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Abstract 

Under the influence of an electric field, ionic electro-active polymers generally bend or 

deswell, depending on the shape of the polymer matrices and its position relative to the 

electrodes. In this study, we investigate the bending behaviour of regenerated cellulose-

based ionic electro-active composites for the fabrication of soft actuators with improved 

actuation force and durability. This research also focuses on the externally induced 

(electrically and magnetically) matrices deswelling and other responses, which affect 

the release of drug from the matrices. For actuation studies, we prepared matrices by 

combining carbon nanofibers, conducting polymers, and ionic liquids (through 

blending, doping, or coating) into the regenerated cellulose. We observed that actuators 

coated by polypyrrole doped with anthraquinone-2-sulfonic acid sodium salt 

monohydrate showed improved electrical conductivity and durability compared to that 

of using perchlorate ion as the dopant. This is due to the preparation process and the 

effect of dopants that play an important role to improve the performance of the 

regenerated cellulose-based ionic electro-active actuators. In addition, we investigated 

the influence of electrode design (layer-by-layer structure) on the properties of the 

actuators.  

 

Further, in this study, we developed three types of matrices consisting of regenerated 

cellulose/functionalized carbon nanofibers, regenerated cellulose/functionalized carbon 

nanofibers/polypyrrole, and regenerated cellulose/γ-ferric oxide/polypyrrole. We 

investigated the effects of electric field strength and electrode polarity on the release 

rate of sulfosalicylic acid (drug) in an acetate buffer solution with pH 5.5 and 

temperature 37 ᵒC during a period of 5 h. Drug release rate from the matrices containing 

carbon nanofibers (additives) increased effectively with increasing applied electric field. 
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The mechanism of drug release from drug-doped polypyrrole coated matrices includes 

expansion of conductive polymer chain and the electrostatic force between electron and 

drug. The novelty of the work is- the matrices can also work under magnetic field and 

consequently, one can be beneficial from a contactless actuation. In this study, we also 

investigated electrical conductivity, morphology, swelling behaviour of the composite 

matrices, electro-active composite-drug interaction, and in vitro drug release behaviour 

of the matrices. Further, a comparative study was performed on the rate of drug release 

from the matrices induced by electric and magnetic field.    
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1 

 Introduction 

1.1 Background and Motivation 

This research focuses on the actuation and drug delivery behaviour of regenerated 

cellulose-based electro-conductive composites prepared by combining carbon nanofibers, 

polypyrrole, ionic liquids, and gamma ferric oxide (through blending, doping, or coating) 

into the regenerated cellulose. Drug delivery is normally processed through material 

actuation specifically, deswelling and change of shape due to ion movement. This makes it 

worthwhile to combine actuation and drug delivery in this investigation.  

 

Among conducting polymers, polypyrrole has achieved much attention from researchers in 

recent years for the development of actuators since they possess both ionic and electrical 

conductivity. Recently, Baughman [1] has reported the potential applications of conducting 

polymers as artificial muscles, micro-valves, robotics, and soft actuators. However, these 

applications have not yet been fully developed due to the following reasons: [2] 

 They can be operated at low voltages but their wetness should be maintained 

 The devices are capable of delivering low forces 

 Instable performance of the conducting polymer actuators  

Many researchers have experienced problems to combine conducting polymers with 

conventional polymers because of the insolubility of conducting polymers in common 

solvents. Regenerated cellulose/conducting polymer composites provide some possibilities 

in this regard. Among conducting polymers, polypyrrole has strong affinity to regenerated 
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 cellulose. However, a combination of the two materials is expected to improve different 

application aspects of the electro-active paper composites driven by electric potential. In 

addition, if the composites possess appreciable electrical conductivity, that could be 

operated at low voltages with improved response time [3].   

 

In 2006, Jaehwan et al. reported a few conjugated conducting polymer/electro-active paper 

(regenerated cellulose) actuators that can work in air but that have some drawbacks [4], 

which are: 

 Their complicated configurations require expensive multistage processing 

including sputter deposition of metallic layer electrodes on the substrate and   

electrochemical deposition of conducting polymer layers [5]   

 They show nearly 50 % performance degradation within 4000 s  because of the 

damage of the gold electrode coating on the actuators caused by the trapped 

dimethylacetamide, reactive Li+ ions, and initial aging of the material for electrical 

actuation [6]  

 There are chemical interactions between counterions and PPy and that lead to 

decreased electrical conductivity [7] 

 They show little displacement output even at 70 % relative humidity [4] 

 Force output and frequency are also small [8]  

 

 

 



3 

Drug delivery is the process of introducing drugs into our body. Oral, injection, and 

transdermal are three different routes by which drugs can be administered into our body. 

Table 1-1 shows the advantages and disadvantages of different types of drug delivery 

routes.  

Table 1-1: Advantages and disadvantages of different types of drug delivery routes 

Routes Advantages Disadvantages 

Oral May provide sufficient 

dose of drug initially 

The dose decreases over a 

short time period [9] 

Injection May provide suitable dose 

of drug initially 

The dose decreases over a 

short time period [9] 

Transdermal Patch i) Avoids the first-pass 

metabolism [10] 

ii) Provides on-demand 

release of drug to the 

targeted area of the body 

Extremely low drug release 

rate from the matrix and the 

low permeability of drug 

through the skin [11] 
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Drug delivery carriers fabricated from hydrophilic matrices have several distinguishing 

features such as a good in vitro–in vivo correlation, inexpensive and easy to fabricate. In 

addition, it is also possible to formulate hydrophilic matrices with high molecular weight 

drugs [8]. The main problems in the formulation of these carriers are:  

 The lack of a suitable large scale production method 

 To achieve a suitable rate of drug release over the time desired [12]    

 To reduce burst effect [13] 

 Loading of drugs into the matrices 

 The cytotoxicity of the drug carriers [14] 

 

Cellulose is known as the earth’s major biopolymer and has economic importance globally. 

In this study, regenerated cellulose is used for developing soft actuators and drug delivery 

matrices as regenerated cellulose is biocompatible and is more environmental friendly than 

synthetic electro-active polymers (EAPs). It has some distinguishing features, which are: 

[15] 

 It is inexpensive  

 It is hydrophilic 

 It actuates with low voltages 

 It consumes low power 

 It is lightweight  

 It works at ambient and humid conditions 

 It has strong affinity to polypyrrole and makes it with improved electrical 

conductivity  
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Under the influence of an electric field, electro-active papers made from regenerated 

cellulose generally bend or deswell, depending on the shape of the papers and their 

positions relative to the electrodes. Bending occurs when an electric field is applied across 

the thickness direction (paper lies parallel to the electrodes) whereas deswelling occurs 

when the paper lies perpendicular to the electrodes [16]. Bending behaviour has mainly 

been studied for the production of mechanical devices such as valves, soft-actuators, and 

artificial fingers/muscles. Electrically induced deswelling affects the release of drug from 

the drug-loaded matrices.   

1.2 Research Objectives  

This is a two-fold purpose thesis. First, to investigate the possibility of improving the 

performance of actuators developed from regenerated cellulose-based electro-conductive 

composites, and second, to investigate the possibility of using these types of composites in 

drug delivery specifically:  

 Develop regenerated cellulose-based actuators with improved electrical 

conductivity, durability, and actuation force, which can be used as valves, soft-

actuators, and artificial fingers/muscles  

 Develop drug carriers, which respond well under external stimuli such as electric 

and magnetic field for drug delivery. Magnetic field induced carriers are much more 

desirable as they give contactless actuation  

 Reduce the burst effect (initial large amount of drug released before reaching a 

stable release profile) of highly water-soluble drugs 

 Investigate the best biomedical applications suitable for these composites 
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1.3 Thesis Overview  

We explained the motivation for this work and the objectives in this chapter. The remaining 

chapters of this thesis will proceed on in the following orders: Chapter 2 covers review of 

literature. It focuses on the possibility and challenges of using regenerated cellulose-based 

electro-conductive composites as actuators. In addition, it describes different types of drug 

delivery devices based on the mechanism controlling the drug release. Further, it reviews 

devices used for transdermal drug delivery. Chapter 3 describes preparation process of 

regenerated cellulose-based electro-conductive actuators. It also investigates into the impact 

of dopants on the performance of the electro-active actuators.  In addition, it describes 

techniques used for the characterization of the actuators. In chapter 4, a novel systematic 

design for actuators is developed. It also investigates the performance of the layer-by-layer 

casting actuators in terms of bending displacement, actuation force, and power 

consumption. Chapter 5 investigates (in vitro) the release kinetics of a model drug from 

conductive regenerated cellulose-based matrices under external stimuli (electric and 

magnetic fields). Chapter 6 also evaluates controlled drug delivery from regenerated 

cellulose-based electro-conductive matrices containing magnetic particles under external 

stimuli such as electric and magnetic fields. Finally, Chapter 7 summarizes conclusions and 

the potential future work. 
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 Literature Review 

Although the focus of this work is to develop regenerated cellulose based electro-active 

materials, a review of the literature on the development of electro-active polymers is 

appropriate at this stage. The discussion under Heading 2.1of literature review section 

focuses on regenerated cellulose-based electro-conductive composite materials as actuators. 

Heading 2.2 of literature review section focuses on the different types of drug delivery 

systems. In addition, shortcomings of the drug delivery techniques, and the potential use of 

hydrophilic materials as drug delivery carriers are presented in this section.  

2.1 Material Selection 

The development of new electro-active polymer (EAP) materials that exhibit large 

displacement [17] has received much attention since 1990s. Indeed, based on the activation 

mechanism, EAP materials are divided into two major categories such as electronic driven 

by electric field and ionic involving mobility of ions. Electronic EAPs require high voltage 

for activation. In contrast, devices fabricated from ionic EAP materials, such as conductive 

polymers, ionic polymer–metal composites [18] and carbon nanotubes [1] can be operated 

at low voltages. However, their wetness should be maintained. Ionic polymer-metal 

composites (IPMCs) are capable of producing large bending motion when subjected to a 

low applied electric field (~10 kV m-1) across the conductive surface. They show fast 

response time of ≥ 120 Hz and reliable bending motion ≥ 100,000 times  with large bending 

displacement [19]. However, IPMCs as actuators have limited applications because they 

generate low actuation force. In addition, the operating voltage of water hydrated ionic 

polymer actuators is limited to 1.23 V. Above this voltage, electrolysis of water occurs, 
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which leads to performance degradation of the IPMCs actuators [17]. Thus, it is desirable to 

develop regenerated cellulose-based actuators. 

2.1.1 Regenerated cellulose as an electro-active polymer 

Electro-active paper (EAPap) developed from Regenerated cellulose can be actuated 

electrically because of the combined effect of ion migration and piezoelectricity of 

cellulose [20]. Piezoelectricity in cellulose originates from the dipolar orientation and 

monoclinic crystal structure of cellulose. The existing EAPap actuators are sensitive to 

environmental humidity. They show little displacement output at ambient humidity. Force 

output and frequency are also small. The performance of  the actuator tends to degrade with 

time [21]. To resolve this problem an ionic liquid named 1-butyl-3-methylimidazolium-

tetrafluoroborate (BMIMBF4) was dispersed in regenerated cellulose solution [22]. The 

actuator showed ~62.9 % performance degradation at 50 % relative humidity after 

activating for 11 h. The performance degradation is because of the highly hygroscopic 

BMIMBF4,which  absorb water and resulted in depletion of ions in the film [22]. Thus, the 

main objective of this work is to develop durable actuators, which can operate in air at low 

voltages both at ambient and highly humid conditions. To fabricate actuators working in 

air, some kind of electrolyte such as either a “solid polymer electrolyte” (SPE) which 

contains some liquid to allow ion migration, or a liquid electrolyte surrounded by some 

kind of encapsulation is required.  

 

Regenerated cellulose paper can be synthesized by dissolving cellulose fibers into a suitable 

solvent and casting it on a glass petri dish.  Derivative and direct methods can be used to 

dissolve cellulose fibers.  The viscose method is a derivative method in which cellulose 
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xanthogenate is formed by the reaction of pulp with carbon disulfide as a metastable 

intermediate. This method leads to emission and environmental problems [23]. The direct 

dissolution without derivation is possible with some solvent systems. Among various non-

aqueous solvent systems with inorganic salts lithium chloride/N,N-dimethylacetamide 

(LiCl/DMAc) is advantageous because of several reasons such as (i) a high level of 

polymer-solvent interactions and (ii) after a long period of storage, a negligible reduction of 

the viscosity of the polymer [24]. 

 

In 1981, McCormick first reported the dissolution of cellulose in lithium chloride (LiCl)/N, 

N-dimethylacetamide (DMAc) solvent system [25]. By using this solvent system a 

homogeneous solution containing 16-17 % cellulose was obtained [25]. The time required 

for dissolution of cellulose was reduced by prior activation of the cellulose with a solvent 

exchange series: water, methanol, DMAc. Using this procedure, a clear solution with 

concentrations up to 5 % was obtained in less than an hour and concentrations of 6-15 % in 

24-48 h. The time required for dissolution was further reduced by heating the mixture to 

155 ⁰C and allowing it to cool slowly [26]. In the LiCl/DMAc solvent system, hydroxyl 

protons of the anhydroglucose units are associated with the chloride anions by hydrogen 

bonding. The chloride ion (Cl- ) is associated with a Li+(DMAc)x macrocation as shown in 

Figure 2.1 [27]. The lithium ions (Li+) are tightly linked with the carbonyl group (C=O) of 

DMAc while the chloride ions are left unencumbered. Thereby, chloride ions are highly 

active as nucleophilic base and play a major role by breaking up the inter- and intra-

hydrogen bonds. Some authors attribute to Cl- the ability to complex the three hydroxyl 

groups of the anhydroglucose unit by hydrogen bonding, while the counterpart of the 

solvent complex, the [Li DMAc]+ macrocation, is believed to be more loosely bound [25]. 

More recently, it has been proposed that cellulose takes part in the coordination sphere of 
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Li+, this being one of the driving forces in the dissolution of the polymer [28]. Ionic 

interactions have been observed between the lithium cation and the carbonyl oxygen of 

DMAc. The electro-negative oxygen atom tends to bind the lithium cation, while the amide 

with larger alkyl groups tends to stabilize the cation most effectively (Figure 2.1). 

 

 

Figure 2.1  Dissolution mechanism of cellulose in the LiCl/DMAc solvent system [6] 

 

The formation of layer-by-layer structure of cellulose is hindered due to the presence of 

trapped DMAc and Li+(DMAc)x macrocations between cellulose chains. As a result, 

cellulose possesses low-mechanical properties [29]. Therefore, trapped DMAc and Li+ 

(DMAc)x macrocations should be removed from the polymer solution. DMAc can be 

completely removed by distillation and later washing the films with an isopropyl alcohol/ 

deionized (IPA/DI) water mixture.  Li+ cations may reunite with the chloride anions, which 

thus form a cellulose-LiCl complex. When the films are subjected to running water, 

running water may pull out the Li+ ions from the cellulose-LiCl complex, as the solubility 

of LiCl in DI water is very high (63.7 g) compared to ethanol (42.4 g) per 100 mL of water. 

In addition, Li+ ions are highly water-soluble. Furthermore, LiCl behaves as an ionic 

compound, although an Li+ ion is very small [30]. IPA/DI water mixture also assists to 

fabricate wrinkle-free cellulose films. In addition, it helps enhance mechanical properties, 
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and improve the actuation durability by minimizing electrode damage [29]. Indeed, the 

40:60 ratio (IPA/DI water mixture) is enough to decrease Li+ ions concentration to 86 ppm 

and sufficient enough to elimination of DMAc from the cellulose films [21]. 

 

Regenerated cellulose has ordered (crystalline) and disordered regions. In the disordered 

region, water molecules are found attached to the hydroxyl groups (Figure 2.2) [31].  

 

Figure 2.2: The schematic of distribution of water molecules with Cl- ions in the 

regenerated cellulose film [32]  

The regenerated cellulose paper coated with thin gold electrodes shows bending 

displacement under the application of an electric field [6]. During the paper making 

process, chloride ions are injected in the paper fibre [32]. These ions along with the water 

molecules in the disordered region of cellulose can migrate to the anode under electric 

field. This ionic and water transport across the polymer under an electric field results in 

volumetric changes, which in turn leads to bending [31]. 

 

Kim et al. reported that when 0.25 V/µm of excitation voltage was applied to 30 mm long 

EAPap beam, more than 4 mm of tip displacement was observed [31]. This excitation 

voltage is very low as compared to other electro-strictive polymers. Since the EAPap 

actuators consume less than 10 mW cm-2 power, which is below the safety limit of 
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microwave driven power, consequently, they can be actuated remotely driven by 

microwave power [32]. There is an optimum thickness for achieving good performance of 

EAPap actuator. Because the thickness is associated with the bending stiffness that strongly 

affects the bending deformation and the force output of the actuator [33]. When the 

thickness is increased, the electric field required for activating the EAPap actuator is high, 

as a result, the energy consumption is increased and the efficiency of the EAPap is 

decreased [33]. According to Sungryul et al., 30-µm thick films shows the highest 

efficiency of 3.3 %, which is 60 times higher than the films with thickness 40-µm. 

Therefore, 30 µm is an optimum thickness for the best performance of the EAPap actuators 

[33]. In order to improve actuation force and actuation frequency functionalized 

multiwalled nanotube/cellulose EAPap actuator was developed. The actuator showed 

improved actuation force and frequency at the highly humid condition but the power 

consumption of the actuator was increased with the increase of the humidity [34]. However, 

there are major opportunities for the development of regenerated cellulose-based actuators 

as regenerated cellulose has better biocompatibility and is more environmental friendly 

than synthetic EAPs. The use of renewable bio-based products is a potential alternative to 

petroleum-based and synthetic products [35]. 
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2.1.2 Polypyrrole as an electro-active polymer 

Among conducting polymers (CP), polypyrrole (PPy) has experienced a great deal of 

attention from researchers due to its relatively low cost, physicochemical stability, good 

conductive, optical, and sensor properties [36]. However, there is a major problem of using 

PPy because of its insolubility in an aqueous solution, and its poor mechanical 

characteristics. Therefore, researchers are working on alternative approach using PPy in the 

form of conducting composites or blends with conventional polymers [35]. 

