
   1 
 

Conducting Polymers with Defined Micro- or 
Nanostructures for Drug Delivery 

Dedeepya Uppalapati1, Ben J Boyd2, 3, Sanjay Garg4, Jadranka Travas-Sejdic5, 6, Darren 
Svirskis1* 

1 School of Pharmacy, Faculty of Medical and Health Sciences, University of Auckland, 
Private Bag 92019, Auckland, New Zealand 

2 Drug Delivery, Disposition, and Dynamics, Monash Institute of Pharmaceutical Sciences, 
Monash University (Parkville Campus), Victoria 3052, Australia 

3 ARC Centre of Excellence in Convergent Bio-Nano Science and Technology, Monash 
Institute of Pharmaceutical Sciences, Monash University (Parkville Campus), Victoria 3052, 
Australia 

4 School of Pharmacy and Medical Sciences, University of South Australia, Adelaide, South 
Australia, 5001, Australia 

5 Polymer Electronics Research Centre, School of Chemical Sciences, Faculty of Science, 
University of Auckland, Private Bag 92019, Auckland, New Zealand.  

6 MacDiarmid Institute for Advanced Materials and Nanotechnology, University of Auckland, 
Auckland, 1023, New Zealand 

 

* Corresponding author  

Dr Darren Svirskis  

d.svirskis@auckland.ac.nz   

 

 

 

 

 

 

 

 

 

 

 



   2 
 

Abstract: 

Conducting polymers (CPs) are redox active materials with tunable electronic and physical 

properties. The charge of the CP backbone can be manipulated through redox processes, 

with accompanied movement of ions into and out of the polymer to maintain electrostatic 

neutrality. CPs with defined micro- or nanostructures have greatly enhanced surface areas, 

compared to conventionally prepared CPs. The resulting high surface area interface 

between polymer and liquid media facilities ion exchange and can lead to larger and more 

rapid responses to redox cycling. CP systems are maturing as platforms for electrically 

tunable drug delivery. CPs with defined micro- or nanostructures offer the ability to increase 

the amount of drug that can be delivered whilst enabling systems to be finely tuned to control 

the extent and rate of drug release. In this review, fabrication approaches to achieve CPs 

with micro- or nanostructure are outlined followed by a detailed review and discussion of 

recent advances in the application of the materials for drug delivery. 
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1. Introduction  

Conducting polymers (CPs) are organic materials which possess metal-like electrical 

properties while retaining the mechanical properties and processability of conventional 

polymers [1]. These remarkable materials were discovered in 1977, which led to the Nobel 

Prize in chemistry being awarded to Shirakawa, McDiarmid and Heeger in 2000 [2]. Since 

their discovery, CPs have been used for various applications including electrochromics, light 

emitting diodes, field effect transistors, energy storage devices and in biomedical 

applications for bio sensing, at neural interfaces and for drug delivery [3-9]. The most 

common CPs used for biomedical applications [10-13] are polypyrrole (PPy) [14], 

polythiophene [15], polyaniline (PANI) [16] and their derivatives. CPs with defined micro- or 

nanostructures are exciting materials for biomedical applications due to their increased 

surface area offering enhanced responsiveness, reduced impedance, and high charge 

transfer capacity. 

CPs with defined micro- or nanostructures are commonly synthesized chemically or 

electrochemically using a hard template [17] or soft template [18] to direct polymerization, or 

without a template by selecting appropriate polymerization conditions [19, 20]. On alteration 

of the redox state of CPs, there are accompanied changes to the charge, volume, molecular 

permeability and hydrophobic/hydrophilic balance.  These changes can be exploited to tune 

the release rate of drugs [21, 22]. Electrically tunable delivery systems based on CPs have 

been reported for anionic drugs (glutamate, salicylate, dexamethasone sodium phosphate 

(DexP)) [23-25], cationic drugs (dopamine, chlorpromazine, and risperidone) [26-28] and 

neutral drugs (N-methyl phenothiazine and progesterone) [29, 30]. The amounts of drugs 

currently delivered from CPs are suitable for local delivery applications [31]. However, the 

levels of drugs delivered must be increased to enhance the versatility of these delivery 

platforms to a wide range of chronic disease states, for conditions requiring systemic 

delivery and to extend the lifetime of these delivery systems. In addition, while the influence 

of electrical stimulation on drug release has been demonstrated, approaches to achieve tight 

control over release are required for many applications.  

