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ABSTRACT 

 

The main advantages of inorganic–organic hybrids are the combination of frequent 

dissimilar properties of organic and inorganic components in one material and the 

opportunity to develop an almost unlimited set of new materials with a large spectrum of 

known and yet unknown properties, because of the many possible combinations. Usually, 

in composite materials, polymer networks serve as organic matrices and inorganic 

components (Si, Ti, Sn, Al-based compounds, etc.) serve as fillers dispersed into the 

polymer network. These composites can be considered within Class I hybrids. In this 

class, weak bonds between components can be found such as Van der Waals forces or 

hydrogen bonds. Moreover there is Class II hybrids where components are linked by 

strong chemical bonds such as ionic or ionic-covalent bonds. Two types of reactions can 

be used to synthesize Class II hybrids: the simultaneous polymerization and the 

sequential polymerization of organic and inorganic monomers. Different structures can 

be obtained by altering the polymerization procedure: inorganic phase nanodomains 

dispersed into the organic matrix; networks with bicontinuous phase structure; networks 
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with ordered inorganic phase; and organic-inorganic block copolymer networks with 

inorganic junction domains. The chemistry of inorganic-organic network hybrids is 

mainly developed using hybrid molecular precursors such as organically modified metal-

alkoxides or oligomers of general formula R’nSi(OR)4-n or (OR)4-nSi-R”-Si(OR)4-n with  

n = 1,2,3, respectively. Several stimuli responsive hybrids have been manufactured for 

different applications: drug delivery systems based on mesoporous silica supports (MSS) 

have been described responding to physical, chemical or biochemical stimuli; 

antibacterial hybrids based on photocatalyst reactions; smart biosensing systems based on 

thin metallic and inorganic nanofilms with natural peptides, glutathione or aminothiol are 

also being described responding to complex opto-electronic interactions; graphene-based 

bilayer and multilayer actuators made from graphene and conducting polymers are 

described responding to chemical variations; and self-healing graphene–polymer hybrids 

are described responding to near-infrared region (NIR) irradiation. These materials are 

among the highlighted examples of hybrid smart materials. 

 

Keywords: hybrids, sol-gel, silica supports, drug delivery, antibacterial, graphene 

 

 

INTRODUCTION 

Smart polymers are stimuli-responsive polymers which can be sensitive to a 

number of factors such as pH, temperature, humidity, wavelength or intensity of light 

and electric or magnetic fields. These polymers can respond in several ways: altering 

color or transparency; becoming conductive or permeable to water; changing and 

recovering their shape. Smart polymers are used in specialized applications such as 

biodegradable packaging [1] and tissue or biomedical engineering [2] as extensively 

described in this book. 

Thermo-responsive polymers, such as polyurethanes [3], can be an example. 

They undergo modification of their elasticity, due to alterations in the bulk 

amorphous (soft segment) or crystal (hard segment) mobility. The switching 

temperature (Ts) depends on the physical or chemical crosslinking, the degree of 

crosslinking and the ratio of soft and hard segments. Moreover, the shape-memory 

effects are strongly dependent on the molecular architecture of the polymers such as 

the structure and the orientation of polymer chains. Therefore, this kind of smart 

materials requires: 1) blocks (soft and hard segments) which act as switching 

segments and 2) crosslinked points (networks) which determine the permanent shape 

of the material. Thermoresponsive materials have gained importance in the last few 

years in the biomedical field. They can act as drug delivery systems in the human 

body as long as the trigger temperatures are set in the range of 35-37°C. Thermo-

responsive polymers undergo a reversible alterable phase (or volume) transition in 

response to a change in temperature, which can act as a trigger, externally and/or 

remotely applied. This property allows the manipulation of the material via  

‘on-demand’ remote control as well as ‘on-off’ switchable control by temperature [3]. 
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Adding to this kind of materials the possibility to get special features (such as nano-

/micro-sized fibrous structures with a high surface area and high porosity) gives them 

the opportunity to be used simultaneously as cell scaffolds for tissue engineering. 

