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ABSTRACT 

Nanocomposite polymers have received considerable interest in research for the last three decades. Those nanocomposite polymers that are sensitive to a stimulus 

such as pH, temperature, magnetism, and electricity, among others, called smart or intelligent nanocomposite polymers had received even greater attention due to 

their potential technological applications. Applications of these polymers include flexible electronic devices, sensors, self-healing polymers, shape-memory materials, 

etc. The sensitivity of the material can come from both the polymer that acts as a matrix and the nanofiller, resulting in a material that combines properties of each of 

its components and that each one will not have separately. This mini-review aims to provide an update on the most recent and significant applications in the area of 

stimuli-responsive polymer nanocomposites, emphasizing the most innovative applications in biomedicine and catalysis developed in the last three years. 
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1. INTRODUCTION 

Polymer nanocomposites (PNCs) are filler-reinforced polymers; in these 

materials, the filler size is characterized by being of the order of nanometers         

(˂ 100 nm) in at least one dimension. Nanofillers can be classified in zero-

dimensional (spherical), one-dimensional (layered), and twodimensional 

(fibrous and tubular), according to the number of dimensions that are outside the 

nanometric range[1].  

Since its inception, around the 90s[2], PNCs have emerged as materials of 

great interest in both academia and industry, because they are considered 

materials with superior properties in terms of cost, barrier resistance, thermal 

stability, lightweight, as well as optical, mechanical, and electrical properties[3]. 

Organic or inorganic nanofillers improve the already existing properties of 

polymers and introduce new properties to the hybrid material, expanding the 

possible applications, and preserving the ease of manufacture and processing 

characteristic of polymers[4]. The unique properties of PNCs can be attributed 

to the nanosize of the filler. Different from micro or macroscopic fillers, 

nanofillers provide an extremely high surface-tovolume ratio, increasing filler-

matrix, and filler-filler interactions[5]. These unique properties have provided 

these materials with multiple commercial successes, including flame retardants, 

stimulus-responsive materials, and automotive parts[6].   

In recent years, efforts have been made to integrate the properties of polymers 

and nanofillers in the creation of materials with stimulus-response properties. 

Consequently, a large number of organic and inorganic materials have been used 

as passive and active nanofillers. Active nanofillers are usually responsible for 

amplifying or generating a nanocomposite material response to any stimulus 

(chemical or physical)[5].  

 

Figure 1. Classification of the responsive nanocomposite.  

 Smart or intelligent materials are characterized by having one or more 

physical and chemical properties that can be controlled or changed by the action 

of a stimulus[7, 8]. This stimuliresponsive characteristic can be classified 

according to this nature as internal or chemical stimuli, and external or physical 

stimuli. The chemical stimuli correspond to pH, solvent, chemical recognition, 

and biological or enzymatic recognition. On the other hand, the physical stimuli 

correspond to temperature, electric current, light, and magnetic field  

(see Figure 1)[5]. Physical stimuli are very appreciated due to is possible to 

establish and control the parameter easily than chemical stimuli, opening a large 

opportunity to apply them on electrotechnological solutions, supported by 

advances in medicine and 3D printing technology. Multistimuli-responsive 

nanocomposites can react to one or more stimuli, and their properties depend on 

the characteristics of the polymer matrix and the type of nanofiller used[9]. In 

recent years, there has been a notable increase in the use of multistimuli-

responsive PNCs for various types of biomedical[10], automotive[11], 

aerospace[12], and biotechnological applications[13], which is reflected in the 

rise in the number of publications in the last ten years (see Figure 2).  

 

Figure 2. A number of publications per year of the term "stimuli polymer 

nanocomposites" for the period 2010-2020. Data from ScienceDirect and 

PubMed on July 23, 2020.  

This mini-review aims to provide an update on the most recent and significant 

applications in stimuli-responsive PNCs. This work is divided into two sections. 

The first gives an overview of PNCs. The second section focuses on the different 

stimuli-responsive (light, magnetic field, electric field, and temperature) polymer 

nanocomposite emphasizing the most recent biomedical and catalytic 

applications developed in the last three years.  