 

The performance of EAPap actuators was improved by developing  a polypyrrole coating 

on EAPap actuators by electrochemical polymerization as described in ref .[4]. The coating 

of conducting polymer on regenerated cellulose can be performed either by chemical or 

electrochemical polymerization. Chemical oxidative polymerization can occur through 

three modes: (i) in a homogeneous solution [37]; (ii) at an interphase of two immiscible 

solutions [38]; (iii) in the vapour phase [39]. The advantages and disadvantages of chemical 

and electrochemical polymerization methods are summarized in Table 2-1[40].  
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Table 2-1: Comparison of the advantages and disadvantages of chemical and 

electrochemical polymerization methods 

Polymerization approach Advantages Disadvantages 

Chemical polymerization  Large-scale 

production possible 

 CP backbone can be 

modified covalently 

 Post-covalent 

modification of bulk 

CP is possible 

 Cannot make thin 

films 

 Synthesis is more 

complicated 

Electrochemical 

polymerization 

 Ease of synthesis 

 Thin film synthesis is 

possible 

 Entrapment of 

molecules in CP 

 Post-covalent 

modification of bulk 

CP is difficult 

 Difficult to remove 

film from the 

electrode surface 

 

 

In the process of the chemical oxidative polymerization of pyrrole, a neutral molecule of 

pyrrole monomer (a) yields cation radical species (b). Cation radicals then recombine, 

yielding a di-cation of bipyrrole (c). After its deprotonation, a neutral bipyrrole molecule is 

formed (d). The bipyrrole molecule undergoes further oxidation, deprotonation and 

recombination steps (e), resulting in PPy as the product of oxidative polymerization (Figure 

2.3). In chemical polymerization, strong chemical oxidants like ammonium peroxydisulfate 

(APS), ferric ions, and permanganate or dichromate anions are used. These oxidants are 

able to oxidize the monomers in appropriate solution, leading to chemically active cation 

radicals of the monomers used [41]. 
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Figure 2.3: Oxidative polymerization of pyrrole to polypyrrole [42] 

Generally, the process of chemical polymerization occurs in the bulk of the solution, and 

the resulting polymers are precipitated as insoluble solids. However, a part of conductive 

electro-active polymer (CEP), formed by chemical polymerization, can deposit 

spontaneously on the surface of materials immersed into the polymerization solution. The 

precipitated and deposited forms of CEP depend on the concentration ratio of oxidant to 

monomer, and the reaction temperature. A reasonably high yield of surface-deposited CEP 

can be obtained by adjusting the reaction conditions [41]. 
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In the process of the chemical oxidative polymerization, the change of the colour of the 

polymerization solution is usually visible. At first, the colourless solution turns, blue and 

dark blue, indicating the formation of di and oligomers. Later, precipitate of black solid 

polymer is observed. The rate of the process depends on the nature of the oxidant used, and 

the concentration of the reactants [42]. Most of the CEP are precipitated as insoluble solids 

after the reaction is completed. However, a part of the CEP can spontaneously be deposited 

as a thin layer on the substrates immersed in the reaction medium. This process can obtain a 

coating of PPy with nanometer thickness. Repeating this process with the fresh solution, the 

thickness of the PPy coating can be increased [43]. 

 

In oxidative chemical polymerisation of pyrrole, Iron (III) chloride is one of the best 

chemical oxidants and water is the best solvent in terms of desirable conductivity 

characteristics [44]. The chemical polymerisation of PPy with ferric chloride oxidant is 

shown in Figure 2.4. 

n
N
H

+ 2.33 FeCl
3 
(aq)

N
H

  

+ 0.33

+0.33 Cl-

n

2.33 nFeCl
2 + 2 nHCl+

 

Figure 2.4: The stoichiometry resulting from chemical polymerisation of PPy with ferric 

chloride oxidant [7]  

The FeCl3/Pyrrole mole ratio for polymerisation by aqueous iron (III) chloride solution at 

19 ⁰C has been found to be 2.33 (Figure 2.4) [45]. During the process of chemical 

polymerisation of pyrrole, anions of the chemical oxidant are incorporated as counter ions 

to maintain the electro-neutrality of the polymer matrix. For example, when FeCl3 is used 
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as an oxidant, Cl- ion is incorporated into the polymer matrix. It has been reported that 

solvent, reaction temperature, time, and the molar ratio of pyrrole/oxidising agent, affect 

the oxidation potential of the solution which in turn influences the final conductivity of the 

synthesised polypyrrole [46]. Elemental analysis data has shown [47] that the composition 

of polypyrrole prepared either chemically or electrochemically is almost identical [47]. 

 

Polypyrrole is electro-active in both organic and aqueous solutions environment. The 

electro-active nature of PPy has been utilized as the basis of most proposed applications 

such as sensors and actuators. It is also suitable for use in physiological environment. Some 

promising features of polypyrrole include low actuation voltage, low cost, high force 

output/weight ratio. Its main drawback is its low speed of response [48].  

 

After polymerization, polypyrrole exists in its oxidized state. Polypyrrole is capable of 

switching between its oxidized and reduced states under electrical stimulus. The switching 

processes are often described according to the following manners (Figure 2.5). 

 

 

Figure 2.5: Redox switching of polypyrrole [49].  
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Where A- is a counterion, which incorporates during polymer growth, X+ is a cation from 

the supporting electrolyte, n is the number of pyrrole monomers for each A- incorporated, 

and m is the number of pyrrole repeat unit.  

 

The electrolytes used in artificial muscle applications are capable of doping and undoping 

of polypyrrole. They do not degrade electrical and mechanical properties of polypyrrole. 

According to Otero et al. [50], when positive charge is applied along the chains and the 

polymer-solution interface, columbic repulsion between those chains leads to open up 

enough space in between chains and that allows penetration of ions and solvent molecules. 

After the conformational change of the structure, ion exchange occurs between the polymer 

and the electrolyte. It is an established fact that the size of the dopant ions dominates the 

redox reaction [49]. When polypyrrole doped with small anions is reduced, electrons are 

injected into the polymer chains and small anions are ejected from the polypyrrole (Figure 

2.5) [51]. The polymer then shrinks. On the contrary, during oxidation, electrons are 

extracted from the polymer chain; positive charges are stored along the chain. 

Consequently, counterions are incorporated into the polymer and the polymer swells [52]. 

When polypyrrole is doped with large dopant ions, the anions are entrapped into the 

polymer chain and remain immobile. As a result, the charge is balanced by the cations from 

the electrolyte. During the reduction of polypyrrole, the cations are injected into the 

polypyrrole chain to neutralize the negative charge and results in polymer’s (polypyrrole) 

expansion, while during oxidation cations are expelled from the polypyrrole chain that 

results in polymer (polypyrrole) contraction (Figure 2.5) [53]. According to Bay et al., [54] 

the volume change in conducting polymer (polypyrrole) is due to the movement of solvent 

molecules into the polymer. It can be concluded that the volume changes in conducting 

polymers (polypyrrole) during redox reactions is mainly due to the insertion of ions 
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between polymer chains. However, conformational change of the polymer (polypyrrole) 

backbone and solvent flux may also play a role.  

 

Potential drop (iR) along a freestanding PPy film means that the region remote from the 

connection point experiences a lower applied potential and may not contribute to the redox 

reaction in the film. PPy has electric conductivity, but the actuator made from it has series 

resistance from one end to the other, which hampers the full performance of actuation. 

When contraction of an actuator occurs with de-doping, the conductivity becomes much 

lower, and as a result, the iR drop increases drastically. To avoid this type of problem one 

can provide an electrical contact along the entire length of the film, i.e. the conducting 

polymer has been placed on a metallized flexible supporting substrate in the form of a bi-

layer. Hutchison et al. developed an actuator with increased actuation performance where 

conducting polymer was deposited on a metallized polymer substrate to get good electrical 

contact over the entire actuator [2]. However, this poses some problems. For example, the 

metal may corrode, react in the electrolyte, delaminate, or crack. In addition, it adds 

processing steps and expense to the production of actuators [55]. Bay and co-workers 

proved that in the presence of an additional complaint gold electrode a polypyrrole actuator 

showed actuation strain of 12% [56]. This design was aimed at reducing actuator iR drop 

and thus increased the performance of the actuator. However, the instability of the 

conducting polymer actuators is a great challenge for its application. 

 

Polypyrrole-based actuators do not meet the requirements for its potential applications 

because PPy is neither soluble in common solvents nor thermally processable. Therefore, 

researchers have attempted to fabricate RC/PPy composites with improved processability 

and mechanical properties while maintaining the inherent electro-active properties of the 
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polymer [57]. Recently S. K. Mahadeva and Jaehwan Kim have developed an actuator 

consisting of regenerated cellulose/polypyrrole/ionic liquid. The actuator shows 1.4 mm 

bending displacement at 60% humidity [58]. However, the composites are still sensitive to 

humidity, actuation force is quite low, and the performance degrades with time [4].  

 

In recent years, there has been considerable interest in using in situ chemical 

polymerization of pyrrole to produce conductive paper composite [59]. Researchers have 

found that the conductivity stability of cellulose–polypyrrole conductive paper composite 

depends on the types of dopants used [60]. In general, the conductive PPy composites are 

less stable in air due to their reactivity with oxygen [61]. This is due to the low oxidation 

potential of PPy. In addition, the redox reaction of PPy is more sensitive to the oxygen than 

those polymers that are more difficult to oxidize [7]. Researchers have reported that the 

conductivity stability of cellulose–PPy conductive paper composite in air depends on the 

preparation conditions, especially pyrrole concentration, oxidant charge and reaction time 

[59, 62]. Therefore, conductivity stability is an important parameter for successful 

industrial application of the paper composite in future. The conductivity stability of the 

paper composite is related to the oxidation of PPy. At elevated temperatures, there are 

chemical interactions between counterions and PPy and that lead to block charge carriers 

paths or shorten conjugated system. As a result, electrical conductivity decreases [7]. The 

decay of conductivity in air atmosphere is due to the chemical reaction of O2 with double 

bonds in conjugated system [7]. In addition, the paper composite prepared from 1.5 g/L 

pyrrole shows the poorer stability compared to that prepared from 5 g/L pyrrole. This is 

because of the incomplete encapsulation of the cellulose fibers by the PPy particles that 

allows more oxygen to penetrate the composite [7].  
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2.1.3 Carbon nanofibers as fillers of the composites 

Carbon nanofibers (CNFs) have experienced considerable interest from the researchers 

since 1980s because of their potential applications as polymer additives, and similarity in 

structure to fullerenes and carbon nanotubes. Carbon nanofibers possess a high degree of 

orientation of their graphitic basal planes parallel to the axes of the fibres [63]. They 

possess excellent mechanical strength and electrical conductivity [64]. Carbon nanofibers 

are hollow fibers with diameters ranging from 20-200 nm and lengths below 100 μm. They 

are produced from the catalytic decomposition of hydrocarbon gases over metal particles at 

temperatures over the range of 1000±400 °C. Carbon nanofibers are available in the 

powdered form [65]. The nanofibers possess a hollow core that is surrounded by a 

cylindrical fiber consisting of highly crystalline, graphite basal planes which are stacked at 

about 25 degrees from the longitudinal axis of the fiber (Figure 2.6) [36].  

 

Figure 2.6: Structure of a four-nanocone-stacked CNF [36] 

They have excellent mechanical properties, which make them attractive candidates as 

reinforcing materials [66] for the manufacture of lightweight, high strength composite 

materials for a wide range of applications such as actuation, sensing, and power generating. 

There is a difference in fiber structure between CNFs and carbon nanotube (CNT). The 
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CNFs have relatively linear fiber structure and higher diameter, than CNT [67]. The 

advantage of CNFs compared to conventional carbon fibers is that their higher aspect ratio, 

which is important to improve properties of the CNFs-based composites [68].  

 

CNFs are hydrophobic. To improve processability or biocompatibility with a matrix, 

chemical functionality should be improved and this can be done by a variety of chemical 

processes. Therefore, in this study, an oxidative treatment of a mixture of boiling nitric acid 

and sulphuric acid (H2SO4/HNO3 ) under reflux was applied to introduce carboxylic acid 

groups to provide sites for grafting different types of molecules to the surface of the 

nanofibers [69]. In addition, the mixture of concentrated H2SO4/HNO3 has been used to cut 

nanofibers into shorter lengths [70]. It is generally believed that making the fibers shorter 

makes them less toxic. Toebes et al. [71] studied the oxidation of carbon nanofibers by 

HNO3 and a mixture of HNO3/H2SO4. The results revealed that the graphite-like structure 

remained intact after oxidation, however, the texture of CNFs changed significantly as 

indicated by an increment in pore volume. Generally, it is believed that the chemical 

modification of nanofibers starts from the defect sites. In the presence of strong oxidizing 

agents, the integrated graphene structure is also attacked to create additional defect sites 

that can subsequently react with the oxidizing agent [71]. Hence, the oxidation of carbon 

nanofibers depends on the defects, physical and morphological characters of the starting 

nanofibers.  

 

In 2004, a carbon nanofibers containing hybrid actuator with increased strength and 

stiffness was developed, but those properties were inferior to the properties of carbon 

nanotube-based actuators [72]. Recently, a hybrid actuator consisting of CNF/PMMA 

(polymethylmethacrylate) has been developed. The actuator works in both aqueous 
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electrolyte and a solid polymer electrolyte (SPE) [73]. The SPE enables operation in a dry 

environment. The actuator, as it is not hydrated, shows slower actuation and the amplitude 

is small compared to the CNFs containing hybrid actuators working in aqueous electrolyte. 

In addition, dry CNF-based actuators require high voltage for actuation. 

 

A CNF-based dry actuator was fabricated by Y. Yeo-Heung et al. [74] using a solid 

polymer electrolyte. The actuator shows increased actuation strain with the increase of 

applied voltage. However, too high voltage degrades the CNF dry actuator, and decreases 

its lifetime. Therefore, there is a limitation to increase voltage to achieve a high strain rate 

[74]. 

 

In this study, FCNFs are used with RC to improve electrical sensitivity, mechanical 

strength and compatibility properties of the composites. The main advantages of using 

carbon nanofibers over carbon nanotubes are that the material can be manufactured in 

large-scale. In addition to availability, there are also other issues such as cost (single-walled 

nanotubes still sell at around 100 USD per gram, compared to a few dollars/kg for carbon 

nanofibers) and compatibility [75]. Moreover, there are a few scalable methods for the 

synthesis of large-scale carbon nanotubes. Single-walled nanotubes (SWNTs) cannot yet be 

manufactured in reasonable volume. The amounts are still restricted to gram quantities and 

that limit their application. In addition, CNFs are smaller than MWCNTs, and incorporating 

the nanofibers into polymers is easier. Moreover, the toxicity of the functionalized carbon 

nanofibers was significantly lower than the toxicity of functionalized carbon nanotubes 

[76].   
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The charge injected into the valence or conduction band of CNFs causes mechanical 

deformation. In addition, electrochemical property of CNFs can generate large 

strains/forces at low voltages. Therefore, electrochemical property of CNFs is considered 

promising for actuation [77]. 

 

2.1.4 Ionic liquids as solvent/electrolyte of the actuators  

Molten salts are termed as ionic liquids (ILs) as they melt below 100 ⁰C. ILs consist of 

organic cations, such as alkylimidazolium [R1R2IM]+, tetraalkylammonium [NR4]
+, and 

anions, hexafluorophosphate [PF6]
-, and tetrafluoroborate [BF4]

-. Ionic liquids (ILs) exist in 

the liquid state below 100 ⁰C because  the ions in the ionic liquids are poorly coordinated 

[78]. Ionic liquids have at least one ion in its delocalized charged form and one component 

is organic, which prevent the formation of a stable crystal lattice. In addition, ionic liquids 

have some distinguishing properties such as non-volatility, high stability, suitable polarity, 

high ionic conductivity, and easy recycle ability [79]. Moreover, their presence causes 

lower energy consumption in numerous electrochemical processes [80]. Due to their 

distinguishing properties, ionic liquids are receiving enormous attention as environmentally 

benign solvents for electrochemical applications. Recently, they have been involved in the 

development of biopolymers, [81] and actuators [82]. ILs have received intense focus due 

to their lack of volatility. This non-volatile nature makes them potential alternatives to the 

conventional volatile organic solvents [80]. Ionic liquids are advantageous for rapid 

responses in actuation because of their special features such as non-volatile, high ionic 

conductivities and wide potential windows [21]. 
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All ILs are hygroscopic and are capable of absorbing water from the atmosphere. Suresha 

et al. [83] worked on the effect of room temperature ionic liquids on the electromechanical 

behaviour of ionic liquid adsorbed cellulose electro-active paper [22]. He observed that the 

actuator showed ~62.9 % performance degradation at 50 % relative humidity after 

activating for 11 h. This might be due to the removal of highly hygroscopic 1-butyl-3-

methylimidazolium tetrafluoroborate (BMIMBF4) from the surface of the actuator [22]. 

Consequently, it limits its application at the highly humid conditions.  

 

The toxicity of ILs increases with increase in the length of the alkyl side chain. This is due 

to an increase in lipophilicity. Therefore, it is recommended to work with the shorter 

methyl side chain on the cation core wherever possible [84].  

 

The following review focuses on the different types of drug delivery carriers and the 

mechanism controlling the drug release from the carriers, structure and biocompatibility of 

the drug carriers, and future prospects. 

 

2.2 Drug delivery 

Drug delivery is a process of administering drugs into our body to obtain a maximum 

therapeutic effect over desired time. Several possible routes by which drugs can be 

introduced into our body are the oral route, the injection, and the transdermal route. Oral 

and injection routes may provide the maximum tolerable dose initially but the dose 

decreases over a short time period [85]. Transdermal route is advantageous to avoid the 

first-pass metabolism (a phenomenon of drug metabolism whereby the concentration of a 
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drug is greatly reduced before it reaches the systemic circulation) and to provide on-

demand release of drug to the targeted area of the body. However, Transdermal Drug 

Delivery (TDD) is suitable for introducing a low amount of drug because of the extremely 

low drug release rate from the matrices and the low permeability of drug through the skin. 

Therefore, the use of an electric field on the drug carrier is an effective measure (termed as 

iontophoresis)  to enhance the amount of drug release and the precise control [86]. The 

advantage of using transdermal iontophoretic technique is that it is capable of administering 

drugs in a pulsatile pattern by alternately applying and terminating the current input at a 

programmed rate. As a result, it helps avoiding from chemical burn caused by high current 

density [87].  

 

The methods of drug delivery include targeted delivery in which the drug is only active in 

the targeted area of the body and controlled release formulation in which the drug is 

released over a period of time in a controlled manner from a formulation.  

 

During the last decades polymer based pharmaceutical drug carriers offer numerous 

advantages such as improved efficiency and reduced toxicity [88] compared to 

conventionally administrated drugs in dosage forms. Conventional dosage forms have some 

disadvantages such as [88]  

 Difficulty in controlling both the rate of drug delivery and the target area of drug 

administration  

 Provide a rapid and an immediate drug release. Therefore, frequent administration 

is required in order to maintain a therapeutic level, which in turn causes drug 

concentration in the blood  
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It is desirable to an initially high release of drug, followed by a gradual decrease with time 

over longer period. In addition, in some cases there might be required a slow release of a 

water-soluble drug or a fast release of low-solubility drugs [88].  Orally administered drugs 

or injections have limited control on the rate of drug release. In addition, they have harmful 

side effects and toxicity. The controlled delivery of a drug is a suitable route to eliminate 

the above drawbacks. In controlled delivery, the drug delivery may commence with first-

order kinetics and then followed by zero-order kinetics [89]. This can be achieved if the 

drug carrier responds well to an electric or magnetic stimulus.  

 

The advantages of localized biodegradable implant include [16] 

 High drug concentration at the site of infection  

 As the implant is biodegradable, it is not necessary to remove the implant after 

treatment  

 Implant would help minimize toxic side effects and compliance problems that might 

occur due to prolonged oral antibiotic therapy [90] 

 

An Ideal drug delivery carrier should be biodegradable, biocompatible, mechanically 

strong, comfortable for the patient, capable of loading drugs in high concentration, and easy 

to fabricate [16]. 

 

Drugs are loaded over the matrices by means of chemical linkage, surface adsorption, and 

physical entrapment during the preparation of the matrices or after the formation of the 

matrices by incubating them with the drug. The method of preparation, nature of the drugs, 
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and carriers play an important role on entrapment of drug. Maximum loading of drugs can 

be achieved during the time of preparation but the method of preparation, presence of 

cross-linking agent, and heat of polymerization etc. may affect it. However, it is important 

that the carrier must be biodegradable and can be eliminated by the physiological processes 

[91].  

