of anti-
biotics to treat bacterial infections,[190] drugs to treat obesity,[191] 
and heparin to control the rate of blood coagulation.[192,193]

A classic and important example of closed-loop self-
regulation is the class of glucose-responsive systems that 
release insulin for the management of diabetes. Reported 
as early as the 1980s,[194–196] many types of materials have 
been developed for closed-loop drug delivery of insulin, 
including microgels,[197,198] membranes,[196] capsules,[194,199–201] 
nanovesicles,[202] nanoparticles,[203] and microneedles.[204] As a 
specific example, one recent study investigated a closed-loop 
transdermal patch for the delivery of insulin.[204] Most of the 
previous studies reported systems that operated under in vitro 
conditions; on the other hand, this study showed the efficacy 
of the transdermal patch on diabetic mice. The transdermal 
patch consisted of glucose-responsive microneedles loaded with 
insulin, glucose oxidase, and catalase as shown in Figure 11a. 
The microneedles were fabricated using a degradable polymer 
(i.e., poly(vinyl alcohol), PVA) that was crosslinked using H2O2-
labile crosslinkers. Chemically modified insulin was covalently 
bound to the matrix of the polymer using the same H2O2-labile 
crosslinkers. When the concentration of glucose increased, 
the glucose molecules diffused into the microneedles, thus 
allowing the glucose oxidase to catalyze the glucose into glu-
conic acid and H2O2. The H2O2 then cleaved the crosslinkers 
to release insulin into the bloodstream. This release of insulin 
triggered biological pathways for cells to absorb the glucose for 
metabolism and decreased the blood-glucose concentration as 
shown in Figure 11b, thus completing the feedback loop. Sub-
sequently, the enzyme catalase removed the harmful H2O2 
from the body by converting it into H2O; hence, the system was 
compatible for in vivo conditions.

Creative designs of systems that consisted of many compo-
nents and a combination of functions (e.g., size change and 
shape change) have been used for the self-regulation of tem-
perature via a complex chemo–thermo–mechanical feedback 
loop.[205] The system consisted of two layers of immiscible 
liquids: the bottom layer was an aqueous solution and the top 
layer was organic and filled with a reactant for the exothermic 
reaction (i.e., 1-hexene). A temperature-responsive hydrogel 

(i.e., PNIPAM) was immersed in the bottom layer. Microfins 
were partially embedded and covalently bonded to the tem-
perature-responsive hydrogel as illustrated in Figure 11c. The 
tips of the microfins were coated with a catalyst (i.e., H2PtCl6). 
Interaction between the catalyst and the reactant allowed an 
exothermic reaction to occur. This self-regulating system oper-
ated by allowing the temperature-responsive hydrogel to be in 
its expanded state at low temperature. In this state, the micro-
fins were in an upright position; thus, the tips of the micro-
fins extended into the top organic phase. The reactant then 
interacted with the catalyst. Because of the exothermic reac-
tion, the temperature of the system increased. Subsequently, 
the temperature-responsive hydrogel contracted and caused the 
covalently bounded microfins to bend. The catalyst at the tips 
of the microfins thus no longer exposed to the reactant and the 
exothermic reaction stopped. A subsequent decrease in tem-
perature by dissipation of heat into the surrounding allowed 
the temperature-responsive hydrogel to expand and the micro-
fins to return to their initial upright position. The cycle then 
repeated for regulating the temperature.

5.2. Self-Oscillation

Self-oscillation is the generation of sustained periodic cycles 
of a signal (e.g., a measurable quantity such as size or concen-
tration) over a period of time.[203] Self-oscillating processes are 
commonly found in living systems, such as the beating of a 
heart, pulsatile secretion of hormones, and peristaltic motions 
in the digestive tract.[206] Inspired by these autonomous oscilla-
tory phenomena in living systems, a number of synthetic self-
oscillating systems have been developed. Applications of these 
systems include the oscillating biomimetic actuators[207,208] and 
the periodic waves of expansion and contraction of a material 
for the transport of particles across surfaces.[209–211]

The most common way of constructing stimuli-responsive 
self-oscillating systems is to use the self-oscillating Belousov–
Zhabotinsky (BZ) reaction. A temperature-responsive hydrogel 
(PNIPAM; ≈600 µm) that contained covalently bound ruthe-
nium tris(2,2′-bipyridine) (Ru(bpy)3). Ru(bpy)3 was used as the 
catalyst for the BZ reaction.[212] This temperature-responsive 
hydrogel was immersed in an aqueous solution that contained 
the complex mixture of chemicals for driving the BZ reaction 
(e.g., nitric acid, malonic acid, and sodium bromate). When 
stress was not applied (or an insufficient amount of stress 
was applied) onto the hydrogel, the authors did not observe 
any oscillation at steady state (i.e., parts (i) to (iii) of the plot 
shown in Figure 11d). However, when the hydrogel was com-
pressed with a sufficient amount of stress, the concentration 
of Ru(bpy)3 within the hydrogel increased (Figure 11d). This 
increase in concentration of the catalyst caused the BZ reac-
tion to occur inside the hydrogel. This self-oscillating BZ reac-
tion produced the periodic cycles of oxidation of Ru(bpy)3

2+ and 
reduction of Ru(bpy)3

3+ in the hydrogel. Because the different 
oxidation states of the catalyst (i.e., Ru(bpy)3

2+ and Ru(bpy)3
3+) 

had different colors, the color (or hue) of the hydrogel exhib-
ited corresponding oscillatory changes according to the peri-
odic cycles of the BZ reaction (i.e., parts (iv) and (v) of the plot 
shown in Figure 11d).
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Very few examples demonstrated self-oscillation without the 
use of BZ reactions. One study reported a biomimetic gel that 
exhibited autonomous and repeated cycles of expansion and 

contraction, similar to the beating motion of the heart driven by 
a self-oscillating enzymatic reaction.[213] The reaction consisted 
of the adenosine triphosphate and creatine as the reactants, 
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Figure 11. Self-regulation and self-oscillation. a,b) A closed-loop self-regulating system for controlling the level of glucose. a) Schematic representa-
tion of the glucose-responsive insulin delivery system that consisted of the core–shell microneedle patch. b) Self-regulating changes in blood-glucose 
levels of mice treated with the microneedle patch. a,b) Reproduced with permission.[204] Copyright 2018, American Chemical Society. c) Self-regulation 
of temperature via a complex chemo–thermo–mechanical feedback loop. Scheme illustrating the process of self-regulation (top). Temperature was 
measured experimentally to be maintained by the self-regulating process (bottom). Reproduced with permission.[205] Copyright 2012, Springer Nature. 
d) Stress-responsive self-oscillation. The color (or hue) of the NIPAAm-co-Ru(bpy)3 hydrogel oscillated after a mechanical stress was applied on the 
hydrogel containing the chemicals for performing the Belousov–Zhabotinsky reaction. Reproduced with permission.[212] Copyright 2012, Wiley-VCH. 
e) Self-oscillation of Ca2+ by an oscillating enzymatic reaction. The poly(NIPAAm-co-MEP) hydrogel underwent repeated cycles of expansion and 
contraction in the presence of ATP and creatine (i.e., the stimuli). Reproduced with permission.[213] Copyright 2005, American Chemical Society. f) A self-
oscillating polymeric actuator driven by sunlight. Plot shows the deflection angle of the self-oscillating polymeric film. Reproduced with permission.[214] 
Copyright 2016, Nature Publishing Group.
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and creatine kinase and Ca2+ ion as the catalysts. In this reac-
tion, the catalysts converted the ATP to adenosine diphosphate 
(ADP) and creatine to phosphocreatine (PCr) according to the 
reaction mechanism illustrated in the bottom left scheme of 
Figure 11e. Importantly, the Ca2+ ions first bound with ATP 
during the course of the reaction, thus causing the concentra-
tion of the free Ca2+ ions in the solution to decrease. Subse-
quently, the generation of ADP allowed the bound Ca2+ ion to 
be released into the solution. This release increased the free 
Ca2+ ions in the solution. The repeated cycles of increasing and 
decreasing the concentration of the free Ca2+ ions in the solu-
tion caused the concentration of Ca2+ ions to self-oscillate. This 
self-oscillating enzymatic reaction was used together with a 
hydrogel (i.e., poly(NIPAAm-co-2-(methacryloyloxyl) ethyl phos-
phate)). The hydrogel consisted of phosphoric groups in the 
polymeric chains and was filled with creatine kinase and cal-
cium chloride. The phosphoric groups in the hydrogel chelated 
with the divalent calcium ion; thus, the polymer crosslinked 
and contracted (Figure 11e). When ATP and creatine (i.e., the 
stimuli) were added to the solution containing this hydrogel, 
the self-oscillating concentration of Ca2+ allowed the hydrogel 
to undergo repeated cycles of expansion (i.e., by removing the 
crosslinks of the polymer due to a decrease in Ca2+ ions) and 
contraction (i.e., the crosslinking of the polymer by an increase 
in Ca2+ ions) accordingly. Through using the chemical energy of 
this self-oscillating biological reaction, an artificial ATP-fueled 
biomachine that mimicked the heart muscle was achieved.

A light-responsive self-oscillating polymeric actuator has 
been proposed to be used in many applications, such as a 
coating that self-cleans (i.e., by shaking foreign objects off the 
surface), self-propelling soft actuators, and a system for con-
verting solar to mechanical energy. The material consisted 
of a light-responsive molecule (i.e., ortho-fluoroazobenzene) 
embedded in a liquid crystalline polymeric network.[214] 
Although the mechanism that underlays the self-oscillation was 
not completely understood, the material underwent repeated 
cycles of bending and straightening when exposed to sun-
light (i.e., the angles of deflection ranged from −2° and 12°; 
Figure 11f).

5.3. Rectification

Rectification (or asymmetric conduction) is the selective trans-
port of a chemical species in a specific direction (but not in 
the opposite direction) through a channel (e.g., a nanopore). 
Rectification occurs commonly in ion channels (e.g., Na+ or 
K+ ion channels) on cellular membranes (e.g., in cardiac and 
neuronal cells) when ions are pumped unidirectionally across 
the membrane.[215–217] This function is important for cells to 
communicate with the extracellular environment and maintain 
cellular ion homeostasis. Rectification can potentially be useful 
in many applications, such as information transfer, sensors,[218] 
molecular filtration,[219,220] or highly efficient devices for energy 
conversion.[221,222]

Rectification has been achieved in synthetic nanochannels 
with an asymmetric structure: a tapered channel with a large 
opening on one side (i.e., the “base”) and a small opening on 
the opposite side (i.e., the “tip”).[223–226] This effect allows ions to 

flow from the tip to the base but not in the opposite direction. 
In one illustrative example, asymmetric nanochannels were 
fabricated through a polymeric film (i.e., poly(ethylene tereph-
thalate), PET).[227] The walls of the nanochannels were function-
alized with carboxylate groups (≈1.5 groups nm−2) by chemical 
etching. The overall system consisted of an electrolyte solution 
that was separated into two compartments by the polymeric 
film with the nanochannels. An electrode with a positive poten-
tial was applied to the compartment on the left and an electrode 
with a negative potential was applied to the compartment on 
the right as illustrated in Figure 12a. At basic or neutral pH, the 
carboxylate groups were deprotonated; hence, the walls of the 
nanochannels were negatively charged. A negatively charged 
channel allowed only positively charged ions in the solution 
to flow through. However, due to the asymmetric geometry of 
the nanochannel, the flow of positively charged ions from the 
base to the tip of the nanochannel was limited (i.e., the small 
amount of current that flowed in the range of positive voltages 
as shown in Figure 12b). On the other hand, if the potentials 
of the electrodes were switched (i.e., the potential of the elec-
trode on the left compartment was negative and the potential of 
the electrode on the right compartment was positive), the posi-
tively charged ions flowed readily across the tip to the base of 
the channel (i.e., the large amount of current that flowed in the 
range of negative voltage as shown in Figure 12b). The asym-
metric current–voltage (I–V) curve indicated the presence of 
the rectifying effect. There are a few possible explanations for 
this rectification of ions through the asymmetric nanochannel. 
One of them is based on the ratchet model. Briefly, when the 
positively charged ions attempt to flow from the base to the 
tip of the channel, their movement is restricted by an “electro-
static potential trap” at the tip. Because of the small diameter 
of the tip, the negatively charged wall produces a highly nega-
tive potential in the channel near the tip. This highly negative 
potential interacts favorably with the positively charged ions 
and traps the movement of the ions at the tip. On the other 
hand, when the positively charged ions flow from the tip to the 
base, the widening diameter of the channel results in lesser 
interaction with the ions (than the flow in the opposite direc-
tion); hence, the ions are not trapped and can move across the 
channel.[223] As a control experiment, the I–V curve was found 
to be linear when the wall of the channel was not charged (e.g., 
at pH 3); hence, there was no rectification (Figure 12b).[227]

Alternatively, the wall of the channel can be functionalized 
with a light-responsive molecule for controlling the rectifying 
effect by light. For example, a light-responsive spiropyran deriv-
ative was functionalized on the inner surface of the conical 
channel through a PET membrane (Figure 12c).[228] Without 
irradiation with UV light, the molecule was neutral and hydro-
phobic; in this case, negligible amount of ions flowed through 
the channel. With UV light and at pH 7, the molecule acquired 
a negative charge (see molecular structure in Figure 12c). 
Under these conditions, rectification of positively charged ions 
in the solution was observed (Figure 12d). The rectification 
of the type of ions could be controlled by changing the pH of 
the electrolyte solution. At pH 3, the light-responsive molecule 
acquired a positive charge with UV irradiation (Figure 12c). 
In this case, the rectification of negatively charged ions was 
observed (Figure 12d).
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5.4. Amplification

Amplification is the process in which a small amount of input can 
produce a dramatically enhanced output.[229–231] Amplification is 
commonly used in living systems; two examples include the ampli-
fication of molecules that we smell in olfactory processes[232–234] or 
the sensing of chemical gradients in cells.[9,235] Amplification is 
widely used for detection. By amplifying the small input into a 
large output, there is no need for sensitive and expensive equip-
ment for the detection. Applications of amplification include the 
diagnosis of diseases,[236–240] detection of chemicals (e.g., ions[241] 
and explosive compounds[242–244]), and drug delivery.[245] Ampli-
fication can be triggered by many types of stimuli, including 
organic molecules,[238] biomolecules,[236,238–240,246–248] and 
DNA.[237,249,250] Strategies of stimuli-responsive amplification can 
broadly be classified into five types: 1) catalysis, 2) polymerization, 
3) disassembly, 4) assembly and disassembly, and 5) self-acceler-
ating cycles of expansion and diffusion.