However, smart fibers, made from thermo-responsive polymers, present high water 

solubility, causing their structure to collapse while the material dissolves, limiting 

their application as scaffolds. Thus, the design of more stable new formulations has 

risen. The aim should be to enhance their biodegradability, biocompatibility, stability 

and mechanical/chemical properties via either chemical modification or 

functionalization. 

Other examples of responsive polymers are based on hydrogels. Hydrogels are 

three-dimensional hydrophilic polymer networks made up of water-soluble polymers, 

crosslinked by either covalent or physical methods [4, 5]. Hydrogels are viable 

materials for multiple applications due to their ability to retain large portions of 

water, to swell to distend and to exhibit large changes in dimensions (volume changes 

of several- to 10-fold are common) [6, 7]. The hydrophilic characteristics of 

hydrogels are caused by the presence of special hydrophilic molecules (-OH, -CONH, 

-CONH2, and –SO3H) found in the polymeric components, giving them different 

absorption potentials [6] and the ability to respond to a range of different stimuli 

including: temperature, pH, salt, specific (bio)chemical signals, and electric fields [7]; 

depending on their molecular composition, undergoing large volume changes in 

response. Smart hydrogels may have the ability to undergo not only volume change 

but also shape change. Homogeneous hydrogels undergo inhomogeneous volume 

change (inducing shape change) when exposed to inhomogeneous stimuli. In order to 

make a hydrogel that undergo shape change in response to a uniform stimulus, it is 

necessary to introduce an embedded inhomogeneity into the hydrogel. This 

inhomogeneity should be incorporated during the synthesis and the manufacture of 

the hydrogel. The options are: using bilayers, aligned reinforcements or spatially 

variable crosslinking [8]. Consequently, the great value of these inhomogeneous 

hydrogels is the combination of the potential and limitations of each precursor; for 

example, the incorporation of stiffer components, like silica-based domains which 

restrain swelling in hydrogels in certain positions or directions, or the use of natural 

polysaccharides-based polymers, hybridized with inorganic materials 

(hydroxyapatite, SiO2, or demineralized bone matrix) which limit the number and 

type of hydrophilic molecules, determining their degradation kinetics and enhancing 

biological and mechanical properties.  

When using tunable properties and functionalization of smart polymers to form 

hybrids, the new materials may acquire better properties, since the self-alterable 

dynamic properties and the high sensitivity to small changes in the environment; an 
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adequate degradation kinetics and mechanical properties, given by inorganic 

components, can entirely produce a new range of properties [3].  

 

 

WHY IS IT IMPORTANT TO INTRODUCE INORGANICS? 

 

Continuing with examples in the biomedical field, even though there is a great 

progress in designing materials which can replace natural tissues, scientists are far 

from matching nature’s ability to engineer biomacromolecules, tissues and organs in 

terms of structure, versatility, adaptability and synthetic process. Biopolymers such as 

proteins, peptides, nucleic acids and polysaccharides have been used as vital 

structural components to design materials which can replace, restore or regenerate 

any tissue in the body. In order to improve and expand the properties and applications 

of these macromolecules, synthetic and/or inorganic components can be attached to 

modify the starting organic materials. The attached components can change the 

materials properties in response to environmental variations, affecting the overall 

properties of the biomaterial and forming smart hybrid biomaterials [9].  

Introducing an inorganic phase into a polymer leads to heterogeneous composite 

material. However, according to the size of heterogeneities, they can be defined as 

microcomposites, nanocomposites and molecular composites. The organic-inorganic 

polymers are classified as hybrids or nanocomposites since the organic and inorganic 

components blended in a single system on molecular or nano scale level. Under 

optimum conditions, hybrid materials show synergy of properties of both organic and 

inorganic components.  

Usually, in hybrid materials, polymer networks serve as organic matrices and 

inorganic components (Si, Ti, Sn or Al-based compounds), working as fillers 

dispersed into the polymer and forming organic-inorganic networks with different 

structures and morphologies. These characteristics, along with a well dispersion of 

the inorganic phase into the organic matrix, are important to determine the properties 

of the heterogeneous systems. Excellent mechanical, thermal and scratch resistant 

properties can be tailored by a fine morphology and microphase separated nanosized 

(1-100 nm) inorganic domains. 