 

Drug delivery systems can be classified according to the mechanism controlling the drug 

release: [92] 

(1) Diffusion-controlled  

(2) Chemically controlled  

(3) Swelling-controlled  

(4) Magnetic field-induced  

(5) Electrically responsive  

2.2.1 Diffusion-controlled devices for drug delivery 

Two types of diffusion-controlled devices are generally used in drug delivery. These are 

reservoir typed devices and matrix typed devices. In this study, matrix (monolithic) typed 

devices have been used (Figure 2.7). In matrix typed devices, drug is dispersed as solid 

particles within the matrices. Matrix typed devices are superior over other design for their 

low manufacturing costs, and lack of accidental dose dumping [93].  
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Figure 2.7: A matrix (or monolith) device 

 

The fractional release of a drug from a matrix typed one-dimensional porous system can be 

described using Fick’s second law (2-1). Fick’s second law states that how the 

concentration within the diffusion volume changes with respect to time [88].  

 𝛿𝑐

𝛿𝑡
= 𝐷. ∆𝑐    (2-1) 

 

Where, c is the concentration, D is the diffusion coefficient, and t is the time.   

 

Mathematical models are good tools for understanding drug release from matrix typed 

devices. In 1961, Higuchi proposed the following equation ((2-2) to predict drug release 

rate from a matrix typed device with a flat geometry as [94] 

 𝑀𝑡

𝐴
= √[𝐷𝐶𝑆 (2𝐶0 − 𝐶𝑠)𝑡] … 𝑓𝑜𝑟 𝐶0 > 𝐶𝑠    (2-2) 

Where,  𝑀𝑡  is the cumulative absolute amount of drug released at unit time t; A is the 

surface area of the layer exposed to the drug release medium; D is the diffusion coefficient 

of the drug in the material and 𝐶0 and 𝐶𝑠 respectively represent the initial concentration and 

the solubility of the drug in the material. 
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Eq. ((2-2) can be expressed as  

 𝑀𝑡

𝑀∞
= 𝑘√𝑡   (2-3) 

Where,  M∞ is the absolute cumulative amount of drug release at infinite time. It should be 

equal to the absolute amount of drug incorporated within the system at time t = 0, and k is a 

constant reflecting the design variables of the system. Thus, the fraction of drug released is 

proportional to the square-root-of-time. When applying them to controlled drug delivery 

systems, the assumptions of the Higuchi derivation should be considered [95].  

i) The initial drug concentration in the system is much higher than the solubility of 

the drug 

ii) The particles are much smaller in diameter than the thickness of the system 

iii) Swelling or dissolution of the polymer carrier is negligible 

iv) The diffusivity of the drug is constant 

v)  Perfect sink conditions are maintained 

Korsmeyer and Peppas developed a widely used model for analysing diffusion-controlled 

release data, comprising a simple empirical equation: [96] 

𝑀𝑡

𝑀∞
= 𝑘𝑡𝑛  (2-4) 

Where,  𝑀𝑡 is the amount of drug released at time t; 𝑀∞ is the amount of drug released at 

infinite time; n is the diffusion constant indicating the release mechanism, and k is the 

kinetic constant. The value of the exponent n provides information regarding the drug 

transport mechanism. When 𝑛 = 0.5, the drug release mechanism is based on Fickian 
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diffusion and 𝑛 = 1, the drug release mechanism is swelling controlled. Values of n 

between 0.5 and 1 indicate anomalous transport. If the glass transition temperature Tg of 

the polymer is well below the experimental temperature, the polymer chains will have a 

high mobility that in turn allow easier penetration of the solvent into the drug-loaded film 

and release of the drug molecules into the release medium. The drug release mechanism 

corresponds to Fickian diffusion, where drug diffusion rate is slower than the polymer 

chain relaxation. If the experimental temperature is below Tg, polymer chains are not 

sufficiently mobile to permit immediate penetration of the solvent into the polymer core. 

This fact gives rise to a non-Fickian diffusion process [92].  

 

Drug release from hydrophilic matrices involves the following processes [12]:   

 Entry of water into the matrices 

 Swelling of the matrices  

 Dissolution and diffusion of the drug towards the outside of the matrices  

Generally, drug release rate varies with the square-root-of-time [93]. Although, matrix 

swelling favours drug release, it causes strong resistance to drug diffusion through the gel 

layer. As a result, the drug release rate decreases with time [97].  For water-soluble drugs, 

the diffusion process controls the release of drug. Matrix typed devices do not usually 

provide zero-order drug release properties. This is due to the drug molecules in the centre 

of the device take a longer time to migrate longer distances compared to the drug molecules 

at the surface of the device. This increased diffusion time that results in a decrease in the 

release rate from the devices with time [97].  
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2.2.2 Swelling-controlled devices for drug delivery 

In a system controlled by swelling, a swelling-driven phase transition from a glassy state to 

rubbery state is observed [98]. This happens when glass-rubber polymer transition 

temperature is lower than temperature of fluid, which surrounds the drug delivery matrix. 

In the glassy state, entrapped molecules remain immobile whereas in the rubbery state 

dissolved drug molecules rapidly diffuse to the fluid through the swollen layer of polymer. 

In these systems, gel swelling controls the rate of drug release [92].  

 

For hydrophilic matrices, in the early phases, polymer swelling rate and drug release are 

being controlled by Fickian kinetics, and both processes occur rapidly and the rate 

decreases with time [99]. 

2.2.3 Chemically controlled drug delivery systems 

The release of a drug  by the chemically controlled systems generally takes place in the 

aqueous environment by one or more of the following mechanisms [92]: 

 Gradual biodegradation of a drug-loaded polymer system  

 Biodegradation of unstable bonds by which the drug is coupled to the polymer 

system  

 Diffusion of a drug from injectable and biodegradable micro-beads  

In Bio-erodible and biodegradable systems, the polymer erodes because of the presence of 

hydrolytically or enzymatically labile bonds. As the polymer erodes, the drug is released to 

the surrounding medium. The main advantages of such biodegradable systems are the 

elimination of the need for surgical removal. However, all biodegradable products must be 
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non-toxic, and non-carcinogenic [92]. These requirements are not easily met. Many 

anticancer drugs should be released to the affected site only in order to protect normal cells 

from possible side effects, because of their cytotoxicity. Therefore, their attachment with 

polymers could be a promising approach to reduce overall toxicity.  

2.2.4 Magnetically controlled drug delivery systems 

Magnetic field-induced targeted drug delivery is currently gaining significant attention 

from researchers [100]. There are three types of drug targeting include passive, active or 

physical. In passive targeting, the properties of drug and carrier are responsible for the 

distribution of drugs within the body. Active targeting allows drugs and carriers to specific 

cells through specific recognition mechanisms. In physical targeting, the distribution of 

drugs occurs through carriers induced by external stimuli, such as magnets in the case of 

super paramagnetic iron oxide nanoparticles (SPION) [101]. The principle of drug delivery 

by magnetic carriers is based on the use of both constant and high frequency oscillating 

magnetic fields. The carriers can be fabricated by one of the two structural configurations: 

(i) a magnetic particle core coated with a biocompatible polymer or (ii) a porous 

biocompatible polymer in which magnetic nanoparticles are dispersed inside the pores 

[102]. A constant magnetic field provides targeted drug delivery, while an alternating 

current magnetic field is responsible for the controlled release of encapsulated drug. The 

importance of using magnetic nanoparticles is to use localized magnetic field gradient to 

hold the particles to the desired location until the therapy is completed [103].  

 

Drug release from polymer/magnetic particles composite under magnetic field is based on 

the fact that heat produced locally by magnetic particles under alternating current (AC) 
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magnetic field loosens the polymer strands surrounding the particles at temperatures above 

the glass transition temperature (Tg) of that particular polymer, resulting in encapsulated 

drugs released [92]. Magnetic fields are suitable for biological applications because 

biological fluids do not screen them. In addition, they do not interfere with most biological 

processes [104].  

 

In recent years, researchers are trying to develop materials that are both magnetic and 

electrically conductive and can be used as suitable substrates for drug delivery when 

stimulated by electric and or magnetic fields [105]. Electrically conductive macromolecules 

such as polypyrrole containing metal oxide nanoparticles have been prepared and 

investigated [106]. However, these nanocomposites possess low electrical conductivity, low 

magnetization values and lack of well-defined shape. For drug delivery etc., the 

nanoparticles must have the combined properties of high magnetic saturation, 

biocompatibility and interactive functions at the surface. These particle surfaces could be 

modified by coating a few atomic layers of organic polymer suitable for further 

functionalization by conjugating with various bioactive molecules [107].  

 

Local inflammatory processes characterize many of the diseases in the musculoskeletal 

system. They can be treated with anti-inflammatory drugs [108]. However, these oral drugs 

have some side effects such as gastric ulcers or bleeding tendencies. Maintaining drug 

concentrations is another problem. Magnets in association with carriers containing super 

paramagnetic iron oxide nanoparticles (SPION) help delivering drug to inflammatory sites 

to maintain appropriate concentrations and allow magnetic field  with on and off switching, 

thus targeting the particles at the local site [109]. Gamma ferric oxide nanoparticles having 

diameter < 50 nm is termed as SPION. They have magnetic properties because of the 
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presence of aligned unpaired electron spins. They show magnetism even in the absence of 

external magnetic field [110].   

2.2.5 Electrically/electro-chemically controlled drug delivery systems 

The migration of charged molecule from a hydrated membrane is performed by the 

combined effect of the electrical forces on the solutes and counterions from the adjacent 

electrolyte solution. It is a different approach of drug delivery based on polymers, which 

bind and release bioactive compounds in response to electrical signal. The polymer, which 

has two redox states, shows electro-chemically controlled drug release. Under electric field, 

drug ions bound in one redox state of the polymer are released from the other. The 

electrode attached with the film acts to switch the redox states and the amount of drug ions 

released depends on the amount of current passed [111]. 

2.2.5.1 Transdermal drug delivery by iontophoresis 

Recently iontophoresis has been developed as a physical skin penetration enhancing 

method for delivering high molecular weight drugs through skin [112]. This technique 

facilitates movement of ions across the membrane under the influence of an externally 

applied electric field. It has an advantage over passive diffusion, as it is capable of 

delivering drugs across the dermal barrier by 3 to 4 orders of magnitude [113]. Transdermal 

device acts as a drug reservoir and controls the rate of drug transfer instead of skin. This 

technique is capable of administering drugs in a pulsatile pattern by alternately applying 

and terminating the current input at a programmed rate [87].  
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Nicotine Patch is the America's first commercially marketed transdermal patch. It uses a 

passive mode of drug delivery that permits drugs to diffuse through a vascular dermis to the 

deep dermis. This approach depends on the physicochemical properties of the drug's, which 

facilitates transport drug molecules through the skin by using a simple concentration 

gradient as a driving force. All the available transdermal delivery systems use passive 

technology. In addition, few drugs are available with the right physicochemical properties. 

Even with these limitations, passive transdermal patches are gaining worldwide acceptance. 

Drugs with large molecular weight, such as, proteins and peptides, cannot be transported 

through this technique [112]. While delivering a negatively charged drug across a 

biological matrix, the drug-loaded matrix is placed between the negative electrode 

(cathode), and the skin (Figure 2.8) [114]. The drug ion is then attracted through the skin 

towards the positive electrode (anode) placed elsewhere on the body by the electromotive 

force provided by the cell. Similarly, cationic drugs enter the skin when the matrix is 

attached with a positively charged electrode. Iontophoresis helps in achieving enhanced 

transport of solutes by three additional mechanisms besides the pure diffusion. First, the 

ion-electric field interaction that drives ions through the skin; secondly the electrical flow 

that increases permeability through the skin; thirdly the electro-osmosis that carries ionic or 

neutral solutes with the blood stream [115]. Iontophoresis may have potential application 

for the effective delivery of peptide and protein drugs, since these compounds exist in a 

charged form at physiological pH. Without iontophoresis charged species are incapable of 

transdermal penetration because of the skin's lipophilic nature [112].  
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Figure 2.8: Transdermal iontophoretic technique [116] 

 

The advantages offered by the iontophoretic technique can be summarized as follows [112]: 

i) Delivery of both ionized and neutral drugs 

ii) This technique is capable of administering drugs in a pulsatile pattern by 

alternately applying and terminating the current input at a programmed rate 

iii) Restoration of the skin barrier functions without producing severe skin irritation  

iv) Charged as well as high molecular weight drugs can be delivered 

v) Reduce frequency of dosages 

vi) Self-administration is possible  

 

The disadvantages of iontophoretic technique can be summarized as follows: 

 There is a possibility of  chemical burn caused by the high current density and time 

of application as that generate extreme pH [111] 

 High current density causes electric shocks at the skin surface [117] 
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2.3 Factors that impact the performance of implantable devices 

This chapter will review on the several major factors that have impact on the performance 

of implantable devices such as, (i) drug reservoir size and loading volume (ii) effective 

delivery method, (iii) operating time, (iv) controllability of the device and (v) 

biocompatibility of the device [118-120]. Small sized devices are suitable as minor surgery 

(local anaesthesia) is required for implantation.  

 

Actuation-less methods are based on diffusion to release drug. However, this approach 

depends on external stimuli. Li et al. [121] have developed an electrochemical micro pump 

in which electrolysis of water builds up pressure within the reservoir and helps transporting 

drug solution to the target site. However, electrolysis of water may cause degradation of the 

drug within the reservoir [122].  

 

Powering small sized implants for a long time is an issue [123]. Najafi et al. [124] 

developed an magnetic field induced actuator. The drawback of this device is, as it is  

remotely controlled, it increases the operating time of the device. However, since the 

implant situated deep within the body, may not be magnetically induced perfectly [125].  

 

The biocompatibility of the implant is an important factor as they interact with the tissues 

in the body [126]. Coating around the implants is required in order to prevent biofouling. 

Consequently, it increases the size of the device [127].  In addition, rigid implants with 

increased size can cause inflammation [128] at the implant site. Therefore, flexibility is an 

important parameter while choosing materials for implant. Cellular adhesion on coating 

material is also important. An ideal implant must  be small sized, capable of holding large 
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enough drugs and long device lifetime to reduce the complications associated with 

replacing these implants [125]. 

2.4 Summary 

The existing actuators fabricated from regenerated cellulose have several drawbacks such 

as: [129] 

 Sensitive to environmental humidity  

 They show little displacement output at ambient humidity  

 Force output and frequency are also small  

 Low conductivity limits the speed and amount of actuation  

 The polymer actuates in region closest to the contacts where the voltage is the 

largest  

 Performance of the actuators degrades with time 

To overcome these drawbacks, the following strategies can be undertaken  

 Layer-by-layer structure with outer layers act as electrodes; gold or platinum 

coating is not required to make the material electro-active 

 Using conductive fillers- to improve their electrical sensitivity, mechanical strength 

and compatibility properties   

 Built-in ionic liquid electrolyte layer may provide the durability of the actuators  

 Improve the capacitance of the material in order to increase the bending 

displacement of the actuators 
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The currently available drug delivery techniques have a number of shortcomings. The 

controlled drug delivery through an implant may be an appropriate route to eliminate the 

above drawbacks. In controlled drug delivery, the drug is released initially to the targeted 

region with first-order kinetics followed by zero-order kinetics. This can be achieved if the 

drug carrier responds well to an electric or magnetic stimulus. This thesis proposed a 

method of developing drug delivery carriers working under external stimuli such as electric 

and alternating current magnetic field to achieve kinetics of zero order. In addition, this 

thesis proposed an alternative method of iontophoretic technique, where, the drug-loaded 

matrix can be implanted subcutaneously (Figure 2.9). Moreover, this research aimed at 

investigating electro-chemically controlled release system developed from regenerated 

cellulose-based electro-conductive composite matrices. It is a different approach of drug 

delivery based on polymers (polypyrrole), which bind and release drugs in response to 

electrical signal.  

 

 

Figure 2.9: Transdermal iontophoretic technique on implants 

The applications of this technique may help in enhancing the drug release rate compared to 

the other techniques. This approach is expected to offer the significant benefits in terms of 

zero-order drug delivery, as zero-order drug delivery maintains a safe and constant 

concentration of drugs inside the body. 
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2.5 Specific objectives 

Although the general objectives of this work are spelled out in chapter 1, the specific 

objectives may be summarized as follows: 

 Develop regenerated cellulose-based electro-conductive composites with improved 

conductivity and mechanical strength using functionalized carbon nanofibers as 

fillers 

 Investigate the properties of the materials which are developed by different 

preparation processes 

 Test the actuation performance of these materials in terms of bending displacement, 

actuation force, mechanical strength, and power consumption 

  Design layer-by-layer structure where electrode and electrolyte layers are 

seamlessly connected with one another to improve the actuation performance 

 Using non-volatile ionic liquids as electrolytes  to enhance the durability of the 

actuators  

 Develop drug carriers which respond well under both electric and magnetic fields to 

precisely control the drug release rate 

 Investigate the feasibility of using iontophoretic technique to facilitate the drug 

release rate from the matrices 

 Investigate the  feasibility of using alternating current magnetic field to control the 

drug release rate from the matrices, as contactless actuation is superior to the 

electric field induced actuation 

 Analyse the results and give final recommendations 
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 Regenerated cellulose-based actuators 

3.1 Introduction 

Actuators that can be operated at low voltages are highly desirable for better biological 

compatibility and higher safety standards. The main objective of this work is to develop 

regenerated cellulose-based actuators with improved electrical conductivity and durability. 

Consequently, they can be operated at lower voltages compared to the other electro-active 

actuators. In this study, regenerated cellulose/ ionic liquid/ polypyrrole (RC/IL/PPy blend) 

actuators are developed with a view to compare the performance of the actuators with the 

actuators consisting of RC/PPy/IL (nanocoating) developed by Suresha et al [130]. In 

addition, regenerated cellulose/ functionalized carbon nanofibers/ polypyrrole 

(RC/FCNF/PPy coated) and RC/FCNF/PPy (blend) actuators are developed with different 

preparation processes to compare their performances in terms of electrical conductivity and 

bending displacement. This chapter presents the theory of actuation mechanisms, and 

preparation processes of regenerated cellulose-based electro-active composites by 

combining carbon nanofibers, conducting polymers, and ionic liquids (through blending, 

doping, or coating). This chapter also presents the assessment of the performance of the 

actuators in terms of bending displacement, actuation force, and power consumption. 

Further, the techniques used for characterization of the composites are presented.  
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3.2 Actuation Mechanism  

The RC/IL/PPy actuator consists of electrolyte layer sandwiched by electrode layers. The 

outer polypyrrole layers act as electrodes.  Ionic liquid dispersed regenerated cellulose acts 

as the electrolyte layer.   

 

 

Figure 3.1: Bending of the RC/IL/PPy actuator upon application of an electric potential 

The actuation mechanism in RC/IL/PPy (coated) actuator is based on ion migration (see 

Figure 3.1). Two additional factors are also contributed towards the actuation behaviour. 

An electric field applied across the actuator creates an electric double layer at the electrode-

electrolyte interface on the anode side. That can be treated like a double-layer capacitance. 

Then the anions (from the electrolyte) driven into oxidize the PPy layer, and cause it to 

Electrode 

Electrolyte 
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expand, while the other PPy layer on the cathode side are reduced and contract. This 

differential expansion results in bending actuation (Figure 3.1.) 

