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Abstract

In-spite of significant advancement in hydrogel technology, low mechanical strength and lack of 

electrical conductivity has limited their next level biomedical applications for skeletal muscles, 

cardiac and neural cells. Host-guest chemistry based hybrid nanocomposites systems have gained 

attention as they completely overcome these pitfalls and generate bio-scaffolds with tunable 

electrical and mechanical characteristics. In recent years, carbon nanotubes (CNT)-based hybrid 

hydrogels have emerged as innovative candidates with diverse applications in regenerative 

medicines, tissue engineering, drug delivery devices, implantable devices, bio-sensing and bio-

robotics. Present article is an attempt to recapitulate the advancement in synthesis and 

characterization of hybrid hydrogels and provide deep insights towards their functioning and 

success as biomedical devices. The improved comparative performance and biocompatibility of 

CNT-hydrogels hybrids systems developed for targeted biomedical applications are addressed 

here. Recent updates towards diverse applications and limitations of CNT hybrid hydrogels is the 

strength of the review. This will provide a holistic approach towards understanding of CNT based 

hydrogels and their applications in nanomedicine.
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1. Towards hybrids hydrogels

Hydrogels are the soft materials consisting of 3D polymeric networks and have the ability to 

imbibe large amount of water inside them. These crosslinked networks are synthesized using 

natural as well as synthetic polymers. [1, 2, 3] The two common forms of hydrogel consist of 

physical hydrogels and chemical hydrogels depending upon the crosslinks present inside 

them. Based on cross-linking patterns, hydrogels are categorized as a) physical hydrogel 

formed by electrostatic interactions or hydrogen bonding and b) chemical hydrogels involve 

the covalent bonding and utilize various crosslinking agents and numerous polymerization 

techniques. The salient features of hydrogels including tunable degree of porosity, 

biocompatibility, biodegradability, stability, mechanical strength and stimuli responsive 

behavior which is easily amenable to modification simply by altering their polymeric 

composition or adopting suitable polymerization technique.[4] Due to such characteristics, 

hydrogels have emerged as smart micr/nano-structures needed for next gerenation 

technology development. Other important applications of hybrid hydrogels include drug 

delivery, biosensing, tissue engineering, stem cell engineering, hyperthermia treatment, 

imaging and dental implants.

In context with drug delivery application, the drug loading and release potential of the 

hydrogels based pharmacological nanoformulation can be regulated simply by fine tuning of 

the response to various external stimuli (pH, light, temperature, pressure, electric field, 

radiations).[5] This makes them ideal carriers in therapeutics for drug delivery and their 

translation to clinics. Their application is not only limited to drug delivery but they have 

found remarkable biomedical applications (Figure 1), which includes tissue engineering,[6, 7] 

imaging,[8] diagnostics,[9] bone replacements,[10] dental implants,[11] water purification, 

biosensing,[12] contact lenses,[13] and drug delivery[14] to various major organs of human 

body[2].

Recent advancements in nano-enabled polymer technology led to the development of a new 

class of novel hydrogels known as “Hydrogel Hybrids” which are able to address the 

existing shortcomings of conventional hydrogels such as low mechanical strength, low 

biodegradability and increased toxicity levels.[18] Hydrogel hybrids have proven a potential 

platform of desired properties for various applications such as gene targeting,[19] scaffolds,
[20] toxic metal ion adsorption,[21] biosensing and imaging,[22] microfluidics,[23] remote 

controlled materials[24] and targeted drug delivery.[25] After the initial assessment of the 

drug release kinetics and mechanism associated with hydrogels, the nano-enabled smart 

hydrogels systems, host-guest chemistry based organic-inorganic nanocomposites, are now 

being explored for targeting the cells and other acute diseases like cancer[26] and 

tuberculosis[27] etc. Recently, alginate-polyacrylamide hydrogels have been shown to impart 

a fracture energy of 9000 J m−2 which supports their application in replacements of 

cartilage[28]. Various nanoparticles in combination with the polymeric hydrogels are now 

being formulated to design the new generations chip based systems used for sensing, 

imaging [29] and diagnostics purposes[30]. Based on their physical states, many hybrid 

hydrogels can be used as sprays, films and particles. In addition to the aforementioned 

applications of hydrogels hybrids, the other interesting aspects of these biomaterials are their 
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existence in diverse forms, which includes liquid form, spray, particles, films and most 

importantly nanocomposite hydrogels or hybrid hydrogels are discussed. [5, 31, 32]

The multi-responsive features of hybrid hydrogels have shown great promise to enhance the 

performance of hydrogels in targeted application.[33] Nano-fillers like graphene oxide,
[34]clay nanoparticles,[35] metal and metal oxide nanoparticles, silica nanoparticles,[36] and 

polymeric nanoparticles based hybrid hydrogels have increased application of hydrogels 

resulting in improved outcomes such as pulsatile drug release, near IR responsive systems,
[37] chondrogenic differentiation of stem cells.[38]

Among numerous hybrid hydrogel systems, carbon nanotubes (CNTs)-based hybrid 

hydrogels have gained significant attention due to their high mechanical strength, effective 

surface area, and high electrical conductivity. The well-demonstrated features of CNTs like 

high cellular uptake, high stability, and electromagnetic behavior advocate them as one of 

the most promising nano-filler for diverse applications. Beside this, CNTs exhibit high 

surface area, which allow a very high loading of the chemotherapeutic drugs [39] and can 

thus penetrate deep inside the tumor tissue resulting in high retention in the solid tumors.[40] 

The increasing significance of hybrid nanocomposite hydrogel can be assessed with the 

increasing number of research publications (Figure 2) related with hybrid hydrogel 

development.

Therefore, the present review is an attempt to explain carbon nanotubes, synthesis of hybrid 

hydrogels, CNTs based hybrid hydrogels, and potential biomedical application such as 

biosensing, imaging, drug delivery and tissue engineering of CNTs-hybrid hydrogels. [41] 

The clinical relevance of CNTs based hydrogel hybrids in nanomedicine is also discussed in 

detail.

2. Carbon Nanotubes: Types and Characteristics

The CNTs, allotropic form of carbon, are cylindrical nanostructure with hexagonal 

arrangement of sp2 hybridized carbon atom. Basically, it is rolled up graphene sheet having 

one single-walled (SW) i.e., SWCNTs or multiple walled (MW) i.e., MWCNTs. The wall of 

the CNTs discriminates it into two forms and both these forms have capped ends of tubes 

with a hemispherical arrangement of carbon networks known as fullerenes which is wrapped 

by graphene sheet. The unique feature of these two forms of CNTs is that the MWCNTs 

have interlayer separation of 0.34 nm in average and forms individual tube with an outer 

diameter of 2.5 −100 nm whereas SWCNT has comparatively very lesser outer diameter of 

0.6 to 2.4 nm. The differences in the outer diameter brings versatile applications. SWCNTs 

have the perfect quality control as drug carrier whereas the MWCNTs are accompanied by 

defects in the nanostructure which are quite unstable structure and can be easily modified.
[42] Conducting, semi-conducting or non-conducting nature of material/reinforcing agent 

under ambient temperature conditions have been greatly explored for various applications of 

the resultant hybrid material. Chirality in CNTs leads to two different conduction pathways, 

imparting distinct electrical behaviour. In general, CNTs with armchair tubes structures have 

relatively higher conductivity or ballistic conduction ability compared to other 

configurations of CNTs (i.e. zigzag and chiral). For example, SWCNTs can be metallic or 
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semi-conducting depending on the relationship in indices of CNTs, which determines the 

electronic structure of the material. This electronic property has been helpful in fabrication 

of several programmable CNTs-hydrogel polymer nanocomposites. Xiaobo Zhang et al., 

have fabricated dual responsive actuators (thermal and optical) using poly(N-

isopropylacrylamide) (pNIPAM) loaded SWCNTs with enhanced water molecule transport 

mechanism.[43] The composites are flexi-programmed to self-fold to give different structural 

geometries like cubes and flowers (Figure 3). The concept of lower critical solution 

temperature (LCST) was used for the development of actuators hinges and moreover, 

heating above this temperature can result in flipping of the hydrophilic nature of hydrogel to 

hydrophobic state forcing the expulsion of water from the 3D hydrogel matrix.[44]

Such hybrid nanocomposite hydrogels have the ability to selectively change the surface 

charge.[45] However, purified semiconducting or metallic CNTs have been used in fixed 

proportions in medical devices or prosthetics for micro/nano electronic, electrical 

stimulation, and in-vitro electrical reading using CNTs based hydrogel materials. The 

mechanical strength, electrical, and electronic properties of the CNTs reinforced hydrogels 

have been improved due to high aspect ratio of CNTs and metallic nature of the CNTs. 

Structural integrity of the composite hydrogel can simply be improved due to higher tensile 

strength of CNTs. Further, till threshold concentrations of CNTs, the viability of the cells are 

high.[46] Thus, resulting hybrid conducting materials can easily mimic workability of certain 

tissues, such as cardiac muscle and nerve tissues propagating electrical potentials within the 

body.[46] Tissue engineering, scaffold for organs growth, 3D printing and bio sensing 

application are few of the various applications where these reinforced hydrogels can greatly 

be applied.

One of important properties of CNTs includes their high stiffness and the capability to de-

fold and fold reversibly. This results in the high stiffness value of 1 TPa and a high tensile 

strength of 150 GPa. This make CNTs as one of the stiffest material and perform under 

compression.[47] Moreover this feature make CNTs to exhibit different forms such as 

metallic semiconducting or semi metallic with the variation in the chirality and diameter. 