One approach to increase both the amount of drug delivered from CPs and their 

responsiveness is by synthesizing highly porous polymers with defined micro- or 

nanostructures [17]. In addition, CPs with defined micro- or nanostructures ystems have the 

potential to be loaded with a high level of a drug loading and are able to achieve more 

controlled and efficient drug delivery compared to the unstructured CP systems [32, 33]. This 

review focuses on the synthesis approaches to prepare electro-responsive CPs with defined 

micro- or nanostructures and their applications in tunable drug delivery.  
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2. Synthesis of CPs with defined micro- or nanostructures 

CPs are oxidatively polymerized (Fig. 1) from their respective monomers, polypyrrole has 

been selected as a representative example. Monomers are oxidized to form radical cations, 

followed by a coupling reaction to form oligomers [34]. These oligomers, in turn, couple with 

a monomer cation or another oligomer and the chain length extends to form a polymer. 

Oxidation can be driven either by a chemical oxidant (chemical synthesis) or by an oxidizing 

potential applied through an electrode (electrochemical synthesis) [35]. Frequently 

electrochemical methods are favored in drug delivery as they offer finer control over the 

quantity and electrical properties of the final polymer by controlling the rate and amount of 

charge that is passed through. 
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Figure 1: Oxidative polymerization of polypyrrole (PPy) 

Different fabrication approaches have been reported to synthesize CPs with defined micro- 

or nanostructures using either chemical or electrochemical polymerization approaches (Fig. 

2). Template-directed polymerization relies on existing structures to guide polymer growth. 

This includes hard template-directed polymerization in which a hard micro- or nanostructured 

material is used as a template, whereas in soft templated polymerization, a self-assembled 

molecular template is used. In template-free polymerization, precise polymerization 

conditions are employed to manipulate the initial nucleation reactions which influence the 

morphology and properties of the final polymer formed [34, 36, 37]. 
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Figure 2: Template directed and template free fabrication approaches to synthesize CPs with defined micro- or 
nanostructures. 

2.1. Hard template-directed polymerization 

Micro- or nanostructured solid materials have been used as templates to direct the 

polymerization of CPs.  Synthesis of CP using a hard template was first explored by Martin 

et al. to synthesize CP nanofibers and tubules inside the pores of polycarbonate membranes 

[38]. The resulting micro- or nanostructures of CPs match the shape and diameter of the 

template utilized in their synthesis. 

The use of hard templates is the most common approach to prepare uniform micro- or 

nanostructures due to convenience, simplicity, and controllability. The size and thickness of 

the resultant micro- or nanostructures can be controlled by the size of the template features 

and polymerization time. However, a drawback of hard template methods is when removal of 

the template is required. Post-polymerization removal of the template can be challenging 

and may complicate the process and destroy the fabricated nanostructures. In addition, the 

overall dimensions of the template restrict the amount of CP that can be produced by this 

method, and may limit the ability to scale up processes.  

Chemical or electrochemical polymerization of CPs can be guided by hard templates. In 

chemical polymerization, the hard template is immersed in a solution composed of 

monomers, dopant, and an oxidant. When employing electrochemical polymerization, the 

hard template should be conductive or in contact with a conductive surface from which 

polymer growth begins. CPs with defined micro- or nanostructures result from polymerization 

within the well-defined spaces of the hard template or over existing discrete nanostructures, 

resulting in the structures as presented in Fig. 3. Depending on the intended application of 

these structured CPs, the template can be removed leaving a negative copy of the starting 

material [37]. 
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Figure 3: Schematic diagram of CP polymerization on or through a hard template: a) polymerization in the pores 
or channels of a template and removal of the template resulting in nanofibers or nanotubes, b) polymerization 
through the voids of a colloidal template and subsequent removal of the template produces a nanoporous film, c) 
polymerization over discrete / individual nanostructures, d) nanocomposites of CPs polymerized with other 
nanomaterials. 

2.1.1 Membranes  

CPs with a range of micro- or nanostructures including tubes, wires, rods, and fibers can be 

polymerized in the pores or channels of membranes (Fig. 3a). The morphology of these 

formed structures depends on the initial template used. The diameter and length of the 

forming CP will depend on the pore size and thickness of the membrane, respectively. By 

controlling the polymerization time, thin-walled tubules (short polymerization times), thick-

walled tubules (intermediate polymerization times) and even solid fibers (long polymerization 

times) can be produced. Track-etched membranes and anodized alumina are commonly 

used hard templates for this purpose. Track-etched membranes with diameters as low as 10 

nm and pore densities of 109 pores.cm-2 can be produced by irradiating high energy heavy 

ions onto a polycarbonate (PC) or polyethylene terephthalate (PET) membrane [39].  