 

The actuation principle of RC/FCNF/PPy (coated) actuators can be divided into two parts. 

The first part is the combined effect of piezoelectricity and ion migration associated with 

cellulose EAPap. The second part includes two additional effects associated with PPy 

layers. The first additional factor is the dimensional changes due to applied voltage causing 

adsorption and desorption of water molecules in the film structure. The second factor is the 

structural changes in conducting polymer films due to the application of electric field.  

 

RC/FCNF/PPy actuators (blend) operate through different mechanisms. It is well known 

that actuation of FCNFs depends on the non-faradaic electrochemical charging of the 

FCNFs, while the actuation of polypyrrole depends on the redox reactions. The actuation of 

RC/FCNF/PPy actuators governs by the loading of FCNFs and PPy in the composites. The 

ratio of FCNF and PPy in the composite is 3: 2.  The actuation principle of the composite is 

based on mainly ion migration. In a humid condition, carboxylic group containing FCNFs 

enhances water retention of RC, and that results in movement of Cl- ions in the composite. 

 

In this research, coating of PPy on RC/IL and RC/FCNF films was proposed to enhance the 

performance of the actuators. The polypyrrole coating has several advantages [131]:  

 The conductive state of PPy that can exert its contraction and expansion to enhance 

the bending actuation of the actuators  

 PPy coating can absorb moisture that would also improve the performance of the 

actuators 



45 

 Coating enhances the mechanical stiffness of the actuators, consequently, it 

increases the force output of the actuators  

 

In this study, sonication process was employed to disperse FCNFs in RC solution. 

Sonication is a process of sound energy to agitate particles in a sample. Sonication process 

plays an important role in improving the interaction between FCNFs and RC by 

disentangling agglomerated FCNFs, which occur due to the Van der waals force between 

them. Improved interaction may reduce the electrical conductivity of the composites. 

However, sonication causes aggregated FCNFs disentangled and makes them well covered 

with the PPy [131].    

 

 

Generally, carboxyl groups are introduced on the surface of CNFs by acid treatment. The 

groups on FCNFs can form hydrogen bonds with hydroxyl groups of cellulose (Figure 3.2). 

As a result, FCNFs can be dispersed in the layered structure of cellulose [34]. 

 

C

CNF

O

OH O Cellulose

H  

Figure 3.2: H-bonding between –OH group of cellulose and –COOH group of CNF 
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3.3 Actuators structure  

The structures of the RC/FCNF/PPy (blend), RC/FCNF/PPy (coated) and RC/IL/PPy 

(coated) actuators are shown in Figure 3.3. Each of the actuators was clamped with two 

copper electrodes at one end of the actuator strip. The thickness of the RC/FCNF/PPy 

(blend) actuators is 40 µm. For RC/FCNF/PPy (coated) actuators, the thickness of the 

RC/FCNF layer is 30 µm.  RC/IL/PPy (coated) actuator, the electrolyte layer in the middle 

is RC/IL with a thickness of 30 µm. The total thickness of the two-polypyrrole layers for 

the actuators (b) and (c) is 10 µm.     

 

Figure 3.3: Structure of (a) RC/FCNF/PPy (blend) actuators, (b) RC/FCNF/PPy (coated) 

actuators, and (c) RC/IL/PPy (coated) actuators   
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3.4 Preparation of regenerated cellulose-based composites  

In this study, three different types of regenerated cellulose-based composite films were 

prepared by different preparation processes.  

 

(1) Regenerated cellulose/ionic liquid/polypyrrole (RC/IL/PPy) composite actuator films 

were prepared by  

 Solution blending to disperse ionic liquid in regenerated cellulose solution and 

casting films  

 The composite films were coated with polypyrrole electrode by chemical 

polymerization-induced adsorption process  

(2) Regenerated cellulose/functionalized carbon nanofibers/polypyrrole (RC/FCNF/PPy) 

composite actuator films were prepared by  

 Blending FCNFs in RC solution and casting films 

 The composite films were coated with polypyrrole electrode by chemical 

polymerization-induced adsorption process   

(3) RC/FCNF/PPy (blend) actuator films were prepared by blending FCNFs and PPy in RC 

solution and casting films.   
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3.5 Composite films preparation 

3.5.1 Reagents and materials 

1-butyl-3-methylimidazolium chloride (99 %, HPLC) is from Fluka, USA. 

Dimethylacetamide (DMAC) (Anhydrous 99.8 %), 2-propanol, lithium chloride, cotton 

linter (DPW 4580), carbon nanofibers, pyrrole, anthraquinone-2-sulfonic acid sodium salt 

monohydrate, 5-sulfosalicylic acid dihydrate, and ferric chloride hexahydrate were 

purchased from Sigma Aldrich, USA. All the chemicals were used as received except 

pyrrole. Freshly prepared pyrrole was used during polypyrrole synthesis. 

3.5.2 Preparation of regenerated cellulose solution 

2 g cotton linter and 8 g lithium chloride were heated under reduced pressure at 110 ⁰C for 

an hour before use. In a two neck round bottomed flask, 90 mL dimethylacetamide heated 

at 65 ⁰C. Lithium Chloride was then added and the mixture was heated to 100 ⁰C until 

dissolved. Cotton Linter was then added and the mixture was heated at 155 ⁰C for 30 min, 

followed by cooling to 40 ⁰C for 2 h. From this process, a transparent solution was obtained 

[25]. 

3.5.3 Preparation of ionic liquid dispersed RC films 

Ionic liquid dispersed cellulose films were prepared using a solution blending technique.  

Ionic liquid (20 % w/v ) was mixed with 10 mL previously prepared RC solution under 

mechanical stirring for 24 h. 4.5 g of the clear mixture solution was then poured in a 10 cm 

petri dish. The films were allowed to cure for 24 h in an ambient atmosphere. The films 
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were then washed in a mixture of deionized water and isopropyl alcohol of ratio 40:60 for 

24 h. Finally, the films were soaked in DI water for 6 h and dried in air. 

3.5.4 Coating of polypyrrole on ionic liquid dispersed RC films 

Conductive polymer (polypyrrole) electrodes were deposited on both sides of the films by 

an adsorption-induced chemical polymerization technique. First, 9.3 g anthraquinone-2-

sulfonic acid, sodium salt monohydrate, 5.34 g 5-sulfosalicylic acid dihydrate and 16.21 g 

ferric chloride hexahydrate (FeCl3.6H2O) were dissolved in 100 mL distilled water. 2.1 mL 

pyrrole was then dissolved in 100 mL distilled water and was poured into the above 

solution. Ionic liquid containing regenerated cellulose films were then immediately 

immersed in the polymerizing pyrrole solution for 40 min allowing in situ deposition of 

conductive polypyrrole on both sides of the films under ambient laboratory conditions. The 

films were then removed from the polymerizing solution, rinsed with distilled water, and 

dried in vacuum. The resultant polypyrrole electrodes were smooth, and adhered well to the 

ionic liquid containing cellulose films [132]. 

3.5.5 Functionalization of carbon nanofibers (CNFs) 

Functionalized carbon nanofibers were synthesized by the following procedure. 240 mg 

carbon nanofibers were added to a mixture of 100 mL HNO3 [2.4 M] and 100 mL H2SO4 

[7.6 M] and sonicated for 10 min. The mixture was then refluxed for 3 h at 100 °C. After 

filtering through 0.2 µm glass-fiber filter, the acid treated nanofibers were washed with 

deionized water until pH ~ 7. The resulting nanofibers were dried under vacuum for 12 h at 

60 °C [34]. 
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3.5.6 Fabrication of RC/FCNF/PPy (blend films) 

RC/FCNF/PPy films were fabricated as follows. 0.31 g polypyrrole was dispersed in 20 mL 

DMAC (Dimethyl acetamide) by ultrasonication for 1 h to make the stock solution. 0.12 g 

FCNFs were then dispersed in 50 mL previously prepared regenerated cellulose solution. 

From the stock solution, 5.5 mL solution was mixed with the FCNFs dispersed regenerated 

cellulose solution. The mixture was then sonicated for 5 hours for homogenisation. After 

that, the mixture was poured on a glass petri dish to cast films. The films were left 24 h in 

an ambient atmosphere to remove solvent. The films were then washed in a mixture of 

deionized water and isopropyl alcohol of ratio 40:60 for 24 h. Finally, the films were 

soaked in DI water for 1 h and dried in air. 

3.5.7 Fabrication of RC/FCNF/PPy (coated) 

First, 0.21 g FCNFs were dispersed into 10 mL dimethylacetamide. The resulting solution 

was added to 20 mL previously prepared RC solution. After ultrasonic dispersion (125 W) 

for 4 h, the RC/FCNF mixed solution (3.5 g in a 10 cm petri dish for each film) was poured 

on a glass petri dish. The solvent was evaporated and the films were dried in air. The films 

were then coated with polypyrrole similar to the method described in subheading 3.5.4.  

 

3.6 Techniques used for polymer characterization 

The actuation mechanism is mainly based on material properties.  Characterization of these 

properties with respect to actuation has been one of the focuses of the current work. 

Electrical, chemical, mechanical, and morphological properties of the composite films were 

analysed by conductivity measurement, infrared absorption spectra (FTIR), vertical tensile 
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tester, and scanning electron microscope (SEM). In the following sections, the functions of 

these equipment and devices are briefly explained.  

3.6.1 Electrical conductivity measurements 

Electrical conductivity (𝜎𝑠) of the films was calculated using the following equation: 

 
𝜎𝑠 =

∆𝐼

∆𝑉

𝑙

𝑤𝑑
      (3-1) 

Where, ΔI/ΔV denotes the slope of the current versus voltage curve, l is the length, w is the 

width and d is the thickness of the samples. Prior to measurement, silver paste was painted 

at the ends of the rectangular sample to ensure good electrical contact. The voltage (V) was 

swept between 2-5 V and the resulting dc current (I) was measured.  

3.6.2 Thermo-Nicolet iS10 Fourier transform infrared spectrometer 

The Thermo-Nicolet iS10 (Thermo Scientific) (Figure 3.4) is a research-grade Fourier 

transform infrared spectrometer. It has both transmission and attenuated total reflectance 

(ATR) accessories. It can provide data in both transmission and absorbance modes using a 

standard transmission accessory. Attenuated total reflectance (ATR) accessory, which can 

be used for acquiring spectra of liquids and solids for a variety of applications. 
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Figure 3.4: Nicolet iS10 FTIR Spectrometer 

 

The attenuated total reflectance (ATR) accessory consists of a diamond crystal in the centre 

of the plate through which an IR beam is focused from underneath, bouncing off the crystal 

face (internal reflectance). A sample pressed on the face of a crystal can be examined 

because the IR beam that is bounced through the crystal penetrates a few microns past the 

surface of the crystal and into the sample. Thus, an IR spectrum can be acquired for a 

sample.  

 

The FTIR spectra were obtained by using spectrometer with KBr beam splitter, detector 

with resolution 8 cm-1, in the spectral region from 4000 to 525 cm-1, and 32 scans per 

sample. Data acquisition and analysis were performed using standard software (Omnic). 

3.6.3 Scanning electron microscopy (SEM) 

To study the morphological difference of the composite films, scanning electron 

microscopy (SEM) images of the films obtained from a scanning electron microscope 

[Hitachi SU-70 FE SEM (field emission scanning electron microscope)] (Figure 3.5) were 

used. The technique involves scanning an electron beam across the sample surface and 
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secondary electrons are ejected from the surface. When interact with a solid, secondary 

electron images are generated by synchronizing the optical output of the detector system 

with the raster of the electron probe across the solid surface. SEM images are used to 

examine the surface morphology and fracture cross section. 

 

Figure 3.5: Hitachi SU-70 FE SEM (field emission scanning electron microscope) 

 

3.6.4 Measurement of Tensile strength and elongation at break 

Tensile strength and elongation at break are the two most important mechanical properties 

of regenerated cellulose-based composite films. Tensile strength (TS) is a measure of the 

maximum stress developed in a film during elongation. Elongation at break is the 

maximum change in length of a film before breaking. Factors, such as the composition of 

the film, temperature, and relative humidity can affect tensile properties.  

 

Tensile test specimens were prepared by cutting the RC/FCNF/PPy (blend) films into 8 mm 

wide and 70 mm length strips using a precise cutter.  The tensile test was conducted using 
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Vertical Tensile Tester: Tinius Olsen, Model: H50KS, according to ASTM D-882-97 as a 

standard method used. Two ends of the specimen were fixed between upper and lower jaws 

of the instrument, (Figure 3.6) leaving a length of 50 mm of the film in between the two 

jaws. The extension speed was 3.0 mm / minute. Three samples were tested for each case 

and average values were used.  

 

Figure 3.6: Vertical Tensile Tester: Tinius Olsen, Model: H50KS 

 

3.7 Material characterization 

Structural, morphological, electrical, and mechanical properties of the composite films 

were investigated in this study. 

3.7.1 Investigation of surface modification of the film by FTIR spectra  

In this study, a boiling mixture of nitric acid and sulphuric acid was used to functionalize 

CNFs. As a result, polar carboxylic acid groups were introduced on the surface of the 

nanofibers and the nanofibers were cut to shorter lengths. Ros et al. [133] surveyed several 
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methods of surface oxidation and found that a mixture of concentrated nitric and sulphuric 

acids would be the most effective method for developing polar carboxylic acid groups on 

the surface of carbon nanofibers [133]. The reactive carboxylic acid sites are useful for 

further functionalization.  

 

Figure 3.7 shows FTIR spectra of carbon nanofibers (sample 1) and functionalized carbon 

nanofibers (sample 2). In sample 2, C=O stretch of   carboxylic acid group appears from 

1760-1690 cm-1 and O-H stretch appears at 3300 cm-1.    

 

 

Figure 3.7: FTIR spectra of CNF (sample 1) and FCNFs (sample 2) 

 

The presence of FCNF in the RC/FCNF/PPy (Coated) films results in the appearance of a 

band at 1144 cm-1. The band at 1540-1550 cm-1 is due to the N-H bond,  [134] and that 

confirms the presence of PPy in the composite (Figure 3.8). 
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Figure 3.8: FTIR spectra RC/FCNF/PPy (coated) 

3.7.2 Morphological studies of CNF, FCNF, and RC/FCNF 

The SEM images after treatment in 1:3 HNO3/H2SO4 mixtures display a partial destruction 

of the fibres. The macro-porous skeins of long and interwoven fibres are broken into short 

fibre fragments (Figure 3.9). In addition, the fragments have about the same average 

diameter as that of the untreated fibres, (Figure 3.10) which strongly suggests that the 

original long fibres are broken up perpendicular to the length axis. Treatment of the fibres 

with a strong oxidizing agent ultimately leads to complete oxidation and consumption of 

defect-rich regions in the CNF, leaving the short fragments. 
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Figure 3.9: SEM image of  FCNFs 

 

 

Figure 3.10: SEM image of untreated CNFs 
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SEM examined the overall structure and distribution of FCNFs in the RC/FCNF films. The 

homogeneous dispersion of nanoscaled particles in the polymer matrix is very difficult 

because these particles have a tendency to aggregate. This is because of the strong van der 

waals force among the nanoscaled particles [131]. Figure 3.11 shows a good dispersion of 

FCNFs in the RC/FCNF matrix. The dispersion of FCNFs is possible due to the good 

dispersability of FCNF in dimethylacetamide and enough sonication treatment. As a result, 

the aggregative force between FCNFs becomes weak in RC solution, and FCNFs do not 

entangle during solvent evaporation.  

 

The combined effect of blending and sonication, a good distribution (Figure 3.11) as well 

as interaction between cellulose and FCNFs is made. This gives a reinforced mechanical 

behaviour related to an output force improvement of the actuators.  Generally, oxidation 

process of CNFs by acid treatment can decorate CNFs with oxygen containing groups, such 

as hydroxyl groups and carboxyl groups [135]. The groups on FCNFs can form hydrogen 

bonds with hydroxyl groups of cellulose.  
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Figure 3.11: Cross-section image of RC/FCNF film 

 

 

Figure 3.12: PPyAQSA coated RC/FCNF film 

Figure 3.12 shows a smooth and coherent polypyrrole electrode coating on the FCNFs 

containing cellulose film. 
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3.7.3 Effect of morphology on electrical properties of the composites 

RC/FCNF/PPy (coated) films showed electrical conductivity 0.54 S/cm. This value is seven 

orders of magnitude higher than pristine cellulose (8.22 X 10-8 S/cm at 50 percent relative 

humidity) [58]. This may be due to the presence of 2.0 % FCNFs. It is clear that high 

electrical conductivity and high aspect ratio of FCNFs and their good dispersion (Figure 

3.11) in the composite help in achieving high electrical conductivity. In addition, the dopant 

has significant effect on the conductivity of the composite films. In this study, polypyrrole 

electrodes were deposited on both sides of the films by an in situ deposition technique 

using ferric chloride as an oxidant and anthraquinone-2-sulfonic acid sodium salt (AQSA-

Na) as a dopant. AQSA-Na possesses an anthraquinone ring, and that gives good electrical 

conductivity of the composite films. The RC/IL/PPy (coated) and RC/FCNF/PPy (coated) 

films show good electrical conductivity because of the presence of AQSA-Na as a dopant, 

along with suitable polymerization conditions. In addition, electrical conductivity of PPy 

depends on the conjugation length and inter-chain packing [114]. Moreover, PPy doped 

with AQSA-Na has a well-packed structure and the sulfonate may serve as a nucleus for 

PPy formation [115]. 

 

Scanning electron microscope (SEM) was used to evaluate the microstructure of the 

RC/IL/PPy (coated) films. The polypyrrole doped with AQSA-Na shows very dense 

granule morphology and some become aggregated into clusters. The sizes of PPy particles 

are estimated to be around 200-300 nm (Figure 3.13). 

 

RC/FCNF/PPy (blend) films show considerably lower electrical conductivity than the 

composites prepared by chemical deposition of PPy on RC/FCNF membrane. This is due to 
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the mix-composite (blend) where the amount of PPy is below the critical volume for 

percolation, which results in a low conductivity value. In addition, the randomly distributed 

ball-like particles in the mix-composite (blend) have difficulties to form conductive paths 

(Figure 3.14) [136]. 

 

 

Figure 3.13: Surface image of RC/IL/PPy-AQSA (coated) film 
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Figure 3.14: Surface image of RC/FCNF/PPy-AQSA (blend) film 

 

3.7.4 Tensile strength and elongation at break  

To measure Young’s modulus of the RC/FCNF/PPy (blend) films, tensile test was carried 

out in ambient conditions. Figure 3.15 shows stress–strain curves of the films. The slope of 

the stress–strain curve shows the Young’s modulus of the films. The RC/FCNF/PPy (blend) 

films show tensile strength of 9.97 MPa, this decreased value compared to the pristine 

cellulose (13.8 MPa) [137] is due to the decreased crystallinity of cellulose. Decreased 

crystallinity of cellulose is caused by the introduction of PPy in the structure of cellulose 

and trapped air bubbles during processing.    
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Table 3-1: Sample’s dimension and distance between grips 

 

 Sample’s Name Width (mm)  Thickness (mm) Distance 

between grips 

(mm) 

1 RC/FCNF/PPy 

(blend) 

6.0 0.12  50 

2 RC/FCNF/PPy 

(blend) 

6.0 0.12 50 

3 RC/FCNF/PPy 

(blend) 

7.0 0.12 50 

Mean   6.33 0.12 50 

Std. Dev  0.03 0.00 0.00 

 

Table 3-2: Tensile Strength and Tensile Strain of the samples used 

 

 Maximum Load 

(N) 

Extension at 

Break (mm) 

Tensile Strength 

(MPa) 

Tensile Strain at 

Break (%) 

1 7.5 1.43 10.01 2.98 

2 6.6 1.35 9.25 2.82 

3 8.2 1.40 9.75 2.92 

Mean  7.4 1.39 9.67 2.90 

Std. Dev 0.43 0.004 0.09 0.01 
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Figure 3.15: Young’s moduli of RC/FCNF/PPy (blend) films, y = Stress, x = Strain (%) 

 

The samples failed rapidly after experiencing the maximum load showing induced brittle 

nature of failure due to the addition of FCNFs. FCNF has high aspect ratio, which can 

prevent crack generation and propagation in the film. The Young’s modulus of the 

RC/FCNF/PPy (blend) films is larger (4.87 GPa) than the RC/fMWNTs films (4.16 GPa) 

[34]. This is due to the dispersion of FCNFs in cellulose matrix and interaction between 

cellulose and FCNFs. 
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3.8 Techniques used for actuator’s performance assessment 

The techniques used to assess the performance of the actuators are given below. 