The design of materials with some specific properties, such as better degradation 

kinetics, requires the incorporation of inorganic components into polymeric matrices. 

The integration of nanotubes with different chemical composition into hybrid 

scaffolds may provide them bioactive and mechanical properties. This is the case of 

three-dimensional porous collagen sponges, incorporated with single-walled carbon 

nanotubes [10]. The incorporation of the single-walled carbon nanotubes improved 
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cell proliferation and sGAG production in the in vivo microenvironment, since the 

nanotubes could be internalized by cells, benefiting the controlled and localized 

delivery of biological factors. 

 

 

TYPES AND CHEMISTRY OF HYBRIDS (CLASS I AND II HYBRIDS) 

 

Hybrid materials are divided into two classes: Class I and Class II [11]. In Class I, 

weak bonds can be found between components (Van der Waals forces or hydrogen 

bonds) whereas in Class II, strong chemical bonds are present between components 

(ionic or ionic-covalent bonds) as represented in Figure 1. 

Thus, no clear borderline can be drawn between the terms “nanocomposite” and 

“hybrid”. Commonly, the term “nanocomposite” defines discrete structural units used 

in the nanometer range and the term “hybrid material” defines inorganic units formed 

in situ from molecular precursors. 

 

 

Figure 1. Interactions found in hybrid materials and their relative strength. Blends of inorganic and 

organic components are generally considered to be Class I hybrids because no strong chemical 

interactions are formed between the inorganic and the organic building blocks [12, 13]. When two 

different networks, one inorganic and the other organic, interpenetrate each other without strong 

chemical interactions, Class I hybrids are also formed (these are called interpenetrating networks or 

IPNs). Class II hybrids are formed when discrete inorganic building blocks are covalently bonded with 

organic polymers or when inorganic and organic polymers are covalently connected with each other 

[14, 15].  
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Structural properties can also be used to distinguish various hybrid materials. 

There are networks defined by inorganic nanobuilding blocks, which can present 

three basic types of networks: a) networks with inorganic blocks covalently attached 

as pendant units; b) networks with inorganic blocks as crosslink units; and c) 

networks with physically admixed inorganic blocks without a covalent bond as 

displayed in Figure 2. 

 

 

Figure 2. Organic-inorganic networks with inorganic blocks as pendant unit, as network junctions  

and physically admixed inorganic blocks. 

Class II hybrids are the main subject of this chapter because of the variety of 

properties that can be designed and the possibility of introducing further stimuli-

responsive functionalities coming from the polymers. In Class II hybrids, organic 

groups (R’) can be introduced into an inorganic network as either network modifiers 

or network formers. The organic group (R’) can be any organo-functional group. If 

R’ is a nonhydrolyzable organic group (Si-CH3, Si-phenyl) it is introduced as a 

network modifier [16]. If R’ can react with itself (R’ contains a vinyl, methacryl, 

epoxy or amino group) or with additional polymerizable monomers, it is introduced 

as a network former [17, 18]. 

Two types of reactions can be used to synthesize Class II hybrids; the 

simultaneous polymerization and the sequential polymerization of the organic and the 

inorganic monomers (via hydrolytic – polycondensation) as summarized in Figure 3. 

 

 

Figure 3. Synthesis procedure of an organic-silica network, generating an in situ silica phase. 
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In these reactions, the hybrid network structure and the morphology can be 

controlled by: 1) the reaction conditions, mainly by modifying the catalyses of the 

sol-gel process (acid, basic or neutral pH catalysis); 2) selecting different molecular 

architectures from the organic-inorganic precursors; 3) altering the polymerization 

procedure; 4) grafting the organic-inorganic interphase. Therefore, Class II hybrids 

can present several morphologies when processed: 1) networks with inorganic phase 

nanodomains dispersed into the organic matrix; 2) networks with bicontinuous phase 