The first strategy uses stimuli-responsive catalysts (or 
enzymes) as the amplifying agent. Upon the influence of the 

stimulus, the catalyst activates and allows reactants in the sur-
rounding medium to interact with the catalyst. When a large 
amount of reactant is available in the medium, the catalytic 
reaction can produce a large amount of a chemical product 
that is readily detectable. Therefore, the input is amplified: 
by using a small amount of stimulus to activate the catalyst, 
a large output can be produced and detected. Previous studies 
have demonstrated the viability of this approach for detection 
of substances, such as antigens,[251] antibodies,[251] ions,[252] 
and DNA.[253] One specific example involved a system that 
consisted of a synthetic supramolecular allosteric catalyst (that 
was activated by Cl− or CO), reactants in the solution (i.e., 
acetic anhydride and pyridyl carbinol), and a fluorophore (i.e., 
diethylaminomethylanthracene) that produced fluorescence in 
acidic conditions.[252] In the presence of Cl− or CO, the cata-
lyst activated; thus, the reactants interacted with the catalyst 
to produce a large amount of acetic acid. The production of 
acetic acid reduced the pH of the solution and allowed the fluo-
rophore to produce fluorescence that was detected at a wave-
length of 365 nm.
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Figure 12. Rectification. a) Experimental setup for observing the rectification of current by an asymmetric nanochannel. b) Plot of potential (V) against 
current (I) showing the rectification at different pH. Reproduced with permission.[227] Copyright 2003, Elsevier. c) Light-responsive rectification. The 
inner surface of the asymmetric channel was modified with a spiropyran derivative that changed its surface polarity by UV light. Changing pH changed 
the characteristic of the rectification. d) I–V curves for the spiropyran-modified nanochannel under different conditions (i.e., UV and pH). c,d) Repro-
duced with permission.[228] Copyright 2012, Wiley-VCH.
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DNA is a common type of material used as a catalyst for 
amplification. For this general class of systems, the DNA acts 
both as the stimulus and the catalyst.[250,254–258] In one spe-
cific example, the system consisted of two probes and a DNA 
template (i.e., the stimulus).[250] One of the two probes was a 
prefluorophore (i.e., 2-cyano-4-nitrobenzenesulfonyl-protected 
aminocoumarin), which was a molecule that could become  
fluorescent after a specific reaction. The other probe was a 
nucleophilic molecule (i.e., 4-mercaptobenzoic acid (MBA)). Both  
these probes were functionalized with strands of DNA that were 
complementary to the DNA template (part (i) of Figure 13a). 
When the DNA template (i.e., the stimulus) was present in the 
solution, the two probes hybridized with the DNA template (part 
(ii) of Figure 13a). Hybridization of the probes with the DNA 
template reduced the activation energy required for the reac-
tion between the two probes (i.e., the fluorogenic nucleophilic 
aromatic substitution reactions). After the reaction, one of the 
probes became fluorescent (part (iv) of Figure 13a). Subse-
quently, the probes disassembled from the DNA template and 
allowed the DNA template to be reused as the catalyst (part (v) 
of Figure 13a). This cycle then repeated for producing a signifi-
cant amount of fluorescent molecules. It was estimated that the 
fluorescence output was amplified by 1500 times from the con-
centration of the stimulus (i.e., the DNA template).

The second strategy of amplification uses stimuli-responsive 
materials and polymerization to produce a detectable 
output (e.g., a macroscopically visible polymer[238,240] or 

fluorescence[236]). Many types of biomolecules (i.e., the stimuli) 
can be detected by this mechanism, including biotin,[236,238,240] 
antigens,[259,260] and DNA.[261] The system usually consists of 
two main components: biomolecules (e.g., protein,[236,238,240] 
or DNA[261]) coated on a surface that can detect the stimulus 
and a solution containing the initiators (e.g., photoinitiated free 
radicals,[236,238,240] peroxy radicals[260]) and the monomers for 
polymerization. When the stimulus is added to the system, the 
interaction between the biomolecules, stimulus, and initiator 
allows the free-radical polymerization to occur. The amplifica-
tion thus involves the production of the macroscopically visible 
piece of polymer from the small amount of stimulus added to 
the system.

The third strategy of amplification involves the disassembly 
of a large probing material upon the influence of a stimulus. 
This type of amplification is usually performed in two ways: the 
release of chemicals from a particle and self-immolation of mate-
rials (e.g., dendrimers). The first method usually consists of a 
stimuli-responsive material (e.g., liposomes[237] or micelles[239]) 
filled with a large amount of reporter molecules that can be 
detected easily (e.g., fluorophores).[237,239] When exposed to the 
specific stimulus, the material releases the reporter molecules, 
thus producing the detectable output. For example, long-chain 
polymeric molecules (i.e., benzyl-benzene boronic acid pinacol 
ester-decorated block polycarbonates; PMPC−Bpe) that con-
tained both hydrophobic and hydrophilic groups were allowed 
to self-assemble into micelles that contained amylose.[239] Upon 
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Figure 13. Amplification. a) Using DNA as the catalyst (and the stimulus) for producing an amplified output signal (i.e., fluorescence). Scheme illus-
trating the cycle of reactions for amplifying the signal. Reproduced with permission.[250] Copyright 2013, American Chemical Society. b) Highly sensi-
tive detection of proteins by assembling a large amount of DNA onto a particle, and then disassembling the DNA after detecting the targeted protein 
for amplification of the output signal. Reproduced with permission.[267] Copyright 2003, AAAS. c,d) Highly sensitive detection of small changes of a 
stimulus using stimuli-responsive hydrogel coated with a layer of superhydrophobic nanoparticles. c) Scheme illustrating the process of amplification 
using self-accelerating repeated cycles of expansion of the hydrogel and diffusion of chemicals through the hydrogel. d) Photographs showing the 
changes in color caused by a small change in pH. c,d) Reproduced with permission.[231] Copyright 2018, Wiley-VCH.
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addition of hydrogen peroxide (i.e., the stimulus), the boronate 
pinacol ester group of the polymer (i.e., the hydrophobic group) 
was cleaved. Without the hydrophobic groups, the micelle dis-
assembled and released the amylose. Amylose was detected 
readily by reacting it with KI/I2 to produce a visible blue color.

For self-immolation, the material involved is usually a 
stimuli-responsive dendrimer. The dendrimer consists of a 
trigger group (i.e., a moiety that can be cleaved by a stimulus), 
reagent groups (i.e., a moiety that can serve as the stimulus for 
cleaving the trigger group), and reporter groups for producing 
the detectable output (e.g., fluorescence).[247,248,262–264] Upon the 
addition of a stimulus, the trigger group is cleaved. Without 
the trigger group, the dendrimer undergoes a cascading reac-
tion that leads to its disassembly and the release of the rea-
gent and reporter groups. The released reagent molecules 
then serve as the stimulus for cleaving the trigger groups of 
other dendrimers, thus leading to the release of more reagent 
and reporter groups. Therefore, a small amount of stimulus 
can produce a large amount of reporter molecules that can be 
detected easily. Self-immolative dendrimers have been demon-
strated to detect different types of stimuli, such as hydrogen 
peroxide,[247,248,262,264] thiol,[263] and antibodies.[245]

The fourth strategy involves an interesting but complex 
mechanism: the assembly of a multiple-particle complex for 
concentrating a large amount of DNA onto the particles, iso-
lation, and disassembly of the particles for producing a large 
amount of dehybridized DNA as the output.[265–268] This 
approach has been demonstrated to detect stimuli such as 
DNA,[265] antigens,[266,267] and ligands.[268] One specific example 
involves the detection of prostate-specific antigen (PSA) using 
two types of particles of different sizes.[267] The larger mag-
netic microparticles (MMPs) were functionalized with PSA 
monoclonal antibodies (Figure 13b). The smaller gold nano-
particles were functionalized with PSA polyclonal antibodies 
and hybridized oligonucleotides that served as the reporter 
molecules (i.e., the “Bar-Code DNA). In the presence of PSA 
(i.e., the stimulus), the particles assembled into a complex that 
consisted of the MMPs, gold nanoparticles, and PSA (steps 1–2 
in Figure 13b). Subsequently, the complex was isolated mag-
netically and suspended in water to allow the Bar-Code DNA 
to dehybridize from the complexes (step 3 in Figure 13b). The 
Bar-Code DNA were then separated from the particles by using 
a magnetic field again. The two steps of separation using the 
magnetic field allowed the dehybridized Bar-Code DNA to be 
isolated with extremely high purity for detection. Using a scano-
metric method of detection—a method that did not involve the 
polymerase chain reaction (PCR)—a relatively high sensitivity 
was achieved (≈30 × 10−18 m of PSA; steps 4–5 in Figure 13b).

We previously demonstrated the fifth strategy by using a 
piece of stimuli-responsive hydrogel for sensing a small amount 
of stimulus and controlling the outflow of a large amount of 
visible dye. Specifically, we coated a piece of pH-responsive 
hydrogel with superhydrophobic nanoparticles on one of the 
surfaces.[231] A piece of agarose gel presoaked in a solution 
that had a high pH (i.e., pH 13) and a red dye was placed on 
top of the surface of the pH-responsive hydrogel coated with 
the superhydrophobic nanoparticles (Figure 13c). The material 
was initially fabricated such that the layer of superhydrophobic 
coating was able to effectively block any diffusion of chemicals 

from the agarose gel into the stimuli-responsive hydrogel at a 
pH of 6.95. When the material was partially submerged in a pH 
solution of 7.00, the pH-responsive hydrogel expanded. This 
slight expansion created gaps between the superhydrophobic 
nanoparticles and allowed the solution from the agarose gel 
to diffuse through the layer of superhydrophobic coating into 
the hydrogel. The diffusion of the pH 13 solution then caused 
the hydrogel to further expand and created larger gaps between 
the nanoparticles. The cycle of expansion and diffusion 
repeated until the stimuli-responsive hydrogel fully expanded 
(Figure 13c). At the same time, the red dye diffused through 
the hydrogel and into the surrounding solution, thus pro-
ducing a visible red output (Figure 13d). Importantly, this pro-
cess of amplification allowed a small change in pH from 6.95 
to 7.00—or the equivalent of a small change of 10 × 10−9 m of 
H+ ions—to be detected by the large outflow of the dye without 
the use of external power supply or equipment. In addition, we 
demonstrated that this technique worked for different ranges of 
pH (e.g., from pH 5.95 to 6.00; Figure 13d).

5.5. Self-Organization

Self-organization is the process in which a system reconfigures 
from an initial structure to another ordered structure. Self-
organization is important in nature; examples include the self-
organization of cytoskeleton in a cell during migration[7] and 
collective behaviors of insects (e.g., while foraging for food).[269] 
In many synthetic systems, the self-organization of individual 
components within a self-assembled structure is activated by a 
stimulus (e.g., CO2, temperature, and pressure). One example 
involved the CO2-responsive self-organization of micelles into 
complex morphologies.[270] A triblock copolymer with a hydro-
philic block (i.e., poly(ethylene oxide) or “O”) and two hydro-
phobic blocks (i.e., poly(2,2,3,4,4,4-hexafuorobutyl methacrylate) 
or “F” and poly-(2-(diethylamino)ethyl methacrylate) or “E”) was 
synthesized (Figure 14a). The spontaneous self-assembly of the 
triblock copolymer formed spherical micelles with hydrophilic 
coronas O and hydrophobic cores. These cores were composed 
of a homogeneous assembly of E and F. E was CO2-responsive: 
its tertiary amine protonated in the presence of CO2. After pro-
tonation, block E became hydrophilic; thus, it segregated from 
the core and reorganized into the corona. F remained as the 
hydrophobic core. Because of the self-organization of block E 
in the presence of CO2, a mixture of different types of complex 
assemblies (i.e., “hamburger,” “reverse hamburger,” “clover” or 
“footballs” structures) was obtained (Figure 14b). The process 
was reversible. By adding N2 to remove CO2, the tertiary amine 
on E became deprotonated; thus, the complex assemblies reor-
ganized back into the spherical micelles.