3.8.1 Bending displacement, current consumption, and blocked force 

measurement  

The bending displacement was measured using a setup drawn in Figure 3.16  

   

 

Figure 3.16: Bending displacement measurement setup 

 

The setup consists of two laser displacement sensors (Keyence, LK-G85 and LK-G15), a 

current probe (Tektronix, TCP 300), a personal computer and a function generator (Agilent, 

33220A). Copper electrodes attached with the samples worked to get good electrical 

contact with the function generator and the current probe. When the function generator sent 

out the electrical signal to the sample, the laser vibrometer sensors captured the tip velocity 

of the actuator. Lab view software in the computer converted the tip velocity into 
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displacement by integrating it over time. Current probe measured the current passing 

through the actuator during actuation and the electrical power consumption was calculated 

thereby. The performance of the actuators at 90 % relative humidity was evaluated to 

perform the actuation tests in an environmental chamber. 

 

Blocked force is the maximum force generated at the tip of the samples when the 

movement of the tip is blocked. The blocked force was measured using a setup drawn in 

Figure 3.17.   

 

 

Figure 3.17: Blocked force measurement setup 

 

 When the actuator was activated under an alternating current electric field, a bending 

motion of the actuator was initiated. Since the top of the fixture constrained the actuator’s 

movement, a horizontal blocked force (F) acting at the top of the fixture was converted to 

the vertical force (P) because of the moment equilibrium of the fixture. As a result, the 

balance experienced the force vertically as the weight of the fixture was nullified from the 
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balance. The force was measured in gram/kilogram and converted it to Newton by 

multiplying it with Earth’s gravitational field of 9.81 N/Kg. 

 

3.9 Actuator characterization  

This section investigates the electromechanical performance and durability of the actuators.  

3.9.1 Electromechanical properties of the actuators 

When the actuators were excited with an electric field of 0.1V µm-1, the RC/IL/PPy 

(coated) actuator, because of its lower stiffness, had a maximum force output of 1.49 mN 

and the RC/FCNF/PPy (blend) actuator had a maximum force output of 0.9917 mN at the 

tip. The blocking force of the composite actuators was higher than that of the electro-active 

paper actuators [33] because of the presence of ionic liquid and FCNF in the composites. 

Well-dispersed FCNFs in the composite films give additional mechanical stability and 

conductivity that result in less creep and faster actuation. Blocked force is generally 

determined by the stiffness and the displacement of the actuator. Dispersed ionic liquid in 

regenerated cellulose reduces the ordered domains of cellulose. As a result, ion mobility 

increases within the actuators, and an electric double layer is formed at the electrode-

electrolyte interface on the anode side which accounts for large bending displacement 

showed by the RC/IL/PPy (coated) actuators (1.9 mm) compared to the RC/PPy/BMIMCL 

nanocomposite actuator (1.4 mm) developed by Suresha et al. [130].  

 

Table 3-3below shows that the actuators developed in this study have better actuation 

performance in terms of bending displacement because of higher electrical conductivity 
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values compared to the RC/PPy/IL (coated) actuators developed by Suresha et al. [130].The 

difference between the RC/PPy/IL (coated) and RC/IL/PPy (coated) actuators besides the 

thickness includes:  

 An intermediate layer of polypyrrole in RC/PPy/IL (coated) actuator that securely 

holds IL on RC  

  Different types of dopant agents are used 

 Can be operated up to 70% RH  

Table 3-3: Voltage, displacement, and electrical conductivity of the actuators 

Name of the 

samples 

Thickness 

(µm) 

Voltage 

(V) 

Relative 

humidity 

(%) 

Displacement 

(mm) 

Electrical 

conductivity 

(S/cm) 

RC/IL/PPy 

(Coated) 

40  4 50 1.9 1.6 X 10-3 

RC/PPy/IL 

(Coated) 

14-17 4 50 1.4 1.7 X 10-4 

[130] 

RC/FCNF/PPy 

(blend) 

40 4 90 4.0 2.7 X 10 -3 

RC/FCNF/PPy 

(Coated) 

40 4 90 5.0 5.4 X 10 -1 

 

Electrical power consumption was measured during the actuation test by measuring the 

current used. The RC/FCNF/PPy (coated) actuators consumed higher electrical power (0.19 

mW cm-2) compared to the RC/FCNF/PPy (blend) actuators (0.10 mW cm-2). The 
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decreased electrical power consumption is due to the decreased electrical conductivity of 

the RC/FCNF/PPy (blend) actuators. 

 

3.9.2 Durability of the actuators 

In order to evaluate the influence of the polypyrrole coating on the durability of the 

actuators, the actuators were actuated continuously for more than 5 h and the data were 

provided in Figure 3.18. Many EAPap actuators showed nearly 50 % performance 

degradation because of the damage of the gold electrode caused by the trapped DMAc and 

reactive Li+ ions into the EAPap [6]. However, the actuators developed here exhibit very 

stable performance up to 5 h. The low surface resistivity and environmental stability of the 

actuators were achieved when the molar ratio of dopant AQSA-Na (anthraquinone- 2-

sulfonic acid sodium salt) to pyrrole was 1:1 and AQSA-Na bearing an anthraquinone ring, 

which seemed to inhibit the reaction of PPy with oxygen. X-ray photoelectron spectroscopy 

(XPS) analysis reveals that paper samples doped with AQSA-Na possess higher 

sulphur/nitrogen (S/N) ratios, but lower oxygen/nitrogen (O/N) ratios [138]. Results from 

Figure 3.18 show that the dopant has significant effect on the environmental stability of the 

composite actuators.  
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Figure 3.18: Durability of RC/IL/PPy (coated) actuators 

 

3.10 Summary 

The results suggest that preparation process and dopants have great impact on the electrical, 

electrochemical, mechanical and morphological properties of the actuators. Actuators 

coated with polypyrrole doped with AQSA dopant showed improved electrical conductivity 

and durability compared to that of using ClO4
- as the dopant [139]. This is due to the good 

redox performance of AQSA and the porous submicron/ nanosized structure of polypyrrole 

on the composite film. The durability of the EAPap composite actuators was improved in 

this project as AQSA-Na bearing an anthraquinone ring, which seemed to inhibit the 

reaction of PPy with oxygen. The RC/FCNF /PPy (coated) and the RC/FCNF /PPy (blend) 

actuators showed their maximum performance at 90 % relative humidity. This result 

reveals that water molecules play an important role during actuation. The RC/FCNF /PPy 

(coated) actuators consumed higher electrical power compared to the RC/FCNF /PPy 

(blend) actuators due to their higher electrical conductivity values. RC/IL/PPy (coated) 

actuators work well at ambient humidity because of the built-in electrolyte layer. However, 

the actuators are not capable of generating sufficient amount of forces.  
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The next chapter will focus on the layer-by-layer casting actuators developed in this 

research, in order to improve the actuation force at ambient humidity.  
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 Layer-by-layer casting actuators   

4.1 Introduction  

In this study, to improve the actuation performance, two actuators were developed through 

layer-by-layer casting. Often traditional multilayer capacitor can contain internal stress due 

to in-homogeneities generated by the internal electrodes which in turn leads to reduced life 

time of the multilayer capacitor [140]. This chapter presents the influence of electrode 

design on the properties of the actuators such as capacitance, which in turn increases the 

extents of the bending displacement and actuation force at lower voltages compared to the 

other CNF- based actuators. This chapter also presents how to improve the durability of the 

actuators. Further, the electro-magnetic nature of the actuators is investigated. 

 

4.2 Theory and actuation mechanism 

To improve the actuation performance, two approaches (electric and magnetic actuation) 

are presented in this section. 

4.2.1 Electrode and electrolyte layers  

Baughman et al. developed an electrochemical actuator consisting of singled walled 

nanotube (SWNT) sheets laminated together with double-sided Scotch tape, where SWNT 

sheets not only serve as electrodes but also undergo elongation/contraction upon charge 

injection into the nanotubes in aqueous electrolyte solution [141]. In the current research, 

functionalized carbon nanofibers were used instead of SWNTs as they have structural 
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similarities. The actuators developed here have bimorph configuration with regenerated 

cellulose-supported internal ionic liquid electrolyte layer sandwiched by electrode layers 

consisting of regenerated cellulose/functionalized carbon nanofibers/ionic liquid. 

Regenerated cellulose-supported internal ionic liquid electrolyte layer was proposed with a 

view to operate the actuators without external electrolytes. In addition, Ionic liquids are not 

volatile, have high ionic conductivities and wide potential windows, which are favourable 

for rapid response in actuation and stable performance [142]. Moreover, reacting with ionic 

liquid, entangled nanofibers are exfoliated by a possible cation-π interaction [143]. When 

an electric potential is applied to the actuator, cations and anions of the built-in ionic liquid 

may be transported to the cathode and anode sides, thereby develop electric double layers 

with negatively and positively charged carbon nanofibers. These movements of ions may 

cause swelling of the cathode layer and shrinkage of the anode layer, as the former ions are 

larger than the latter. Consequently, may generate a large bending motion toward the anode 

side [144]. 

4.2.2 Magnetism in carbon nanofibers 

Carbon nanofibers possess paramagnetic properties because of the presence of large 

amount of defects in the graphene layers of the nanofragments. In addition, the carbon 

atoms neighbouring to defects adjust their bonds to accommodate the defects and produce a 

dangling sp2 orbit, which in turn generates a magnetic moment [145]. According to the 

electronic structure calculations with density functional theory, magnetic moment and 

ferromagnetic interaction can be enhanced by including H-atoms to zigzag edge in 

nanographite system and a combination of vacancy defects and impurities (H, or N atoms) 
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[146]. In the current research, the paramagnetic nature of functionalized carbon nanofibers 

was used to make the actuators magnetically induced.  

4.3 Actuators  fabrication  

4.3.1 Materials 

1-butyl-3-methylimidazolium chloride (99 %) and 1-butyl-3-methylimidazolium 

tetrafluoroborate (98 %) were received from Fluka, USA. Dimethylacetamide (DMAC) 

(Anhydrous 99.8 %), 2-propanol, lithium chloride, cotton linter (DPW 4580), and carbon 

nanofibers were purchased from Sigma Aldrich, USA. All the chemicals were used as 

received. 

4.3.2 Fabrication method of actuator films by layer-by-layer casting 

The actuators (Figure 4.1) were fabricated simply by adopting a bimorph configuration 

with an internal electrolyte layer consisting of regenerated cellulose and ionic liquid 

sandwiched by electrode layers. The electrode layers were prepared by blending FCNFs in 

ionic liquid dispersed regenerated cellulose solution. 
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Figure 4.1: Configuration of layer-by-layer casting actuator 

 

Typically, 100 mg FCNFs and 500 mg ionic liquid were ground for 15 min with an agate 

mortar and pestle. The mixture was then dispersed in 10 mL regenerated cellulose (RC) 

solution prepared by the method of  McCormick et al [25] by ultrasonication at 50 ºC for 2 

h. The electrode layer was fabricated by pouring a portion of the resultant gelatinous 

material (3.4 g) on an aluminium mould with a diameter of 50 mm and 0.18 mm depth. It 

was then left in an oven at 50 ⁰C for 1 h for coagulation and solvent evaporation. Following 

that, 1.0 g ionic liquid was dispersed by blending in 10 mL RC solution at 50 ºC. A portion 

of this mixture 2.4 g was poured onto the surface of the first layer, and allowed to put in an 

oven at 50 ⁰C to let the solvent evaporated. Finally, another 3.4 g of RC solution containing 

FCNFs and ionic liquid was poured onto the second layer and the solvent let evaporated. A 

mixture of isopropanol and deionized water was poured on to the film and left it for 24 h 

for curing the film. The films were then dried in air followed by hot pressing at 50 ⁰C. The 

finished films thus obtained have thickness 150-230 μm. 
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4.4 Material characterization 

Structural, morphological, electrical, and mechanical properties of the composite films 

were investigated in this study. 

4.4.1 Effect of morphology on the electrical properties of the composites  

The conductivity (σs) of the RC/FCNF/BMIMCL and RC/FCNF/BMIMBF4 layer-by-layer 

films was calculated by the following equation [147]: 

 
𝜎𝑠 =

∆𝐼

∆𝑉

𝑙

𝑤𝑑
 (4-1) 

 

Where, 𝑙 = length, 𝑤 = width, 𝑑 = thickness, and 
∆𝐼

∆𝑉
=   

slope of the current vs voltage curve. 

 

Sample’s Name  𝑙 (𝑐𝑚) 𝑤 = (cm) 𝑑 = thickness 

(cm) 

∆𝐼

∆𝑉
 

RC/FCNF/BMIMCL 2.2 1.2 0.015 0.0011 

RC/FCNF/BMIMBF4 1.0 1.0 0.014 0.0018 
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Figure 4.2: Current vs. Voltage curve for RC/FCNF/BMIMBF4 layer-by-layer film, y = 

Current, x = Voltage, R2 = Correlation coefficient 

Figure 4.2 shows the typical current-voltage sweep curve. Electrical conductivity of the 

composites (RC/FCNF/BMIMCL) was found 0.134 S/cm. These values are seven orders of 

magnitude higher compared to the pristine cellulose [58]. This may be due to the presence 

of 1.0 % FCNF. It is clear that high electrical conductivity and high aspect ratio of FCNFs 

and their good dispersion in the composite (Figure 4.3) help in achieving high electrical 

conductivity. 

4.4.1 Morphological studies of the composites  

SEM images were used to examine the overall structure and distribution of FCNFs in the 

layer-by-layer structure. Figure 4.3 shows that FCNFs can be dispersed in the polymer 

matrix. The dispersion of FCNF is possible due to the good dispersability of FCNF in 

dimethylacetamide (DMAC) with sonication. As a result, the cohesive forces between 

FCNFs become weak in the RC/BMIMBF4 solution, and they do not entangle during 

solvent evaporation.  
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Figure 4.3: SEM image of FCNFs dispersed RC/BMIMBF4 matrix 

A scanning electron microscope image of a cross-section of the layer-by-layer film shows 

that the electrode and electrolyte layers are seamlessly connected with one another (Figure 

4.4). As a result, intra- and interlayer ion transport are facilitated, which is essential for 

quick response.  
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Figure 4.4: SEM image of a cross-section of the layer-by-layer film 

 

4.5 Actuators characterization 

The performance of the actuators was evaluated in terms of bending displacement, current 

consumption (charge density) during actuation, and blocked force. Bending displacement 

was measured using a setup given in Figure 3.16 and blocked force was measured using a 

setup given in Figure 3.17. To study electro-magnetic nature of the actuators, a magnetic 

field was produced using a magnet with a diameter of 35 mm at 10 V DC and 0.1 A. 
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4.5.1 Electro-mechanical properties of the actuators  

When an electric potential of 7.0 Vpp with a frequency of 0.75 Hz was applied to a layer-

by-layer actuator strip clipped to copper electrodes (2.4 cm x 0 .1 cm x 0.023 cm sized), the 

RC/BMIMBF4/FCNF actuator experienced a bending motion of 5.0 mm toward the anode 

side (Figure 4.5). However, the RC/BMIMCL/FCNF actuator showed a maximum 

displacement of 3.2 mm at 1.0 Hz. The increased frequency is due to the actuator’s 

stiffness. 

 

 

Figure 4.5: Bending motion toward the anode side 
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Figure 4.6: Actuated displacement with increasing frequency at a 7.0 Vpp sine wave 

RC/BMIMBF4/FCNF actuators show decreased bending displacement with increasing 

frequency (Figure 4.6). This is due to the amplitude of the accumulated charge that 

decreases with the increase in the frequency.  

 

Figure 4.7 shows that bending displacement increases with increasing applied voltages to 7 

Vpp. This is due to the higher potentials that increase the charge accumulation at the 

electrode-electrolyte interface, and cause the faster response and higher displacement. At 

10 Vpp, the actuators start degrading and the performance was dropped. Both types of the 

layer-by-layer actuators show stable performance at 7 Vpp at ambient humidity because of 

the built-in ionic liquid electrolyte layer. During actuation, cations and anions of the ionic 

liquids move towards the cathode and anode sides and swell the cathode layer and shrink 

the anode layer, as the cations are larger (size) than the anions. As a result, the actuator 

bends toward the anode side. 
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Figure 4.7: Actuated displacement with increasing voltage at a 0.75 Hz sine wave 

 

When the actuators were excited with an electric field of 0.03V µm-1, the RC/BMIMBF4 

/FCNF actuator, because of its lower stiffness, had a maximum force output of 2.49 mN 

and the RC/BMIMCL/FCNF actuator had a maximum force output of 1.70 mN at the tip. 

The blocked force of the composite actuators was higher than that of the electro-active 

paper actuators [33] because of the presence of ionic liquid and FCNF in the composites. 

Blocked force depends on the stiffness and the bending displacement of the actuator. 

Dispersed ionic liquid in regenerated cellulose reduces the ordered domains of cellulose. As 

a result, it increases the mobility of the ions within the matrix. In addition, electric double 

layers are formed at the electrode-electrolyte interface, which in turn enhances bending 

displacement. Moreover, the presence of FCNFs provides mechanical stiffness of the 

composite actuators. 