structure; 3) networks with ordered inorganic phase; 4) organic-inorganic block 

copolymer networks with inorganic junction domains [19, 20]. The chemistry of 

inorganic-organic network hybrids is mainly developed using hybrid molecular 

precursors such as organically modified metal-alkoxides or oligomers of general 

formula R’nSi(OR)4-n or (OR)4-nSi-R”-Si(OR)4-n with n = 1,2,3, respectively, and 

silicon containing material. The organic groups introduce new properties to the 

inorganic network, as flexibility, hydrophobicity, hydrophilicity, refractive index 

modification, etc. [21, 22]; and the inorganic network introduces specific optical, 

electronic or magnetic properties in organic polymer matrices [23, 24]. These 

possibilities clearly reveal the power of hybrid materials to generate complex systems 

in a kind of LEGO© approach. 

 

 

SOL-GEL METHOD, A VIA TO SYNTHESIZE HYBRIDS 

 

Hybrid synthesis reactions should have the character of classical covalent bond 

formation in solution. One of the most prominent processes, which fulfill this demand 

is sol–gel process. This process allows controlling the mixing of two or more 

dissimilar phases to form hybrids under mild reaction conditions. Using sol-gel 

process as a polymerization technique overcomes the difficulty of dispersion of 

inorganic fillers since the inorganic precursors are initially dispersed on a molecular 

level in an organic matrix. 

Sol-gel process consists in inorganic polymerization of molecular precursors 

(metal alkoxides M(OR)n, M = Si, Ti, Zr, Al, etc, and OR = OCnH2n+1) within organic 

solvents at a low temperature to form inorganic frameworks of metal oxo-polymers. 

The inorganic polymerization proceeds in two stages: the hydrolysis and the 

condensation of the metal alkoxides. The hydrolysis occurs when adding water or a 

water/alcohol solution to the metal alkoxide in order to introduce hydroxyl groups, 

forming a sol made of highly reactive MOH (M = metal) species. Hydrolysis is 

followed by the condensation of MOH species through alcoxolation, oxolation and 

olation mechanisms in competition among them to form the gel [25]. The oxo 
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metallic network progressively grows from the solution, leading to the formation of 

oligomers, oxopolymers, colloids and a solid phase. These reactions are described as 

SN2 nucleophilic substitutions. The chemical reactivity of metal alkoxides towards 

hydrolysis and condensation depends on the electronegativity of the metal ion and the 

ability to increase its coordination number [26]. Finally, the gels are aged and dried at 

room temperature and by thermal treatments. Figure 4 shows an example of 

hydrolysis-condensation reactions.  

 

 

Figure 4. Hydrolysis – condensation reactions of organic-inorganic hybrids. From soft mineralized gels 

to hard compact xerogels [4].  

A sol is a dispersion of colloidal particles with sizes between 1 to 1000 nm kept 

by electrostatic and Van der Waals forces within a medium different from the 

particles state (solid-liquid, solid-gas, and liquid-gas). A gel is an interconnected rigid 

structure with polymeric chains and micro pores. In order to obtain a low density 

aerogel, the liquid is removed by transforming it into gas, applying hypercritical 

conditions to the interconnected solid structure of the gel, avoiding the structure to 

contract. On the other hand, when the liquid is removed via atmospheric pressure 

through evaporation (drying), the gel structure shrinks/contracts and a xerogel is 

formed. Although a dried gel is stabilized when the adsorbed physical water is 

eliminated between 100 – 180°C, there is still a high concentration of hydroxyl 
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groups on the pores surface. Finally, the gel can be densified, by reducing the size 

and number of pores through thermal treatments. A variety of organic-inorganic 

networks can be formed when using this technology to synthesize hybrid materials 

[28-30]. SiO2 glass-type materials have been obtained mainly from alkoxysilanes and 

the hydrolysis of the tetraethoxysilane (TEOS) which is the most common monomer 

to form silica network in situ within an organic matrix [31, 32]. 