 2. POLYMER NANOCOMPOSITES  

Composite materials are formed by the union of two or more materials with 

different chemical or physical properties. These materials are characterized by 

keeping separated within the same structure. The constituent materials of 

composites are classified into two categories: matrix and reinforcement. Matrix 

materials are responsible for maintaining the positions of the reinforcement 

materials, by surrounding and supporting them. Reinforcement materials 

contribute to their chemical or physical properties, providing new properties to 

the matrix. As a result, composite materials possess combined properties of both 

materials (matrix and reinforcement). However, the chemical and physical 

properties of composites differ entirely from the materials that compose it[8, 14].  
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Polymers have proven to be materials with exceptional properties such as ease 

of production, low cost, high flexibility, biocompatibility, excellent 

machinability, and lightweight, to name a few. However, its use is sometimes 

limited by its low modules, low resistance, and low conductivity compared to 

materials such as metals or ceramics. One alternative to improve these properties 

is by inserting small amounts of nanofillers of different shapes and nature. This 

reinforcement has been proven for years to enhance mechanical, chemical, 

thermal, optical, and electrical properties, as well as to provide the ability to 

respond to stimuli[15-17].   

A wide variety of organic and inorganic nanofillers have been combined with 

different types of polymers to obtain PNCs designed with specific properties for 

each type of application. Organic nanofillers include polymer nanofiber, natural 

fibers (cellulose, flax, wood, etc.), and natural clay[18, 19]. Among inorganic 

nanofillers are nanoclays, metal oxides (Cu2O, MgO, Fe2O3, etc.), carbon 

nanofillers (graphene, carbon fibers, graphite, etc.), metallic particles (Au, Ag, 

Fe, etc.), and other particles (PbS, CdS, MoS2, etc.)[20-23].  

Thanks to the development of nanotechnology, a great interest has been 

generated in the development of nanocomposite materials. The integration of 

different nanofillers to polymeric matrices has been shown to improve 

mechanical properties and opens up the possibility of creating new materials with 

a capacity to respond to different chemical, physical, or biological stimuli[24]. 

Different types of nanofillers have been used to obtain nanocomposites, which 

can be subdivided into two categories according to their ability to respond to 

stimuli: i) inert nanofillers, which lack stimulus-responsive properties and their 

primary role is the mechanical reinforcement. These nanofillers include silica, 

cellulose, and clay materials nanoparticles (montmorillonite, hectorite, saponite, 

laponite, halloysite, etc.)[25-27]. ii) Active nanofillers, this type of nanofillers 

has stimulus-responsive properties, which in addition to reinforcement, provides 

the stimulus-response capacity to the nanocomposite material.  

Examples of this type of material include carbon-based, gold, and magnetic 

iron oxide nanofillers[28, 29].   

For the synthesis of stimuli-response nanocomposites, active nanofillers are 

mostly used because these materials can react to different stimuli. As a result, the 

obtained nanocomposite could respond to electric currents, light, temperature, 

magnetic field, pH changes, etc[30-32]. An example that demonstrates the effect 

that active nanofillers can generate when incorporated into polymer matrices is 

the work carried out by Chen et al., who reported the synthesis of a shape-

memory nanocomposite with a rapid light response and self-healing 

performance. The matrix of the nanocomposite was composed of  the mixture 

of poly(ε-caprolactone)/thermoplastic polyurethane. Polydopamine nanospheres 

were incorporated as nanofiller, which gave the system a memory response shape 

effect to light with a shape recovery ratio of 100 %. Additionally, the PNCs 

showed excellent self-healing performance in response to irradiation with light 

for 150 s. The resulting material also exhibited excellent mechanical properties 

(tensile strength 1.6 MPa), making it ideal for biomedical applications[33]. 

Similarly, in the work carried out by Zhang, et al., the synthesis of a 

nanocomposite polymer composed of MXene and poly(N-isopropyl acrylamide) 

(PNIPAM) hydrogel was reported. MXene is a twodimensional crystalline 

material with excellent mechanical properties, electrical conductivity, and 

thermal conductivity. PNIPAM is a thermosensitive polymer widely used as a 

matrix material for temperature sensing. The resulting nanocomposite material 

exhibited excellent mechanical properties: it could be stretched to over 14 times 

the original length and achieved a 0.4 MPa tensile strength while showing good 

self-healing ability (see Figure 3). Additionally, due to the incorporation of the 

nanofiller, the nanocomposite hydrogel showed a conductivity of 1,092 S/m, 

approximately 15 times that of the control hydrogel without MXene. The 

material obtained showed excellent properties to be used as an intelligent 

compression sensor[34].  