 

Table 4-1 below shows the mechanical power output, power consumption, and efficiency of 

the composite actuators. The electrical power consumption was measured during the 

actuation test. When 7 Vpp was applied at their resonance frequencies, the 

RC/BMIMBF4/FCNF actuator consumed 0.32 mW cm-2 electrical power, whereas the 
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RC/BMIMCL/FCNF actuator consumed 0.14 mW cm-2 electrical power. As the materials 

consume low power, therefore, they may be suitable to develop microwave driven 

actuators. Mechanical power of the composite actuators was calculated using the following 

equation [33]: 

 
𝑀𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 𝑝𝑜𝑤𝑒𝑟 =

1

4
𝐹𝑚𝑎𝑥. 𝑋𝑚𝑎𝑥. 2𝜋𝑓 (4-2) 

 

Where, Fmax is the blocked force, Xmax is the maximum displacement, and f is the 

resonance frequency. The RC/BMIMBF4/FCNF actuator showed mechanical power output 

0.01 mW while the RC/BMIMCL/FCNF actuator showed 0.0064 mW. The BMIMBF4 

ionic liquid containing actuator consumed 0.32 mW cm-2, whereas the BMIMCL ionic 

liquid containing actuator consumed 0.14 mW cm-2 because of its decreased electrical 

conductivity. The efficiency of the actuators is defined as the ratio of the mechanical power 

and the electrical power consumption. BMIMCL ionic liquid containing actuator consumes 

low power, as a result, it showed higher efficiency compared to the other actuator.  
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Table 4-1: Mechanical power output, power consumption, and efficiency of the composite 

actuators 

Sample’s name & 

thickness  

RC/BMIMBF4 

/FCNF (0.023 cm) 

RC/BMIMCL/FCNF 

(0.023 cm) 

EAPap (0.004 cm) 

Maximum 

displacement (mm) 

5.0 3.2 1.5 

Frequency (Hz) 0.75 1.0 8.0 

Blocked force (mN) 2.49 1.70 1.64 

Mechanical power 

(mW) 

0.01 0.006 0.031 

Power consumption 

(mW cm-2 ) 

0.32 0.14 55 

Efficiency (%) 3.0 4.0 0.056 

 

4.6 Electro-magnetic actuation of the composite actuators under magnetic field  

The composite actuators were tested in air under a magnetic field for (a) S→N and (b) N→ 

S directions using a set up drawn in Figure 4.8. The magnetic force direction was changed, 

when the current polarity was switched from positive to negative. The composite actuators 

as they possess magnetic properties move to the magnetic force directions (a) S→N and (b) 

N→S (Figure 4.8).   
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Figure 4.8: Outline of experimental scheme for investigation of electromagnetic actuators 

under magnetic fields for: (a) S→N and (b) N→S 

 

Functionalized carbon nanofibers have paramagnetic properties [145] because of the 

presence of large amount of defects in the graphene layers of the nanofragments. In 

addition, the carbon atoms neighbouring to defects produce a dangling sp2 orbit, which in 

turn generates a magnetic moment. As a result, actuators composed of functionalized 

carbon nanofibers respond strongly under magnetic field (Figure 4.8).  
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Figure 4.9: Actuated displacement of RC/BMIMBF4/FCNF actuators with increasing 

frequency at a 7.0 Vpp sine wave 

 

RC/BMIMBF4 /FCNF actuators show 3.0 mm bending displacement at 4 Hz and the 

displacement decreases with the increase of frequency (Figure 4.9).  

4.7 Summary 

This work can be summarized as: 

 FCNFs were well-dispersed in the layer structure of cellulose 

 The layer-by-layer structures showed larger displacement and actuation force at 

lower voltages compared to the CNF-based actuators.  

 The built-in ionic liquid electrolyte layer in the layer-by-layer structure helps 

achieving stable performance at ambient humidity 

  The actuators can be operated remotely by microwave as they consume low power.  

 BMIMCL ionic liquid containing actuator showed higher efficiency compared to 

the other actuators  

 They did not require any external electrolyte for operation   
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 They were actuated magnetically and responded well at higher frequencies (4Hz) 

compared to the actuators working under electric field 

The main advance of these functionalized carbon nanofibers (FCNFs) impregnated 

actuators compared to previously described actuators is that they can be actuated 

magnetically. This is due to the paramagnetic characteristics originated from a large 

amount of defects in the graphene layers of the nanofragments [148].  

 

The next chapter will focus on drug delivery through conductive regenerated cellulose- 

based matrices. The layer-by-layer casting actuators developed in this research were not 

used for controlled drug delivery, as they are suitable for fabricating reservoir typed 

devices. Reservoir typed devices can provide constant drug release with time (zero-order 

release kinetics) [93], but there is a possibility of accidental dose dumping. Generally, 

matrix typed devices provide decreasing rate of drug release with time [93]. Therefore, the 

next chapter will be focusing on how to achieve zero-order drug release kinetics from 

matrix typed devices. 
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 Conductive regenerated cellulose-based 

matrices: Controlled drug delivery systems   

5.1 Introduction 

Matrix based delivery systems usually show first order or square-root-of-time release 

kinetics [93]. This is due to the matrix swelling. This chapter presents the methods of 

developing drug delivery carriers, which respond well under external stimuli such as 

electric and magnetic field. This chapter also presents several techniques (iontophoresis, 

electro-chemically and magnetically induced) to reduce burst effect and to achieve zero-

order release kinetics from the drug-loaded matrices. Further, this chapter presents 

electrical and swelling behaviour of the composite matrices, morphology, electro-active 

composite-drug interaction, in vitro drug release behaviour of the matrices, and a 

comparison between electrically and magnetically induced drug delivery as the later 

method of drug delivery is safer than the former one.  

5.2 Drug release mechanism 

Under the influence of an electric field electro-responsive matrices deswelled when the 

matrices lies perpendicular to the electrodes. Electrically-induced gel deswelling and other 

responses (expansion of conductive polymer chain and the electrostatic force between 

electron and drug) cause movement of drug molecules out of the matrices [149].  

 

Drug release from polymer/paramagnetic particles composite under magnetic field is based 

on the fact that heat produced locally by magnetic particles under alternating current (AC) 
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magnetic field loosens the polymer chain surrounding the particles at temperatures above 

the glass transition temperature (Tg) of that particular polymer, resulting in drug ions 

released through the chain  [92].    

5.2.1 Analysis of in vitro drug release kinetics of model drug from matrices 

 

The drug release data (in vitro) are normally fitted with  various kinetic models such as  

zero-order, first-order, Higuchi, and Korsmeyer-Peppas to investigate the kinetics and drug 

release mechanism from the RC-based matrices [150-154] 

 

Zero order: A system follows zero-order rate equation (5-1), when the drug release rate is 

independent of its concentration. 

 
𝑀𝑡 = 𝐾𝑜𝑡 (5-1) 

Where, 𝑀𝑡 is the rate of drug released at time t,  𝐾𝑜 is the zero-order rate constant and t is 

the time. The drug-loaded matrices release the same amount of drug by unit time.  

 

First order: Gibaldi first applied the first order kinetics for drug dissolution studies and 

Feldman in 1967 and later Wagner in 1969 [155, 156]. A system follows first order 

equations (5-2 and (5-3), when the drug release rate is dependent of its concentration.  

 
𝑙𝑜𝑔𝑀𝑡 = 𝑙𝑜𝑔𝑀𝑜 −

𝑘1𝑡

2.303
 (5-2) 
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And 

 
𝑙𝑜𝑔𝑀𝑜 − 𝑙𝑜𝑔𝑀𝑡 =

𝑘1𝑡

2.303
 (5-3) 

Where, 𝑀𝑡 is the amount of drug released in time t, 𝑀𝑜 is the initial concentration of drug 

and k1 is the first order constant. In first order drug release kinetics, there is a linear 

relationship between the log cumulative of % drug remaining, log % (Mt – M0) versus time. 

 

In 1961, Higuchi proposed the following equation to predict drug release rate from a matrix 

system by correlating drug release rate with square-root-of-time [152].  

 𝑀𝑡

𝐴
= 𝑘𝐻𝑡1/2 (5-4) 

 

Where, 𝑀𝑡 is the cumulative absolute amount of drug released at time t; 𝑘𝐻 is a kinetic 

constant. According to Higuchi, the release of drug is a diffusion process, which is based on 

the Fick’s law. He observed a linear relationship between 
𝑀𝑡

𝐴
 versus square-root-of-time     

(t 1/2). 

 

Korsmeyer and Peppas developed a model comprising a simple empirical equation below 

[96]: 

 𝑀𝑡

𝑀∞
= 𝑘𝑡𝑛  (5-5) 

Where, 𝑀𝑡 is the cumulative absolute amount of drug released at time t; 𝑀∞ is the amount 

of drug released at infinite time; n is the diffusion constant indicating the release 

mechanism, and k is the kinetic constant. The value of the exponent n provides information 
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regarding drug release mechanism. n = 1 shows swelling controlled drug release. Values of 

n between 0.5 and 1, show anomalous transport. According to Korsmeyer-Peppas models, 

the drug release is diffusion controlled when the values of n ≤ 0.45. 

 

For each model, the values of slope (n), correlation coefficient (R2) and rate constant (k) are 

graphically determined and are used to predict the kinetics and mechanisms of drug release 

from the matrices. 

 

In section 5.6 , the above models will be used to analyse the drug release data obtained in 

this chapter. 

 

5.3 Fabrication of regenerated cellulose-based matrices 

5.3.1 Materials 

Cotton linter (DPW 4580), lithium chloride, dimethylacetamide (DMAC) (Anhydrous 99.8 

%), 2-propanol, and carbon nanofibers were purchased from Sigma Aldrich, USA. 5-

sulfosalicylic acid (Fluka) was used as a model drug. Pyrrole, 5-sulfo-salicylic acid 

dihydrate, and ferric chloride hexahydrate (Fluka), acetone (Fluka, AR grade), methanol 

(Fluka, AR grade) were used without further purification except pyrrole.  

 

 



92 

5.3.2 Matrices fabrication  

 

0.21 g FCNFs were dispersed into 10 mL dimethylacetamide and added to 20 mL RC 

solution [25]. After ultrasonic dispersion under 125 W for 4 h, the RC/FCNF mixture (3.5 g 

in a 10 cm petri dish for each film) was poured into a glass petri dish. Finally, the solvent 

was evaporated and the films were dried in air.  

5.3.3 Loading of drug into the RC/FCNF matrices 

Drug was loaded into the matrices in two different ways. In the first method, drug was 

loaded by incubating the matrices with the drug.  The drug loading process is as follows.  

The matrices were immersed in 1.5 %, 3 %, and 10 % (w/v) aqueous solution of 5-

sulfosalicylic acid dihydrate for 3 days at 37 °C to swell to an equilibrium position. The 

fully swollen matrices removed from the drug solution were blotted with filter paper to 

eliminate the surface water. The matrices were then dried in air. The amount of drug loaded 

was determined from the weight difference of matrices before and after drug loading. 

 

In the second method, drugs were loaded into the matrices by chemical linkages during 

coating of the matrices with polypyrrole. The method of synthesis is as follows. RC/FCNF 

matrices were coated with polypyrrole by the adsorption induced chemical polymerization 

using FeCl3/5-sulfosalicylic acid at 2:1 ratio as oxidant/dopant in aqueous solution. 5-

sulfosalicylic acid dihydrate acts as a model anion drug as well as a dopant. 0.03 mol 

freshly distilled pyrrole monomer and 0.015 mol model drug were dissolved in 50 mL 

distilled water. The mixture was stirred vigorously for 20 min at 0 ⁰C in an ice bath. 0.03 

mol FeCl3 dissolved in 50 mL distilled water was slowly added to the mixture at a rate of 5 
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mL/min and the temperature was maintained at 0 ⁰C. RC/FCNF matrices were then 

immersed in 50 mL of the mixture in a glass petri dish and were left for 24 h at 0 ⁰C. 

Polypyrrole was formed slowly, and was deposited on the surface of the matrices. Finally, 

polypyrrole coated matrices were washed with water, methanol and acetone and dried in a 

vacuum environment for 24 h. 

 

5.4 Drug release experiments  

5.4.1 Preparation of acetate buffer solution  

150 g sodium acetate was dissolved in distilled water in order to prepare 1000 mL acetate 

buffer solution with pH 5.5. 15 mL glacial acetic acid was then added very slowly into the 

aqueous sodium acetate solution. 

 

5.4.2 Development of calibration curve of sulfosalicylic acid 

2.18 mg of sulfosalicylic acid was taken into 10 mL volumetric flask, dissolved in a buffer 

solution, and diluted up to the mark with buffer solution to make a stock solution. Further 

dilutions were prepared from 0.001-0.0001 moles/L (Table 5-1) with buffer solution and 

the absorbance was measured at 298 nm. The drug solution after scanning in the UV range 

showed maximum absorbance at 298 nm and hence, the calibration curve was developed at 

this wavelength. The calibration curve for sulfosalicylic acid is shown in Figure 5.1. 
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Table 5-1: Concentration Vs Absorbance of sulfosalicylic acid at 298nm 

Concentration (moles/L) Absorbance 

0.001 2.196 

0.0075 1.35 

0.0005 0.85 

0.0001 0.065 

 

 

Figure 5.1: Calibration curve of sulfosalicylic acid 

 

5.4.3 Actual drug content  

The actual amounts of drug in the RC/FCNF/SSA and RC/FCNF/PPySSA matrices with 

the dimension of 1.1 cm X 1.0 cm X 105-110 µm were determined by dissolving the drug 

in the samples in 2 mL dimethylsulfoxide (DMSO) and after that 0.5 mL of the solution 

was added to 3 mL of the acetate buffer solution. The amount of drug in the buffer solution 

was measured with the UV/Visible spectrophotometer at 298 nm. 
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5.4.4  Diffusion studies under electric field 

 Diffusion studies in in vitro were carried out using a set-up shown in Figure 5.2 [16]. A 

drug-loaded matrix attached with negative electrode was placed in 5 mL acetate buffer 

solution of pH 5.5 at 37 °C. Electric potentials (0, 1, & 3 V) were applied through a carbon 

electrode, the attached membrane, acetate buffer solution, and another carbon electrode. 

The drug was diffused through the matrix into the buffer solution. The total diffusion 

period was 5 h. A sample of 1 mL of the buffer solution was withdrawn and an equal 

amount of fresh buffer solution was added to the cell. The UV–Visible spectrophotometer 

was used to measure the drug concentrations in the samples at the wavelength of 298 nm.  

 

 

 

Figure 5.2: Experimental set-up used to study electro-responsive drug delivery from 

implants 

The set-up in Figure 5.2 was used to study the response of the RC-based matrices to electric 

field strength of 0, 1, and 3 volts. Negative electrode was attached with the matrices placed 

in the acetate buffer solution. 
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5.4.5 Spectrophotometric analysis of model drug 

The maximum absorption spectra of the model drug were recorded using a Shimadzu UV-

2101PC scanning spectrophotometer. The wavelength at the maximum absorption was used 

to determine the amount of drug released from the predetermined calibration curve. 

5.4.6 Diffusion studies under alternating current magnetic field  

To study drug release behaviour under an alternating current (AC) magnetic field an 

electromagnetic field was produced using a magnet with a diameter of 35 mm at 

approximately 0.1 A and 1.15 KHz. 

 

5.5 Matrices characterization  

The degree of swelling, structural, morphological, and electrical properties of the composite 

films were investigated in this study. 

5.5.1 The degree of swelling of RC/FCNF matrices 

The degree of swelling was measured by immersing the matrices in acetate buffer solution 

of pH 5.5 at 37 ⁰C for 72 h [157]. The matrices were then removed, pressed between a 

tissue paper and weighed. Finally, the matrices were dried at room temperature and 

weighed again. The degree of swelling was expressed as a relative weight increase.  
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The (%) degree of swelling of the matrices was calculated by the following equation: 

 
degree 𝑜𝑓 𝑠𝑤𝑒𝑙𝑙𝑖𝑛𝑔 (%) =

𝑀−𝑀𝑑

𝑀𝑑
× 100 (5-6) 

Where, M, weight of the sample after submersion in the acetate buffer solution, 𝑀𝑑, weight 

of the sample after removing the solvent. 

 

RC/FCNF matrices showed degree of swelling of 159 %. This result indicates the porous 

structure of the matrices, which is suitable for developing drug delivery systems. The 

presence of –OH, and –COOH functional groups in the structure of the matrices help 

swelling considerably in an aqueous medium and imbibing water into the network 

structure. This hydrophilic network can retain a large amount of water that not only 

contributes to its good blood compatibility but also maintains a certain degree of structural 

integrity and elasticity [158]. In the drug-loaded matrices drug diffuses through the gel 

layer formed by the swelling of the matrices because of the entry of water. Although matrix 

swelling favours drug release, it causes strong resistance to drug diffusion through the gel 

layer. As a result, amount of drug released decreases with time [12]. In this study, to get rid 

of this problem, the matrices were coated with polypyrrole doped with drug. 

5.5.2 Structural and morphological analysis 

The absorption infrared spectra of RC/FCNF and RC/FCNF/SSA matrices are shown in 

Figure 5.3. For RC/FCNF matrices, C=O stretch of  carboxylic acid group appears at 

1632.7 cm-1 and –OH stretch appears at 3333.5 cm-1. For RC/FCNF/SSA matrices, the 

sulfonate group (SO3
-) stretching is observed at 1025 cm-1 along with a gradual shift of the 
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–OH stretching (3000–3600 cm-1). These results indicate the H-bonding between the 

sulfonate groups of sulfosalicylic acid and the hydroxyl group of RC (in Figure 5.4) [159]. 

 

 

Figure 5.3: Absorption infrared spectra of: RC/FCNF film (Red line); RC/FCNF/SSA film 

(Green line)  

 

Figure 5.4: H-bonding between the sulfonate groups of sulfosalicylic acid and the hydroxyl 

group of RC 
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Figure 5.5: Absorption infrared spectra of: RC/FCNF/PPySSA matrix film (purple line) and 

RC/FCNF matrix film (red line) 

The absorption infrared spectra of RC/FCNF, RC/FCNF/PPySSA matrices are shown in 

Figure 5.5. For RC/FCNF/PPySSA matrices, five-membered PPy ring-stretching and 

conjugated C–N stretching vibration bands are observed at 1545 and 1429 cm-1, 

respectively [134]. C- H in-plane vibration is observed at 1310 cm-1. In addition, the peaks 

at 2915 and 2848 cm-1 are associated with five membered ring C–H stretching [160]. These 

spectral features indicate that the PPy layer is successfully introduced onto the surface of 

the RC/FCNF matrices. In addition, the sulfonate groups (SO3
-) stretching is observed at 
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1016 cm-1 and the –OH stretching peak has a slight shift between 3000 and 3600 cm-1 

because of the H-bonding between the sulfonate groups of sulfosalicylic acid and the amine 

group of pyrrole unit of PPy (Figure 5.6). 

 

 

Figure 5.6: H-bonding between the sulfonate groups of sulfosalicylic acid and amine group 

of pyrrole unit of polypyrrole 

 

 

Figure 5.7: SEM image of drug loaded RC/FCNF matrix  

The distribution of drug molecules in the RC/FCNF matrix was examined by the images of 

SEM. SEM images (Figure 5.7) show that drug molecules are well dispersed into the 
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RC/FCNF matrix. Figure 5.8 shows that polypyrrole is successfully introduced on the 

surface of the RC/FCNF matrices.  