Although self-organization usually involves a change in 
the surrounding condition by a stimulus (e.g., by introducing 
CO2), it can also involve the reconfiguration of a self-assembled 
structure from one state to another under the same condi-
tions.[271] One study used a diblock copolymer that consisted of 
a hydrophobic block (i.e., copolymerized NIPAM and tert-butyl 
acrylamide; P(NIPAM-st-tBAM)) and a hydrophilic block (i.e., 
poly(N,N-dimethyl-acrylamide), PDMAM). After synthesizing 
the molecules, they initially self-assembled spontaneously into 
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either spherical micelles or vesicles (depending on the con-
centration and degree of polymerization of the copolymer) in 
the solution at 25 °C. Importantly, the hydrophobic block was 
responsive to temperature. When the temperature was lowered 
to 5 °C (i.e., the stimulus), the assembled structure dissociated 
into free monomers. Upon heating back to 25 °C, the mono-
mers self-assembled again; however, they did not assemble 
back to their initial structures. Instead, they self-assembled 
into worm-like micelles and the solution became a gel phase 
(Figure 14c). Therefore, the initial and final states were vastly 
different even though they had the same conditions (i.e., 
25 °C). The authors suggested that this difference was because 
the initial state was only a metastable state. Hence, the self-
organization allowed the structure to be reconfigured from a 
metastable to a more energetically favorable state.

5.6. Self-Replication

Self-replication is perhaps the most important function of 
living systems (e.g., cells). It is the process by which a material 
is used as a template for constructing an identical copy of itself 
(e.g., the replication of DNA).[272] Self-replication is believed 
to be critical for the survival of living organisms. According to 
Darwin's theory of evolution, only the species that can effec-
tively repeat the cycle of self-replication and adaptation to its 
environment can evolve and survive in the competitive eco-
system. Research on self-replication may potentially allow us to 
understand living systems better[273,274] and construct synthetic 
machines that can duplicate a large amount of materials from 

a template.[275] Due to its complexity, however, it has been very 
challenging for researchers to construct systems that mimic 
this advanced biological function. Many studies have used auto-
catalytic reactions that involve nucleic acid-based templates 
(e.g., DNA and RNA), peptide-based templates, or small syn-
thetic molecules for achieving self-replication;[276–280] however, 
these systems have only been moderately successful.

One example of a stimuli-responsive self-replicating system 
consisted of three main components: the peptide (T), and the 
nucleophilic (N) and electrophilic (E) fragments as shown 
in Figure 15a,b.[281] The peptide was modified with a photo-
cleavable moiety (i.e., 6-nitroveratryloxycarbonyl, Nvoc) on its 
Lys residue (TNv); this moiety inhibited the peptide from per-
forming its self-replicating function. Upon exposure to UV 
light, the Nvoc group was removed from TNv. This light-activated 
T then self-assembled to form dimers; these dimers were the 
template that allowed the E and N fragments to assemble onto 
the peptide. Importantly, the template was needed to bring the 
two fragments into close proximity for them to join together via 
a ligation reaction. By joining the two fragments together, the 
template was able to reproduce an identical copy of the pep-
tide. The light-activated growth of T was much faster than that 
when T and light were not present (Figure 15c).

Another study reported the possibility of self-replicating 
polymeric microparticles.[282] The self-replicating system con-
sisted of two main components: free microparticles in the 
solution and a template (Figure 15d). The microparticles (PS; 
≈1.05 µm) were coated with a layer of DNA molecules; these 
DNA molecules were functionalized at their 5′ terminal ends 
with a psoralen molecule, which served as a UV-responsive 
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Figure 14. Self-organization. a,b) Morphology change due to the self-organization of the gas-responsive assembly of triblock copolymers. a) Scheme 
illustrating the reversible self-organization of the triblock copolymer (O113F110E212) in the presence of CO2 or N2. b) TEM images of the assemblies of 
the triblock copolymers in water after bubbling CO2. The different numbers indicated the different types of morphologies: 1) “hamburger,” 2) “reverse 
hamburger,” 3) “clovers,” 4) “football,” and 5) other more complex structures. a,b) Reproduced with permission.[270] Copyright 2014, The Royal 
Society of Chemistry. c) Self-organization of a self-assembled structure from one state to another at the same condition. Schematic representation 
of the changes in the morphology of micelles after experiencing a decrease in temperature, followed by an increase back to its initial temperature. 
Experimental image on the left shows the initial free-flowing liquid and image on the right shows the final gel phase. Reproduced with permission.[271] 
Copyright 2017, Wiley-VCH.
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crosslinker.[283] The template was composed of a linear chain 
of the same type of microparticles, except that they were 
modified with DNA molecules that were complementary to 
the DNA molecules coated on the free PS microparticles in 
the solution. After immersing the linear template into the 
solution that contained the free PS microparticles, the free 
microparticles were able to assemble onto the template via 

the interaction between the complementary strands of DNA 
(Figure 15d). When the temperature of the system was lowered 
to below the melting temperature of DNA, the particles were 
connected by the DNA bonds. Subsequently, the microparti-
cles were exposed to UV light for forming the covalent bonds 
between the particles via the crosslinking of the UV-responsive 
crosslinker. This permanent bonding between the particles 

Adv. Mater. 2019, 1804540

Figure 15. Self-replication. a–c) Light-responsive self-replication of peptides. a) After exposure to light, the activated peptide T served as the template 
for interacting with the fragments E and N; thus, the self-replicating process produced more T. b) Amino sequences of the peptide T, fragments  
E and N, and the light-responsive TNv (as shown in the blue box). c) The process of self-replication was confirmed by the increase of T with time.  
a–c) Reproduced with permission.[281] Copyright 2010, Wiley-VCH. d) Scheme illustrating the self-replication by assembling the individual particles onto 
a template and then joining them together. Reproduced with permission.[282] Copyright 2009, The Royal Society of Chemistry.
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resulted in a linear chain of microparticles that was replicated 
from the template. The authors proposed that by increasing 
the temperature, the replicated chain of microparticles could 
be detached from the template, thus completing the process 
of self-replication. However, imperfections in the experiments 
had led to an incomplete self-replicating process.[282]

6. Analytical Processing Function

Besides practical and regulatory functions, intelligence can only 
be achieved by having an analytical processing unit that per-
forms at least these two main functions: storage and analysis of 
information. Information is essential for intelligent systems. By 
having information, systems can acquire a vast range of abili-
ties; a few examples include gathering knowledge for the opera-
tions of different tasks, learning from mistakes, and making 
better decisions. An advanced biological system (or a person) 
that has a larger memory for storing more information is usu-
ally considered more intelligent. Equally importantly, intel-
ligent systems need to have the capability to perform logical 
analysis of the information collected to achieve their objectives. 
Therefore, intelligence of materials can formally be achieved by 
having the ability to remember a sufficiently large amount of 
information and perform complex analysis of the information. 
For example, artificial intelligence has been achieved in elec-
tronic systems by advanced algorithms that analyze large data 
sets effectively.

In this section, we will discuss how materials can store and 
analyze information. We describe the strategies for storing 
information via the functions of memory and data storage. 
With regard to analyzing information, we will describe the 
ways of performing logical analysis with increasing com-
plexity. We will first discuss the ways by which materials 
can perform basic logical operations by the concept of logic 
gates. We will then examine how multiple logic gates can be 
integrated together—in a single material—for more complex 
analysis of information. Subsequently, we will discuss how 
materials can be used for performing more advanced compu-
tational tasks. In particular, many fascinating advanced ana-
lytical capabilities have been demonstrated using DNA as the 
means of biocomputing.

6.1. Memory and Data Storage

Memory and data storage are the processes of storing infor-
mation in a medium. The ability to store information is one 
of the most important features in defining intelligence of an 
advanced biological system (e.g., a human being). At the fun-
damental level, information is coded in the specific sequence 
of base pairs in the DNA of a cell; this stored information is 
commonly regarded as the basis for the existence of life. In our 
human society, the storing of information has evolved through 
time, from the inscription of stones to optical drives, with the 
purpose of preserving knowledge. With the explosion of infor-
mation in the world, research in memory and data storage has 
gained a lot of attention in the scientific community in the past 
few decades.

Although the terms memory and data storage are usually 
used in different contexts, we will discuss these functions 
together in this section because they play very similar roles in 
the construction of intelligent materials for storing information. 
We will first discuss two interesting properties of materials that 
are regarded as having the function of memory: hysteresis and 
shape memory. We will also discuss two types of data storage: 
optical data storage and write-erase pattern storage.

6.1.1. Memory due to Hysteresis

Hysteresis of a stimuli-responsive material is the property that 
allows the material to be in different states at the same con-
dition depending on the stimulus that was previously applied. 
This ability is commonly used for memory: information can 
be written by a stimulus and retrieved as one of the different 
states at a specific condition.[284] The most widely known type 
of hysteresis is based on the magnetization of ferromagnetic 
materials. Briefly, when an external magnetic field (i.e., the 
stimulus) is applied to the material, the material is magnet-
ized in the same direction as the applied field (part (i) of the 
illustrative scheme shown in Figure 16a). Once magnetized, 
the material has the tendency to remain magnetized (part (ii) 
of Figure 16a). It can only be demagnetized when a sufficiently 
large magnetic field is applied in the opposite direction (part 
(iii) of Figure 16a). Because of the hysteresis, two states of mag-
netization are possible when no field is applied; these states 
serve as the memory by which information can be retrieved. 
The magnetic field is used to write the memory. A wide range 
of commercially available memory devices is based on this 
magnetic hysteresis, including hard disk, recording tape, and 
magnetic stripe card.[285,286]

Besides ferromagnetic materials, stimuli-responsive poly-
mers can also exhibit hysteretic properties. Many types of 
stimuli-responsive polymers that show hysteretic properties 
have been fabricated. They can respond to different types of 
stimuli, such as temperature,[287–290] pH,[291,292] humidity,[293] 
light,[294] and electric field.[295] Importantly, information can be 
written in memory and retrieved in many different ways due to 
the different types and functions of the stimuli-responsive poly-
mers. In one illustrative example, the walls of the nanoscale 
pores of a membrane (polyisoprene-b-polystyrene) was grafted 
with PAA.[292] At high pH (i.e., pH 13), the carboxylic acid 
groups of PAA deprotonated, thus causing the charged poly-
meric chains to repel one another electrostatically (Figure 16b). 
Hence, the polymeric chains extended and closed the pores 
of the membrane. At low pH (i.e., pH 1), the carboxylic acid 
groups of PAA protonated. They were then able to form 
hydrogen bonds with one another; hence, the polymeric chains 
collapsed and the pores of the membrane opened. Through var-
ying the pH, the permeability of the membrane was observed to 
have a hysteresis (plot on the left of Figure 16b). This hysteretic 
effect was possibly due to the high density of hydrogen bonding 
within the network of the polymers in the confined nanopores. 
Because of the hysteresis, the permeability could be different at 
a specific pH. For example, if the solution was initially at pH 
1 and the pH was increased, the permeability was at the point 
“2” at pH 5.5 as indicated in the plot in Figure 16b. On the 
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other hand, if the solution was initially at pH 13 and the pH 
was decreased, the permeability was at the lower point “4” at 
pH 5.5. Therefore, the information was recorded in memory by 
a sufficiently large change in pH (e.g., to either pH 1 or 13) 
and retrieved by pumping water through the membrane and 
measuring its permeability at a specific pH (e.g., pH 5.5). Other 
methods of retrieving the memory from the stimuli-responsive 
polymers with hysteretic properties include a change in 
color,[289,291,295] size, and shape;[287,288,293,294] hence, many ways 
of recording and retrieving memory are available for different 
types of applications.