 

Figure 3. PNIPAM/MXene hydrogel showing high strength (a), self-healed PNIPAM/MXene hydrogel (b), and self-healed PNIPAM/MXne hydrogel being 

stretched (c). (Adapted with permission from[34]. Copyright (2019) American Chemical Society). 

 Another aspect that significantly influences the properties of nanocomposites 

is the shape of the nanofiller, as it substantially affects the percolation threshold. 

Among the different nanofiller shapes are nanotubes, nanofibers, nanorods, 

nanoparticles, and nanowires[35-37]. The sheets are among the least used fillers 

for developing stimulus-response materials, although they have great 

potential[38]. Conversely, spherical and rod-type fillers are the most widely used 

for this type of application[5].  

The nanofillers in nanocomposites have very large interfacial areas due to their 

small size. The interfacial region is defined as the interface region where the 

properties differ from those of the bulk. This region can vary in size ranging from 

2 to 50 nm and is characterized by alterations in chemical properties, polymer 

mobility, degree of cure, and crystallinity. The degree of interaction between the 

filler and the polymer matrix are critical in determining the properties of the 

PNCs[39].  

Nanofillers generally interact with the matrix through weak intermolecular 

forces. However, in some cases, the interaction occurs through chemical bonds. 

One of the most relevant aspects of the synthesis of PNCs is the good dispersion 

of the filler inside the matrix. In general, the good dispersion of nanofillers in a 

polymer matrix is difficult since the nanoparticles have high surface energy, 

which favors their agglomeration[40]. Additionally, the incorporation of 

inorganic nanoparticles is limited by the incompatibility between hydrophilic 

nanoparticles and polymers with hydrophobic chains, resulting in poor surface 

interaction. Two strategies have been addressed to solve these drawbacks: the use  

of new synthesis methods and the superficial modification of the nanofillers[40].   

 2.1 Synthesis methods  

The synthesis of PNCs is a challenging process that has been approached from 

different strategies, currently finding a variety of processing techniques. These 

techniques include in situ polymerization, melt compounding, and solution 

mixing[41, 42]. In in-situ polymerization, the nanofillers and the monomer 

solution are mixed at the beginning of the reaction. The dispersion of the 

nanofillers is carried out as the polymerization occurs, although in some cases, 

the reaction rate is affected by the presence of the filler[41]. In melt 

compounding, the nanofiller mixes with the molten polymer, reducing the need 

for solvent, although the reaction is generally carried out at high 

temperatures[43]. Finally, in the solution mixing, a dispersed solution of 

nanofillers is mixed with the polymer solution. Once the mixture is 

homogenized, the solvent is evaporated to obtain the nanofillers dispersed in the 

polymer. This technique is easy to perform and requires low temperatures. 

However, the solvent must be carefully selected as it must be capable of 

dispersing the nanofillers well and dissolving the polymer[42].  

Although the development of a universal method for the synthesis of 

nanocomposite polymers is difficult due to the characteristics of the polymer 

matrix, the nanofiller, as well as their physical and chemical interactions, the 

synthesis methods described above have shown excellent results, even for 

systems with nanofillers and polymers of different nature. Wu et al., reported the 

synthesis of Pd, Pt, Cu, and Au/poly(methyl methacrylate) nanocomposites, 

obtained by the in situ polymerization method. As a result, they obtained systems 

with uniform distribution of nanofillers in the polymer matrix.  
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Additionally, they reported improvements in tensile strength compared to pure 

polymer for almost all of the systems studied[44]. Herrero M. et al., reported the 

synthesis of bio-based polyamide 11/sepiolite nanocomposites using melt 

compounding and in situ polymerization. As a result, in both synthesis methods, 

the sepiolite dispersed homogeneously within the polymer matrix, and 

improvements in Young's modulus, tensile strength, and thermal distortion 

temperature were reported; however, in situ polymerization allowed to achieved 

better dispersions of the clay[45]. Finally, Bayraktar et al., reported the synthesis 

of silver nanowire/polylactide nanocomposites using the solution mixing method 

and its subsequent 3D printed to obtain desired shapes. The obtained material 

showed an excellent dispersion of the nanofiller in the matrix and excellent 

antibacterial properties. This work demonstrated that the solution mixing method 

turns out to be efficient for use in 3D printing, combining the versatility of 

polymers for 3D printing and the antibacterial properties of some nanofillers[46].  