 

 

Figure 5.8: SEM image of PPySSA coated RC/FCNF matrix  

5.5.3 Electrical conductivity measurement of RC/FCNF and RC/FCNF/PPySSA 

matrices  

Electrical conductivity (σs) of the matrices was calculated using the equation (4-1). Figure 

5.9 and Figure 5.10 show the typical current-voltage sweep curve. The conductivity of the 

matrix follows the Ohm‘s law. The electrical conductivity of the RC/FCNF matrix film is 

1.1 S/cm. This value is eight orders of magnitude higher compared to the pristine cellulose 

[58]. This may be due to the presence of 1.0 % FCNFs. 
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Figure 5.9: Current vs. Voltage curve for RC/FCNF film, y = Current, x = Voltage, R2 = 

Correlation coefficients 

 

 

Figure 5.10: Current vs. Voltage curve for RC/FCNF/PPySSA film, y = Current, x = 

Voltage, R2 = Correlation coefficients  

The electrical conductivity of the RC/FCNF/PPySSA matrix film is 0.54. This is due to the 

presence of FCNFs. In addition, low polymerization temperature (0 ᵒC) that leads to higher 

polymerization degree and hence to better electrical conductivity compared to the pristine 

cellulose [58]. 
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5.6 Kinetic modelling of drug release profile  

Initially, the actual amounts of drug within the matrices were measured. The amounts of 

drug present in the RC/FCNF/SSA and RC/FCNF/PPySSA matrices are about 96 ± 1.0 and 

90 ± 1.0 % respectively. The in vitro release data from RC/FCNF/SSA (3%) and 

RC/FCNF/PPySSA were fitted to various kinetic models such as zero order, first order, and 

Higuchi release in order to determine the kinetics of drug release. The rate constants (k) 

were calculated from the slope of the respective plots and high correlation value was 

obtained for the zero-order drug release (Table 5-2). The data were also put in Korsmeyer-

Peppas model in order to determine n values. The value of the exponent n determines the 

type of drug release mechanism. Each data point in the plots (figure 5.11-figure 5. 24) is an 

average value from two samples.  
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Table 5-2: Fitting parameters of the in vitro release data to various release kinetic models 

for (a) RC/FCNF/SSA and (b) RC/FCNF/PPySSA matrices 

Samples Order Electric field 

strength 

(Voltage) 

Slope K R2 

(a) 

RC/FCNF/ 

SSA (3%) 

First 

 

Zero 

 

Higuchi 

 

Korsmeyer- 

Peppas 

 

0 

3 

0 

3 

0 

3 

0 

3 

0.051 

0.006 

4.47 

0.6129 

16.469 

2.11 

0.1706 

0.0178 

 

0.051 

0.006 

4.47 

0.6129 

16.462 

2.11 

 

0.9695 

0.9873 

0.9754 

0.9892 

0.9704 

0.9721 

0.9013 

0.9147 

 

(b) 

RC/FCNF/ 

PPySSA 

First 

 

Zero 

 

Higuchi 

 

Korsmeyer- 

Peppas 

 

0 

3 

0 

3 

0 

3 

0 

3 

0.013 

0.027 

0.831 

2.249 

2.81 

7.30 

0.035 

0.064 

0.013 

0.027 

0.831 

2.249 

2.81 

7.30 

 

0.8587 

0.9828 

0.8690 

0.9845 

0.8182 

0.9758 

0.7147 

0.9428 
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Matrix based delivery systems usually show first order or square-root-of-time dependent 

drug release kinetics. Figure 5.11 below shows square-root-of-time dependent drug release 

kinetics from the RC/FCNF/SSA (10 %) matrices in the process of passive release 

characteristic (E = 0 V). This result suggests that the drug release is diffusion controlled. 

However, the amount of drug release decreases with the square-root-of-time.  

 

 

Figure 5.11: Square-root-of-time dependent drug release kinetics from the RC/FCNF/SSA 

(10 %) matrices film, E= 0 volt, pH = 5.5, 37 ᵒC 
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Figure 5.12: Plot of release rate of SSA from RC/FCNF/SSA (10 %)  matrices film, E = 0 

V, pH 5.5, 37 ᵒC 

Figure 5.12 shows that the drug release rate from the RC/FCNF/SSA (10 %) matrices  film 

with the dimension of 1.1 cm X 1.0 cm X 105-110 µm at E = 0 V decreases with time, t. 

An initial burst effect followed by a slow release of drug is observed. The initial fast release 

of drug is probably due to the dissolution of surface-bound drug. In addition, for matrix 

typed drug delivery devices, burst effect is a common phenomenon as molecules of 

regenerated cellulose take time to form a hydrogel. After the burst release of SSA drug, the 

rest of the drug entrapped into the matrices is released slowly because of the swelling of the 

matrices. Although matrix swelling increases the surface area of the system, which favours 

drug release, the resistance to drug diffusion through the gel layer becomes stronger. 

Consequently, the amount of drug released decreases with time [161].  

 

Figure 5.13 shows that the rate of drug release from the RC/FCNF/SSA (10 %) matrices 

attached with the cathode is higher than that with the anode. This is due to the electrostatic 
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charged drug through the matrices into the buffer solution [162]. In addition, the positively 

charged electrode tends to retard the drug diffusion through the matrices. This study 

establishes the fact that the rates of drug release can be altered to be higher and lower than 

that under no electric field.  

 

 

 
 

Figure 5.13: Plot of release rate of SSA from RC/FCNF/SSA (10 %) matrices attached to 

the anode or the cathode, E = 1 V, pH 5.5, at 37 °C 

 

The plots given in Figure 5.14 show that the RC/FCNF/SSA (3%) matrices with the 

dimension of 1.1 cm X 1.0 cm X 105-110 µm at E = 0 V follow zero order drug release 

kinetics. High correlation value is obtained for the zero-order model. However, the amount 

of drug released decreases with time.  
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Figure 5.14: Plots of (a) Zero, (b) First, (c) Higuchi, and (d) Koresmeyer- Peppas Release 

Kinetics of  SSA from RC/FCNF/SSA (3%) matrices at E = 0 V, pH 5.5, 37 °C, R2 = 

Correlation coefficients 
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Figure 5.15: Plots of (a) Zero, (b) First, (c) Higuchi, and (d) Koresmeyer- Peppas Release 

Kinetics of  SSA from RC/FCNF/SSA(3%) matrices at E = 3V, pH 5.5, 37 °C, R2 = 

Correlation coefficients 
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containing different percentages of drug, that the release rate from matrix system can be 

controlled by the amount of drug in the matrix. Matrices containing 10 % drug show 

square-root-of-time dependent drug release kinetics (Figure 5.11), whereas matrices 

containing 3 % drug show drug release kinetics of zero order at 0 volt (Figure 5.14). 

However, for both types of the actuators the amount of drug released decreases with time at 

0 V.    

 

In this study, to increase the rate of drug release, RC/FCNF matrices were coated with 

polypyrrole doped with the drug. The plots given in Figure 5.16 show that the 

RC/FCNF/PPySSA matrices under electric field follow the model for zero-order drug 

release. The release mechanisms of drug from the RC/FCNF/PPySSA matrices include 

expansion of polypyrrole chain and the electrostatic force between electron and the drug. 

As the external electric field is applied, the PPy is reduced. As a result, PPy chains are 

expanded, and a free space in the PPy matrix is generated, thus electric field pushing the 

ionic drug out by the electrostatic force. Consequently, it increases the amount and the 

release rate of drug. 
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Figure 5.16: Plots of (a) Zero, (b) First, (c) Higuchi, and (d) Koresmeyer- Peppas Release 

Kinetics of  SSA from RC/FCNF/PPySSA matrices at E = 3V, pH 5.5, 37 °C, R2 = 

Correlation coefficients 
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Figure 5.17 shows that conductive polypyrrole has great impact on the release rate of SSA 

(drug) from the RC/FCNF/PPySSA matrices. The diffusion of SSA from sample-1 

(RC/FCNF/PPySSA) is less than that of the sample-2 (RC/FCNF/SSA) initially due to the 

ionic interaction between the anionic drug and polypyrrole. In RC/FCNF/PPYSSA 

matrices, drug molecules are chemically bonded with polypyrrole. Here polypyrrole bind 

and release drug in response to electrical signal. Polypyrrole has two redox states. Drug 

ions bound in one redox state are released from the other under electric field. The attached 

electrodes act to switch the redox states. For sample-2, drug molecules come out from the 

matrices due to the electro-static repulsion between the negatively charged drug and the 

negative electrode. These results suggest that the drug release rate can be controlled by 

coating the RC/FCNF matrices with polypyrrole (sample-1) perfectly compared to the 

RC/FCNF/SSA (sample-2), which shows fast release. 

 

Figure 5.17: Plots of cumulative % drug released vs t (h) for RC/FCNF/PPySSA film 

(Sample-1), and RC/FCNF/SSA film (Sample-2), E = 3V, pH 5.5, 37 °C 
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In this study, the rate of drug release is increased by increasing the applied electric field 

(Figure 5.18). For RC/FCNF/SSA matrices, electrophoresis of charged drugs towards 

oppositely charged electrodes causes drugs to be released [11]. The amounts of drug 

released are effectively increased with the increase of the applied electric voltages due to 

the excellent conductivity of the carbon additives. Matrices have deswelled to a certain 

extent at voltages higher than 3 V, as a result, their resistivity to the passage of charge 

increases as the content of free water decreases. Consequently, charge passes through the 

matrices is proportionally smaller [16]. Therefore, 3 V is the optimum voltage for 

increasing the rate of drug delivery. 

 

Figure 5.18: Plot of drug release rate vs. voltage from RC/FCNF/SSA matrices, V = 1-5 V, 

pH 5.5, 37 °C 
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drug release profile is obtained (Figure 5.19). The initial fast release rate of drug may be 

due to the some loosely held drug on the surface of the matrices. 

 

Figure 5.19: SSA release rate vs. t (h) from RC/FCNF/PPySSA matrices at E = 0 V, pH 5.5, 

37 °C 

The results given in Figure 5.19 can be analysed by the plots given in Figure 5.20. It is 

observed that RC/FCNF/PPySSA matrices at E = 0 V follow zero-order drug release.  
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Figure 5.20: Plots of (a) Zero, (b) First, (c) Higuchi, and (d) Korsmeyer- Peppas Release 

Kinetics of  SSA from RC/FCNF/PPySSA matrices, E = 0 V, pH 5.5, 37 °C, R2  = 

Correlation coefficients 
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The diffusion coefficients of sulfosalicylic acid from the matrices are calculated according 

to the following equation [8]: 

 
√(

𝑀𝑡

𝑀0 × 2
) = (

𝐷𝑡

𝜋ℎ2
) (5-7) 

 

Where, 𝑀𝑡  is the amount of drug released at time, t; 𝑀0 is the initial drug concentration in 

the matrices; D is the diffusion coefficient of the drug; and ℎ is the thickness of the 

matrices. The diffusion coefficient of the drug from RC/FCNF/SSA matrices is higher (4.2 

X 10-8 cm2 s-1) than that of the RC/FCNF/PPYSSA (1.4 X 10-8 cm2 s-1) matrices. The 

presence of polypyrrole can hold quantities of drug within the nanoporous coatings, while 

at the same time regulating drug transport.  

 

Drug release mechanism under AC magnetic field is based on the fact that heat produced 

locally by functionalized carbon nanofibers in AC magnetic field loosens the polymer chain 

surrounding the particles and lets the entrapped drug molecules to be released. 

 

 

 

Figure 5.21: Plots of release rate of  SSA from RC/FCNF/SSA (1.5 %) matrices at ACMF 

1.15 KHz, 0.1 A, pH 5.5 
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Figure 5.21 shows release rate of SSA from the RC/FCNF/SSA (1.5 %) matrices under 

magnetic field. The release rate of SSA increases with time up to 2 hours. This is due to the 

burst effect. After that, the release rate dropped and a zero order drug release is observed 

because of the swelling and diffusion of the matrices (Figure 5.21). Zero-order, first-order, 

Higuchi, and Korsmeyer-Peppas models are used to estimate the kinetics of drug release 

(Figure 5.22). 

 

  

 
 

Figure 5.22: Plots of (a) Zero, (b) First, (c) Higuchi, and (d) Koresmeyer- Peppas Release 

Kinetics of  SSA from RC/FCNF/SSA matrices at ACMF 1.15 KHz, 0.1 A, pH 5.5, R2 = 

Correlation coefficients 
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Figure 5.23 shows release rate of SSA from the RC/FCNF/PPySSA matrices under 

magnetic field. The release rate of SSA increases with time up to 2 hours. This is due to the 

some loosely held drug molecules attached with the matrices. After that, the release rate 

dropped and a zero-order drug release is observed because of the nanocoating of 

polypyrrole on the RC/FCNF matrices that holds some drug molecules within the matrices 

(Figure 5.23). Zero-order, first-order, Higuchi, and Korsmeyer models are used to estimate 

the kinetics of drug release (Figure 5.24). 

 

 

Figure 5.23: Plots of release rate of  SSA from RC/FCNF/PPySSA  matrices at ACMF 1.15 

KHz, 0.1 A, pH 5.5 
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Figure 5.24: Plots of (a) Zero, (b) First, (c) Higuchi, and (d) Koresmeyer- Peppas Release 

Kinetics of  SSA from RC/FCNF/PPySSA matrices at ACMF 1.15 KHz, 0.1 A, pH 5.5, R2 

= Correlation coefficients 
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5.7 Summary 

The present study gives importance on the initial concentration distribution of a drug in the 

drug delivery carriers. The comparison of the release mechanism of sulfosalicylic acid from 

the RC/FCNF/SSA and RC/FCNF/PPYSSA matrices in the passive release characteristic 

(E = 0 V), and under electric field was investigated in this study. At E = 0 V, for 

RC/FCNF/SSA matrices, the rate of drug release was decreased with time due to the matrix 

swelling. Therefore, in this study, the rate of drug release was controlled by varying the 

electric field strength. The rate of drug release was effectively increased with increasing 

applied electric potential due to the excellent conductivity of the carbon additives. In 

addition, the release rate of drug was controlled by changing the electrode polarity. 

  

For RC/FCNF/PPYSSA matrices, at E = 0V, the drug release rate decreases with time. The 

drug release rate was increased by applying electric field of 3 volts. The drug release rate 

was controlled by coating the RC/FCNF matrices with polypyrrole perfectly compared to 

the RC/FCNF/SSA matrices, which shows fast release. The materials also responded under 

alternating current (AC) magnetic field, even though the correlation coefficient is less than 

0.56. They can be actuated remotely. Magnetically induced drug delivery is superior to the 

electrostatic one, as it does not damage healthy tissue. Another important characteristic is 

that the material is biodegradable [163]. Therefore, they have potential application as 

subcutaneous implants. The advantage of biodegradable implant includes high drug 

concentration at the site of infection, and as the implant is biodegradable, it is not necessary 

to remove the implant after treatment. 
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The next chapter will focus on the controlled drug delivery from γ-ferric oxide containing 

regenerated cellulose-based matrices, as magnetically induced drug delivery is safe 

compared to the electrostatic one. In addition, γ-ferric oxide nanoparticles are more 

paramagnetic (γ-ferric oxide nanoparticles with sizes less than 50 nm possess super 

paramagnetic properties) compared to the functionalized carbon nanofibers. 
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 Magnetic carriers for controlled drug delivery 

systems  

6.1 Introduction 

The principle of controlled drug delivery by magnetic carriers is based on the use of 

alternating current (AC) magnetic field. This approach requires magnetic nanoparticles 

with adequate magnetic strength, biocompatibility and interactive functions on the surface 

[164]. Magnetic nanoparticles themselves may not be very useful in practical applications 

because they tend to form large aggregates and can undergo rapid biodegradation when 

they are directly integrated in a biological system [165]. This chapter presents suitable 

methods of how to (i) make the particles fully dispersed in a polymer matrix and (ii) coat 

the particles for practical applications. This chapter also presents in vitro drug release 

behaviour of the drug-loaded matrices under electric field and an alternating current (AC) 

magnetic field. Further, this chapter presents electrical and swelling behaviour of the 

composite matrices, morphology, and electro-active composite-drug interaction.  

6.2 Mechanism of drug release under magnetic field  

The principle of controlled drug release from regenerated cellulose/magnetic particles 

composite under magnetic field is based on the fact that heat produced locally by magnetic 

particles under alternating current (AC) magnetic field loosens the polymer chain 

surrounding the particles at temperatures above the glass transition temperature (Tg) of that 

particular composite, resulting in encapsulated drugs released [92]. Magnets in association 

with carriers containing super paramagnetic iron oxide nanoparticles (SPION) help 
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delivering drug to inflammatory sites at a desired rate and allow switching on and off the 

magnetic field, thus targeting the particles at the local site [109]. Gamma ferric oxide 

nanoparticles having diameter < 50 nm is termed as SPION. They have magnetic properties 

because of the presence of aligned unpaired electron spins. They show magnetism even in 

the absence of external magnetic field. Their moments align to the direction of the magnetic 

field while placed under magnetic field. As a result, it enhances magnetic flux and the rate 

of drug release [110].   

 

6.3 Fabrication of regenerated cellulose-based matrices 

6.3.1 Materials 

Fe (NO3)3 •9H2O (Ferric nitrate nonahydrate), polyethylene glycol (PEG1000), and 

potassium chloride (KCl) were analytical grade. Lithium chloride, cotton linter (DPW 

4580), pyrrole, 5-sulfo-salicylic acid dihydrate (Fluka), and ferric chloride hexahydrate, Di-

methylacetamide (DMAC) (Anhydrous 99.8%), 2-propanol were purchased from Sigma 

Aldrich, USA. Acetone and methanol obtained from Fluka, AR grade.  

6.3.2 Synthesis of γ-Ferric oxide nanoparticles 

Gamma ferric oxide nanoparticles were prepared as follows [166]. First, 0.006 mol 

Fe(NO3)3•9H2O was dissolved in 100 mL aqueous solution of PEG1000 with a NO3
-

/PEG1000 molar ratio of 1. Then, 0.45 g KCl was added to the above solution. The 

resulting transparent solution was stirred by a magnetic stirrer and heated at 70 °C until a 

homogeneous sol-like solution was formed.  The sol-like solution was then dried at 110 °C 
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for 2 h. After that, the obtained gel was kept in a silica crucible and heated in air until the 

gel was ignited. The resulting as-burned powder was boiled in deionized water to remove 

the salt. Finally, the products were obtained after filtering, washing with deionized water 

and ethanol and followed by drying at 80 °C for 2 h. 

6.3.3 Preparation of γ-Ferric oxide nanoparticles dispersed RC matrices 

0.60 g gamma ferric oxide nanoparticles were added in 10 mL regenerated cellulose 

solution  [25] and then sonicated for 4 h. From the prepared mixture, 3 mL was poured on a 

glass petri dish to cast each film. The films thus obtained were allowed to stand in air 

overnight to remove the solvent. Afterwards, the films were cured in a mixture of 

isopropanol and deionized water (60:40). Finally, the films were dried in air. 

 

Other processes were conducted by the similar procedure described in previous chapter as 

follows:  

 Coating of polypyrrole on RC/ γ-Fe2O3 matrix 

RC/γ-ferric oxide films were coated with polypyrrole according to the method described in 

subheading 5.3.3 (second method) to avoid repetition. 

 Drug release experiments 

Buffer solution was prepared as described in subheading 5.4.1. 

 Actual drug content 

The actual amount of drug in the drug-loaded film with the dimension of 2.4 cm X 0.6 cm 

X 70 µm was determined according to the method described in subheading 5.4.3. 
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 Diffusion studies under electric field 

Diffusion studies in in vitro were carried out using a set-up drawn in  Figure 5.2 [16]. 0, 

and 1.0 V electric field were applied across the film, and the buffer solution.  

 Spectrophotometric analysis of model drug  

The maximum absorption spectra of the model drug and the amount of drug released were 

calculated according to the method described in subheading 5.4.5.  

 Diffusion studies under alternating current magnetic field 

To study drug release behaviour under an alternating current (AC) magnetic field an 

electromagnetic field was produced using the same method described in subheading 5.4.6. 

6.4 Matrices characterization 

Physical, electrical, chemical, and morphological properties of the matrices were analysed 

in terms of degree of swelling, conductivity, infrared absorption spectra, and scanning 

electron microscope (SEM) images. 

6.4.1 Physical, morphological, and electrical properties of the matrices 

The degree of swelling was measured according to the method described in ref. [157].  