What it is important in these materials is that the inorganic phase domains, 

formed by the sol-gel process in the organic-inorganic networks, are polydisperse in 

size and heterogeneous in chemical composition. Better nanostructured organic-

inorganic polymers are prepared using well defined inorganic nanobuilding blocks 

with predetermined molecular architecture. A large variety of organofuctional 

nanobuilding blocks are studied, being the polyhedral oligomeric silsesquioxanes 

(POSS) [33] and the tetrahedral SiO2 structures [34] the ones with more attention. 

These three-dimensional inorganic structures give local reinforcement and 

immobilization to a polymer chain, showing an improvement of properties, such as 

increased Tg, modulus, degradability, decomposition temperature [35], reduced 

flammability [36, 37] and increased gas permeability [38, 39]. However, the 

properties, the structure and the morphology of the inorganic-polymer hybrids are 

determined by the strength of two types of competing interactions: 1) between 

inorganic and polymer components (inorganic-chain interaction) [40] and 2) between 

inorganic units (inorganic-inorganic interaction). When the inorganic-inorganic 

interactions are stronger, the inorganic phase tends to separate and form aggregates 

[41]. Therefore, the main objective is to determine the phase structure evolution along 

with the size of the heterogeneity domains and the geometrical description of the 

structure, by using fractal geometry during the random processes of polymerization or 

aggregation [42, 43]. This is why finding an adequate amount of inorganic and 

organic precursors is of great importance when processing hybrid materials. In order 

to form an organic-inorganic nanostructured network, the inorganic units have to 

aggregate within the organic matrix. As to control the hybrid network structure and 

morphology, there is the need to control the inorganic units aggregation, which will 

be influenced by: a) the inorganic block topology in the network, either as a pendant 

unit or as a network crosslinker; b) an organic substituent into the inorganic block 

which can affect miscibility with an organic matrix; c) the covalent bonding to the 

organic matrix; d) the polymerization procedure of the network synthesis. 

 

 

SMART HYBRIDS 
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As stated in a former section, the main advantages of inorganic–organic hybrids 

are: the combination of frequent dissimilar properties of organic and inorganic 

components in one material; the opportunity to develop an almost unlimited set of 

new materials with a large spectrum of known and yet unknown properties, because 

of the many possible combinations. Several stimuli responsive hybrids and their 

applications are summarized in this section as examples of these characteristics. Few 

significant examples are described below to give a general overview. 

Stimuli responsive drug delivery systems have generated special interest to the 

scientific community in recent years [44, 45]. Numerous controlled-release systems 

based on mesoporous silica supports (MSS) have been described using physical [46], 

chemical [47] or biochemical [48] stimuli. One of the first reported examples was 

developed by Lin et al. [49]. MSSs were capped with gluconic acid-modified insulin 

(G-Ins) and loaded with cyclic adenosine monophosphate (cAMP). The nanomaterial 

demonstrated to be glucose-sensitive because it releases both G-Ins and cAMP. 

Moreover, Shi et al. [50] reported an insulin loaded nanocarrier coated with GOx 

enzyme-multilayers which were cross-linked with glutaraldehyde. This nanocarrier 

acted as gatekeepers to control the release of insulin in response to glucose. Another 

example was recently developed by Asefa et al. [51] who described the preparation of 

MSNs for insulin release by tethering insulin molecules onto boronic acid 

functionalized MSSs and then coated the material with a shell of pH sensitive 

polymer polyacrylic acid. The material exhibited both pH- and glucose- dependent 

release of insulin. In another promising approach, mesoporous hybrid gated materials 

were synthesized by grafting nanometric silica with 1-propyl-1-H-benzimidazole 

groups, loaded with fluorescent isothiocyanate-labeled insulin (FITC-Ins) and capped 

during the formation of inclusion complexes between β-cyclodextrin-modified 

enzyme glucose oxidase (CD-GOx) and the benzimidazole groups, grafted on the 

mesoporous support. The designed nanodevice for controlled insulin release is based 

on the recognition of glucose with the glucose oxidase enzyme and hydrolyzed into 

gluconic acid (pKa = 3.6). The generation of gluconic acid induces a local drop in pH 

which would cause the protonation of the benzimidazol groups (pKa = 5.55) and the 

unthreading of the inclusion complexes between benzimidazol and CD-GOx; the final 

result is the delivery of entrapped insulin with the formation of a solid [52]. This 

approach presents some advantages versus other reported glucose-triggered insulin 

release, such as the storage of insulin into the pores which prevents its degradation. 