6.1.2. Shape Memory

Shape memory materials (SMMs) refer to the general class of 
stimuli-responsive materials that can remember their shapes 
after being deformed to a temporary shape.[296] SMMs can be 
classified into two distinct groups based on the reversibility 
of the memory: one-way shape memory effect (SME) is irre-
versible, and two-way SME is reversible. Both these groups 
are further classified into subgroups based on the number 
of shapes that they can “memorize”; that is, they can have 
dual or multiple SMEs including the original permanent 
shape. Common stimuli include temperature,[297–303] pH,[304] 
light,[305,306] magnetic field,[307] humidity,[308] chemicals,[309] 
and radiofrequency.[310] Some materials respond to multiple 
stimuli (e.g., crosslinked metallo-supramolecular polymers 
respond to temperature, UV light, and methanol).[311] SMMs 
can be polymers, alloys, ceramics, or composites of more than 
one type of materials. SME has different types of applications, 
such as controlled wettability (e.g., the straightening of shape 
memory micro/nanostructured pillars) and the embolization of 
arteries (e.g., by the coiling of micrometer-sized shape memory 
strips).[298–302]

The most common type of SME is the one-way dual SME.[297–302]  
Part (i) of Figure 17a is a scheme that illustrates the one-way 
dual SME using the commonly studied thermo-responsive 
shape memory polymer as an example. The polymer with its 
original permanent shape as illustrated on the extreme left is 

first heated above its transition temperature (i.e., typically the 
glass transition or melting temperature). At this heated state, 
stress is applied to deform the material to a desired tempo-
rary shape. By maintaining the applied stress and cooling the 
polymer, the desired temporary shape is retained even after 
the stress is removed. Different types of temporary shapes 
can thus be obtained by deforming the material to different 
shapes at high temperature and then cooling it down while 
maintaining the stress. The original permanent shape can be 
recovered by simply heating the material above its transition 
temperature again without applying any stress. The mecha-
nism that underlies the SME is due to the two segments of the 
thermo-responsive shape memory polymer. The first segment 
consists of a stable network that has a tendency to recover its 
original shape when the applied stress is removed. The second 
segment exhibits a reversible change in stiffness depending 
on the temperature: soft at high temperature and rigid at low 
temperature. Due to this property, the material can be easily 
deformed when it is soft at high temperature. At low tem-
perature, however, the material becomes rigid and its shape is 
fixed.[296] For this one-way dual SME, the memory is recorded 
by fabricating the SMM with the desired original permanent 
shape. After the SMM is deformed to its temporary shape, the 
memory can be retrieved by applying the stimulus (e.g., heat) 
to transform it back to its original permanent shape.

This one-way dual SME has been demonstrated in a pre-
vious study[297] for an organohydrogel that exhibited superior 
materials property. The organohydrogel consisted of micro-
organogels that contained molten paraffin (melting point of 
54–57 °C) and an elastic hydrogel framework. The organo-
hydrogel was deformed into a temporary shape (i.e., extreme 
left image of part (ii) of Figure 17a) by first heating it above the 
melting point of the paraffin, softening the paraffin, deforming 
the material, and cooling the material down. By heating the 
organohydrogel again above the melting point, the original 
permanent shape was obtained after around 40 s (i.e., extreme 
right image of part (ii) of Figure 17a). This organohydrogel was 
highly elastic: it was able to fully recover its original shape after 
stretching up to 2600% (part (iii) of Figure 17a) or compressing 
up to 85% (part (iv) of Figure 17a).
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Figure 16. Hysteresis as a memory function. a) Scheme illustrating the hysteresis loop of the magnetization of a ferromagnetic material under the 
influence of an external magnetic field. b) Hysteresis of the permeability of a pH-dependent membrane (left). Schemes illustrating the changes in the 
opening of a pore at different pH. These numbers of the four states corresponded to the four points indicated in the plot on the left. Reproduced with 
permission.[292] Copyright 2016, American Chemical Society.
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In addition, by using a combination of multiple pieces of 
SMM with one-way dual SME, multiple memory states can 
be achieved. In one demonstration, the material consisted of 
three long segments joined together as shown in Figure 17b: 
a shape memory polymer that contained carbon nanotubes 
(CNTs) on the left, the same shape memory polymer which 
did not contain any fillers in the middle, and the same shape 
memory polymer that contained Fe3O4 on the right.[310] All 
these three segments were originally straight. From this original 
shape, all the three segments of the material were deformed 
into the temporary shapes as illustrated as “Temp. Shape #1” in 

Figure 17b. From this temporary shape, different memory states 
(i.e., different shapes of the polymer) can be accessed by selec-
tively heating each segment above its transition temperature to 
return it to its original shape. Selective heating was achieved 
using different radiofrequencies. Specifically, the segment on 
the left that contained CNT dissipated heat at 13.56 MHz (indi-
cated as “RF2” in Figure 17b) and the segment on the right that 
contained Fe3O4, dissipated heat at 296 kHz (“RF1”). Hence, 
the specific radiofrequency caused the corresponding segment 
to recover its original shape. Alternatively, by applying heat 
directly on the whole polymer, it returned to its original straight 
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Figure 17. Shape memory. a) The thermo-responsive one-way dual shape memory organohydrogel. The gel presented high strain capacity. Reproduced 
with permission.[297] Copyright 2017, Wiley-VCH. b) Combining multiple one-way dual shape memory materials into a single polymer for achieving 
multiple memory states. The polymer consisted of three segments, each of which was a one-way dual shape memory materials. Reproduced with per-
mission.[310] Copyright 2011, Wiley-VCH. c) Scheme on top illustrates the one-way multiple shape memory effect (MSME). The experimental images in 
the middle show the actual shapes and sizes of the Nafion ionomer at different states. The plot at the bottom shows the profiles of strain, temperature, 
and stress with respect to time for demonstrating the operation of the MSME. Reproduced with permission.[313] Copyright 2010, Springer Nature.  
d) Two-way shape memory effect. Demonstration of two temporary shapes (i.e., shapes A and B) that were reversible under different temperatures. The 
temporary shapes were reprogrammable for generating different shapes. Reproduced with permission.[317] Copyright 2013, Wiley-VCH.
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geometry (i.e., illustrated as “Permanent Shape” in the center 
of Figure 17b). In this way, different sequences of the applied 
stimulus (i.e., a radiofrequency or heat) resulted in different 
sequences of shape recovery. In general, this shape memory 
polymer was capable of remembering four different states (or 
shapes) via the stimuli applied as shown in Figure 17b.

Besides combining multiple SMMs together, a single piece 
of SMM can exhibit one-way multiple shape memory effect 
(MSME). This material can be deformed into, and memorize, 
more than one temporary shape under varying extents of the 
stimulus.[296,312] In one study, both the MSME and temper-
ature-memory effect (TME) were demonstrated by a Nafion 
ionomer.[313] This ionomer had a broad range of transition tem-
peratures; hence, it could potentially remember multiple tem-
porary shapes and their corresponding temperatures within this 
broad range of transition temperatures. As illustrated in a rep-
resentative scheme in Figure 17c, the material had an original 
permanent shape S0. The ionomer was then deformed at a tem-
perature T0 to a shape S1. It was subsequently cooled to a lower 
temperature T1 (i.e., T1 < T0) while maintaining the applied 
stress. When the external stress was removed, the ionomer 
retained its shape S1; hence, S1 was the first temporary shape 
of the material. To obtain the second temporary shape, the pro-
cess was repeated at T1. Specifically, the ionomer was deformed 
to S2 at T1, followed by cooling to T2 (i.e., T2 < T1) while main-
taining the stress. The third temporary shape S3 was obtained 
by repeating the process. Subsequently, the shapes stored in 
memory were accessed by heating the material. For example, 
heating the ionomer with the temporary shape S3 to T2 allowed 
the shape S2 to be recovered (i.e., S2rec). Further heating to T1 
yielded the recovered S1 (i.e., S1rec). Subsequent heating to T0 
or above allowed its permanent shape (i.e., S0rec) to be retrieved. 
In this way, the material (with its original shape S0) was able 
to record two memory states (i.e., S1 and S2) and their corre-
sponding temperatures (T1 and T2). Therefore, the broad range 
of transition temperatures associated with the ionomer allowed 
many shapes and temperatures within the range to be memo-
rized.[314] The images in Figure 17c showed the actual shapes 
investigated experimentally. The plot in Figure 17c showed 
the strain, stress, and temperature profiles of the fixing and 
recovery of the temporary shapes of the SMM with the MSME.

For one-way SME, the temporary shape of the SMM is lost 
irreversibly after it recovers its original shape. For example, 
for the common one-way dual SME, the only memory that can 
be recorded and retrieved is the fabrication of the SMM of the 
specific original shape. Once fabricated, the original shape is 
usually fixed; hence, the memory cannot be modified flexibly. 
On the other hand, two-way SME refers to the ability of the 
SMM to change reversibly between two shapes upon the influ-
ence of a stimulus.[296,315,316] Hence, the two shapes, including 
the temporary shape, can serve as the memory states that can 
be recorded and retrieved. Importantly, because the temporary 
shape can be changed flexibly to any desired shape (e.g., by an 
external stress), different types of memory can be recorded.

One example that demonstrated the reversible change 
between two shapes is the multiphase copolyester urethane 
network that consisted of poly(ω-pentadecalactone) (PPD) and 
75 wt% poly(ε-caprolactone) (PCL).[317] The original shape of 
the polymer was a straight strip. It was coiled up into a shape 

as shown as “shape B” in Figure 17d by first deforming it at 
100 °C (i.e., Treset, a temperature that was above the transition 
temperature) and then maintaining the shape under stress at 
0 °C (i.e., Tlow < transition temperature). This shape remained 
unchanged even after removing the stress due to the increased 
stiffness of the PPD at low temperature. When the temperature 
was increased to 50 °C, the PCL within the SMM expanded. 
After expansion, another temporary “shape A” formed. When 
the temperature was decreased to 0 °C, the PCL contracted and 
the SMM returned to “shape B.” Therefore, by switching the 
temperature repeatedly between 0 and 50 °C, the shape changed 
reversibly from shape A to B and vice versa. The stored memory 
of the temporary shape was erased by subjecting the SMM 
to Treset; at this temperature, the SMM recovered its original 
shape (i.e., the straight strip). After erasing the memory, a new 
memory could be recorded by deforming the SMM to another 
temporary shape at 100 °C and cooling to 0 °C. A limitation of 
this work is that the temporary “shape A” was obtained by the 
natural expansion of the SMM from “shape B” by increasing 
the temperature; thus, “shape A” was not programmable and a 
specifically desired memory could not be recorded in this state.

6.1.3. Optical Data Storage

Optical data storage is one of the most common ways to store 
data among other methods (e.g., electrical and magnetic data 
storage).[318–320] Phase-change materials (PCMs) that respond 
to light are usually used due to their two distinct states: crys-
talline and amorphous states. Binary information can thus be 
written into the material by using light to switch between these 
two states of the material. Specifically, by irradiating a localized 
spot on the PCM with a high-intensity laser, the temperature of 
the material increases above its melting point. After moving the 
laser away from the spot, rapid quenching at room temperature 
leads to the formation of the amorphous state (Figure 18a). On 
the other hand, irradiating the PCM with a low-intensity laser 
heats the amorphous state above the glass-transition tempera-
ture but below the melting point; thus, the PCM crystallizes.[321] 
The information can be read by the difference in reflectivity of 
the crystalline and amorphous states of the PCM. Reflectivity 
is determined by irradiating another low-intensity laser emitted 
from a light emitting diode onto the PCM and measuring the 
reflected light received by the photodetector. Common PCMs 
used for optical data storage include Ge2Sb2Te5, Ge8Sb2Te11, 
and AgInSbTe.[318,322,323] This type of data storage is widely 
used in optical discs such as CDs, DVDs, and Blu-Rays. Besides 
binary information, a relatively recent study demonstrated the 
capability of multilevel storage using PCM (i.e., Ge2Sb2Te5) by 
having different proportions of the mixture of crystalline and 
amorphous states (Figure 18b).[324] This feature provides the 
PCM with a greater capacity to store information.

6.1.4. Write–Erase Pattern Storage

Write–erase pattern storage involves using illustrations (or pat-
terns) as the information to be stored.[325] Write–erase pattern 
storage is usually achieved by changing the color of a localized 
spot on a material under the influence of an external stimulus. 
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Common mechanisms that can induce the change in color 
of materials include reversible isomerization,[326–332] self-
assembly,[328,333,334] bond formation/cleavage,[335] metal–ligand 
coordination,[336–338] host–guest interaction,[339] and phase 
change.[340,341] Many different types of materials have been fab-
ricated, including those that are photochromic,[327–329,335,336,338] 
hydrochromic,[330,333] mechanochromic,[331,332,339–342] ther-
mochromic,[326,334,337] and halochromic;[343] these materials 
respond to light, water, mechanical stress, heat and pH, 
respectively. Importantly, the change in color is usually revers-
ible depending on the type of stimulus. Because of their 
ability to change color reversibly, these materials are capable 
of writing, storing, and erasing information. Common appli-
cations include printing and display. In addition, the data 
stored in the materials can be protected for security pur-
poses. For example, encryption of data can be achieved by 
storing the writing that is initially not visible; it can only be 

visualized under certain conditions (e.g., UV for decoding the 
information).[344–346]

One study reports achieving the function of writing and 
erasing of patterned information by another function: the 
reversible self-assembly and disassembly of nanoparticles under 
the influence of light.[328] The rewritable medium consisted 
of an organogel (i.e., syndiotactic poly (methyl methacrylate)) 
embedded with nanoparticles that were coated with light-
responsive molecules (i.e., trans-4-(11-mercaptoundecanoxy)
azobenzene; Figure 18c). Under the influence of UV light, the 
light-responsive molecule isomerized from the trans to the cis 
isomer. This change in configuration led to an increase in the 
dipole moment of the molecule and allowed the molecules to 
interact more favorably via stronger van der Waals interactions. 
This stronger interaction caused the nanoparticles coated with 
the light-responsive molecules to self-assemble into supras-
pherical assemblies. When gold nanoparticles were used, the 
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Figure 18. Data storage. a,b) Data storage based on light-responsive phase-change materials. a) Scheme illustrating the writing of binary informa-
tion by switching between the amorphous and crystalline states of the PCM using different intensities of light. b) Eight different states were obtained 
by varying the proportion of the mixture of the crystalline and amorphous states. a,b) Reproduced with permission.[324] Copyright 2015, Springer 
Nature. c,d) Write–erase pattern storage. c) Light-induced reversible assembly and disassembly of gold nanoparticles modified with light-responsive 
molecules. d) Patterns being repeatedly drawn and erased by using different types of stimuli. c,d) Reproduced with permission.[328] Copyright 2009, 
Wiley-VCH.
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self-assembly of the nanoparticles turned the organogel from 
red to blue; when silver nanoparticles were used, the organogel 
turned from yellow to violet. Multicolored illustrations on the 
material were obtained by using different times of UV irradia-
tion for achieving different extents of change in the color of the 
organogel. The illustrations were erased by disintegrating the 
supraspherical assemblies via exposing the material to daylight 
for at least 9 h, intense visible light (i.e., 0.3 mW cm−2) for about 
60 s, or heat (i.e., 50 °C) for 20 s. After erasing, information 
could be written again onto the material. The cycle of writing 
and erasing was repeated many times as shown in Figure 18d.