In some cases, such as for clay nanocomposites, the synthesis method's specific 

choice depends on the morphology required for the nanocomposite, that is, 

exfoliated or intercalated[47]. In intercalated morphology, the polymer chains 

are inserted between the ordered layers of the clays. While the exfoliated 

morphology, the clay layers are separated and distributed within the matrix. In 

this case, the exfoliation capacity will depend on the nature of the clay, the agents 

used for curing, and the type of mixture[48]. These arrangements are usually 

obtained by melt compounding or by in situ polymerization. According to the 

synthesis process carried out, it is possible to obtain both types of configurations. 

Behniafar et al., reported montmorillonite platelets intercalated by using amine-

telechelic poly(tetramethylene oxide) PTMO trimethylated to quaternary 

ammonium (QA)-capped PTMO. Subsequently, segmented polyurethanes were 

synthesized in situ to obtain exfoliated clay nanocomposites finally. According 

to the results obtained through the procedure carried out, it was possible to 

achieve full exfoliation of the clay platelets. Furthermore, the obtained 

nanocomposites polymers presented better storage moduli compared to polymer 

matrices in the absence of nanofillers[49]. However, it is also possible to achieve 

both structures in the same material. As reported by Wadi et al., they synthesized 

a nanocomposite composed of molybdenum disulfide (MoS2) and isotactic 

polypropylene (iPP) using a one-step melt extrusion method. The material 

obtained presented both exfoliated and intercalated morphology. Additionally, 

mechanical tests revealed a significant increase in toughness and elongation at 

break (300-400 %) in compounds containing low amounts of MoS2 (0.25 to 0.5 % 

by weight). Besides, the addition of a small quantity of MoS2 also improved the 

thermal stability of the polymer. The authors suggest that the bulk MoS2 and one-

step melt extrusion process could be a scalable and straightforward method to 

induce high elongation and toughness in iPP[50].  

 2.2 Surface modification of nanofillers  

The surface modification of nanofillers consists of introducing organic 

coatings through physical or chemical interactions, most often to enhance the 

compatibility between the matrix and the filler. In physical methods, nanofillers 

are usually covered by high molecular weight surfactants or polymers[51, 52]. In 

the case of chemical methods, the modification of the surface is carried out 

employing a covalent attachment of the modifier. The chemical interaction is 

more efficient to avoid desorption of the nanofiller and also gives the possibility 

of creating chemical bonds between the nanofiller and the polymer matrix[40]. 

These methods of surface modification of nanofiller have also shown to be useful 

for altering interfacial states and improving the physical and chemical properties 

of PCNs. In the work carried out by Cha et al., two nanocomposite systems in 

which an epoxy matrix was used were compared; the first system has carbon 

nanotubes and graphene nanoplatelets functionalized with melamine, and the 

second system has non-functionalized nanofillers. The results showed that 

nanocomposites with melaminefunctionalized nanofillers presented higher 

tensile strength and fracture resistance than nanocomposites that had non-

functionalized nanofillers[53]. Similarly, in the work reported by Min et al., on 

nanocomposite polyimide using amine-functionalized graphene nanosheets, an 

increase in thermal stability, mechanical properties, and tribological performance 

was evidenced, when compared to non-functionalized graphene nanosheets 

nanocomposites[54].  

 3. STIMULI-RESPONSIVE POLYMER NANOCOMPOSITE  

A responsive nanocomposite material is generally designed with the target to 

spontaneously respond through an alteration on the structure of softness material 

or moieties, based on  synergistic integration of stimuli-responsive characteristics 

of both organic and inorganic components. Next, the application of physical 

stimuli and its some recent applications as catalytic materials, and especially in 

medical treatments and 4D printing, based on stimulus-sensitive 3D materials 

that modify its shape, will be reviewed.  

 3.1 Temperature  

Thermoresponsive nanocomposites are usually employed as smart materials 

due to the temperature is the easiest external stimulus to apply. The 

thermoresponsive matrix undergoes a change in the structure associated with 

hydrogen bonds. Hydrogels are the most representative thermoresponsive 

polymers, which exhibit a reversible volume phase transition from the 

hydrolyzed state to a precipitated state of chains of polymers, with a significant 

volume change in response to temperature variation (see  Figure 4). In the case 

of this transition phase of the polymer occurs when temperature decreases as 

occur in poly(acrylamide) (PAAm) and poly(acrylic acid) (PAA) copolymers, 

the transition temperature is called upper critical solution temperature 

(UCST)[55, 56]. In contrast, if transition phase occurs with an increase in 

temperature, it is called lower critical solution temperature (LCST) such as the 

behavior of poly(N-vinyl caprolactam) (PVCL), poly(N, N-dimethyl acrylamide) 