Polypyrrole (PPy) and polyaniline (PANI) polymerized on a PC membrane produced micro- 

or nanotubules preferentially due to the growth of polymer from the surface of pore walls [40-

42]. The production of solid fibers can be difficult due to limited diffusion of reagents into the 

formed nanotubules. To synthesize solid nanofibers, Duchet et al. proposed a modified 

method by the successive polymerization of PPy in a PC membrane by immersing the 

membrane in fresh monomer and dopant solution after each polymerization step (Fig. 4) 

[43]. The conductivity of PANI nanotubules produced either chemically or electrochemically 

on a PC membrane was greater than the bulk polymer, with higher conductivities at lower 
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tubule diameters attributed to the presence of a higher proportion of oriented polymer chains 

within narrow PANI tubules (>60 S.cm-1 for tubules with diameters < 50 nm whereas 

conductivity fell to < 10 S.cm-1 for tubules >200 nm in diameter) [44].  

 
Figure 4: PPy nanotubules polymerized in a PC membrane after the dissolution of the PC template. Successive 
polymerization steps increase the wall thickness of PPy nanotubules to form nanofibers, a) after first synthesis, b) 
after second synthesis, c) after the third synthesis. Reprinted with Permission from [43]. 

Alumina (anodized aluminum oxide-AAO) is formed on electrochemical anodic oxidation of 

aluminum with pore densities as high as 1011 pores.cm-2 [45]. Han et al. reported that the 

morphology of poly(3,4-ethylenedioxythiophene) (PEDOT) chemically polymerized in 

alumina membranes could be controlled by changing the concentration of the oxidant and 

polymerization temperature. They reported that at low FeCl3 concentration and low 

temperatures, thin-walled nanotubes can be obtained. As the concentration and temperature 

increased the wall thickness of nanotubes increased until solid nanorods were produced 

[46].  

An anodized aluminum oxide (AAO) membrane with a pore diameter of 410 nm was used as 

a template for PPy polymerization. The diameter was decreased to 380 nm when a layer of 

gold was coated on AAO membrane to make it conductive. PPy was polymerized for 60 s on 

a gold coated AAO membrane when the pore size further decreased to 200 nm as measured 

from SEM images. Atomic force microscopy (AFM) revealed the average pore size to be 190 

and 140 nm in oxidized and reduced states, respectively. This actuation was used to control 

the release of the model drug fluorescein isothiocyanate labeled bovine serum albumin 

(FITC-BSA) and is discussed in more detail in subsequent sections [47]. 

2.1.2 Colloidal arrangements  

Arrangements of colloids can be used to guide the polymerization of macroporous films. 

Self-assembled 3D colloidal templates comprising polystyrene (PS) and poly (methyl 

methacrylate) (PMMA) nanobeads deposited on conductive substrates have been used for 

this purpose. CPs are grown electrochemically in the voids of the colloidal template which 

can then be removed by dissolving in a suitable organic solvent, such as toluene, which 

leaves a macroporous interconnecting CP film (Figs. 3b and 5). The pore size of the 

resulting film depends on the diameter of the colloids used, typically in the range of few 
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hundred nanometers. These colloids can be deposited on the substrate by gravitational 

sedimentation [48], vertical deposition [49] or electrophoretic deposition [50]. Bartlett et al. 

prepared PPy, PANI and poly(bithiophene) macroporous films using PS latex beads. 

Interestingly, the pore diameter in the PPy and PANI films was less than that of the template 

diameter however, this was not the case in poly(bithiophene) films. This is due to the 

shrinkage of PPy and PANI films on drying and may be attributed to the difference in 

polymer cross-linkings, type of dopant and solvents used. The authors also reported ‘skin 

effect’ phenomena where concave triangular gaps were seen between the pores due to 

preferential polymerization at the surface of the colloid before the void space is filled. This 

pattern is similar to the hollow nanotubule formation with the PC membrane template 

preceding the formation of solid nanorods [51].  

 
Figure 5: SEM micrographs of (a) PMMA colloidal crystal template on the stainless steel substrate, (b) inverse 
opal PPy film obtained by electro-polymerization of PPy and sodium dodecyl benzene sulfonate (NaDBS) and 
subsequent PMMA template removal. Adapted with permission from [49]. 

Macroporous CP films prepared over colloidal templates were reported to have highly 

efficient drug loading capacity while retaining their conductivity and mechanical stability. For 

instance, macroporous PPy films were synthesized using PS nanobeads with an 

approximate diameter of 46 nm [52, 53] and an inverse opal PPy film was synthesized using 

PMMA bead (approximately 430 nm) template [49] which are discussed in detail in later 

sections. 