Therefore, chirality determines their conductivity and gives added applications to SWCNTs 

based nano-electronic devices. Other major application of CNTs is their use as interconnect 

chip, these chips have replaced the use of aluminum and copper. The high conductivity and 

the lesser dimensions of CNTs may provide an interconnect option to copper. One of 

research group highlighted the use of the SWCNTs for batteries as they have high storage 

capacity. The electrodes composed of CNTs are ten times thinner and light weight than the 

amorphous carbon electrodes.[48] The other interesting aspect of CNTs is their solubility in 

aqueous solvents and this is prerequisite for biocompatibility and should be met to be used 

in drug delivery. The uniform dispersion of CNTs is quite important as CNTs tends to 

assemble in bundles due to hydrophobic character of graphene sidewalls and the strong p-p 

interactions between the individual tubes. Thus various approaches such as surfactant 

assisted dispersion, solvent or biomolecular dispersion, and functionalization of CNTs are 

followed for obtaining a homogeneous dispersion. In context with the dispersion tendency of 

CNTs in the hydrogel matrix, they can physically dispersed or covalently conjugated to the 

polymeric hydrogel matrix.[49] The other common methods to design CNTs based hydrogel 

hybrids are discussed in detail in subsequent sections.
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They constitute of only carbon, hence have superior biocompatibility, low toxicity, and 

immunogenicity, which make them ideal candidate to be used for biomedical applications.
[50] The nm space inside the CNTs, protect the active compound from timely degradation 

and the surface functionalization (amide, amino, carboxyl, hydroxyl groups, etc.) promises 

the targeted delivery of the drugs and other bio-actives. Their hybrid materials are highly 

tunable, possessing the advantageous properties of CNTs in synergism with that of 

polymeric three-dimensional structures. The important features include high stiffness, 

increased adsorption, high stability, tunable improved electrical behavior, improved 

magnetism, flexibility, biocompatibility, and biodegradability. It has been reported that the 

improvement in the shape recovery stress, compressive performance, tensile strength, 

thermal, and electrical conductivity due to reinforcements done by CNTs makes them smart 

as well as adaptive. The mechanical properties are dependent on the amount of incorporated 

CNTs into the hydrogel system. The nano-fibrous networks with electrical conductivity of 

the hybrid hydrogel results in improved cell adhesion, their organization, cell–cell coupling 

and have shown potential for constructs used for neuron and other muscle cells. These 

features provide ability to recover or reorganize their structure under the influence of 

external stimuli like pH, temperature, magnetic field, electric field etc.[51] Carboxyl-

functionalized CNTs dispersed poly(acrylamide-co-sodium methacrylate) [P(AM-co-SMA)] 

hydrogels exhibited higher swelling %, good reversibility, and pH responsiveness.[52] CNTs 

based systems have great potential as an extracellular matrix to bio mimic heart tissues for 

myocardial tissue engineering. These constructs are electrically conducting (DC 

conductivity heart muscles around 0.1 S/m) and these scaffolds have nano-fibrous 

architectures at sub-micro-meter scale (similar to naturally underlined electrically 

conductive purkinje fibers) and also have highly ordered CNTs structure.[53, 54]. The next 

section will elaborate various methods for synthesis and development of CNTs based 

hydrogel hybrids.

3. Synthesis and designing of CNTs based hybrid hydrogels

The unique properties exhibited by hybrid hydrogel are associated with the properties of 

hydrogel polymeric networks. In this section, we briefly discussed methodologies employed 

for the synthesis of hydrogel hybrids. Efforts have also been made to discuss, comparatively, 

the methodologies adopted to design nanocomposite hydrogels.[55]

3.1. Covalent cross-linking; In situ polymerization technique

Generally, the hydrogel hybrids are synthesized by using the covalent cross-linking method 

using the in-situ polymerization technique. The introduction of the nano-filler is done during 

the reaction and thus results in development of hydrogel hybrids with excellent mechanical 

strength. This technique allows synthesis of hybrid gels in variety of shapes and surface 

forms. This polymerization method involves mild conditions and the product is obtained in 

high yield. A very interesting study by Haraguchi et al [56] gained lot of attention using the 

in situ polymerization technique to develop NC gels composed of acrylamide derivative, 

poly(N-alkyl acrylamides), in the presence of inorganic clay. Hybrid gel with no phase 

separation and 100% yield was developed. This study highlighted that by varying the 

composition of initial reaction solution, the composition of final hybrid gels can be 
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controlled. This study also proved that the use of organic cross-linker, bisacrylamide (BIS) 

mediated covalent interactions may make the gel weaker and brittle. The increased 

mechanical and modulus strength, improved deformability and fracture energy were some of 

the important parameters obtained in comparison to the conventional hydrogels. Other 

studies also utilized the covalent crosslinking interactions to achieve high mechanical 

strength and stability.[57] Beside this, non-covalent techniques based on coating on 

polymeric materials is also utilized to synthesize CNTs-hydrogel hybrids.[58]

3.2. Physical cross-linking technique

Other recent research showed the synthesis of nanoparticles in-situ during the formation of 

the cross-linked networks. These types of system are constituted by physical cross-linking. 

One of the interesting study shows that the physical inclusion of rod like cellulose 

nanocrystals can overcome weak mechanical strength and show 35-fold increase in storage 

modulus. These systems showed potential application in tissue engineering and promote the 

cell growth.[59] Physically crosslinked hydrogels are known to show high biocompatibility. 

On-going research utilizes molecular dynamics simulations to study their structure 

formation. However, some of contrasting studies revealed that the physical hydrogels may 

not impart high mechanical strength. They exhibit features to be responsive to the various 

external stimuli. Structure formation in physically cross-linked gels also suggests that the 

filler concentration is quite responsible for the caging effect in the gel. This also suggests 

that disk like nano-fillers can strengthen the hydrogels more as compared to spherical nano-

fillers. This simple technique has been used by various research groups to synthesize the 

physical crosslinked hydrogel hybrids. Hybrid gelatin hydrogels with CNT has been 

synthesized using the physical mixing method.[60] The physical entrapment process 

approaches a very high affinity of nano-fillers for the polymeric matrix and thus limit the 

non-homogeneous distribution and agglomeration of the nano-fillers.

3.3. Ex-situ polymerization technique

Besides the in-situ polymerization method the incorporation of the nanoparticles in the 

polymer matrix is also done by using ex-situ polymerization technique.[61] This 

polymerization technique involves the dispersion of pre made nanoparticles into the 

polymeric matrix. This method is well known for large-scale production in comparison to in-

situ methods. Sonication is also used to disperse the nano-filler in the matrix.

A group synthesized composite hydrogels having silver nanoparticle by ex-situ 

polymerization, which showed excellent antibacterial feature. Moreover, the newly 

developed amphoteric nanocomposite hydrogels have also gained lot of attention in recent 

years. These hydrogels exhibited high tensile strength and stretch ability with the 

incorporation of nano-fillers. For example, Du Juan et al [62] group demonstrated the in-situ 

copolymerization technique to develop highly robust gels having tensile strength of 316 kPa. 

The concentration of laponite affected the fracture strain of 2,317% with 3 wt. % laponite.
[62]
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3.4. Grafting technique

Another interesting and commonly used method employed to functionalize the surface of the 

CNTs includes grafting of the polymer chains into the surface of the nano-fillers. Many 

recent research showed that this type of grafting resulted into shielding the surface of the 

CNTs.[63] This method of shielding resulted in good dispersion of the nano-fillers and better 

interaction between the polymer and the nano-filler. This technique may be used for various 

protein-CNTs systems, which are applied for various biomedical applications.[64] The 

fabrication of the CNTs-polymer hybrids can be done by “grafting from” and “grafting to”. 

These two different approaches utilize the pre formed polymer chains with the surface of the 

functionalized CNTs. Moreover the “grafting to” method involved the reactive polymers 

having the reactive functional groups and there was a reaction with the surface of CNTs. 

More prominently the limitation of such methods were low grafting density and to overcome 

these limitation “grafting from” approach was used to synthesize the hydrogel hybrids. This 

process involved the monomer polymerization from the surface derived initiators on CNTs. 

No stearic hindrance was involved and high molecular weight polymers could be grafted and 

high grafting density was achieved.[55, 65]

3.5. Smart devices enable technique

One of the remarkable synthesis opted by Liu et al [66] for the development of responsive 

nanocomposite hydrogels was based on smart devices. This group utilized the cationic and 

anionic monomers, which demonstrate a very simple and versatile design of bilayer 

actuators by combining the oppositely charged hydrogels via electrostatic interactions. Thus 

the developed hydrogels were responsive to pH and ionic strength of the buffer and giving 

the features of polyelectrolyte hydrogels. These types of hydrogels are in high demand for 

the development of bilayer actuators.[66]

4. Polymers used for fabrication of CNTs-based hydrogel hybrids

4.1. Chitosan-CNTs hydrogel hybrid systems

Chitosan, a well-known biodegradable and biocompatible biopolymer have been extensively 

used in biomedical applications such as drug delivery, wound healing,[67] biosensing,[68] 

tissue engineering,[69] antibacterial activity,[70] blood coagulant,[71] cosmetics etc.[72] This 

linear polysaccharide consists of D-glucosamine and N-acetyl glucosamine unit, and derived 

from shrimps. Efforts have been made to improve the mechanical strength of chitosan based 

hydrogels, as the films and other forms of hydrogels comprising chitosan alone are quite 

brittle.[73] Thus the addition of the various nano-filler to the chitosan matrix have been done 

for improved characteristic properties. Herein, we discuss few interesting studies, which 

utilize CNTs as a nano-filler in chitosan based hydrogel matrix. For example, a recent study 

revealed the fabrication of the mechanically robust 3D nanocomposite hydrogels based on 

the chitosan and owe the feature of self-healing. The study came up with superior 

mechanical and electrical properties upon incorporation of CNTs as nano-filler. The 

crosslinking by the zinc phthalocyanine tetra-aldehyde (ZnPcTa) framework resulted in 

schiff-base linkage with chitosan to form the 3D structure and the rheological recovery is 

attributed to the covalent schiff-base linkage between the amino groups of chitosan and 

benzaldehyde groups of cross-linker.[18] Many studies revealed that the incorporation of 
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MWCNTs in chitosan matrix resulted in enhanced features of the composite hydrogels. 