(PDEAAm), poly oxazoline (POx), poly[2-(dimethylamino)ethyl methacrylate] 

(PDMAEMA), block copolymers of polyethylene oxide (PEO), and poly(N-

isopropyl acrylamide) (PNIPAAm)[57]. In particular, PNIPAAm is recognized 

in biomedical applications such as gene and drug delivery systems, due to its 

high biocompatibility and an LCST close to the human body temperature, but it 

present typical drawbacks like fragility and poor mechanical properties.    

 

Figure 4. Reversible phase transition of thermoresponsive polymers.  

 Besides the thermo-responsiveness of the matrix, it is possible to add 

nanofillers to improve the mechanical and drug release properties[58], and 

broaden its applications as substitutes for human tissues, artificial actuators, and 

cellular substrates. Different types of PNCs has been developed as bone 

substitutes. Nistor et al., designed a collagen/PNIPAAm hydroxyapatite 

nanocomposite. They have studied the nature of commercial hydroxyapatite, 

crosslinker degree of PNIPAAm hydrogel, and collagen composition. The 

authors considered the recognized strength and hemostatic properties of collagen 

fibers, osteoconductivity, and re-absorbable hydroxyapatite properties and the 

properties of PNIPAAm as artificial extracellular matrix above 33 °C, can 

provide a good result as a replacement for bone tissue[59]. Oguz et al., designed 

a nanocomposite based on methylcellulose-gelatin hydrogels and different types 

of calcium phosphate fillers. The inorganic filler's content is related to an 

increment on the transition temperature of the materials from 25 °C to 37 °C, 

which allows the use as injectable nanocomposite, which changes to a solid-state 

when entering on human bone tissue[60].    

Other exciting applications is related to combination of the thermoresponsive 

of polymer behavior with the bactericidal effect of some metal nanoparticles. 

Epidermal burn damage provides a productive environment for microbial 

growth, making treating skin burns a difficult medical issue. Rapid bacterial 

growth is considered a challenge to prevent the development of resistance 

bacterias and makes the drug release process less effective. Arafa et al. report  

the  design  of  Pluronic  127- gold  particle  nanocomposite  to  apply  as  a gold  

nanoparticle release system tested on skin burns of in vivo samples.  
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The great advantage to synthesize well distribute nanoparticles at the hydrated 

state of hydrogel to then release at collapse form around 37 °C, together with 

great bioadhesive behavior of hydrogel, provides excellent results as bactericidal 

treatment[61].   

On the other hand, in chemistry technology, it is possible to synthesize 

switchable catalyst materials using thermoresponsive materials with noble metal 

nanoparticles or metal oxide with catalytic properties. Li et al. reported core Ag-

Au bimetallic nanoparticles covered by poly(N-isopropyl acrylamide-co-3-

methacryloxypropyl trimethoxysilane) for 4-nitrophenol reduction. The catalyst 

present different behavior has shown a switch off catalytic properties near LCST 

due to a contraction of hydrogel chains over catalytic nanoparticles avoiding the 

access of nitrophenol reactant to the metallic surface[62]. A similar result was 

obtained by Feng et al., which prepared ZnO nanoparticles on the PNIPAAm 

matrix. The PNC showed a minor catalytic activity than pure ZnO, but it was 

able to avoid the rapid degradation of oxide nanoparticle at 25 °C; furthermore, 

the catalytic activity is switch-off at 40 °C with negligible degradation of 

ZnO[63].  

 3.2 Magnetic field.   

The magnetic nanoparticle is affected by static or alternating magnetic fields, 

and advantageously this magnetics field has a relatively large penetration depth 

and non-contact stimulation source. The magnetic response is produced due to 

the interaction of magnetic moments in material with the magnetic gradient 

produced by the magnetic field[64]. The most commonly used magnetic 

nanoparticles are metals, alloys, and metal oxides, where stand out the magnetite 

(Fe3O4), due to it is easily synthesized and has superparamagnetic properties and 

great biocompatibility[65]. On this matter, polymers are considered as valuable 

materials for acting as a matrix to support and stabilize well-dispersed 

nanomagnetic particles to obtain a magnetic nanocomposite. The magnetic 

response PNC has been observed as a change in shape or movement of the 

nanocomposite. It can be used as magnetically separable materials for focalized 

drug delivery and purification systems. Furthermore, a thermal expression (or 

hyperthermia process) can be observed on magnetic materials in nanoscale. It has 

the property to be affected by alternating magnetic fields (AMF) to release heat 

by the oscillation of nanomagnetic filler, associate with Brownian and Néel 

relaxation process[64]. This property can be applied to artificial muscles 

(actuators materials), shape-memory polymers (SMP) or shape memory 

composites (SMC)[66], materials to kills cancer cells in tumors, or as 

nanocarriers for drug release.  