Sol–gel method has also been applied to prepare flame retarded polymer based 

devices [53]. The need of developing halogen-free flame materials is mandatory to 

preserve human security and environmental protection. The combination of a 

nanofiller with silicon, phosphorus and nitrogen-containing flame retardants has been 
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verified to present anti-flammability properties and several researches are focused on 

this composition [54]. As an example, Chiang et al. [55] studied the influence of 

diethylphosphatoethyltriethoxysilane/TEOS on the thermal properties of epoxy 

nanocomposites. They reported the formation of a char and enhancement of thermal 

stability at high temperature in phosphorylated silica based nanocomposites. In a 

different approach [56] and to improve the flame retardant properties of PA6 

polymers, in situ generation of phosphorylated silica, via an extrusion process, was 

investigated. The in situ synthesis of the silico-phosphorated phase from the SiP or 

SiP/TEOS hydrolysis–condensation reactions leads to a different combustion 

behavior, compared with neat PA6. PA6 behavior is characteristic of a non-charring 

material whereas those materials based on SiP inorganic precursors behave as 

“charring” compounds, which form a fire protective residue. This flame behavior 

confirmed the synergistic effect between Si and P and the potential to provide very 

specific properties to polymer nanocomposites, using the association of sol–gel 

chemistry and polymer processing. 

Antibacterial hybrids can also be synthesized. Nanometer-size TiO2 particles in 

the anatase crystalline form are known to possess photocatalyst properties when 

illuminated by UV light with wavelength <385 nm [57]. The general scheme of the 

photocatalytic damage of microorganism cells by TiO2 photocatalytic properties 

involves: 1) photoexcited TiO2 catalyst produces electron-hole pairs which migrate to 

the TiO2 surface; 2) photogenerated holes in TiO2 can react with adsorbed H2O or 

OH- groups in the catalyst/water interface to produce the highly reactive hydroxyl 

radicals, therefore electrons can react with oxygen vacancies to form superoxide ions; 

3) various highly active oxygen species generated can oxidize organic 

compounds/cells adsorbed on the TiO2 surface, causing microorganisms death. In 

order to improve the efficiency and prepare applicable antibacterial materials, it is 

necessary to generate electron-hole pairs by extending the excitation wavelength to 

the visible light region and to achieve a reduced recombination rate on the newly 

created electron-hole carriers. This is usually made by tailoring the particle size and 

the pore-size distributions, generating structural defects to induce space-charge 

separation via metal dopants [58]. Because of the majority of photoexcited charge 

carriers [electrons (e-) and holes (h+)] may undergo a rapid recombination; single 

component semiconductor nanoparticles exhibit relatively poor photocatalytic 

efficiency. On the other hand, semiconductor-metal nanocomposites exhibit increased 

efficiency of photocatalytic activity because of a reduction in the e--h+ recombination 

rate due to better charge separation between electrons [59].  

The incorporation of titanium dioxide into polymeric matrices transfers the 

biocidal properties to the corresponding polymer-based compounds [60]. 
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Nanostructured smart systems, based on metallic and inorganic loaded liposomes, 

cyclodextrins or dentrimers, are also being prepared and tested as drug delivery 

systems and on self-cleaning textiles [60]. Hybrid materials, based on TiO2 and 

poly(ε-caprolactone) (PCL), have been fabricated and used in biomedical 

applications. Interpenetrating networks are formed by hydrogen bonds between 

Ti\OH groups in the sol–gel intermediate species and carbonyl groups in the polymer 

repeating units. The bioactivity of the synthesized systems was proven by the 

formation of a hydroxyapatite layer on the surface of samples, soaked into a fluid 

simulating human blood plasma (SBF). MTT cytotoxicity tests and Trypan Blue dye 

exclusion tests showed that all the hybrids had a non-cytotoxic effect on NIH-3T3 

mouse embryonic fibroblasts; however activation of the bactericidal effect tests are 

not performed yet [61]. 