Many sensing applications have been demonstrated using chitosan and its hybrid 

nanocomposites including hydrogel forms. For instance, an amperometric cholesterol 

biosensor was developed using sol-gel chitosan/silica and MWCNTs. It was revealed that the 

hybrid film resulted in improved analytical performance of developed biosensor. These 

hybrids were utilized to measure the free cholesterol concentration in real human blood 

samples.[74] Composite scaffolds are also being exploited by the combination of chitosan 

and CNTs. One of recent study utilized two main features of CNTs viz., piezoelectricity and 

high mechanical strength in bone tissue engineering. This group demonstrated the 

development of composite scaffold consisting of MWCNTs, medium molecular weight 

chitosan and β-glycerophosphate. The electric cell compatibility studies revealed that these 

scaffolds can be used for cell electrical applications.[75] The metallic feature of CNTs has 

always been in scrutiny raising questions about its toxicity and preliminary studied declared 

it as a carcinogenic material. CNTs and chitosan are also being explored for electronic 

devices.[76] The features, come up with increased stretch ability and folding ability, which 

give these electronic devices compatibility concerning the tissues and various bodily 

motions when in contact with tissue. More recently, CNTs and natural polymer based 

conductive inks are also being invented for printing technology.[77]

4.2 Guar gum-CNTs based hydrogel hybrid systems

Guar gum is also a natural polymer, which occur in abundance naturally and owe many 

desirable features to be explored in biomedical applications.[78] The easy modification of 

guar gum by grafting or by derivatization and its ability to respond to various pH make it an 

ideal candidate to be used in drug delivery. This polymer had been used in transdermal 

patches and colon specific delivery systems.[79] In context to be used as nanocomposite 

hydrogels it has been exploited using various nano-fillers though intensive research has not 

been carried out for CNTs based systems. Yet few studies revealed that the carboxymethyl 

guar gum (CMG)-chemically modified MWCNTs hybrid hydrogels were developed for 

transdermal drug delivery.[80] Diclofenac sodium was used as model drug in the study. 

Overall the study implicated the concentration of CNTs influenced the drug encapsulation 

and release aspects. In another interesting study, the hydrophobic character of CNTs was 

improved by modifying it by covalently grafting the hydrophilic guar gum. Fe3O4 was used 

to add the magnetic feature to the developed system. The matrix of the guar gum and CNTs 

was found to act as template for the growth of iron oxide particles and also exhibited 

superparamagnetic characters, which were further applied in red and methylene blue dye 

adsorption. These research show great potential of guar gum and CNTs based systems for 

other biomedical application.[81]

4.3. Collagen-CNTs based hydrogel hybrid systems

Collagen is one of the most important structural protein used as a biomaterial and has been 

eternal part of the research undergoing in tissue engineering.[82] This protein was found in 

the extracellular space in the various connective tissues in animal bodies. The degree of 

mineralization make it more miscellaneous as it is rigid in case of bone and compliant in 

tendon and for cartilage, a gradient from rigid to compliant. The other forms of collagen 

included the elongated fibrils, which is the feature found in fibrous tissues like tendon, skin 
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and ligaments. They are found in abundance in cornea, blood vessels, bones, intervertebral 

discs. Thus, ophthalmology, cancer therapy, tumor treatment are the common applications of 

collagen based biomaterials. It has been diversely applied for biotechnological application 

for the cellular growth and also been used in drug delivery. The present section highlights 

the use of CNTs when reinforced with collagen resulted in enhanced mechanical and 

electrical properties. One of the interesting study revealed its application as fiber-reinforced 

composite matrix. Living muscle cells were inserted into the composite materials of collagen 

and CNTs matrix. Cell viability was 85% on day 3 and day 7. These system show great 

potential to be used as scaffold and may be employed as a component for biosensors or 

medical devices.[83] In a similar kind of study these fiber- reinforced composites were 

exploited for human dermal fibroblast cells (HDF). The high aspect ratio of SWCNTs was 

utilized for enhancing the electrical properties. The conductivity was found to vary from 3 to 

7 Mscm−1, with different concentrations of loading of SWCNTs. Thus this study also 

implicated the protein-SWCNT composite materials owe great potential in tissue 

engineering as substrate and can act as transducers and possess biosensing ability.[46] Other 

studies showed the use of SW/MW-CNTs to improve the young’s modulus of collagen 

hydrogels.[84] Many cross-linking methods have been proposed to cross-link collagen using 

poly (ethyleneimine) (PEI) and CNTs using carbodiimide chemistry.[85] Efforts have been 

made to utilize these features of cross-linking to enhance the modulus and use for novel 

biomedical applications.

4.4. Polyethylene Glycol-CNTs hydrogel hybrid systems

Polyethylene glycol (PEG) is one of well-known synthetic polyether and has been used for 

developing medicine at industrial scale. It is a water soluble and non-toxic polymer that does 

not demonstrate any inflammatory response. The low molecular weight chains are referred 

to PEG whereas the high molecular weight above 20,000 is referred as poly (ethylene oxide) 

PEO. [86, 87] The most exciting feature of this polymer is that it gets rapidly cleared from the 

body and thus has been utilized for diverse biomedical applications. It has the capacity to 

bind covalently to other molecules, which make them very useful for functional modification 

of various bio-active and thus change the properties of toxic molecules to non-toxic. It is 

well known when they are coupled with biologically active molecules and they contribute to 

their activity. There is no denaturation of proteins when PEG is tethered.[87] The distinctive 

features of PEG make it a perfect candidate to be used in development of hydrogels for 

biomaterial applications. Recent research showed that PEG based hydrogel hybrids using 

CNTs find significant application in cancer therapy. Targeted bio-conjugates based on the 

anticancer agent and epidermal growth factor-SWCNTs were developed. The squamous 

cancer was targeted and it was shown that the SWCNTs-QDs-EGF conjugates were 

internalized into the cancer cells. These studies support the targeted killing of cancer cells 

and thus exhibit great potential to be clinically translated.[88] Another very known 

degenerative disease of articular joints is osteoarthritis (OA). Presently, the medical therapy 

is not that effective for anti-OA drugs. Thus various drug delivery systems are being 

explored for the cartilage penetration and an effective concentration of the medication may 

be delivered to the chondrocytes. Recently, a study showed the use of nano-system based on 

SWCNTs, which was modified using the PEG chains (PEG-SWCNTs). This study 

demonstrated that these nano-system were able to retain themselves in the joint cavity for a 
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longer time and had an entry to the cartilage matrix. Moreover, they showed effective 

delivery of the gene inhibitors into the chondrocytes. Thus these kind of hybrid nano-sytem 

reveal great potential of nano-carriers for intraarticular delivery of various agents to the 

chondrocytes.[89] Other very important recent contribution of PEG based hydrogel hybrids 

in combination with CNTs is in neural engineering. The combined properties of PEG and 

CNTs based hydrogels, such as hydrophilicity, visco-elasticity, biocompatibility and on the 

other hand CNTs show high mechanical stability, can guide the neuronal cell behavior and 

may produce axon regeneration and thus being utilized for various drug delivery 

applications.[90]

4.5. Polyvinyl alcohol-CNTs hydrogel hybrid systems

Polyvinyl alcohol (PVA) is widely known synthetic polymer, which shows interesting and 

important properties like hydrophilicity, biodegradability and biocompatibility. These 

properties made PVA as a perfect candidate for biomedical applications.[91] The most 

exciting application of PVA based hydrogels is the tissue engineering applications and it has 

demonstrated potential results as scaffold material by substituting the current available for 

the artificial grafts.[92] Various studies showed the utilization of PVA and CNTs to achieve 

high mechanical strength for various applications.[93] The combination is also used in the 

development of PVA/MWCNTs/PANI hydrogels which showed high performance in the dye 

sensitized solar cells.[94] It is also seen that the combination of CNTs and PVA gel formed 

without any chemical crosslinking results in the high mechanical and electrical properties. 

These systems are being extensively exploited for biosensors, neural tissue engineering,[95] 

and cartilage tissue engineering.[96]

Owing to the toxicity associated with use of CNTs, the related hybrid hydrogels always 

received criticism and is always a matter of debate. Thus in the next section, we will 

describe the bio-compatibility of such systems and a function of precursors concentration.

5. Biocompatibility of CNTs-based hybrid hydrogels

Advancements in the synthesis of CNTs[97] and hydrogels [98] of desired functionality, 

shape, and size designed for targeted application have remarkable scientific significance. 