Among different polymer matrix used for synthesis of SMP materials, the 

thermoplastic polyurethane (TPU) polymers stand out. Soto et al., synthesized a 

nanocomposite based on a commercial polyurethane and Fe3O4 nanoparticle 

using the casting and drying technique[67]. The effect of magnetite concentration 

(1, 7, and 10 % Fe3O4) in heat release and shape recovery properties when they 

were exposed to AMF were evaluated, finding a direct correlation between time 

to shape recovery with Fe3O4 concentration.  

SMC also can be applied as a tissue scaffold or in medical application with a 

correct choice of the polymer matrix. Recently, Zhao et al., proposed a 

biocompatible nanocomposite based on Fe3O4 and polylactic acid (PLA) for 4D 

printing of a tracheal scaffold[68]. The mechanical and thermal characterization 

verify high toughness without loss of rigidity. Meanwhile, the application of 30 

kHz AMF produces a rapid nanocomposite shape recovery from a square sheet 

shape to a cylindrical shape related to tracheal bio-shape. A similar material 

composition was proposed by Wei et al. with a 3D ink based on PLA , Fe3O4 and 

benzophenone as polymer matrix, nanofiller and UV initiator respectively. The 

nanocomposite is immediately crosslinked in 3D printing process[69]. A helical-

shape with a controllable dimension and memory recovery ability, makes it a 

candidate material for application as an intravascular stent operable by external 

magnetic stimuli (see Figure 5).  

 

Figure 5. Helicoidal recovery shape design and potential application of 4D composite as an intravascular stent. (Adapted with permission of [69]. Copyright (2017) 

American Chemical Society)  

 In the nanocarrier and drug release area, Wang et al., proposed a magnetic 

chitosan nanocomposite remotely stimulated by a low-frequency alternating 

magnetic field (LAMF)[70]. The nanocomposite was synthesized by in-situ 

precipitation of iron precursor to avoid the agglomeration of Fe3O4 nanoparticles 

and loss of superparamagnetic properties. Additionally, this method of 

nanoparticle precipitation provides high homogeneity, improving the mechanical 

properties of the chitosan matrix with an increase of 416 % in tensile strength 

and 265 % in elastic modulus properties. The release of heat by LAMF can 

increase the local temperature, modifying the diffusional coefficient of drugs, 

improving the release of Adriamycin and Rifampicin by around 20 %  

(see Figure 6).  
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Figure 6. Comparison of cumulative drug release profile with or without LAMF pulses. a) Adriamycin and b) Rifampicin. (Adapted with permission of [70]. 

Copyright (2018) American Chemical Society)  

 Another interesting study about the release of biocomponent was developed 

for Zahra et al., They proposed a multicomponent material to  apply in bone 

regeneration by osteoprogenitor cells proliferation. For this purpose, they were 

designed a two-compartment material to evaluate the bioactive compound 

release from a magneto-responsive compartment (based Fe3O4 and crosslinked 

alginate matrix loaded with bone morphogenetic protein-2) to the gel foam 

compartment as cell culture platform (loaded with stromal cell-derived factor 1-

α). The deformation of the structure due to magneto-response material generate 

the bioactive compound release to the other compartment.   

 3.3 Electric current.  

The use of electric currents is interesting in SMP or SMC materials. The 

application of electrical currents can produce a change in the shape of materials 

based on local heat release produced by the Joule heating effect. An important 

aspect to consider is the possibility to synthesizes composites based in a matrix 

with conducting properties or fillers with conducting properties. In the first case, 

the conducting polymers (or intrinsically conducting polymers) have been 

extensively studied[71-74], which must be reinforced by inactive fillers to 

improve the mechanical and thermal properties. Currently, the most attractive 

option is to usenanofillers as active components of materials. The carbon-derived 

nanomaterials as graphene, graphene oxide (GO) or carbon nanotubes (CNTs), 

stand out as nanofiller sensitive to the electrical current, due to their present 

excellent mechanical, thermal properties, and also improve the electronic 

properties significantly. However, this is limited by the randomized distribution 

of nanofiller in the polymer matrix[29]. Some researchers have also proposed to 

unite the properties of both conductive polymers, and conductive nanofillers. 