TiO2 based nano-structured materials have been also applied for anti-bacterial 

modification of textile and polymeric materials. Meilert et al. have used 

polycarboxylic acids as spacers to attach TiO2 nano-particles to fabrics [62]. Plasma 

pretreatment has been used for the generation of active groups on the surface to 

combine them with TiO2 nanoparticles [63]. Wang et al. have used argon plasma 

grafting nano-particles on wool surface [64]. Won et al. have produced nanoparticles 

in the polymeric matrix by reducing metallic salts under the irradiation with UV light 

[60].  

Nanostructured smart biosensing systems, based on gold (Au)- and silver (Ag)- 

thin nanofilms with natural peptides, glutathione, or simplest stable aminothiol, are 

also being developed [65]. These materials are highly promising in biomedicine and 

environmental monitoring. They are sensitive to pH and optical signal enhancement 

during bioassays; these characteristics are attributed to the complex opto-electronic 

interactions of incoming photonic signals in the nanomaterial interface [66].  

Graphene-based smart materials are one type of smart hybrids with several 

potential applications. Graphene materials include: 1) mechanically exfoliated perfect 

graphene; 2) chemical vapor deposited high-quality graphene; 3) chemically modified 

graphene, for example, graphene oxide (GO); 4) reduced graphene oxide (rGO) and 

their macroscopic assemblies or composites. What make them attractive for high-

performance stimuli-responsive or ‘smart’ materials are their high specific surface 

area and their excellent mechanical, electrical, optical and thermal properties. These 

properties combine well with the good elasticity, light weight and high transparency 

provided by polymers [67]. 

Graphene-based biosensors, with the configuration of a field-effect transistor, 

usually show a high signal-to-noise ratio. This is mainly due to the high carrier 

mobility and low electronic noise of graphene. The binding of biomolecules on the 
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surface of graphene channels can sensitively change the carrier density of graphene 

and/or screen its surface impurities. The long-range electrostatic interaction between 

graphene and the substrate electrode can also be modulated [68]. On the basis of 

these factors, the conductance of graphene can be sensitively changed via interaction 

with biomolecules. For example, the conductance of a p-type GO was increased by 

attaching a negatively charged single-stranded DNA (ssDNA) to its surface via the 

formation of GO–DNA hybrids. This conductance was further increased by 

hybridizing ssDNA with its complementary DNA; moreover it could be completely 

restored by removing the complementary DNA [69]. 

GO is also a promising carrier for pH-controlled drug delivery systems because 

of its 2D structure, adjustable functional groups and good biocompatibility. For 

example, the cancer drug doxorubicin was loaded on the surfaces of GO sheets via 

hydrogen bonding and π–π stacking interactions [70]. The microenvironment of focus 

(for example, tumor) is more acidic than normal tissues, leading to the protonation of 

hydrophobic drugs and thus the weakening of their interactions with GO. Therefore, 

the drug can be selectively released from GO sheets into the target focus. However, 

GO sheets are prone to aggregate in physiological buffers because of the existence of 

ions which screen their surface charges. Therefore, they have to be modified with 

polymers or functional groups to increase their solubility in this medium for drug 

delivery. For example, polyethylene glycol-functionalized GO showed good 

dispersability in various biological media. A poly(vinyl alcohol)–GO hybrid 

hydrogel, simply fabricated by mechanical blending, exhibited a reversible 

pH-induced gel–sol transition, enabling it to a selective release of vitamin B12 in a 

neutral phosphate buffer solution [71]. In another study, Pluronic copolymer (F127)-

stabilized rGO was loaded with doxorubicin, showing a high-loading efficiency of 

289% (w/w) for controlled delivery in acid medium [72]. The change mechanism is 

based on the surface charges of GO sheets and the electrostatic repulsion forces 

between them. They can be modulated by pH value of dispersion. For example, 

adding acid to a GO dispersion induces the protonation of the negatively charged 

carboxyl groups of the GO sheets, weakening their electrostatic repulsion force and 