However, challenges such as poor dispersion and process-ability associated with CNTs and 

less chemical/physical stability of hydrogel limits their biomedical applications, especially 

in-vivo. To overcome these challenges, considerable efforts were made to develop 

nanocomposites of CNTs and hydrogel, and the success of early stage research of higher 

significance motivated to conduct more innovative research in this direction.[31, 99] Based on 

organic-inorganic hybrid nanocomposites and host-guest chemistry, CNTs-hydrogel hybrid 

nanostructures have demonstrated unique optical, electrical, and physical properties, which 

are absent in conventional hydrogels.[31, 99, 100] The CNTs based hydrogel performed as 

expected in the area of biocompatible electroactive electrode for sensor development, 

alignment of CNTs for optoelectronic devices, stretchable biopolymers for therapeutic 

patches, targeted drug delivery, and tissues engineering. Along with functional and structural 

characteristics, the selection of CNTs-hydrogel hybrids was also dependent on the 

biocompatibility of designed composite nanostructure.[31, 99] Recently, various cell models, 
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according to targeted application, have been developed to explore the effects of selected 

CNTs-hydrogel nanocomposites and precursors on the cell viability. These models were 

useful for the optimization of a biocompatible dose of CNTs-hydrogel nanocomposites to 

achieve desired performance without any adverse effects. The assessment of 

biocompatibility of CNTs based hydrogel hybrids become essential to promote them for 

biomedical applications, especially for in-vivo application. This section of review explains 

various cell-lines models established to evaluate non-toxicity of CNTs-hydrogel hybrids for 

targeted application.

Since CNTs have been developed, this fantastic nanostructure was always a matter of debate 

due to its metallic nature and toxicity which limited their use in biomedical application.[101] 

Initial reports declared CNTs as carcinogenic carbon nanomaterial.[101] Aiming to use the 

unique electrical and optical properties of CNTs in biomedical application, efforts were 

continuously made to develop CNTs more feasible by improving their functionality, 

structural, and biocompatibility features.[102] For example, CNTs has been synthesized of 

desired functionality for the delivery of biomolecules such as DNA, genes, etc. and the 

matrix features can be tuned compatible to the cells such as neuron (Figure 4). [97] 

Moreover, the electrical conductivity of CNTs has been utilized for the cell growth. 

However, very few efforts were being made to improve the biocompatibility of CNTs. 

Considering the scientific application value of CNTs, the best methods to improve CNTs 

bio-compatibility was to develop its nanocomposite with hydrogel based on host-guest 

chemistry.[97] Two approaches were opted, i) cytotoxicity assay to estimate cell viability as 

dose dependent and ii) histopathology of organs after injecting hydrogel-CNTs hybrids, have 

been tested to evaluate biocompatibility of this smart nanocomposite systems. The common 

approach used for biocompatibility assessment was blood toxicity profile as a function of 

ingested dose and exposure time.

The concept of hydrogel-CNTs hybrids addressed the issues related with low stability and 

conductivity of hydrogel along with less biocompatibility and dispensability of CNTs. A 3D 

biomimetic scaffold composite structure was developed using nanocrystalline 

hydroxyapatite, magnetically synthesized SWCNTs (synthesized using ac discharge 

method), and chitosan for bone regeneration application. The biocompatibility of this 

developed nano-crystalline composite system was assessed using osteoblasts density 

(cells/cm2) estimation. The findings confirmed that 20% nHA+ B-SWCNTs in chitosan 

scaffolds (till 7 days) was good for biomedical application (Figure 5 A).[103] The 

lyophilization procedure was used to explore the nature of optimized dose of scaffold to 

support the growth of human osteoblasts (bone-forming cells). Results confirmed that 20% 

nHA + B-SWCNTs chitosan scaffold showed a higher osteoblast density and can be 

explored for bone regeneration. Another 3D biocompatibility SWCNTs reinforced alginate 

composite scaffolds was prepared by Yildirim et al utilized freeform fabrication technique.
[104] To claim thus developed biomaterials suitable for tissues engineering, an in-vitro study 

on rat heart endothelial cell in the presence of SWCNTs-alginate structure composite was 

conducted as function of time (till 7 days) using TM assay. The finding of TM assay, live/

dead cell viability, confirmed that SWCNT-alginate scaffolds exhibited improve cell 

adhesion and proliferation (Figure. 5 B).[104]
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A nanocomposite of CNTs-chitosan developed by Alustizaa et al was able to protect egg 

yolk immunoglobulin (IgY) against enterotoxigenic Escherichia coli (ETEC, 1011 CFU/mL) 

in experimentally challenged piglets (Figure 5 C).[105] The performance of these hydrogel 

composites was assessed clinically through monitoring dehydration, body weight, rectal 

temperature etc. including organs and blood specific toxicity assessment. The animal treated 

with protected IgY showed better performance than treated with unprotected IgY. The 

histological results analysis confirmed no significant structural and morphological changes. 

The results of this study confirmed that chitosan wrapped CNTs did not cause toxicity in-

vivo and claimed this systems as a potential biomaterial for medication, especially in pigs.
[105]

Shin et al engineered cardiac patches fabricated using a CNTs-gelatin methacrylate 

(GelMA) hydrogels based nanocomposite.[53] This cardiac structures exhibited better 

mechanical integrity, required electrophysiological functions, and resist damage to the cells 

during the secretion of cytotoxic agents. Based on these findings, author claimed this 

material as multifunctional scaffold with potential application for therapeutics and other in-

vivo studies.[53] In this research, a non-toxic dose of this composite, via estimating cell 

viability as a function of time and varying concentration of CNTs (1 to 5 mg/mL), was used 

to grow neuronal rats for functionality assessment (Figure 6 A). The results of cell retention 

percentage and cellular DNA content studies showed better performance of CNTs-GelMA 

than GelMA. The cell % retention at day 1 was higher than GelMA confirmed significance 

of CNT-GelMA composite in terms of viability and retention. The cellular DNA on day 3 

and day 6 did not exhibit CNTs dependent behavior. Author claimed that CNTs helped in 

cell spreading and elongation as well without altering cell proliferation. Though a non-

significant cardiac fibroblasts cytotoxicity was obtained but no cytotoxicity was produced by 

CNTs over the period of 7 days.[53]

This research group also explored the CNTs-GelMA nanocomposites as scaffold microgels 

for cell encapsulation materials (ECM), through photo encapsulation mechanism.[106] 

Authors claimed hydrogel as a desired biological ECM exhibited the challenge of less 

mechanical strength. This can be overcome via incorporating CNTs in matrix of GelMA to 

develop a biocompatible nanocomposite of better cell-responsive platform due to its ability 

to create cell-laden 3D structures without affecting porosity of GelMA.[106] To grow 

NIH-3T3 cells and human mesenchymal stem cells (hMSCs) onto the hybrid structure, the 

composition of CNTs-GelMA hybrid was optimization in a way to achieve maximum cell 

viability. The varying concertation of CNTs (0 to 0.5 mg/mL) was used to fabricate 3D 

scaffold and tested for biocompatibility before claimed as a potential ECM (Figure 6 B).[106] 

This composite hydrogel exhibited 90% cell viability for 48 hours (Figure 6 B, a-c) in 

comparison of GelMA alone. The viability % found inversely proportional to CNTs 

concentration and exposure time. Authors also optimized the non-toxic wavelength (4 or 6 

mW/cm2) of stimulation and time (3080 s minutes). The effect of CNTs concentration of 

cellular viability was also estimated and results confirmed that no significant cytotoxicity 

was produced by CNTs-GelMA composites containing CNTs 0.5 μg/mL (Figure 6 B, g). 

Moreover, the viable cell population in the suspension of 50 μg/mL bare CNTs compared to 

that of GelMA-coated CNTs suspension was found to be significantly lower, similar to a 

trend reported previously. In a previous study, the use of chemically modified CNTs, which 
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were treated with acidic reagents were found to decrease cellular viability. The metabolic 

activity of cell inside the hydrogel was evaluated using MTS assay, as established method to 

know cellular proliferation. The results of this study, 24 −48 h follow up process and 

compared with gel, confirmed that CNTs-GelMA caused no cytotoxicity and the presence of 

CNTs found to support cell growth with a good rate of cellular proliferation rate. Based on 

tunable biocompatibility this well characterize and optimize CNTs-GelMA hydrogel 

composites systems can be used for tissues engineering.

The effects of SWCNTs on cell viability was explored by Pok et al aiming to develop and 

SWCNTs-gelatin chitosan hydrogel composite scaffold that could match with the electrical 

conductivity of the heart (Figure 7A).[107]Though hydrogel based myocardial patches have 

been developed to repair the heart defects but the insulating nature of scaffold polymeric 

walls was the major challenge. This barrier resulted in weak electrical signals between 

cardiomyocytes and caused arrhythmias. The results of this study showed that SWCNTs-

gelatin chitosan system can perfectly act as electrical nano-bridges among cardiomyocytes 

to produce desired electrical coupling, synchronous beating, and cardiomyocyte function 

needed to develop a cardiovascular patch. The morphological and electrical properties of this 

system were found to be SWCNTs concentration dependent. Thus optimization of SWCNTs 

concentration to develop a suitable biocompatible plateful to grow neonatal rat ventricular 

myocytes (NRVM) was very crucial. The NRVM cell grown in this composite system 

(SWCNTs, 69 ppm) exhibited cell viability of > 80% viability, as compared with hydrogel 

and as correlated with immune-staining analysis (day 7) (Figure 7 B).[107]

A significant cytotoxicity (viability ~ 45 %) was observed in case of SWCNTs concentration 

at 175 ppm (Figure 7B). The response of SWCNTs doses was studied for the assessment of 

beating frequency (beat/min) of the NRVM cells. The SWCNTs (33 ppm) showed beating 

frequency similar to control (100 beats/min, below the rat heart beat 330– 480 beats/min). 

On increasing SWCNTs concentration (more than 33 ppm), the heart of NRVM increased to 

∼240 beats/min and gradually approaching to rat hearts (310 beats/minutes) (Figure 7 C). 