6.2. Logic Gates

Logic gates are the elementary building blocks for constructing 
complex electronic devices (e.g., computers). Since the pio-
neering work by de Silva et al.,[347] researchers have fabricated 
many types of molecules and materials that are not based on 
electronics as logic gates;[41,347–354] a few examples include 
hydrogels,[41,351,355] nanoparticles,[349] and photochromic mol-
ecules.[348,354] These logic gates can be responsive to many 
types of stimuli, including pH,[349–352,354] light,[349,351,353,354,356] 
temperature,[351] and ions.[350] These stimuli-responsive logic 
gates usually operate by a change in material properties (i.e., 
fluorescence),[350] self-assembly,[351] or a change in size.[41] 

Logic gates have been used for complex analysis of multiple 
stimuli for applications such as sensing[357] and controlled drug 
delivery.[351]

The basic types of logic gates include NOT, AND, OR, NAND, 
NOR, XOR, and XNOR. Logical operations are usually per-
formed by analyzing a combination of various stimuli. An AND 
gate, for example, gives an output “1” only when two unique 
stimuli (or inputs) are present; in all other cases, the out-
puts are “0.” In one study, the authors fabricated mesoporous 
silica nanoparticles that were responsive to both light and 
pH (Figure 19a).[349] Specifically, the walls of the pores of the 
silica nanoparticles were functionalized with light-responsive 
molecules (i.e., 4-phenylazoaniline; or the “nanoimpellers”) 
that underwent cis–trans isomerization under the exposure to 
light with a wavelength of 448 nm. Importantly, both the cis 
and trans states absorbed energy from this wavelength of light; 
hence, the molecules were capable of undergoing an oscillatory 
motion due to the repeated cycles of cis–trans isomerization 
under the influence of a single source of light. In addition, the 
opening of the nanopores was covered by pH-responsive mol-
ecules that consisted of mobile cucurbit[6]uril (CB[6]) rings and 
bisalkylammonium[2]pseudorotaxanes stalks tethered to the 
surface of the pores. At neutral pH, the CB[6] rings had strong 
ion-dipole attraction with the stalks; hence, the combination of 
the rings and the stalks blocked the opening of the pores. When 
OH− was added, the deprotonation of the stalks disrupted the 
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Figure 19. Logic gates. a) Truth table for an AND gate based on the controlled release of a guest from the pores of mesoporous silica nanoparticles. 
When light was present, the nanoimpellers (green molecules) drove the guest (red particles) out; when OH− was present, the nanovalves opened 
(i.e., the yellow molecules disassembled). The guest was released from the nanoparticles only in the presence of both light and OH−. Reproduced 
with permission.[349] Copyright 2009, American Chemical Society. b–e) Stimuli-responsive polymer that operated as a reverse-IMPLICATION gate. 
b) Molecular structures of Eu.13 that produced red emission and Tb.23 that produced green emission when excited by light. c) Photographs of the 
stimuli-responsive polymer that showed different colors depending on the inputs (i.e., the presence of H+ and/or F− ions) as shown in the table. For 
each pair of images, the image on the left shows the solution and image on the right shows the gel. d) Phosphorescence spectra of the four possible 
input states as represented by the four differently colored lines. The legend of these colored lines is indicated in the table shown in (c). The output 
was defined at different wavelength and intensity (e.g., at a threshold intensity of 400 at 615 nm). e) Truth table for the reverse-IMPLICATION gate. 
b–e) Reproduced with permission.[350] Copyright 2015, The Royal Society of Chemistry.
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strong attractions, thus allowing the CB[6] rings to dissociate 
from the stalks. After the rings dissociated, the pores opened. 
Therefore, these pH-responsive molecules acted as nanovalves 
for controlling the opening and closing of the pores (i.e., the 
function of gating). The nanoimpellers and nanovalves were 
used simultaneously to control the release of a chemical (e.g., 
drug) that was filled in the pores of the mesoporous silica nano-
particles. When the particles were exposed to light and a higher 
pH, the nanovalves opened and the nanoimpellers were able to 
drive the chemical out of the pores. When either the light and/
or the higher pH was not present, the chemical was not found 
to release—hence, the AND gate was achieved (Figure 19a). In 
another study, the authors synthesized a fascinating molecule 
(i.e., (HO)2P(O)O-(CH2)8-Fum-Glu-(O-cyclohexyl)2) that was 
responsive to four different types of stimuli: Ca2+, OH−, tem-
perature, and light.[351] Depending on the pairs of stimuli 
applied to the molecule, it exhibited the function of either of the 
four types of basic logic gates: AND, OR, NAND, or NOR. The 
stimuli were able to cause a sol–gel transition of the molecule. 
The output was “0” when the material was in a solution phase 
and “1” when the material was in a gel phase.

Besides the basic logic gates, more advanced logic gates 
can also be achieved using stimuli-responsive materials. 
Some examples include the reverse-IMPLICATION,[350] 
TRANSFER,[350] and INHIBIT.[352] These more advanced types 
of logic gates usually need to be constructed out of a combi-
nation of a few basic logic gates. For example, the reverse-
IMPLICATION can be constructed based on an OR gate with 
a NOT gate connected to one of the inputs. In one study, the 
reverse-IMPLICATION gate and TRANSFER gate were success-
fully constructed by a stimuli-responsive material that consisted 
of two ligands embedded in a polymer (i.e., poly(HEMA-co-
MMA));[350] each of these ligands coordinated with either Eu(III) 
or Tb(III) to form Eu.13 and Tb.23 complexes, respectively 
as illustrated in Figure 19b. Upon excitation with light (i.e., 
254 nm), the Eu.13 complex was red and the Tb.23 complex was 
green. This polymer was responsive to H+ and F− ions, which 
interacted with the complexes to produce different colors. Inter-
estingly, the four possible combinations of inputs based on 
whether H+ and/or F− ions were added gave four distinctly dif-
ferent colors (Figure 19c). Specifically, without any added ions, 
the polymer was initially green because of the strong Tb(III) 
emission and the very weak Eu(III) emission. When only H+ 
was added, the polymer was red; when only F− was added, the 
polymer was blue; when both H+ and F− ions were added, the 
polymer was purple. To represent the reverse-IMPLICATION 
gate, the authors designated the intensity of phosphorescence 
at 615 nm with more than 400 units as output “1” and less than 
400 units as output “0” (Figure 19d). Therefore, the output was 
“0” when H+ was not added (input “0”) and F− was added (input 
“1”; the blue line shown in Figure 19d). The outputs were 
“1” for all the other combinations of inputs (i.e., the green, 
red, and black lines shown in Figure 19d); hence, the reverse-
IMPLICATION gate was established according to its definition 
(Figure 19e). The TRANSFER gate was constructed based on 
the same material, except that the output was measured by flu-
orescence (instead of phosphorescence) at 338 nm and another 
designated intensity as the threshold for defining the outputs 
“1” and “0.”

6.3. Computing

More advanced analytical tasks can be performed by integrating 
a network of logic gates.[358–360] Previous studies have demon-
strated that some types of stimuli-responsive materials (e.g., 
hydrogels[41,351] and phase-change alloys[360]) have the ability to 
perform the tasks of multiple logic gates. Stimuli that are com-
monly used to drive the operations of these advanced analyt-
ical functions include pH,[41,359,361] light,[360,362,363] heat,[41] and 
ions.[351]

Reasonably advanced analysis can be performed by com-
bining just a few basic logic gates. For example, basic arith-
metic calculations such as binary addition or subtraction can be 
performed using a half adder or half subtractor; each of these 
operations can be performed by combining two or three logic 
gates. Many interesting types of molecular logic gates[358,359,363] 
and stimuli-responsive materials[350,351] have been synthesized 
for performing the function of a combination of a few logic 
gates. One such system consisted of two hydrogels. The first 
hydrogel 1 (i.e., (HO)2P(O)O-(CH2)8-Fum-Glu-(O-cyclohexyl)2) 
was responsive to three inputs: UV light, EDTA, and OH−. 
The second hydrogel 2 (i.e., GalNAc-suc-glu(O-cyc-hexyl)2) was 
responsive to UV light.[351] These two hydrogels were used 
to construct a logic circuit that consisted of three different 
gates (i.e., AND, OR, and YES) by sensing the three inputs 
(UV light, EDTA, and OH−) as illustrated in Figure 20a. This 
system produced two sets of binary outputs, O1 and O2. Under 
the influence of the stimuli, the hydrogels could undergo sol–
gel transitions; the solution was designated as an output “1,” 
whereas the gel was designated as an output “0.” We first 
consider the case when UV light was not present. When both 
EDTA and OH− were present in the solution, hydrogel 1 turned 
into the solution state and hydrogel 2 remained in the gel state 
(O1 = 1, O2 = 0; see the truth table shown in Figure 20b). In all 
other cases (i.e., without EDTA and/or OH−), both the hydro-
gels remained as gel state (O1 = O2 = 0). On the other hand, 
when UV light was present, both the hydrogels were in the 
solution state (O1 = O2 = 1) regardless of whether EDTA and/
or OH− were added. This logic circuit was demonstrated to be 
capable of controlling the rate of release of vitamin B12 with 
three different rates of release due to the two sets of binary out-
puts produced.

In the previous example, the specially synthesized mate-
rial can only perform the tasks of the specific type and com-
bination of logic gates by using the specific types of stimuli. 
Another type of material usually needs to be designed and 
fabricated for another specific combination of logic gates and 
stimuli. On the other hand, it is technically challenging to syn-
thesize stimuli-responsive materials that can perform the tasks 
of multiple logic gates; in addition, there is probably a limit 
to the level of complexity that a single material can perform. 
In order to overcome these challenges, we proposed a techni-
cally simple approach that allows any desired type and com-
bination of logic gates to be integrated. This simple approach 
involves integrating stimuli-responsive hydrogels that respond 
to only a single type of stimulus.[41] After decades of research, 
a wide variety of stimuli-responsive hydrogels that respond to 
only one type of stimulus have been fabricated. They can now 
be fabricated to respond to many different types of stimuli. By 

Adv. Mater. 2019, 1804540



© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1804540 (33 of 48)

www.advmat.dewww.advancedsciencenews.com

combining these diverse types of stimuli-responsive hydrogels 
and arranging them in specific designs, different combinations 
of logic gates can be constructed. For example, we integrated 
an AND gate with an OR gate as illustrated in Figure 20c. The 
AND gate consisted of a pH-responsive and a temperature-
responsive hydrogel constrained within an impermeable barrier 
(indicated as dark brown in Figure 20c) and a flexible polymeric 

film (indicated in red above the pH-responsive hydrogel in 
Figure 20c). A space was left between the temperature-respon-
sive hydrogel and the impermeable barrier as illustrated. When 
only one of the two hydrogels expanded under the influence 
of a stimulus, the expanded portion of the hydrogel filled into 
the space and did not push against the flexible poly meric film 
(i.e., output “0” from the AND gate). When both the hydrogel 
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Figure 20. Computing via integrating multiple logic gates. a) Hydrogels that performed the task of an integrated logic circuit, which consisted of an 
AND gate, an OR gate, a YES gate, three inputs (I1, I2, and I3), and two outputs (O1 and O2). b) Truth table for the integrated logic circuit shown in (a). 
a,b) Reproduced with permission.[351] Copyright 2009, American Chemical Society. c,d) Integrating different combinations of logic gates together by 
assembling stimuli-responsive hydrogels that responded to only one type of stimulus. c) Scheme illustrating the design for performing the function of 
an AND gate connected to an OR gate. d) The experimental images of the assembled hydrogels that performed as an AND gate connected to an OR 
gate. c,d) Reproduced with permission.[41] Copyright 2017, Wiley-VCH. e,f) Phase-change material that performed addition, subtraction, and division. 
e) Scheme of the experimental setup for performing the mathematical operations. f) Experimentally measured (squares) changes in optical reflectivity 
of the PCM (i.e., amorphous phase Ge2Sb2Te5) as a function of the number of pulses applied. e,f) Reproduced with permission.[360] Copyright 2011, 
Wiley-VCH.
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expanded, the space was filled and the flexi ble polymeric film 
was pushed forward (i.e., output “1”). This AND gate was placed 
together with another salt-responsive hydrogel as illustrated 
in Figure 20c. In this configuration, whenever the output was 
“1” from the AND gate or when the salt-responsive hydrogel 
expanded, the polymeric flexible film (i.e., the red “valve”) was 
pushed forward; hence, the system gave an overall output “1” 
that demonstrated the function of an OR gate (Figure 20d). In 
this way, the integration of an AND gate and an OR gate was 
achieved. Changing the design of the system (i.e., the geom-
etry of the valve and arrangement of the hydrogels) allowed the 
type of the logic gate to be changed (e.g., for achieving the NOR 
gate). Because the output involved pushing the flexible polymer 
outward, the output of the logical analysis can be used directly 
for different types of applications; for example, we demon-
strated that the integrated logic gates controlled the release of a 
red dye based on the logical analysis of the stimuli. Conceptu-
ally, this approach can potentially be used to integrate a massive 
number of logic gates for performing complex analysis.