enhancing their hydrogen-bonding attraction force. In a strong acid medium, GO 

sheets tend to aggregate into irregular particles or to form a self-assembled hydrogel 

because of their insufficient mutual repulsion force. Increasing the pH value of a GO 

solution induces the opposite effects. Accordingly, switching the pH of a GO 

dispersion between high and low values can induce reversible sol–gel transition or 

dispersion and aggregation of the GO sheets. In another research, rGO sheets, 

covalently conjugated with polyethylenimine and polyethylene glycol, showed a high 
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capacity of loading doxorubicin [73]. The loaded doxorubicin can be efficiently 

released by glutathione and NIR irradiation to kill cancer cells. 

In a different application, graphene-based bilayer and multilayer actuators are 

made of graphene and other functional materials as actuation or supporting layers. 

Conducting polymers are frequently applied as one of the actuation layers. The vol-

ume of a conducting polymer film changes dramatically (>2%) upon electrochemical 

doping and dedoping. For example, upon electrochemical oxidation or reduction, a 

PPy film was shown to expand or contract, particularly in its cross-section direction 

[74]. The graphene film underwent volume contraction or swelling by hole or 

electron injection. The different volume-changing behavior of the two materials 

provides an opportunity for designing a rational PPy– graphene bilayer or multilayer 

actuator with excellent performance. 

Thermoresponsive polymer–graphene compounds have also been used to 

construct thermally responsive systems for versatile applications. 

Poly(N-isopropylacrylamide) (PNIPAM) is the most widely used polymer for this 

purpose, because of its biocompatibility, water-solubility and low critical solution 

temperature (LCST), 32°C. For example, a GO–PNIPAM hybrid was used to develop 

thermoresponsive fluorescent switches or sensors [75]. In this material, PNIPAM was 

covalently modified with fluorescent moieties. At temperatures below the LCST, the 

PNIPAM chains swelled and the composite exhibited strong photoluminescence. In 

contrast, at temperatures above the LCST, the PNIPAM chains contracted and the 

distances between the fluorescent moieties and the surfaces of the GO sheets were 

shortened, leading to the quenching of photoluminescence. After cooling the solution, 

the photoluminescence signal can be totally recovered. Following this mechanism, a 

reversible on–off photoluminescence switching can be made with temperature 

variation. 

 

 

Figure 5. A GO–polymer hydrogel for light-responsive (NIR: near-infrared region) self-healing [67]. 
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Self-healing materials are capable of spontaneous self-repairing on the sites of 

damage. Conventional self-healing materials are mainly based on polymeric 

hydrogels or films, because they can heal themselves via interchain dynamic bonding 

(for example, hydrogen bonding, dynamic covalent bonding, ionic bonding and 

supramolecular interactions) [76]. However, most of these polymers, PNIPAM, 

poly(vinyl alcohol) or thermoplastic polyurethane, are mechanically too weak to 

achieve repeated healing, which limits their practical applications. Developing self-

healing materials with high mechanical strength and high healing efficiency remains 

challenging. Furthermore, carbon based materials have good compatibility with many 

polymers because of their large conjugated structures and large number of 

oxygenated functional groups, giving them excellent mechanical strength. In 

graphene–polymer hybrids exposed to NIR irradiation, the graphene component 

converts light energy to heat, inducing the diffusion and entanglement of polymer 

chains at the broken interface, in order to heal the fracture as shown in Figure 5 [77]. 

The graphene content balances the mechanical strength and healing efficiency of the 

material. These self-healing hydrogels have potential applications in surgical 

dressing, artificial tissues and biomedical devices. 

In summary, the combination of inorganic and organic components used to 

synthesized hybrids may yield a new set of properties and applications in polymer 

based materials. In this chapter, the functionalities of inorganic components given to 

polymers were briefly introduced. The differences in chemical bonding between class 

I and class II hybrids, described. Sol-gel method used to synthesize class II hybrids, 

explained. And some of the most promising responsive hybrids, depending on the 

nature of the stimuli they respond to, were highlighted. 
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