The action potential properties of NRVM in composites system at day 7 was assessed using 

a voltage-sensitive dye (Di-8-ANEPPS) (Figure 7 E) and results confirmed that SWCNTs in 

composite strongly affected the propagation of conduction velocity. Thus engineered 

biocompatible electroactive hydrogel composite system perfectly matches with heart 

electrical functioning with no risk of inducing cardiac arrhythmias. [107]

Most of the hydrogel-CNTs hybrid systems have dominancy of hydrogels, but interestingly a 

biocompatible and biodegradable scaffold was prepared using MWCNTs as major (89%) 

and chitosan as minor constituent. This platform showed a very good viability, support cell 

adhesion, and proliferation with respect to C2C12 cell line, a myoblastic mouse cell type 

(Figure 8A).[108] The MTT-assay was performed to assess the viability of C2C12 cells as a 

function of time and results confirmed no cytotoxicity generated by this hydrogel 

nanocomposites. Further, cylindrical shaped MWCNTs-chitosan (10 mm diameter and 2 mm 

thickness) bind with recombinant human bone morphogenetic protein-2 (rhBMP-2) and 

implanted in muscle tissues of mice for 3 weeks to evaluate the ectopic formation of bone 

tissue. The results immunostaining confirmed that MWCNTs-CHI scaffold was 

biocompatible and did not produce chronic inflammation during implantation (Figure 8 B).
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[108] Over the period of 3 week, the bone tissue regeneration and degradation in scaffold was 

observed significantly. Author claimed that prepared structure is biocompatible, even on 

using MWCNTs in high amount, is due to adopted purification process for MWCNTs 

synthesis which eliminate metal traces. [108, 109]

An endovascular stent device was developed by Paul et al using a nano-bio-hybrid hydrogel 

system capable to prevent post angioplasty in-stent restenosis (ISR) and demonstrated 

significant vascular endothelial recovery (Figure 9).[110] For this research, hybrid nanogel 

was prepared by layer-by-layer (LbL) on a stent surface using endosomolytic Tat 

peptide/DNA nanoparticles hybridized to polyacrylic acid (PAA) wrapped single-walled 

carbon nanotubes (NP-CNTs) for the target specific delivery of proangiogenic, vascular 

endothelial growth factor (Vegf) and Angiopoietin-1(Ang1). Authors developed 

nanobiohybrid fibrin hydrogels formulations of concentrations of agents. The plasmid DNA 

(500 mg gfp) was binded with hydrogel formulations, varying CNTs concentration. The 

results of in-vitro, cultured for 15 days, demonstrated that hydrogel (2.5 mg/ml, containing 

25 mg/mL of CNTs) produced no significant cytotoxicity, therefore was used for gfp 

transgene expression in human aortic smooth muscle cells (HASMCs) (Figure 9). The 

results also suggested that CNTs made hydrogel more bioactive and a suitable reservoirs for 

plasmid need to retain its longer activity. An extended iv-vivo study demonstrated that nano-

bio-hybrid carrying NPvegf+Ang1, significantly enhanced re-endothelialization of injured 

artery compared to control. Thus developed methodology can be used to fabricate other 

biomedical devices wherein a controlled delivery of multi-therapeutics agent is required. 
[110]

6. Biomedical Application of CNTs based hydrogel hybrids

The CNTs, specially SWCNTs have emerges as one of desired nanostructure for biomedical 

application. Table 1 elaborates the recent development in CNTs based hydrogel hybrids for 

biomedical applications. This section highlights the various biomedical applications of 

CNTs ranging from tissue engineering to gene/drug delivery, biosensor development, and 

imaging purpose.

6.2. CNTs-based hydrogel hybrids in tissue engineering

Serious attempts have been made to repair the defective tissues or impaired organs in the 

regenerative medicine. It was the general tradition to transplant the somatic cells in the 

defected area though this process involved the limitation that the cells used to die at very 

early stage of its transplantation due to less supply of the blood to the tissues and the 

inflammation. Further progress was made by combining the cells and the bio-actives 

together in the tissue engineering scaffolds. This technique restricted the initial cell death 

and increased the probability of cell survival. Thus the cell encapsulation enhanced the cell 

transplantation and prevented the anoikis signaling and thus easing the diffusion of the gas, 

essential nutrients and tuning up the fine size of the pores. Advancements urged the 

innovation of hydrogels and hydrogel hybrids having the 3D microenvironment to have 

better cellular activities.[136]
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The hydrogels should meet certain criteria to be effectively function for the new tissue 

formation. The basic features include both the physical and biological considerations like 

they should be degraded and mechanically strong as well should possess the biological cell 

adhesion. The other most important parameter is that they should be completely 

biocompatible and sustain unharmed itself and to the surrounding cellular environment. Both 

natural and synthetic polymers have been exploited for the tissue engineering and the 

preferred polymers are always natural. Though the recent research have demonstrated that 

the inclusion of the synthetic polymers and nano-fillers to a certain concentration give 

extraordinary enhancement in the mechanical strength of the constructs and improve the 

various properties. The most important and critical feature of the hydrogel is to maintain 

mechanical strength for the tissue engineering purpose and maintain the space for tissue 

development. Certain gels having the very less temperature rise during the polymerization 

process are quite useful for the bone tissue development. Many properties like adhesion and 

gene expression to the cells are important and require specific mechanical strength.

Adhesive gels are quite important for the specific cell type and is quite dependent on the 

interactions of cell receptors and thus could alter with the adsorption ability of the different 

hydrogels.[137] Many NC hydrogels have shown potential application in tissue engineering. 
[121

The most vital aspect of tissue engineering is the development of suitable biological 

scaffold. In this context, CNTs hybrid hydrogel have shown to exert exceptional 

performance. Although conventional hydrogels are biocompatible and are suitable for 

culturing and/or fabricating different cell types and tissues, they possess little electrical 

conductance and mechanical strength. [6, 49, 138] Inclusion of mechanical and electrical 

properties in the scaffold inculcates electrical stimulation ability into cell and tissue 

construct, which is essential to regulate the electro-active behaviors of cells during the tissue 

regeneration process.[139, 140] CNTs have high electrical conductivity and therefore when 

reinforced with hydrogel composites, it serves as an excellent platform to engineer different 

electrically conductive tissues. Insolubility of raw CNTs remains a debatable issue among 

scientific community.[141] Nonetheless, several studies have shown remarkable CNTs 

solubility due to surface modifications using amines, hydroxyls, and carboxyl functional 

groups.[140] These modifications allow physical dispersion of CNTs in hydrogels owing to 

their covalent conjugation with hydrogel polymer chains.[142] This promotes exceptional 

mechanical strength in the cross linked networks of CNTs hybrid hydrogels. The mechanical 

strength of matrix increases by an order of magnitude even by introducing only < 1% of 

chemical bonds between matrix and CNTs.[143] Tissue specific tailoring of mechanical 

properties in CNTs hybrid hydrogel based scaffold is very essential for successful tissue 

engineering (replacement/repairing). In fact, mimicking of scaffold similar to the biological 

milieu of extracellular matrix can guide cellular differentiation to acquire near real-time 

stiffness. Shin et al (2013) synthesized a novel matrix by incorporating CNTs in photocross-

linkable gelatin methacrylate (GelMA) hydrogel.[106] Thus developed matrix was used to 

engineer cardiac patches by seeding neonatal rat cardiomyocytes, which resulted in the 

development of a unique cardiac constructs with greater mechanical integrity and 

electroactive physiological functions. Myocardial tissues developed on CNTs-GelMA matrix 

reflected 3 times higher beating rate in comparison to those cultured on hydrogel framework 
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only. The intrinsic electric conductive and nano-fibrous network of CNTs in the CNTs-

GelMA matrix allowed better adhesion and organization to cardiac cells and it significantly 

strengthened intercellular junctions as well. Notably, the developed cardiac tissue 

demonstrated higher resistibility against cardiac inhibitor and cytotoxic compounds. Thus, a 

multifunctional cardiac scaffold was developed, which possess applicability for both 

therapeutic purposes and in vitro studies and thus can be used as a model for developing 

similar construct for neurons and other muscle cells. In a similar study, Ahadian et al (2014, 

2016) evaluated CNTs-GelMA matrixes, which were developed by aligning CNTs into 

GelMA matrix.[144, 145] Differentiation of embryoid bodies on the scaffold of this GelMA- 

CNTs matrix showed superior performance upon application of electrical stimulation in 

comparison to control gel only. Same research group showed the applicability of the 

developed system for the muscle myofiber fabrication. Thus a manually controllable 

platform for electrically induced differentiation and stimulation of stem cells was developed. 
[145]

Recently, biomimetic scaffolds was used to design the cardiac constructs. In this study, the 

type 1 collagen with combination with CNTs (Figure 10) was utilized.[146] Cardiomyocytes 

were seeded within the hybrid hydrogels of CNTs-collagen. This system demonstrated the 

great potential of the system with improved cardiac cell function as compared to the 

convnetional pure collagen hydrogels. The outcomes of this study demonstrated that the 

hybrid hydrogels show potential improvements in the important properties such as the 

strength, appropriate conductivity required for a cardiac constructs.