Arithmetic calculations were performed using the class of 
stimuli-responsive phase-change materials. PCMs (e.g., GeSbTe 
or AgInSbTe alloys) are gaining the interests of researchers 
because of their natural ability to accumulate the amount of 
stimulus applied. In particular, the light-responsive PCM (i.e., 
Ge2Sb2Te5) was used to perform addition, subtraction, and 
division.[360] By applying light to this material, its reflectivity 
changed (as measured by the setup illustrated in Figure 20e). 
Importantly, this change was accumulative: the amount of 
change in reflectivity corresponded with the total duration of 
the light applied onto the PCM (Figure 20f). The accumulative 
change in reflectivity remained even in the absence of light 
(i.e., it also has the function of data storage as discussed previ-
ously). Addition (i.e., x1 + x2) was performed by shining two 
sequential pulses of light onto the PCM. t1 was the duration of 
the first pulse of light that was proportional to x1, and t2 was the 
duration of the second pulse of light that was proportional to 
x2. The accumulative change in reflectivity was measured after 
exposing the material to these two pulses of light (i.e., t1 + t2); 
thus, the result of this measurement represented the solution 
of the addition. To take into account results that were more 
than ten, a threshold of the duration of the light pulse, tthres, 
that was proportional to ten was defined. Once this threshold 
was exceeded, the PCM was reset by a source of light of a 
higher energy. Hence, the final result was determined by meas-
uring the remaining duration of the light pulse and knowing 
the number of times that the PCM was reset. Subtraction (i.e., 
x1 − x2) was performed by first defining a threshold, tthres, as the 
number to be subtracted (i.e., x1). After defining tthres, the PCM 
was exposed to a pulse of light with the duration t1 that was 
proportional to x2. To perform the subtraction, another pulse 
of light with duration t2 was applied until tthres was reached. 
Because t2 = tthres − t1, t2 thus represented the solution of 
x1 − x2. Division (i.e., x1/x2) was performed by first defining 
the threshold, tthres, as proportional to the divisor (i.e., x2). The 
results involved two numbers: the quotient and the remainder. 
The material was exposed to a light pulse with duration t1 that 
was proportional to x1. If x1 < x2, t1 represented the remainder of 
the division. If x1 > x2, t1 > tthres. Once the pulse of light applied 
on the material exceeded tthres, the material was reset (i.e., by a 

light of higher energy) to its original state. The remaining dura-
tion of the pulse of light was then continued to be directed onto 
the material. If the threshold was exceeded again, the material 
was reset. Eventually, the remaining duration of the pulse of 
light represented the remainder, and the number of times the 
material was reset represented the quotient.

6.4. Biocomputing

Biocomputing uses biological materials for performing com-
plex computational operations.[364–367] The most commonly 
used biomaterial is DNA due to a number of reasons. Most 
importantly, DNA can be synthesized with the exact sequence 
of nucleotides desired. The specifically designed sequence 
of nucleotides allows the strands of DNA to have very spe-
cific interactions between them as governed by the principle 
of Watson–Crick base pairing. In one study, the specificity of 
the interaction allowed strands of DNA to be used to solve a 
complex computational problem (i.e., the seven-city Hamilton 
path).[364] Another unique feature of DNA is that it is capable 
of forming many types of conformational designs, including 
circular,[368] hairpin,[365] G-quadruplex,[369] and seesaw.[365,366] 
For example, the construction of an interesting logic gate—the 
majority logic gate—was made possible by a circular DNA.[368] 
The majority logic gate gives an output “1” when the majority 
of the inputs are “1,” and output “0” when the majority of the 
inputs are “0.” One study used a circular DNA that was com-
posed of three identical segments (except for the toehold seg-
ment) of double-stranded DNA that were joined together end 
to end. The input of the system was a strand of DNA (i.e., the 
“input DNA”) that had complementary sequences to the outer 
strand of each segment of the circular DNA. The system also 
contained fluorophore-functionalized double-stranded DNA. 
Because the circular DNA consisted of three segments, the 
system operated as a majority logic gate by giving a fluores-
cence signal (i.e., output “1”) only when two or more input 
DNA were present. Specifically, each input DNA was able to 
hybridize with the outer strand of each segment of the circular 
DNA, thus removing the outer strand from the circular DNA. 
Consequently, the base strand of the segment of the circular 
DNA was exposed. Due to the specific geometry of the circular 
DNA, the fluorophore-functionalized double-stranded DNA 
was able to interact with the circular DNA only when two or 
more base strands were exposed; this interaction then produced 
fluorescence. Therefore, fluorescence was observed only when 
two or more input DNA were present for exposing two or more 
base strands of the circular DNA. Hence, the function of the 
majority gate was achieved.

One more important feature of DNA is that when it is 
used for biocomputing, the analytical operations usually con-
sist mainly of strands of DNA—including both the inputs 
and outputs. Therefore, a series of complex reactions can 
sequentially be performed by using these strands of DNA; 
thus, the logic gates constructed out of DNA can be combined 
easily into complex integrated circuits. Examples include the 
identification of numbers (e.g., odd, even,[370] or composite 
numbers[331]) and other mathematical operations (e.g., full 
adders,[371,372] full subtractors,[373] and binary square root[365]). 
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The ability to perform complex computational tasks by DNA 
has been used for smart bio-sensing,[374] therapy,[375] molecular 
keypad locks,[376] and automata for biomedical applications.[377] 
In the following paragraphs, we discuss three interesting types 
of analytical functions performed by DNA: flexibly changing 
the type of logic gates under the influence of a stimulus, cal-
culating binary square root, and performing the function of a 
neural network.

In the previous section on logic gates, we discussed the 
ability of some types of stimuli-responsive materials to perform 
the function of specific types of logic gates. In an interesting 
study, a system of DNA was reported to have the ability to flex-
ibly change the type of logic gate operated under the influence 
of a stimulus.[378] This system consisted of four main compo-
nents as illustrated in the oval in the center of Figure 21: the 
input DNA strands, substrates (i.e., the “Library 1” substrates), 
Mg2+ and UO2

2+ ions, and fluorophore-functionalized sub-
strates that served as the fluorescent output. The two DNA 
strands that were used as the inputs were referred to as I1 and 
I2. When both these input DNA strands were not added, there 
was no fluorescent output. Otherwise, three types of inputs 
were possible: I1 (without I2), I2 (without I1), and both I1 and I2. 
Based on these three inputs, three different types of assembled 
structures were obtained by allowing the input DNA strand(s) to 
bind with the substrates (in “Library 1”) as shown in Figure 21. 
Importantly, the system had three types of responses depending 

on pH. At a low pH (e.g., pH 5.2), the interaction between the 
UO2

2+ ion and one of the assembled structure (i.e., by the pres-
ence of both I1 and I2) was activated. The Mg2+ ions, however, 
did not interact with any assembled structures. At a high pH 
(e.g., pH 7.2), the interactions between the Mg2+ ions and two 
of the assembled structures (i.e., by the presence of either I1 
or I2) were activated. The UO2

2+ ions, however, did not interact 
with any assembled structures. At a moderate range of pH (i.e., 
pH 6–7.2), all the types of interactions between the Mg2+ and 
UO2

2+ ions and the assembled structures were activated. As 
long as the interaction was activated (i.e., for either the Mg2+ 
or UO2

2+ ions), the whole assembly acted as a DNAzyme that 
catalyzed the reaction of the fluorophore-functionalized sub-
strates for producing the fluorescent signal (i.e., output “1”). 
Therefore, at pH 5.2, the system performed as an AND gate 
because the fluorescent output was produced only when both 
I1 and I2 were present due to the UO2

2+-activated DNAzymes. 
At pH 7.2, the system performed as an XOR gate because the 
fluorescent output was produced only when either I1 or I2 was 
present but not both at the same time due to the Mg2+-activated 
DNAzymes. For pH 6–7.2, all the ions were activated; hence, 
the system acted as an OR gate. Other libraries that consisted of 
different types of input DNA strands and substrates gave rise to 
different sets of possible logic gates. For example, it was dem-
onstrated that a second library could achieve either the AND 
gate, Half Adder, or XOR gate depending on pH. A third library 
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Figure 21. System of DNA that performed the task of either the AND, OR, or XOR gate depending on the pH. Reproduced with permission.[378] 
Copyright 2012, American Chemical Society.
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gave rise to either the half adder, XOR-YES(I1), or half sub-
tractor depending on pH.

The second example involves the calculation of the square 
root of binary numbers by using specifically sequenced strands 
of DNA (Figure 22a) for constructing a logical circuit.[365] 
The system contained a number of different types of DNA: 
the input DNA, gate DNA, threshold DNA, fuel DNA, and 
fluorophore-functionalized reporter DNA. The input DNA (i.e., 
the stimulus) was a single-stranded DNA that consisted of a 
recognition domain and a secondary segment (represented as 

“W2,5” in Figure 22b). The gate DNA was a double-stranded 
DNA that consisted of a base strand and an output strand 
(“G5:5,6”). When the input DNA and the gate DNA interacted, 
the recognition domain of the input DNA formed complemen-
tary base pairs with the base strand of the gate DNA (or the pro-
cess of “seesawing” as indicated in Figure 22b), thus releasing 
the output strand of the gate DNA (“W5,6”). This output strand 
was able to interact with the reporter DNA to produce a fluores-
cence signal (i.e., output “1,” or the process of “reporting”). On 
the other hand, the threshold DNA served as a “competitor”: the 
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Figure 22. Biocomputing with DNA. a–c) Computing the square root of four-bit binary numbers. a) Schematic representation of the double-stranded 
DNA. b) Three fundamental reaction mechanisms involved in the mathematical operation: seesawing, thresholding, and reporting. c) The digital logic 
circuit that computes the floor of the square root of four-bit binary numbers. a–c) Reproduced with permission.[365] Copyright 2011, American Associa-
tion for the Advancement of Science. d–f) The artificial neural network based on DNA. d) The four-neuron recurrent neural network. e) Playing the 
“read your mind” game by a human and the four-neuron recurrent neural network. f) An artificial neuron constructed from DNA. d–f) Reproduced 
with permission.[366] Copyright 2011, Springer Nature.



© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1804540 (37 of 48)

www.advmat.dewww.advancedsciencenews.com

input DNA interacted more favorably with the threshold DNA 
(“Th2,5:5”) than the gate DNA (or the process of “thresholding”). 
Therefore, as long as the threshold DNA was present, the gate 
DNA remained intact and the output strand was not released; 
hence, there was no fluorescence signal (i.e., output “0”).

These DNA strands were first used to perform the task of a 
single logic gate. The two inputs to the logic gate consisted of 
two types of input DNA strands that had the same recognition 
domain but two differently sequenced secondary segments. The 
logic gates were constructed based on the relative concentrations 
of the two input DNA and the threshold DNA. For the AND gate, 
the concentration of the threshold DNA was relatively high: the 
concentration of the input DNA could only be higher than that 
of the threshold DNA when both the input DNA strands were 
present. Once the interactions between the input DNA and the 
threshold DNA completely depleted the threshold DNA, any 
excess input DNA—even if the amount of excess was small—
then underwent a catalytic reaction with the large amount of 
fuel DNA initially present in the solution to release a significant 
amount of output strand from the gate DNA (output “1”). For 
the OR gate, the concentration of the threshold DNA was rela-
tively lower than that for the AND gate. Hence, the presence of 
either one of the two input DNA was sufficient to fully deplete 
the threshold DNA; hence, output “1” was produced.

Multiple logic gates need to be integrated for more com-
plex analysis. For the calculation of the four-bit binary square 
root, the integrated circuit used in electronics is shown in 
Figure 22c. Logic gates constructed out of the system of DNA 
was combined by extending the concept discussed for a single 
logic gate. The many inputs and outputs of the logic gates con-
sisted of many different types of DNA that were sequenced in 
a different but highly specific way. These specifically designed 
DNA strands allowed the input of one logic gate to be repre-
sented by the output of another logic gate according to the logic 
circuit required, while preventing other undesirable interac-
tions among the DNA strands. In general, a complex system 
that was composed of different types of DNA was constructed 
for the calculation of the four-bit binary square root. For 
example, for the input 0100 (or the equivalent of the number 
4), the resulting output calculated was 10 (or the number 2).