Yang et al., studied a polymer composed by 2-acrylamide-2-methyl propane 

sulfonic acid (AMPS) and acrylamide (AAm) and reduced graphene oxide (rGO) 

as filler, based on in-situ polymerization of  GO nanoplatelets, then GO were 

reduced by hydrazine to obtain rGO/poly(AMPS-co-AAm) nanocomposite with 

electric controllable swelling/deswelling behavior[75]. Additionally, the 

mechanical properties and electrical response of nanocomposites were improved 

compared to the pure polymer matrix, like it is possible to see as a fast response 

of nanocomposite than pure polymer when it is used as a soft robot (see Figure 

7).   

 

Figure 7. Magnetic response effect on rGO-0.5 nanocomposite. a) Reversible deswelling/swelling behaviors under the cyclic electric field. B)The gripping 

behaviors of blank gel and rGO-0.5 nanocomposite. (Adapted with permission of [75]. Copyright (2017) American Chemical Society)  

 Another interesting nanocomposite material was reported by Wan et al., about 

4D material based on poly(D, L-lactide-co-trimethylene carbonate), where 

trimethylene carbonate moieties act as softness structure in the matrix, while 

CNTs was selected as nanofiller [76]. The nanocomposite was applied as an 

electronic component by testing in a simple electronic circuit, and as a liquid 

sensor, based on resistivity measurements  produced by molecules that disrupt 

the normal connection between CNTs entities into the composite.  

Furthermore, it is possible to modulate the contact area between the sensor 

device with liquid volume, improving its precision, due to the shape memory 

properties of the nanocomposite. 

Respect to the medical application of nanocomposites, Gangrade et al., 

reported a single-walled carbon nanotube (SWCNTs) modified with folic acid 

and then loaded with the chemotherapeutic drug doxorubicin (DOX).  
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The nanocomposite was synthesized by the blend of silk with drugloaded 

SWCNTs and then was compared their electroconductivity properties and 

electromagnetic response to be applied on electro/light-sensitive drug delivery 

system[77].   

3.4 Light.   

The use of light in different areas of science is very attractive, due to can be 

easily generated, or it can be used directly from solar energy. Additionally, the 

light is a remote-control stimulation source, and then it is not affected by 

electromagnetic interference compared with the electric or magnetic field. On the 

other hand, an important property of nanomaterials, especially metal or oxide 

nanoparticles, is the localized surface plasmon resonances (LSPR) by the 

interaction between particle surface with a light source. The LSPR is determined 

and finetuned by nature, shape, and size of nanomaterial[78]. This property 

generates intense electromagnetic fields by incident light, which then decay 

being able a fast heat transference from nanoparticles to the nearby environment, 

it is the conversion to heat release, which can produce the response of the 

polymer matrix, this kind of material are sometimes called plasmonic polymers 

composite[79]. The light-responsive nanocomposites are widely studied for 

medical applications, especially as drug nanocarriers and cancer treatment. Many 

authors have defined near-infrared (NIR) irradiation as a better option in medical 

applications. It has deep permeation and negligible absorbance in human tissue, 

at the difference to other electromagnetic irradiation as UV light[80]. Li et al. 

proposed a polyethyleneimine matrix modified with thiocarbamate as hydrogen 

sulfide (H2S) release platform by partial decomposition activated by NIR light 

interaction with reduced graphene[81]. The exogenous H2S has been studied 

successfully as a treatment for cancer, proving to prevent the growth of 

tumors[82]. Raza et al., has been widely discussed about drug delivery for cancer 

treatment by nanocomposites responsive to NIR irradiation. Between all work 

reviewed, it is possible to found improvement by modification of diffusional 

coefficient for different drugs or thermoresponsive polymers activated by heat 

release of nanoparticles responsive to NIR irradiation[83]. In the tissue 

regeneration area, Yang et al., proposed a nanocomposite to promote cell growth 

in skin lesions and, at the same time, prevent the proliferation of bacteria in the 