6.3. CNTs-based hybrid hydrogels for drug delivery

Significant efforts have been made towards the real-time development of controlled drug 

delivery systems from conventional approaches.[147] Several nanotechnology projects in the 

last two decades have lead the foundation of smart drug delivery systems. Hydrogel based 

drug delivery carriers came up with extraordinary features with combination of controlled 

and sustained release giving ideal features to the drug delivery system. It is essential to 

highlight the important features of hydrogels, which make them ideal candidate to be used 

for drug delivery applications. Hydrogels posses the porous structure, which can be 

modulated by keeping a control on the cross-linking and thus have complete control o their 

swelling and diffusion features by which the drugs are being released from them. The 

stability of the drug and therelase behaviour can be modulated by having control on their 

structure during the synthesis. The pharmokinectic control for the drugs from hydrogel 

matrix is very important to maintain the local drug concentartion in th`e targeted region of 

body and thus can be effcetively imployed for systemic drug delivery. The high water 

content in hydrogels make them quite biocompatible and biodegradable and their dissolution 

can be controlled by varying the functional group modification and thus control the 

enzymatic and hydrolytic degradtion. Moreover their ability to respond to the external 

stimuli like electric field, pressure, pH, and temperature also give them add on advantages to 

be used in drug delievery application. Hydrogels can be deformed to various shapes and 

forms which make them versatile. The mucoadhesive nature of the hydrogels ease their 

application on different shape sites.[3]

Vashist et al. Page 16

Adv Healthc Mater. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Further, the invention of hydrogel hybrids with the inclusion of the nano-fillers gave an 

additional advantages to the overall system eliminating many limitations. Considering the 

CNTs based hydrogel hybrids, these system introduced a new approach for the spatial and 

temporal control for the release of the cargos.[148] The increased bio-availability and efficacy 

of the therapeutics due to the active permeation and high loading efficiency turn up with 

marvelous structural stability and effective dual-stage release features.[149] It was observed 

that the inclusion of CNTs in the hydrogel matrix hold ample control on the structural 

transformation of the hydrogel owing to the tough photo-thermal effect of NIR light giving 

the advantage of on demand drug release by having the external control on the light source.
[149, 150]

In this framework, CNTs-hybrid hydrogel have been experimented at pre-clinical levels for 

on-demand drug delivery systems.[151] Many efforts have been invested to control the 

release of drugs bound to CNTs-hybrid hydrogel in response to external triggers such as 

electric field, near infra-red ray, etc.[41] For example a study by Feng et al showed a 

thermosensitive hydrogel comprising of PCL-PEG-PCL in combination with CNTs for NIR 

triggered drug delivery. This study demonstrated a crucial role of CNTs in sol-gel transition 

of the gel as well as enhanced the sustained effect by dual stage release by controlling the 

source from outside.

Many studies have utilized the electric stimulation of the CNTs based hybrid hydrogel for 

obtaining effective release of the therapeutic interventions. Likewise, an interesting study by 

Spizzirri et al (2013) engineered a spherical CNTs-hybrid hydrogels composed of gelatin 

and multi-walled CNTs.[152] The electric sensitivity of this composite was modulated using 

different concentration of CNTs and it was found that electric stimulation exerts additive 

effect on the release profile of loaded diclofenac sodium salt. Other research group 

developed an electro-responsive transdermal drug delivery system composed of multi-walled 

CNTs and poly (vinyl alcohol)/poly (acrylic acid). Modulation of CNTs content together 

with oxyfluorination of the carrier resulted in adequate electro-sensitivity to release the 

drugs.[153] Servant et al (2013) engineered a pulsatile drug delivery carrier using 

poly(methylacrylic acid) and MWCNTs.[154] Similarly, several electro-responsive CNTs-

hybrid hydrogel have been experimented.[41]

Application of CNTs-hybrid hydrogel for NIR mediated drug release has also been studied 

extensively.[151] In these cases SWCNTs are the NIR-responsive constituent of the matrix. 

NIR absorbance ability of single-walled CNTs is due to their electronic transitions between 

the first and second van hove singularities.[155] NIR mediated drug delivery of CNTs-hybrid 

hydrogels have largely been explored to cancer therapy. Liu et al (2014)[156] synthesized a 

doxorubicin nanoformulation with poly (ethylene glycol) and SWCNTs. Exposure of 800 

nm NIR with 1mW/cm2 power on nanoformulations resulted in burst drug release.[157] 

Similarly, NIR (808 nm laser; 0.7 W/ cm2) triggered doxorubicin release from a nanocarriers 

constituted from PEG modified mesoporous silica coat on SWCNTs. NIR responsive drug 

release from MWCNTs have also been shown and been explained elsewhere.[158]

The rapid development in the field of CNTs based hydrogel hybrids for drug delivery 

application offer numerous challenges and aspects to be addressed. The high versatility of 
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the CNTs as a nano-filler make them appealing to be utilized for developing therapies. These 

system offer unique platform for managing the chronic illness that require multiple dosages. 

The diverse and extraordinary properties of these hybrids (stimuli responsive) make them 

ideal candidate to be explored further for drug delivery.[113]

5.3. CNTs-based hybrid hydrogels for imaging applications

Hydrogels have shown high efficacy in delivering targeted bio-actives. Beside this, these 

systems also possess easy detection in-vivo by imaging tools due to the fluorescent 

properties exhibited by hydrogels or nano-fillers. The advancements in the technology have 

come up with hydrogels, which are functionalized with contrast agents and have emerged as 

non- invasive tools for imaging the path and fate of the therapeutics delivered by using 

hydrogel carriers. Additionally, the CNTs-hydrogel hybrids offer enormous surface area, 

ease of surface modulations, active towards catalyst, and electronic transportability results in 

enhancing the sensing of targeted analytes and bio-actives. The ability of strong absorption 

in the NIR window (750–1000 nm) make them ideal to be used in photoacoustic imaging. 

Due to high uptake of tubular structures of CNTs/hybrid system, the fluorescent contrast 

feature has been employed for deep tissue imaging, for example photo thermal ablation 

therapy.[159]

Inclusion of multi-functionality is always a demanding feature exhibited by materials 

selected for biomedical application, especially imaging. CNTs, one of such nanostructure, 

have exhibited properties of a potential imaging contrast agent along with other biomedical 

applications. Singh et al. (2014) developed (CNTs@MNPs@mSiO2) system [160] to achieve 

improved drug loading and delivery. Superparamagnetic characteristic of the MNPs 

nanocrystals was expected to accelerate the transverse relaxation of water protons which 

made them suitable as a T2 contrast agent in MRI. Accordingly, CNT@MNP@mSiO2 

hybrid showed characteristics of T2 contrast agent as measured by a clinical 4.7T MR 

system. The in-vivo contrast-enhancing effect of CNTs@MNPs@mSiO2 hybrid was 

evaluated in mice liver, spleen, and kidney (Figure 11). Some previous studies explored the 

potential of CNTs@MNPs for imaging [161] and diagnostics.[162] Thus recent trends in 

research and development showed that CNTs based hydrogel hybrids holds great potential in 

imaging.

5.5. CNTs-based hydrogel hybrid for bio-sensing applications

Hydrogels, an electro-active bio-compatible bio-sensing platform, have been used for the 

immobilization of the desired biomolecules. For biosensor development, a hydrogel provides 

a protecting layers to bio-actives, which have comprehensive control over the diffusion of 

the biomolecules and also possess enhanced biocompatibility. These features make 

hydrogels one of best suitable candidate to be used for bio-sensing applications. Moreover, 

the amplified stability of hydrogel based biosensors for enzyme entrapment on electrodes is 

being explored. Hydrogels also showed response to various external stimuli, which enable 

smart sensing and high actuating performance. The present section discusses the CNTs 

based hydrogel hybrids developed for various biosensing applications.[163]
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The broader interest in development of CNTs-based hybrid hydrogel biosensors arose for 

improving their applications and understanding the mechanism behind the various diagnostic 

approaches. Depending on the biological sensing element and mode of sensing i.e. electrical, 

chemical, electrochemical, thermal, optical, such hybrid hydrogels can be effectively used 

for sensing pathogenic diseases (cancer, HIV), specific biomarkers, enzymes, hormones, 

environment monitoring, etc.[164] One of the prerequisite condition is the incorporation of 

complementary structures (antibody-antigen and receptor-hormones), which have strong 

affinity due to specific molecular recognition, followed by quantization of proportional 

signals (Figure 8). The availability of electron and fast conduction within CNTs helps in 

enhancing sensitivity of transducer for various diseases and hence, can be utilized for rapid 

detection of pathogens as well as amplification of signals.[165] Figure 12 demonstrated 

CNTs incorporated hydrogel hybrid with possible interaction with biological moieties or 

biologically active molecules. The CNTs can be incorporated with the bio-molecules, or 

polymeric matrix, or screen printed electrodes, with an idea in mind to avoid leakage. 

Hydrogels and CNTs both individually can be used as a suitable platform or substrate 

material, to implant the specific molecular structure (antibody-antigen and receptor-

hormones) for sensing activity.