The third example involves a complex artificial neural net-
work constructed out of a system of DNA for the purpose of 
achieving artificial intelligence.[366] The system is based on the 
Hopfield network: a recurrent artificial neural network that has 
the ability to recall associated memory based on incomplete 
information. A Hopfield network has multiple local minima 
that are stable. Any initial conditions that deviate from the 
local minima would converge to one of these local minima 
as a result of the recurring algorithm. Importantly, the local 
minima can be generated at the specifically desired states by 
varying the parameters of the Hopfield network; in other 
words, the network can be “trained” to produce the desired 
local minima. In this study, a four-neuron Hopfield associative 
memory was created (Figure 22d) by a network of DNA. Experi-
mentally, the approach involved in building each of the artificial 
neurons (Figure 22f) in the neural network was based on the 
same mechanisms as discussed in the authors’ earlier work on 
computing binary square root (i.e., the mechanisms illustrated 
in Figure 22b).

This recurrent neural network was used for playing the 
“read-your-mind” game. The “read-your-mind” game consisted 
of four questions for identifying a certain scientist as described 
in Figure 22e. Each question had a true or false response rep-
resented by 1 or 0, respectively. The four responses to these 
questions were used to identify the answer (or the scientist). 
Rosalind Franklin was based on the responses 0 1 1 0; Alan 
Turing was based on the responses 1 1 1 1; Claude Shannon 
was based on the responses 0 0 1 1; Santiago Ramon y Cajal 
was based on the responses 1 0 0 0. First, the authors “trained” 
the network of DNA to produce the four desired local minima 
that corresponded to the four different answers (or scientists). 
Once “trained,” the network was able to solve for the answer 
based on a set of incomplete information (i.e., the case when 
not all four responses were given)—importantly, the network 
was also able to produce all the rest of the ungiven informa-
tion based on the incomplete set of information given to the 
system. For example, when a human “told” the DNA network 
(i.e., by adding the input DNA strands into the system as the 
stimulus) that the scientist was a nonmathematician and born 
in the 20th century, without answering the other two questions 
(i.e., x1 = ?, x2 = ?, x3 = 1, x4 = 0), the DNA network was able 
to give the fluorescence output corresponding to the full set 
of responses belonging to Rosalind Franklin (x1 = 0, x2 = 1, 
x3 = 1, x4 = 0). Therefore, the DNA network was able to pro-
duce the ungiven responses (i.e., x1 and x2) based on the local 
minimum (0 1 1 0) established for this specific answer.

7. Complex Function

In order to achieve more advanced systems, multiple func-
tions can be incorporated within a single material. In par-
ticular, multi functional materials (or particles) are important 
in the field of theranostics. In many demonstrated examples, a 
single therapeutic agent can sense multiple stimuli at the same 
time for performing different functions, such as targeting (e.g., 
the detection of localized signals, such as a difference in pH, 
in the microenvironment[379–381] or the selective recognition of 
cancer cells by functionalizing the surface of the particles with 
a molecule specific to the cells[73,380,382]), tracking and imaging 
(e.g., incorporation of magnetic nanoparticles that are detect-
able by magnetic resonance imaging[379–381]), controlled release 
(e.g., the change from solid to liquid phase by near infrared 
radiation, NIR, for the release of drugs[379]), and multimodal 
therapeutic functions (e.g., photothermal, radiothermal, and 
photodynamic therapies). For example, a type of nanoparticles 
was fabricated in one study to have two therapeutic functions: 
photothermal therapy and the generation of free radicals by 
NIR.[379] In another study, a nanoparticle was able to generate 
heat by applying a certain radiofrequency (i.e., radiothermal 
therapy) and reactive oxygen species by laser irradiation (photo-
dynamic therapy).[380]

In particular, a combination of many functions driven by dif-
ferent types of stimuli had been incorporated in a single nano-
wire.[383] The nanowire consisted of three metallic segments 
arranged in the order of Au–Ni–Au (≈2 µm long and ≈200 nm 
diameter), and an additional segment of polypyrrole–polystyrene 
sulfonate (PPy–PSS) as illustrated in Figure 23a. The surfaces 
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of Au were functionalized with bioreceptors (i.e., Concanavalin 
A, Con A). This nanowire was propelled to move by ultrasound 
waves produced by a piezoelectric transducer. The magnetic 
component of the nanowire (i.e., nickel) allowed an externally 
applied magnetic field to guide the nanowire along a desired 
trajectory. The Con A captured biological targets (i.e., bacteria 
such as Escherichia coli and Staphylococcus aureus) onto the sur-
face of the nanowire. The PPy–PSS segment served as the car-
rier for controlled release of drug. In this study, brilliant green 
(BG) was used as a replacement of the drug. This positively 
charged BG attached onto the surface of the nanowire via elec-
trostatic interactions with the negatively charged PPy–PSS poly-
meric backbone. When the nanowire moved into a region of 
low pH (e.g., pH 4), the PPy–PSS became protonated and no 
longer bound with the positively charged BG; hence, the BG 
released (Figure 23b). In general, this nanowire was controlled 
to move, navigate to a desired location, capture a target, and 
release drugs.

Besides incorporating multiple functions that operate inde-
pendently based on multiple sources of stimuli into a single 
material, it is also possible to perform many types of func-
tions by applying only a single type of stimulus onto a single 
piece of material. In one fascinating example, multiple types of 
motions were achieved by applying a magnetic field to a piece 
of magnetic material.[384] The material (or robot) was a simple 
flat slab (3.7 mm long, 1.5 mm wide, and 0.185 mm thick) of 

soft and elastic silicone polymer doped with magnetic micro-
particles (i.e., neodymium–iron–boron, NdFeB; ≈5 µm dia-
meter). This piece of soft magnetic material was magnet-
ized in a specific way: the material was first deformed into a 
circular shape by rolling it over a glass rod and then a strong 
magnetic field (1.65 T) was applied in a specific direction onto 
the material (Figure 23c). This method of preparation caused 
the orientation of magnetization to be spatially different across 
the material. Specifically, the orientation varied 360° con-
tinuously through the length of the material (i.e., as illustrated 
in Figure 23c for the case when the material was straightened 
out). After preparing the magnetic material, this simple piece 
of material behaved as a soft robot. By applying a spatially uni-
form magnetic field with a specific magnitude and direction 
onto the material, each localized region of the material experi-
enced a different amount and direction of the magnetic force 
due to the varying orientation of magnetization; hence, the 
robot deformed into a particular shape (e.g., “C,” “V,” sine, or 
cosine). When a time-varying magnetic field was applied, the 
robot moved. Many interesting types of motions were achieved, 
such as rotating, drifting on the surface of the water, swim-
ming underwater, climbing liquid menisci, rolling, walking, 
jumping over obstacles, and crawling within narrow tunnels 
(Figure 23d). In addition, the robot was demonstrated to pick 
up an object, transport it to another location, and release it 
(Figure 23e).

Figure 23. Complex functions. a,b) A multifunctional nanowire. a) Scheme of an ultrasound-propelled magnetically guided nanowire motor that 
could selectively capture and transport biological targets. b) pH-controlled release of brilliant green. “T0” and “T30” represent 0 and 30 min, respec-
tively. a,b) Reproduced with permission.[383] Copyright 2013, American Chemical Society. c–e) A multifunctional soft magnetic robot. c) The process 
of magnetizing the soft robot rolled over a glass rod (scheme on the left) and the magnetization profile when straightened (scheme on the right). 
d) Multimodal locomotion. e) Time-lapse images of the soft robot capturing, transporting, and releasing a cargo. c–e) Reproduced with permission.[384] 
Copyright 2018, Springer Nature.
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8. Design Considerations for Pathway 
to Intelligence

The construction of an intelligent system requires each of 
the functions discussed in previous sections to be carefully 
designed and fabricated for achieving the desired purposes of 
the system. Fortunately, based on the large number of studies 
published previously, a wide range of materials can be used for 
creating the functions, including polymers, elastomers, hydro-
gels, inorganic and metallic particles, and biological materials 
(e.g., DNA). Table 1 lists a few examples of the materials used 
for creating each function as discussed here. This wide range of 
materials allows systems to be fabricated with a large amount 
of flexibility (e.g., for the purpose of specific applications or 
achieving a desired set of materials properties). In addition, 
a wide range of sizes of the materials was used as previously 
investigated. For each function, stimuli-responsive materials 
that range from nanoscale to macroscopic scale were fabricated 
for achieving their intended purposes—therefore, it seems that 
the functions are not limited to materials of any specific range 
of sizes.

Although size is not a limiting factor conceptually for real-
izing the functions, it is nevertheless an important factor 
to consider for the design and construction of the functions. 
When the size of the materials decreases, it is generally more 
technically challenging to fabricate them with the desired fea-
tures (e.g., nanofabrication is usually more difficult to carry 
out than microfabrication). Another consideration is that cer-
tain phenomena only happen at a specific dimension.[385] 
For example, some material properties are only present at 
the nanoscale (e.g., fluorescence of semiconductor quantum 
dots[386] and superparamagnetism[387]). Some types of forces 
involved in the interactions (e.g., self-assembly) among the 
materials also depend on size.[388] Several types of forces are 
operative only at the molecular or nanometer scale (e.g., Van 
der Waals and steric forces), while some forces are macro-
scopic in range (e.g., capillary force). In addition, the type of 
stimulus used for driving the operations of the functions can 
influence the choice of the size of the materials. For example, 
the electric field produced by a charged material can generally 
have an influence over a distance, d, of macroscopic size (e.g., 
mm) that scales with ≈1/d2; however, if the field is screened, its 
distance of influence can decrease dramatically (e.g., the Debye 
length of an electrolyte solution is typically only on the order 
of nanometers). For stimuli that involve the diffusion of mole-
cules (e.g., ions, alcohol, glucose, and biomolecules), the size 
of the stimuli-responsive materials needs to be small in order 
for the response to be sufficiently fast. The reason is because 
the time of diffusion of molecules scales with d2; hence, a 
decrease in size of the stimuli-responsive material greatly 
reduces the time of response.

An additional consideration is the choice of an equilibrium 
or nonequilibrium process for the operation of the functions. 
Many of the stimuli-responsive processes described involve 
equilibrium states: the initial state of the system is trans-
formed into another equilibrium state by the stimulus for var-
ious types of functions (e.g., size change, shape change, static 
self-assembly, and rupturing). A typical example involves the 
change in size of a piece of stimuli-responsive hydrogel from 

an expanded state to a contracted state when the pH of the 
surrounding medium is changed. On the other hand, some 
processes are nonequilibrium: they operate continuously and 
require a constant influx of energy. These nonequilibrium pro-
cesses may happen in two ways. First, some types of stimuli 
need to be applied continuously for the process to work. For 
example, when light was supplied continuously onto the 
azobenzene derivatives grafted within the pores of mesostruc-
tured silica nanoparticles, the molecules were able to undergo 
repeated cycles of cis–trans isomerization.[389] This oscillatory 
motion of the molecules allowed them to expel the other chemi-
cals filled within the pores. In the absence of light, however, the 
azobenzene derivatives did not expel the chemicals from the 
pores. The second category involves functions that operate con-
tinuously by definition. Examples include self-oscillation, self-
regulation, self-replication, dynamic self-assembly, and motion. 
Energy is constantly applied and dissipated; hence, these func-
tions are nonequilibrium processes. In comparison, nonequi-
librium processes always require a constant supply of energy 
whereas equilibrium processes do not require any more energy 
when the final state is attained; hence, nonequilibrium pro-
cesses may not be energy efficient. On the other hand, it is cer-
tainly advantageous for complex systems (e.g., cells) to operate 
continuously for performing essential tasks (e.g., searching for 
resources). Therefore, an optimum design of the intelligent 
system may involve a balance of both equilibrium and nonequi-
librium processes.

Table 1 lists a few illustrative examples of the roles of each 
functions for the construction of intelligent systems. For the 
pathway to intelligence, however, a system needs to have a com-
bination of the practical, regulatory, and analytical functions 
as discussed in the previous sections for achieving the desired 
purposes of the system. Many basic tasks of complex systems 
that are required for survival require the combination and coor-
dination of many functions operating together (e.g., the search 
for food, gathering of resources, or communication with other 
systems). Table 1 shows the functions that are closely related to 
each other for the purpose of performing specific tasks. There 
is a range of options by which these functions can be combined 
into a single system. On one hand, researchers are actively dis-
covering and fabricating materials that perform a combination 
of complex functions by themselves. On the other hand, there 
may be a limit to the complexity that a single material can per-
form. A more plausible option is to combine different types of 
functions that have been demonstrated in separate studies into 
a single integrated complex system. This approach is similar 
to many types of biological systems. A cell, for example, con-
tains many different organelles (or separate compartments); 
a specific function is carried out separately in each of these 
organelles. Importantly, because all the functions are stimuli-
responsive, each function can, at least conceptually, be able to 
produce an output that can potentially be used as the input for 
another function. Therefore, although the stimuli-responsive 
functions operate separately, they can communicate with each 
other via the stimuli involved.