treated area[84]. The nanocomposite is based on a modified chitosan hydrogel 

matrix crosslinked by imine bonds with dialdehyde functionalized PEG, while 

tungsten disulfide nanosheets have been used as light-response nanofiller. The 

nanocomposites were loaded with ciprofloxacin as antibacterial treatment and 

were evaluated in-vivo infected system compared with control and non-infected 

test subject. The nanocomposite activated with NIR light effectively controlled 

bacterial growth and regeneration of tissue, with negligible difference compared 

with the non-infected subject. Yue et al studied a similar approach with 

interesting results., using graphene quantum dots as active NIR nanofiller in a 

dextran structure modified with pendant PNIPAAm chains[58]. The 

nanocomposite was loaded with buprenorphine as an anti-inflammatory agent, 

probed that thermoresponsive chains play an important role in drug release to 

pain control.    

For SMC materials activated by light is possible to stand out the work of Cui 

et al., were synthesized a 4D nano-printable composite[85]. The SMP matrix is 

based in an epoxy monomer crosslinked by poly(propylene glycol) bis(2-

aminopropyl) ether present a transition temperature around 45 °C, while 

graphene nanoplatelets used as nanofiller not varying the recovery properties, but 

improve the mechanical properties of SMP and the light-sensitive property. 

Other interesting carbonaceous SMC material, was reported by Li et al., the 

composite is based on polyvinyl alcohol (PVA) matrix. At the same time, 

graphene sheets grafting with polyacrylic acid (PAA) was used as nanofiller[86]. 

PAA grafting into graphene is closely related with great recovery shape 

properties of SMC because it contributes with a large amount of hydrogen-

bonding interaction with the PVA matrix generating a stable composite network. 

Additionally, the PAA also provides generating a self-healing material in a larger 

humidity environment. Self-healing is a desirable property in memory materials 

since those are subjected to constant stress that can damage the structure.   

The SMC was evaluated using NIR irradiation, for the first time, a simple film 

of PVA/GO-PAA composite shown total shape recovery compared to a pure 

PVA film (Figure 8). Simultaneously, the PVA/GO-PAA preformed flower 

structure showed a fast recovery simulating the natural behavior of flowers 

(Figure 8).  

 

Figure 8. Shape recovery evaluation by NIR irradiation. a) Shape recovery of the PVA/PAA-GO 3 % and the PVA film. b) Time-sequence images of the PVA/PAA-

GO 3 % flower that is blooming under NIR light irradiation. (Adapted with permission of [86]. Copyright (2019) American Chemical Society).   

 CONCLUSIONS AND OUTLOOK  

Undoubtedly nanocomposite polymers represent a niche of exciting and 

attractive development in the area of materials science. Furthermore, if we 

exploit the richness of the physical and chemical properties of its components, 

we can provide intelligent properties to the materials, and the potentialities are 

even greater. In this mini-review, we revised developments in the field of smart 

polymer nanocomposite to respond to external stimuli such as light, magnetic 

field, electric field, and temperature, emphasizing the latest biomedical 

applications developed in the last three years. However, there is still much to 

study in these systems.   

One of the most challenging variables is the high surface energy of the 

nanofiller and, consequently, its high tendency to agglomeration, which imposes 

difficulties in controlling the matrix-nanofiller interface, the dispersion, and the 

distribution of the nanoparticles. These critical variables have a profound effect 

on the macroscopic properties and certainly on the responsiveness to stimuli. 

Until now, different methods of synthesis of nanocomposite materials as well as 
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different methods for the surface modification of nanofillers aimed at obtaining 

a better distribution of the nanofiller in the polymer matrix have been proposed. 

Nevertheless, this topic still requires more attention, since due to the intrinsic 

properties of the nanoparticles, achieving its homogeneous dispersion in the 

polymer matrix remains a challenge. Studies aimed at finding strategies for the 

best dispersion of nanoparticles both in solutions and in the polymer matrix will 

bring about the development of new materials with more uniform properties and 

with more reproducible synthesis processes. Indeed, achieving control over all 

of those critical and challenging variables will give an even greater impetus to 

developing these materials and provide certainty about their potential for scaling. 

Additionally, it should be noted that this search for new synthesis and 

modification methodologies, both of polymeric matrices and fillers, must be 

closely linked to new technological solutions related to 3D printing, since there 

is currently a growing demand of responsive nanocomposites to obtain new 

technological devices by printing techniques.  
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