CNTs due to intrinsic high electrical conductivity, good mechanical properties, its ability to 

get functionalized and 3-D construct, produces tuning ability to the electrochemical bio-

sensing characteristic of the resultant hybrid material. CNTs based sensors can be utilized 

for detection of analytes like glucose, neurotransmitters, amino acids, insulin, DNA, cancer 

biomarkers, cholesterol, etc. In many cases SWCNT addition to a polymeric matrix lead to 2 

to 10-fold increase in the peak currents during oxidation and reduction in cyclic 

voltammetry along with increase in electro-oxidation current during glucose sensing 

application. In another example, enhanced mass transport of water molecules in poly (N-

isopropylacrylamide) (pNIPAM) loaded with SWCNTs hydrogel polymer composites, the 

thermal response time increased (5 times). Further, strong absorption properties of 

nanotubes aided in obtaining ultrafast NIR optical response, photoluminescence (PL) of the 

composite hydrogels for biosensing or actuator formation.[43, 166] Basically, the swelling and 

de-swelling of the hydrogel changes the cross-linking density, hydration state and dielectric 

around the CNTs, which causes lattice deformation to the dispersed CNTs, changing the PL 

emission maxima of the composite hydrogel.[166] Further, the higher reactivity rate on CNTs 

substrate, resistance to surface fouling, and efficient electron transfer to the redox sites of 

enzymes, also paved its path for electrochemical sensor in many ways like amperometric 

biosensor, etc. As CNTs possess higher electro-catalytic activity for oxygen reduction 

reaction i.e. redox reaction as in case for sensing of hydrogen peroxide (H2O2) or sensing 

the reaction (Figure 13), which results in production of H2O2 as during the enzymatic 

reaction between glucose oxidase/glucose or choline oxidase/choline.[167] Incorporation 

such SWCNT or MWCNTs in a proper matrix or substrate such as nano-gel of hyaluronic 

acid, conjugated with boronic acid (a reversible glucose-sensing material) have led to the 

formation of reversible torsional actuation that can be used for on demand drug delivery as 

well as glucose sensing.[168] A short response time and high sensitivity was achieved by this 

nano-gel MWCNTs yarn artificial muscle without any electrical power source as well as 

glucose oxidase (mostly used in any typical glucose sensor). Moreover, CNTs based 
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hydrogels has been utilized to monitor the proper growth of human embryo by measuring 

the secretion of L-lactate within embryonic cell culture.[169] So, with proper surface 

functionalization and uniform dispersion CNTs high aspect ratio, tunable conductivity, non-

cytotoxicity, specificity, selectivity, functionalization and compatibility with biological 

system renders their uses in fabrication of sensing and other biological devices.

7. Clinical aspects of CNTs based hydrogel hybrids

As of now, the fundamentals and advancements in hydrogel hybrids of desired properties for 

specific biomedical application has been demonstrated significantly (Figure 14 A and B )
[171, 172]. However, the efforts are being continuously made to improve synthesis and 

processing strategies to develop novel hydrogels of much better improved biocompatibility 

and therapeutic efficacy. Due to tunable functionality, desired morphology, and electrical 

properties, the nano/micro gels has been scaled-up for clinical applications. Aiming to 

improve health care, various hydrogels have promoted as efficient drug delivery agent, 

wound healing agent, preservative of drug/vaccine/gene to make them long-acting 

therapeutic agent, organ transplantation, and tissue engineering material.

The major challenges of instability and low-conductivity in hydrogels have been overcome 

through designing hybrid hydrogels with CNTs, for further improved performance in 

biomedical applications (Figure 14 C).[173] At the same time using advanced technology, the 

toxicity of CNTs, the most challenging obstacle in its promotion for in-vivo use has been 

resolved. Since decades, many efforts have been made to demonstrate in-vivo application of 

CNTs through its coating with a suitable hydrogel. For example hydrogel coated CNTs 

capillary was implanted in mice to detect blood glucose through optical sensing as a 

function of photoluminescence (Figure 14 D).[173] In another approach, Brone et al 

developed a hydrogel-SWCNTs system to detect glucose in-vivo optically, based on the 

hydrogel swelling mechanism on NIR exposure (Figure 14D) using apo-glucose as a cross-

linker in hydrogel.[166] The NIR stimulation, the swelled hydrogel induces solvatochromic 

shifting reversibly. This developed validated sensor reported glucose concentration, 10 nM 

within 60 s, at in-vivo as a function of swelled state of hydrogel.[166]

In spite of significant performance of hydrogels and CNTs in biomedical applications, the 

composites class of both materials is not well-promoted towards clinical level. We believe 

that a significantly increased attention should be paid globally to promote CNTs based 

hydrogel hybrids for extended research toward FDA approval and further for clinical 

applications.

8. Concluding comments and Future prospects

Next generation nano-composite hydrogel hybrids have turned up as an excellent platform 

for drug delivery systems for human body. The need of future research is to explore the 

strong and effective methods to develop hydrogel hybrids with reduced toxicity and 

enhanced efficacy. The unique and novel technologies using CNTs based interpenetrating 

networks and stem cell inclusion in the side chains is quite challenging and visionary 

applied. The other crucial areas of research which needs to be addressed in near future are 
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(1) the study of the diverse forms of hydrogel hybrids for easy and suitable route of 

administration including (injections (in situ gels), patches in the form (hydrogel film), 

ocular, nasal and oral route, intrathecal or implanting the hydrogel hybrid inside the human 

body, (2) the complete understanding toxicity and compatibility to surrounding tissue with 

the side products after the degradation of the polymeric matrix used for the design of the 

hydrogel hybrids, (3) the interactions of these hydrogel hybrids with individual organs and 

their detection after consumption or implantation to see the real effect on the cell survival 

and the functional activity of all the cells and widely on individual organs, (4) The key effect 

on the inflammation and recovery of the damaged part, (5) to know the exact mechanism for 

the development for effective utilization of hydrogel hybrids and finally their excretion from 

human body. The assessment of the efficacy of these nanocomposite hydrogels in suitable 

animal model will give real picture for them to be completely accepted by the human health 

care system. The future research is emerging in the direction where hybrid hydrogels are 

involved in developing base materials for microchemotaxis devices, biosensing devices and 

for motifs used for DNA identification. The future goal is to pay attention to the 

development of safe hydrogel hybrids for tissue engineering, organ replacement, cardiac 

constructs and as innovative nanoreactors having controlled functions.
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Figure 1. 
Biomedical applications of hydrogels. A) Stretchable hydrogel electronics, B) Water-based 

band-aid designed to senses temperature, lights up and delivery for specific medicine to the 

skin (Source: http://news.mit.edu/2016/tough-hydrogel-hybrid-artificial-skin-0627).C) 

Hydrogel based contact lenses made of silicone hydrogel (source: http://coopervision.com/

about-contacts/silicone-hydrogel-contact-lenses. http://www.seetheclarity.com/contact-lens-

basics/. D) Hydrogel pad prepared by Neoheal® Sterile company, designed for moist wound 

management (Source: http://kikgel.com.pl/produkty/neoheal/).E) Hydrogel sheet prepared 

by AquaDerm company for pain relief and wounds healing (http://dermarite.com/product/

aquaderm/). F) A hydrogel sheet designed to cure (Source: http://www.asocorp.com/

products/wound-care/). H) A hydrogel based bandage for temperature sensing and medicine 

delivery (Source: http://insights.globalspec.com/article/1815/hydrogel-bandage-senses-

temperature-delivers-medicine). I) a hydrogel based stretchable electrodes deigned for health 

care [Ref. Nature Asia Materials http://www.nature.com/am/journal/v3/n1/full/

am20119a.html. J) Stretchable hydrogel electronics (a-c) designed to develop implantable 

devices aiming for tissue engineering. (Source: http://onlinelibrary.wiley.com/doi/10.1002/

adhm.201400209/epdf). K) Bio-printed hydrogel microchannel networks developed for real 

time monitoring with potential application in tissue engineering and organs on chip 

applications Reprinted with copyright permission from reference [15]. L) Injectable 

hydrogels fabricated using triblock copolymers of vitamin E-and functionalized 
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polycarbonate and poly (ethylene glycol). This hydrogel was used to deliver a specific of 

antibodies to cure cancer.Reprinted with copyright permission from reference [16]M) 

Hydrogel designed for the delivery of anticancer therapeutic agent for the treatment of 

glioblastoma (GBM). Reprinted with copyright permission from reference [17]
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Figure 2. 
Estimate of the number of publication published in last 20 years in field of NC hydrogels.
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Figure 3. 
Programmable “flower’ made by heterogeneous integration of pNIPAM and SWCNTs-

pNIPAM bilayer actuators. (a) Fabrication scheme for making a programmable flower, 

consisting of two layers of actuators. (b) Flower folding (i.e., closes) when heated in a water 

bath to 50 °C. (c) Flower blooming by cooling down the water bath. Reprinted with 

permission from ACS [43]
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Figure 4. 
Neuronal network of cells grown on carbon nanotubes array, fabricated using chemical 

vapor deposition method. A) SEM image of cortical cells, dissociated from 1-dayold Charles 

River rats, grown on CNTs network. (B) Morphology of grown pattern at high magnification 

showed that cells are well confined on CNTs.[97]
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Figure 5. 
A) Demonstration of osteoblast proliferation on chitosan, 20% nHA in chitosan scaffold, and 

20% nHA+B-SWCNTs in chitosan scaffolds. The morphological analysis of cells in the 

presence of chitosan controls (b), 20% nHA in chitosan scaffolds (c), 20% nHA + B-

SWCNTs in chitosan scaffolds (d), and enlarged cell morphology (E) showed extended cell 

spreading confirming developed materials as a suitable biomimetic bone scaffold structure.
[103] B) Microscopy of rat heart endothelial cell in the presence of alginate (a) and 

SWCNTs-alginate composite scaffold (b) on Day 7. [104]C) H&E staining microscopy of 

duodenum and Jejunum-ileum in the presence of composite hydrogel protected IgY. 