The degree of swelling was defined as the water content of the matrices.  Percentage degree 

of swelling was calculated by the following equation: 

 𝑀 − 𝑀𝑑

𝑀𝑑
× 100 (6-1) 
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 Where, 𝑀 = weight of the RC/γ-Fe2O3/PPySSA sample after submersion in the acetate 

buffer solution, and 𝑀𝑑 =  weight of the sample after removing the solvent. RC/γ-

Fe2O3/PPySSA matrices showed degree of swelling of 50 %. The result indicates the 

porous structure of the matrices. Drug release from the matrices involves the following 

processes: (i) entry of water into the matrices (ii) swelling of the matrices (iii) dissolution 

and diffusion of the drug towards the outside of the matrices. Therefore, the degree of 

swelling can play an important role to release the drug from the matrices. 

 

The distribution of gamma ferric oxide (γ-Fe2O3) nanoparticles in the RC/γ-Fe2O3 matrix 

was examined by the image of SEM. SEM image (Figure 6.1) shows that gamma ferric 

oxide nanoparticles can be dispersed into the cellulose matrix.  

 
 

Figure 6.1: SEM image of gamma ferric oxide dispersed RC matrix 

 

Electrical conductivity (σs) of the matrices was calculated using the equation (4-1).  

Where, 𝑙 =  length, 𝑤 = width, 𝑑 = thickness, and  
∆𝑰

∆𝑽
= the slope of the current versus 

voltage curve 
 



127 

 

Figure 6.2: Current vs. Voltage Curve for RC/γ-Fe2O3/PPySSA matrix film, y = Current, x 

= Voltage,  R2 = Correlation coefficients 

 

The electrical conductivity of the RC/γ-Fe2O3/PPySSA film is 1.7 × 100𝑆/𝑐𝑚, which is 

eight orders of magnitude higher compared to the conductivity of RC (10−8 𝑆/𝑐𝑚). Figure 

6.2 shows the typical current-voltage sweep curve. The conductivity of the matrix follows 

the Ohm‘s law. 
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Figure 6.3: FTIR spectra of RC/ γ-Fe2O3 (red line) matrices film and γ-Fe2O3 (green line) 

powder   

The infrared absorption studies are performed aiming to ascertain the metal-oxygen bond 

and the vibrational peaks of γ-Fe2O3. In Figure 6.3 , RC/γ-Fe2O3 film shows absorption 

peak at 3324 cm-1. This is due to the –OH group of RC. The peak at 594 cm-1 of γ-Fe2O3 

corresponds to the metal-oxygen vibrational modes of the spinel compound [167]. In 

addition, γ-Fe2O3 shows absorption band in the region of 3600–3100 cm-1 relating to 

antisymmetric and symmetric –OH stretching, may be assigned for water of hydration. 

Hydrates also absorb in the region 1670–1600 cm-1 relating to –OH bending [168]. 
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Figure 6.4: Comparison of FTIR spectra of RC/γ-Fe2O3 (red line) and RC/γ-Fe2O3/PPySSA 

(blue line) 

FTIR spectra in Figure 6.4 exhibit five-membered PPy ring stretching and conjugated C–N 

stretching vibration bands at 1537 and 1411 cm-1, respectively. In addition, the peak at 

2919 cm-1 is associated with five membered C–H ring stretching. These observations 

confirm that the PPy layer is successfully introduced onto the surface of the RC/γ-Fe2O3 

matrices. For the RC/γ-Fe2O3/PPySSA film, the sulfonate groups (SO3
-) stretching is 

intensified (1010 cm-1) and the –OH stretching peak has a slight shift between 3000 and 

3600 cm-1. These results suggest the H-bonding between the sulfonate groups of 

sulfosalicylic acid and with the amine group of pyrrole unit of PPy [169]. 
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6.4.2 Kinetics of the drug release profile 

Initially, the amount of drug present in the matrices was measured. The amount of drug 

present in the matrices is about 85.4 ± 0.78 %. In vitro release data were fitted to various 

kinetic models such as zero order, first order, Higuchi release, Korsmeyer-Peppas to 

evaluate the mechanism of drug release. The rate constants were calculated from the slope 

of the respective plots and high correlation was observed for the Higuchi model (Table 

6-1). The values of exponent n were obtained with the help of Korsmeyer-Peppas model. 

The value of the exponent n determines the type of drug release mechanism. Each data 

point in the plots (figure 6.5-figure 6.9) is an average value from two samples.   

Table 6-1: Fitting parameters of the in vitro release data to various release kinetic models 

for RC/γ-Fe2O3/PPySSA matrices 

Samples Order Electric field 

strength (V) 

Slope K R2 

RC/γ-ferric 

oxide/PPySSA 

First order 0 

1 

0.048 

0.096 

0.048 

0.096 

0.761 

0.9543 

Zero order 0 

1 

3.81 

7.80 

3.81 

7.80 

0.7584 

0.977 

Higuchi 0 

1 

12.87 

25.57 

12.87 

25.57 

0.8192 

0.9959 

Korsmeyer 

Peppas 

0 

1 

0.1135 

0.246 

 

 

0.831 

0.9971 
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The diffusion coefficients of sulfosalicylic acid from the matrices at 0 & 1 volts were 

calculated from the slope of plots of drug accumulation vs. square-root-of-time (Figure 6.5) 

according to the Higuchi equation [170]: 

 
𝑄 = 2𝑀0 √(

𝐷𝑡

𝜋
) (6-2) 

 

Where Q is the amount of material flowing through a unit cross-section of barrier in unit 

time, t; M0 is the initial drug concentration in the matrices; and D is the apparent diffusion 

coefficient of the drug. Each data point is an average value from two samples.   

 
 

Figure 6.5: Drug accumulation (Q) vs. √t (h) (a) at 1 volt and (b) at 0 volt, y = Q, x = √t, R2 

= Correlation coefficients 

The diffusion coefficients of sulfosalicylic acid from RC/γ-Fe2O3/PPySSA matrices are 

1.38 × 10-7 cm2 s-1 in the absence of electric field and 6.66 × 10-7 cm2 s-1 under electric field 

strength of 1V. This result shows that the diffusion coefficients of the drug depend on the 

strength of the applied electric field.  

 

y = 0.0821x + 7.6567

0

5

10

15

20

25

0 50 100 150 200

Q

√t ( h)

y = 0.0397x + 10.971

0

2

4

6

8

10

12

14

16

18

0 100 200

Q

√t ( h)

(a) (b) 



132 

  

  

Figure 6.6: Plots of (a) Zero, (b) First, (c) Higuchi, and (d) Koresmeyer- Peppas Release 

Kinetics of SSA from RC/γ-Fe2O3 /PPySSA matrices at E = 1 V, pH 5.5, 37 °C, R2 = 

Correlation coefficients 

The plots in Figure 6.6 show that the RC/γ-Fe2O3/PPySSA matrices (2.4 cm X 0.6 cm with 

a thickness of 70 - 75 µm) under electric field follow a square-root-of-time dependent drug 

release kinetics as it has the highest R2 value. The rate and extent of drug release increase 

with square-root-of-time. The presence of polypyrrole helps transporting SSA through the 

matrices. Here polypyrrole release drug in response to electrical signal. Polypyrrole chains 
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are expanded when the matrices are under electric field, and free space in the PPy chains is 

generated, thus electric field pushing the ionic drug out by the electrostatic force. 

 

  

  

Figure 6.7: Plots of (a) Zero, (b) First, (c) Higuchi, and (d) Koresmeyer- Peppas Release 

Kinetics of SSA from RC/γ-Fe2O3/PPySSA matrices at E = 0 V, pH 5.5, 37 °C, R2 = 

Correlation coefficients 

The plots given in Figure 6.7 show that RC/γ-Fe2O3/PPySSA matrices (2.4 cm X 0.6 cm 

with a thickness of 70 - 75 µm) at E = 0 V follow a square-root-of-time dependent drug 

release kinetics in the absence of electric field. The drug release rate gradually increases 
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with the square-root-of-time and after 3 h reaches equilibrium values. The drug molecules 

diffuse out of the matrices through the concentration gradient effect in the absence of 

electric field.   

 

Figure 6.8 shows a comparison of square-root-of-time dependent release kinetics observed 

by sample-1 & 2. Sample-1 under electric field shows linear increase of drug release with 

square-root-of-time, whereas sample-2 shows gradual increase of drug release initially and 

after 3 hours reaches equilibrium values. This is due to the interaction of drug with 

polypyrrole.  

 

 

Figure 6.8: Square root of time release kinetics observed by the Sample-1 (1 volt) and 

Sample-2 (0 Volt) 

Drug release kinetics was determined from RC/γ-Fe2O3/PPySSA matrices (2.45 cm X 0.6 

cm with a thickness of 67-70 µm) under AC magnetic field using zero-order, first order, 

Higuchi, while the mechanism of drug release was determined using Korsmeyer-Peppas 

model. For zero-order, first order, and Higuchi model, the correlation coefficient (R2) was 

0

20

40

60

80

100

120

0 0.5 1 1.5 2 2.5 3

C
u

m
u

la
ti

v
e 

%
d

ru
g
 r

el
ea

se
d

√t ( h)

Sample-1

Sample-2

Linear (Sample-1)



135 

graphically determined and used to predict the kinetics of drug release from the matrices 

(Figure 6.9). 

 

 

 
 

Figure 6.9: Plots of (a) Zero, (b) First, (c) Higuchi, and (d) Koresmeyer- Peppas Release 

Kinetics of  SSA from RC/γ-Fe2O3/PPySSA matrices at ACMF 1.15 KHz, 0.1 A, R2 = 

Correlation coefficients 

According to the plots given in Figure 6.9, the material shows a square-root-of-time 

dependent release kinetics as the plot of cumulative % drug release Vs √t has the highest 

value of R2. The heat produced locally by magnetic particles under alternating current (AC) 
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magnetic field loosens the polymer (polypyrrole) surrounding the particles. As a result, the 

drugs attached with the polypyrrole chain come out to the release medium.   

6.5 Summary 

The release mechanism of sulfosalicylic acid from the RC/γ-ferric oxide/PPySSA matrices 

with and in the absence of electric field was investigated in this study. RC/γ-ferric oxide 

/PPySSA matrices showed initial gradual increase of drug release rate with time at E = 0 

volt. The release of drug then reached equilibrium values. In the passive drug diffusion (0 

V), the diffusion of drug molecules through matrices is caused by the concentration 

gradient effect. The rate of drug release was linearly increased with square-root-of-time 

under the electric field strength of 1V. This result indicates that the drug release mechanism 

is diffusion controlled. In addition, the presence of polypyrrole (expansion of polypyrrole 

chain) helps transporting SSA through the matrices.  
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 Discussion, Conclusion and future directions 

7.1 Discussion 

This chapter gives some highlights on the findings of the work, although the main 

discussion has been presented in previous chapters. The bending or deswelling behaviour of 

regenerated cellulose-based electro-active matrices depends on the matrices position 

relative to the electrodes under electric field is investigated in this study. In addition, the 

drug release kinetics from the matrices under electric and magnetic field are also 

investigated with a view to find out better biomedical applications of the developed 

matrices. Although, the material can be used to develop biomimetic actuators, this work 

may be easily adapted to developing drug delivery devices.  

 

In this study, a comparative study is performed on the performance of the actuators 

developed by different preparation processes. The effects of dopant ion and preparation 

process are compared for the three types of the actuators. Polypyrrole coated actuators give 

better performance than the actuators with polypyrrole (blends) in terms of electrical 

conductivity and actuation performance. The layer-by-layer casting actuators are superior 

to the other types of the actuators in terms of bending displacement, actuation force, and 

stability. Magnetically induced actuators show better performance at higher frequencies 

(4Hz) compared to the actuators working under electric field.  
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7.1.1 Mechanisms and physics behind the results 

In layer-by-layer casting actuators, electrode and electrolyte layers are seamlessly 

connected with one another, which accounts for rapid response in actuation. In addition, 

ionic liquids are non-volatile, have high ionic conductivities and wide potential windows, 

which are favourable for rapid response in actuation and stable performance. When an 

electric potential is applied to the actuators, electric double layers are developed with 

negatively and positively charged carbon nanofibers as the cations and anions of the built-

in ionic liquid may be transported to the cathode and anode sides. These movements of ions 

cause swelling of the cathode layer and shrinkage of the anode layer, as the former ions are 

larger than the latter. Consequently, this generates a large bending motion toward the anode 

side compared to the other actuators developed in this research. The actuators can be 

actuated magnetically because of the presence of functionalized carbon nanofibers. 

Functionalized carbon nanofibers possess paramagnetic properties because of the presence 

of large amount of defects in the graphene layers of the nanofragments. In addition, 

magnetic moment and ferromagnetic interaction was enhanced by including H-atoms to the 

zigzag edge in the nanographite system after functionalization. 
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Table 7-1: A comparative studies of the actuators developed in different preparation 

processes 

Properties RC/FCNF/PPy (blend) 

actuators 

RC/FCNF/PPy 

(coated) actuators  

Layer-by-layer 

casting actuators 

Conductivity  2.7 X 10 -3 S/cm 

Difficult to form 

conductive paths by the 

randomly distributed ball-

like particles in the mix 

composite  (see Figure 

3.14)   

5.4 X 10 -1 S/cm 

Regularity of 

polypyrrole chains 

and inter-chain 

packing give 

improved 

conductivity 

1.34 X 10 -1 S/cm  

Good dispersion of 

FCNFs in the 

polymer matrix 

makes it more 

conductive 

Actuation 

force 

0.9917 mN 1.49 mN 2.49 mN 

 

Stability Stable performance at 

highly humid condition 

Stable performance 

at highly humid 

condition 

Stable performance 

at ambient humidity 

because of the built 

in non-volatile ionic 

liquid electrolyte 

layer  

Power 

consumption 

0.10 mW cm-2 0.19 mW cm-2 0.32 mW cm-2 
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Chapter 3 and 4 established the following facts:  

 A good dispersion of FCNFs in the cellulose matrix caused an interaction between 

cellulose and FCNFs and that gave reinforced mechanical behaviour related to 

output force improvement of the actuators (see Figure 3.11)   

 The durability of the actuator was due to the AQSA-Na containing anthraquinone 

ring, which seemed to inhibit the reaction of PPy with oxygen (see Figure 3.18)   

 The net electrical power consumption of RC/FCNF/PPy (coated) and 

RC/FCNF/PPy (blends) actuators are 0.19 mW cm-2, and 0.10 mW cm-2, which is 

below the microwave power limit for damaging living organs  

 The layer-by-layer casting actuators showed stable performance at ambient 

humidity due to the built-in ionic liquid electrolyte layer  

 The layer-by-layer casting actuators moved in response to the magnetic force 

direction because of their magnetic properties and responded well at higher 

frequencies (4Hz) compared to the actuators working under electric field 

 

The advantages of the layer-by-layer casting actuators are easy process of fabrication and 

their durability. They can be actuated by external stimuli (electrically and magnetically) 

because of the presence of FCNF in the composites. Consequently, one can also be 

beneficial from a contactless actuation that is not available in other actuation mechanisms 

like the electrostatic one. 
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In this research, a comparative study is performed on the rate of drug release from matrices 

induced by electric and magnetic field separately. The mechanism of drug release from 

drug-doped polypyrrole coated matrices includes expansion of conductive polymer chain 

and the electrostatic force between electron and drug. The combined effect of polypyrrole 

coating, electrode polarity, and electric potential are compared with the drug release 

behaviour of the matrices developed in this study.  The supply of actuating energy requires 

either implantation of a battery or electrical leads that cause discomfort to the patient’s 

skin. These problems can be overcome if the drug-doped matrices are actuated 

magnetically. The magnetically induced drug delivery is superior to the electrically induced 

drug delivery as magnetic field does not damage healthy tissue. In addition, the matrices 

containing γ-ferric oxide show square- root-of-time drug release kinetics under magnetic 

field as well. The matrices responded much better compared to the functionalized carbon 

nanofibers containing matrices under alternating current (AC) magnetic field. This is due to 

the matrices improved characteristics in terms of electrical conductivity and 

paramagnetism. 

 

Chapter 5 investigated in vitro release kinetics of an anti-inflammatory model drug (SSA) 

from conductive regenerated cellulose-based matrices under an electric and an alternating 

current (AC) magnetic field.  

 

Chapter 5 investigated the following facts: 

 Under electric field, drug ions bound in one redox state of the polypyrrole are 

released from the other. 
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 Drug release was effectively increased with increasing applied electric voltages due 

to the excellent conductivity of the functionalized carbon nanofibers  

 RC/FCNF matrices were coated with polypyrrole, which is biocompatible and has 

antimicrobial property. This property may help minimizing biofouling on the 

implant matrices [171] 

 The matrices were actuated magnetically  

However, since the implant situated deep within the body, may not be magnetically induced 

perfectly [125]. 

 

Chapter 6 investigated the following facts regarding the release mechanism of sulfosalicylic 

acid from the RC/γ-ferric oxide/PPySSA matrices with and in the absence of electric field.  

 RC/γ-ferric oxide /PPySSA matrices at E = 0 volt showed gradual increase of drug 

release initially with square-root-of-time. Drug release then reached equilibrium 

values. The drug molecules diffused out of the matrices through the concentration 

gradient effect in the absence of electric field  

 Drug release was linearly increased with square-root-of-time under the electric field 

strength of 1V. The presence of conductive polymer (polypyrrole) helps 

transporting SSA through the matrices  

 The matrices were used as transdermal implants; however, they have potential 

application as transdermal patches. 

 Further, the matrices showed fast release of drug i.e. more than 60% of the loaded 

drug was released within 1h, which is required for the treatment of illness in an 

emergency care.   
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The material also responded well under alternating current (AC) magnetic field. The drug 

release from the matrices was linearly increased with square- root-of-time under alternating 

current magnetic field. Chapter 6 investigated the usefulness of the combination of 

magnetic particles and magnetism in drug delivery systems. Since developing this type of 

matrix system for drug delivery is a cost-effective measure, further investigation into this 

type of system should be pursued. 

7.2 Future directions 

The present research has focused on the synthesis and characterization of simple and 

inexpensive transdermal implants for drug delivery applications. However, the practical 

applications require significant improvements in the properties of the matrices. For 

RC/FCNF/SSA matrices, the non-linear relationship between drug release and voltage / 

current may be more difficult to solve. The application of electricity to enhance drug 

release from the matrices was conducted in vitro. To understand the potential of electro-

responsive drug release, a large number of in vivo studies will have to be conducted. Thin 

films work well under external stimuli compared to the thick film. Therefore, optimum time 

for polymerization will have to be investigated. In addition, synthesis of new matrices with 

optimum ratio of RC and γ–Fe2O3 nanoparticles is essential. Biofilms cause extensive 

damage to biomimetic devices. Biofilms are densely packed communities of microbial cells 

that grow on living or inert surfaces and surround themselves with secreted polymers. 

When biomimetic devices are inserted into our body, it becomes difficult for the body to 

clear anti-biotic-resistant biofilm infections [172]. The use of nanoparticles such as gold 

nanoparticles, carbon nanotubes, and iron oxide nanoparticles is a growing new approach 

against biofilm-mediated infections. Nanoparticles cause bacterial cell walls disruption 
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through direct interactions or through free radical production [173]. Our future work will be 

concentrated on how nanoporous polypyrrole coating and nanoparticles can significantly 

reduce biofilm formation on the implants used for long term.  
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