Figure 24 shows a general impression of a possible set of 
relationships between the functions. The functions that are 
placed closer to each other are proposed to be more closely 
related. First, the artificial intelligent system is driven by the 
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Table 1. Factors to consider when using stimuli-responsive functions for building intelligent systems.

Functions Purpose for intelligence Closely related functions Materials used in (and size of) systems 
discusseda,b)

Ref.

Size change Change dimen-

sion (e.g., for actuation)

– Shape change •	 	P(HEMA-co-AA), P(HEMA-co-DMAEMA) 

hydrogel (d: 100 µm; t: 50 µm)

•	 P(AAm)	hydrogel	containing	ferrocene	(d: 8-30 mm)

[50,51]

Produce mechanical  

force

– Capture and release

– Rupture

Block by expansion or open by 

contraction

– Gating

Self-

assembly/

disassembly

Build higher  

ordered structures

– Self-organization

– Self-replication
•	 	Metallic	NP	(d: ≈5 nm) self-assembled 

into crystals (l: ≈1 µm)

•	 	Magnetite-doped	polydimethylsiloxane	 

(d: 1 mm; t: ≈400 µm)

[66,71]

Release individual  

components

– Self-organization

– Amplification

Targeting Locate a specific position  

(e.g., for finding resources and 

favorable environments)

– Motion

–  Communication (e.g., via detecting 

external signals)

•	 	Maghemite	 nanocrystals	 (d: 5–10 nm) encapsu-

lated in phospholipids vesicles (d: ≈200 nm)

[83]

Gating Control entry  

of substances

–  Communication (e.g., via external 

signals)

–  To internal processes (e.g., regulatory 

functions and analytical processing 

functions)

– Rectification

•	 	Au	 nanocages	 (l: 50 nm) functionalized with 

P(NIPAM) and P(NIPAM-co-AAm)

•	 	Porous	silica	NP	(d: 400 nm) functionalized with 

azobenzene derivatives and β-cyclodextrin

[87,89]

Control release of  

substances

–  From internal processes (e.g., 

regulatory functions and analytical 

processing functions)

–  Communication (e.g., via external 

signaling)

– Rectification

Rupture Break structures  

for extracting contents

–  To internal processes (e.g., regulatory 

functions and analytical processing 

functions)

–  Size change (e.g., the mechanical force 

used for gripping)

– Shape change (e.g., for actuation)

•	 P(NIPAM)	shell	(d:≈300 µm)

•	 	Macroscopic	P(NIPAM)	hydrogel	(d: ≈mm) and 

microscopic PNIPAM hydrogel particles (d: 15 µm)

[90,46]

Capture and 

release

Transport material  

(e.g., for gathering  

resources or building)

– Targeting

– Motion

–  Size change (e.g., the mechanical 

force used for gripping)

– Shape change (e.g., for actuation)

•	 	Silicon	substrate	functionalized	with	photo-

switchable molecules (t of molecular film:≈2-4 nm)

•	 	Epoxy	fins	(≈10 µm) embedded in P(AAm-co-

AA) hydrogel

[92,95]

Shape 

change

Produce actuation – Capture and release

– Size change

•	 	Photoresponsive	 molecules	 modified	 P(AAm)	

hydrogel (≈10 mm)

•	 Polypyrrole	film	(l: 20 mm; w: 5 mm; t: 21 µm)

•	 P(NIPAM-co-AA) film (t: 7–17 µm)

•	 PpMS/P(NIPAM)/PpMS	trilayer	film	(t: 1–8 µm)

•	 	Nanofibrillated	cellulose-P(AAm)	hydrogel	com-

posite fiber (d: ≈100 µm–1 mm)

[107,108,112,128,130]

Produce mechanical  

force (e.g., gripping)

– Capture and release

– Size change

Pattern 

formation

Display ordered features on 

surface

–  Communication (e.g., for signaling 

or camouflage)

•	 	PS/liquid	 crystal	 elastomer	 bilayer	 (t of PS: 

30 nm; t of LCE: 360 µm)

•	 Silicon	elastomer/polyimide	bilayer	(t: ≈100 µm)

[146,155]

Motion Search surrounding (e.g., 

for resources or favorable 

environments)

– Targeting •	 	Filament	of	DNA-linked	superparamagnetic	

particles (d: 1 µm; l: 12-34 µm)

•	 	Mg	particles	coated	with	TiO2, drug-containing 

PLGA and chitosan (d: 20 µm)

•	Oil	droplets	(d: ≈1 mm)

•	PEE–polypyrrole	composite	film	(t: 15–40 µm)

[172,160,164,173]
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Functions Purpose for intelligence Closely related functions Materials used in (and size of) systems 
discusseda,b)

Ref.

Avoid dangers  

(e.g., predators and  

unfavorable environments)

– Targeting (e.g., finding safe locations)

Transport materials  

(e.g., for building)

– Targeting

– Capture and release

Communi-

cation

Connect processes – All connections between functions •	 	Mesoporous	silica	NP	capped	with	functional	

molecules (d: 100 nm)

•	 Janus	Au-mesoporous	silica	NP	(d: 100 nm)

•	 	PS	microspheres	half-coated	with	Ni,	Au,	and	Ag	

trilayer (d: 2 µm), silica microspheres half-coated 

with Pt (d: 1.2 µm)

[181–183]

Coordinate with  

external systems  

(e.g., external signaling)

– Analytical processing functions

Self- 

regulation

Maintain optimum 

condition of processes

– Analytical processing functions

–  Internal regulation functions
•	 	Core–shell	PVA	microneedles	(r of needle tip: 5 µm)

•	 	Epoxy	fins	(≈10 µm) embedded in P(AAm-co-AA) 

or PNIPAM hydrogel

[204,205]

Self- 

oscillation

Provide periodic  

response

–  Analytical processing functions 

(e.g., providing timed analysis and 

response)

•	Catalyst	modified	PNIPAM	hydrogel	(d: ≈600 µm)

•	P(NIPAM-co-MEP) hydrogel (d: 300 µm)

•	 	Liquid	crystalline	polymer	film	(l: 16 mm; 

w:1.5 mm; t: 0.02 mm)

[212–214]

Rectification Directional flow  

of substances

– Gating •	 	Asymmetric	nanochannel	in	PET	films	

functionalized with carboxylate group 

(t of film: 12 µm; d of base of pores: 500 nm)

•	 	Asymmetric	nanochannel	in	PET	films	functionalized	

with photoresponsive molecules (t of film: 12 µm;  

d of base of pores: 350 nm)

[227,228]

Amplifica-

tion

Multiply signals – Boost ability of practical functions

–  Communication (i.e., increase signals 

between functions)

•	Supramolecular	allosteric	catalyst	(≈nm)

•	 	DNA,	prefluorophore	molecules	and	nucleophilic	

molecules (≈nm)

•	Diblock	copolymer	micelles	(d: 80 nm)

•	Dendrimer	molecules	(≈nm)

•	 	Polyamine	particles	with	iron	oxide	

cores (d: 1 µm) and Au NP (d: 13–30 nm) 

functionalized with oligonucleotides

•	 	P(AA-co-HEMA) hydrogel (t: 1 mm) 

coated with superhydrophobic NP 

(t of NP layer: <5 µm)

[252,250,239,247,248,267,231]

Increase sensitivity of detection – Analytical processing functions

Self- 

organization

Dynamic rearrangement of 

components

– Self-assembly/disassembly •	 	Triblock	copolymer	multicompartment	micelles	

(r: ≈100–400 nm)

•	Diblock	copolymer	(r: 5–100 nm)

[270,271]

Self- 

replication

Multiply entities  

(e.g., for evolution)

– Self-assembly/disassembly •	Peptide	(≈nm)

•	PS	microspheres	(d: 1 µm) and DNA molecules

[281,282]

Amplify signal – Amplification

Memory/

data 

storage

Store information for  

logical operations

– Communication  

(e.g., external signals)

– Logic gates

– Computing

•	 	Triblock	copolymer	membrane	with	P(AA)	 

polymer brush grafted in its nanopores  

(d of pores: ≈20 nm)

•	Organohydrogel	(≈cm)

•	 	Carbon	nanotubes	and	Fe3O4 NP-doped epoxy 

strip (t: 1 mm)

•	 Ionomer	strip	(l: 2–3.5 cm; t: 0.08 mm)

•	 	Copolyester	urethane	network	strip	(l: 40 mm;  

w: 4 mm; t: 0.4 mm)

•	GeSbTe	alloy	(l, w: 400 nm)

•	 	Au	or	Ag	NP	(d: ≈5 nm) embedded in organogel 

film (l, w: 5 cm; t: 150 µm)

[292,297,310,313,317,324,328]

Table 1. Continued.
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stimuli applied from external sources. With the supply of 
energy, the analytical processing functions operate by analyzing 
(i.e., computing) the information gathered (i.e., memory). The 
results of the analysis are then transmitted to the rest of the 
system via the function of communication. Amplification may 
be needed to enhance the signal of communication between 
functions. Subsequently, the signals communicated from the 
analytical processing functions direct a series of internal regula-
tory functions to be performed accordingly (e.g., self-regulation 
for maintaining conditions within the systems at the desired 
levels, or self-assembly/disassembly and self-organization for 
rearranging components within one system). Different types 

of tasks can then be performed by a combination of practical 
functions. A few important examples include actuation, trans-
port of materials, and the search for resources (e.g., food). The 
energy obtained from the resources may serve as the stimuli—
importantly, acquiring the source of stimuli closes the loop for 
sustaining the operation of the complex system. In addition, 
interaction with the external environment (i.e., via the func-
tion of communication) allows the system to constantly gather 
data. This information is fed back to the analytical processing 
functions for storing data, learning from experience, and 
improving the logical decision made by the system. In general, 
the construction of this integrated complex system may involve 

a combination of different types of stimuli-
responsive materials, each of which oper-
ates via their well-studied mechanism sepa-
rately (e.g., by the materials and mechanisms 
described in previous studies). This illustra-
tion thus shows an example of the complexity 
of the functions (e.g., functions such as com-
munications that play different roles within 
the system), the relationships between the 
functions, and the necessity of the functions 
(i.e., practical, regulatory, and analytical) to 
work together for achieving “intelligence.”

9. Conclusion

When stimuli-responsive materials were 
first developed more than a century ago,[368] 
the initial studies investigated only the basic 
functions of the stimuli-responsive materials 
(e.g., the change in size of stimuli-responsive 
hydrogels by applying an external stimulus). 
Ever since then, a vast amount of research 
has been performed based on using these 
stimuli-responsive materials for performing 
functions that are more advanced, complex, 
and smart. Currently, researchers are able 
to perform many types of practical func-
tions, regulatory functions, and analytical 

Functions Purpose for intelligence Closely related functions Materials used in (and size of) systems 
discusseda,b)

Ref.

Logic gates Analyze information and 

produce a logical response

–  To all basic, practical, and regulatory 

functions

– Memory/data storage

– Computing

•	Mesoporous	silica	NP	(d: ≈400 nm)

•	P(HEMA-co-MMA) organogel (l: 30 mm;  

w: 10 mm; t: 1.2 mm)

[349,350]

Computing/

biocom-

puting

Complex analysis and logical 

response

–  To all basic, practical, and regulatory 

functions

– Memory/data storage

– Computing

•	 Glycolipid-type	hydrogelator	(≈cm)

•	 	P(AA-co-HEMA), P(NIPAM), P(AMPS-co-HEMA) 

hydrogel (≈1 mm)

•	 GeSbTe	alloy

•	 DNA	molecules	(≈nm)

[351,41,360,365,366,368,378]

a)NP: nanoparticles; HEMA: 2-hydroxyethyl methacrylate; AA: acrylic acid; DMAEMA: 2-(dimethylamino)ethyl methacrylate; AAm: acrylamide; NIPAM: N-isopropylacryla-
mide; PS: polystyrene; PVA: polyvinyl alcohol; PpMS: poly(p-methylstyrene); PEE: pentaerythritol ethoxylate; PLGA: poly(lactic-co-glycolic acid); PET: polyethylene tereph-
thalate; MEP: 2-(methacryloyloxyl)ethyl phosphate); MMA: methyl methacrylate; AMPS: 2-acrylamido-2-methylpropanesulfonic acid; b)d: diameter; r: radius; h: height;  
t: thickness; l: length; w: width.

Table 1. Continued.

Figure 24. An artistic impression of an artificial intelligent system based on stimuli-responsive 
functions.
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processing functions. These different types of functions were 
established based on different interesting types of materials 
and fundamental mechanisms. On the other hand, the pathway 
to fabricating truly intelligent materials or systems is certainly 
challenging. Many of the functions (e.g., self-replication) are 
still far from being established. Proper communication chan-
nels that integrate the various materials and functions together 
need to be developed. More complex functions that potentially 
can mimic cellular activities (e.g., cell growth and mitosis) 
also need to be created. Regardless of the challenges, judging 
by the increasing speed at which smart functions based on 
stimuli-responsive materials are actively being developed by 
researchers in recent years, the possibility of constructing truly 
intelligent systems may not be too far away.
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