Duodenum jtransversal section and hydrogel protected IgY (a) as 100 X, and (b) at 400 X 

with reference to +ve control (c). Jejunum-ileum transversal section and IgY at 100X (d) 

100 X and (e) at 400 X with reference +ve control (f).
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Figure 6. 
A) Biocompatibility assessment of CNTs-GelMA designed for cardiac construct a) 

morphology of GelMA and CNTs-GelMA in the presence of cell confirming good cell 

adhesion and cell retention, b) cell retention, c) cell viability, and normalized DNA 

quantities (at day 3 and 7) as a function of CNTs concentration (1 to 5 mg/mL).[53] B) 

Biocompatibility assessment of CNTs-GelMA system designed for ECM. a) Calcein-AM 

(green)/ethidium homodimer (red) Stained optical image of 3T3 fibroblasts cells embedded 

in GelMA (a to c) and micro-patterned CNTs-GelMA composite hydrogel (0.5 mg/mL) (d to 

f) for 24 and 48 h after encapsulation. The live/dead assay confirmed that developed system 

caused no toxicity, g) cell viability assay (after 24 h encapsulation) and h) MTS assay 

(absorption at 490 nm, after 24 and 48 h encapsulation) as a function of varying CNTs 

concentration.[106]
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Figure 7. 
A) Macro- and microscopic structural properties of SWNT-incorporated hydrogels. The 

Effects of SWCNTs concentration on ventricular myocyte viability (B) and spontaneous 

beating frequency(C). The developed composite hydrogel, containing 175 ppm CNTs, 

showed significantly toxicity after 4 days in culture (viability % 47) and cells grown on 

structure containing 69 ppm or higher concentrations of SWNTs exhibited heart beat ∼310 

beats/min (close to rat). D) Ventricular myocytes cultured on hydrogels stained and E) 

Optical mapping of activation time. The cells were stained suing Di-8-ANEPPS after 7 days 

in culture.[107]
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Figure 8. 
A) Cytotoxicity assays (assayed sampled shown in insert) of C2C12 cell seeded onto 

MWCNTs-chitosan scaffolds surface (a) in comparison of control (b), and cells culture 

adjacent to scaffold (c). B) The optimized biocompatible MWCNTs-chitosan was bind with 

rhBMP-2 and implanted for surgery, mouse subcutaneous muscular pocket (a), and scaffold 

showed bone tissues regeneration (b). Microscopic image of regenerated bone tissue for 

detailed analysis on the bases of collagen expressing cells (blue–green colored). Further 

detailed analysis of remained MWCNTs-chitosan scaffold as indicated by purple color (d).
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Figure 9. 
A) Persistent gfp expression in HASMCs grown on control NPgfp and NPgfp-CNTs (5 – 50) 

as a function of time (day 3 – 9). Evaluation of stent efficacy to prevent ISR, angiographic 

images of canine femoral arteries with BMS, NCS (−) and NCS (+) at week 6 post stent 

deployment (B-D) and cross-sectional images of elastic Van Gieson stained stented femoral 

arteries of the three groups on week 6 (E-G). [110]
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Figure 10. 
Mechanically and Electrically Enhanced CNTs−Collagen Hydrogels As Potential Scaffolds 

for Engineered Cardiac Constructs. Reprinted with Copyright permission from ACS 

reference [146]
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Figure 11. 
T2-weighted MRI images of liver (left) and kidney and spleen (right) before and after 

intravenous administration of CNTs@MNPs@mSiO2 nanocarriers. It shows their 

applicability of CNTs@MNPs@mSiO2 contrast agent for imaging purpose. Reprinted with 

permission from reference. [160]
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Figure 12. 
(A-C) showed a typical setup of hydrogel with inbuilt redox molecule/tag, which can be 

utilized for biosensing activity involving redox conversion, CNTs incorporated hydrogel 

matrix, functionalized with hydroxyl or carboxylic groups, used for interacting/ capturing/

creating possible affinity sites for sensing activity.
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Figure 13. 
GOx biosensor mechanism (A) in a bi-enzymatic configuration, when detection is based on 

the detection of peroxide formed in the first GOx enzymatic reaction and (B) based on the 

direct regeneration of FAD at polyphenazine mediator. Reprinted with copyright permission 

from reference. [170]
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Figure 14. 
A) Injectable hydrogels developed for various biomedical applications with related 

mechanism,[171] B) demonstration of in-vivo behavior of a nano-gel developed for targeted 

application.[172] C) A hydrogel-fluorescent SWCNTs modified capillary based optical 

sensor implanted beneath the skin to detect glucose in blood. Through a biochemical 

reaction, The VEGF, released from hydrogel, induced neovascularization to cause SWCNTs 

fluorescence attenuation that can be detected using an InGaAs array. Very recently, a 

SWCNTs-hydrogel based sensor was developed in implanted in mice to detect blood 

glucose. [173] (D) The swelling of hydrogel affect photoluminescence of SWCNTs which 

dependent of glucose amount in blood. The fluorescence image of a PV-SWCNTs hydrogel 

in mouse and imaged using a CRi-Maestro in vivo imager. The excitation from 576 to 605 

nm and emission from 840 to 950 nm with a 5 s exposure was selected as operational 

parameter.[166]
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Table 1.

Recent development in CNTs based hydrogel hybrids in biomedical fields.

Application Polymers used Nano-fillers Disease targeted/Drugs used Ref.

Drug delivery Molecularly imprinted polymers 
methacrylic acid as the functional 
monomer, ethylene glycol 
dimethacrylate as crosslinking agent

CNTs Diclofenac Sodium [111]

Methacrylic acid around carbon 
nanotubes in the presence of Quercetin 
as biologically active

CNTs flavonoid [112]

Electro-responsive MWCNTs nanotube/
poly(methylacrylic acid) (MWCNT/
PMAA)

CNTs Pulsatile drug delivery of 
various drugs.

[113]

Electro-responsive hybrid hydrogel 
films developed using Acrylamide and 
N,N′-ethylene bisacrylamide

CNTs The external electric voltage 
resulted in a faster release of 
anionic drugs, whereas a slower 
release was observed for cationic 
drugs.

[114]

Hydrogel nanocomposite developed 
using grafting of acrylic acid (AA) on to 
kappa-carrageenan (κC)

MWCNTs Adsorption of crystal violet and 
holds potential for similar kind 
of drugs.

[115]

Tissue engineering/ scaffolds Functional cardiac patches by seeding 
neonatal rat cardiomyocytes onto CNT-
incorporated photo-cross-linkable 
gelatin methacrylate (GelMA) 
hydrogels.

CNTs Multifunctional cardiac scaffolds [53]

Reinforced CNT–gelatin methacrylate 
(GelMA) hybrid system as cell-
responsive hydrogel platform for the 
creation of cell-laden three dimensional 
(3D) constructs

CNTs Fabricating complex 3D 
biomimetic tissue-like 
structures.

[106]

CNTs embedded aligned poly(glycerol 
sebacate):gelatin (PG) electrospun nano-
fibers

CNTs Hybrid scaffolds for engineering 
cardiac constructs

[116]

Align CNTs within gelatin methacrylate 
(GelMA) hydrogels

CNTs To Fabricate Contractile Muscle 
Myofibers

[117]

Hybrid hyaluronic acid (HA) hydrogels 
with SWNTs were then formed by 
cross-linking with divinyl sulfone

SWCNT HA plays a dual role of matrix 
and linker for the rigid 
reinforcing nano-fibers.

[118]

Aligned CNT forest microelectrode 
arrays and incorporating them into 
scaffolds for cell stimulation

CNTs To engineering biohybrid tissue 
actuators

[119]

hybrid hydrogel tissue scaffolds of 
calcium alginate/single- SWCNTs 
composite

SWCNT Tissue engineering applications [120]

GelMA CNTs Tissue Engineering Cardiac 
Constructs and Bioactuators

[53, 121, 122]

Biosensors Pt nanoparticle (PtNP)-modified 
conducting polymer hydrogels CPH 
electrode.

CNTs Biosensors for Human 
Metabolite Detection

[53]

Composite films developed by 
incubating an enzyme in a SWNTs 
solution and crosslinking done by 
poly[(vinylpyridine)Os(bipyridyl)2Cl2+/
3+] polymer film

SWCNTs Amperometric Biosensors [123]

Aligned MWCNT arrays instead of bulk 
random CNTs to fabricate composite 
films based on a poly(N-isopropyl 
acrylic amide) (PNIPAm) hydrogel.

MWCNTs Potential applications in 
temperature or humidity sensors

[124]
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Application Polymers used Nano-fillers Disease targeted/Drugs used Ref.

Fabrication as well as integration of 
active microstructures based on 
composites of 3DCNT frameworks and 
hydrogels.

CNTs Useful in directing the actuation 
of gels and measuring stimuli 
responsiveness

[125]

PAAm and MWCNT hydrogel 
composite

MWCNTs Electromechanical actuation [126]

Orthopedics

Hydroxyapatite and magnetically 
synthesized chitosan Nanocomposite

SWCNT Bone Regeneration [103]

Nanocrystalline Hydroxyapatite, poly(2-
hydroxyethyl methacrylate),

Helical rosette nanotubes Bone Substitutes [127]

Chitosan and hydroxyapatite MWCNTs bone tissue engineering [128]

Polyethylene Glycol functionalization of 
SWCNT 3D nanocomposite scafold

SWCNT Chondrocyte Growth and 
Cartilage Tissue Engineering

[129]

Hydroxyapatite, chitosan and glycerol 
phosphate based thermosensitive 
hydrogels

CNTs Injectable Scaffolds for Bone 
Regeneration

[130]

poly(N-isopropylacrylamide) MWCNTs thermosensitive cell sheet 
engineering

[131]

Chitosan, lactic acid, chitosan modified 
hydroxyapatite

CNTs calcium deposits for bone 
regeneration

[132]

Alginate MWCNTs Robust biological bone, breast, 
cardiac or tumor tissues 
engineering.

[133]

Polylactic acid CNTs tendon and ligament applications [134]

Theranostic

Chitosan, Graphite, designed peptide CNTs cancer diagnosis and 
therapeutics

[135]
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