2.1.3 Discrete nanostructures 

Various nanostructures can serve as hard templates over which CPs are polymerized [54, 

55]. The templates can then be selectively removed, leaving behind hollow CP 

nanostructures (Fig. 3c). Polymerization can be driven chemically, where monomer and 

oxidant are adsorbed onto nanostructures and the adsorbed monomer is polymerized. 

Alternately, electrochemical polymerization can be used to form CP onto nanostructures 

which have been deposited onto a conductive substrate in the presence of a monomer and a 

b a 
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dopant. In this way PLGA nanofibers electrospun onto an electrodes have served as a 

template to direct the electropolymerisation of PEDOT nanotubes [17].  

2.1.4 Hard reactive templates 

Reactive or seed templates can be used where the template is consumed during the 

polymerization reaction thereby eliminating the need for an additional removal process. The 

reactive template can serve as both a template and an oxidant. CP nanostructures can be 

synthesized from existing oxidative inorganic templates such as V2O5 [56], MnO2 [57] or 

Cu2O [58]. Nanofibrils of PPy can be obtained when small amounts of V2O5 nanofibers are 

introduced into a pyrrole monomeric solution. The monomer reacts with nanofibrillar V2O5 

prior to the addition of oxidant, aiding in the fibrillar morphology of the end product [59]. 

When the concentration of V2O5 nanofibers is increased in the reaction medium, PPy 

nanotubes are formed upon addition of the oxidant (FeCl3). Here V2O5 acts as a 

polymerization template which can be dissolved in dilute acids after polymerization [56]. 

Recently, a green method for synthesizing PPy nanoparticles and nanofibers using V2O5 as 

a template has been reported. Here they replaced FeCl3 with a green oxidant, H2O2 [60]. Pan 

et al. reported the synthesis of PANI nanotubes by using MnO2 as a reactive template. The 

morphology of the resulting PANI was dependent on the diameter and length of MnO2 fibers. 

After the reaction, MnO2 was reduced to soluble Mn+2 ions [57]. PPy nanostructures such as 

nanotubes, urchin-shape and flower-like microspheres have been synthesized by controlling 

the morphology of MnO2 (Fig. 6) [61]. PANI nanostructures (spheres and octahedrons) were 

synthesized using Cu2O as a template in the presence of H3PO4 as a dopant. Cu2O reacts 

with ammonium persulphate (APS) during the reaction to form the soluble Cu+2 salt [58].   

 
Figure 6: SEM images of a) the cryptomelane- phase manganese oxide template and b) the resultant PANI 
nanotubes. The inset of (b) is the TEM image of the PANI nanotubes. The scale bar is 1 µm. Adapted with 
permission from [57]. 

2.1.5 CP containing composite materials 

Composites of CPs with other nano-structured materials combine the properties of both 

materials. CP nanocomposites can be formed with metals and metal oxides [62], alongside 
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carbon materials such as graphene oxide and carbon nanotubes (Fig. 3d) [63, 64]. The 

various properties of these materials such as high surface area enable customizability of the 

nanocomposites. Further, nanocomposites allow a wide range of drugs (both hydrophilic and 

hydrophobic) to be loaded due to the combined properties of these materials. Weaver et al. 

prepared nanocomposites of PPy with graphene oxide nanosheets. By changing the size 

and thickness of the nanosheets, significant differences were observed in the morphology, 

drug loading and drug release from the nanocomposites [25]. Nanocomposites formed from 

CPs with carbon nanotubes showed a significant increase in drug loading and controlled 

drug release compared to straight CP materials [63]. 

2.2. Soft template-directed polymerization 
Soft templates typically consist of self-directed assemblies of surfactants or amphiphilic lipids 

and can be used as a template to influence the growth of CPs and impart micro- or 

nanostructures. Self-assembly of the template is driven by non-covalent interactions such as 

Van der Waals forces, hydrogen bonds and π- π interactions. Chemical polymerization is 

typically used to form CPs with micro- or nanostructures using soft templates. CP micro- or 

nanoparticles, nanotubes, nanofibers can be formed depending on the nature of monomer 

and dopant ions as shown in (Fig. 7). 
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Figure 7: Schematic diagram of CP polymerization from hydrophilic monomer on or through a soft template: a) 
polymerization on the micelle resulting in the formation of nanoparticles upon removal of template, b) formation of 
nanotubes by polymerization on and subsequent removal of the hexagonal micelles, c) polymerization in the 
reverse hexagonal micelles and removal of micelles resulting in the formation of nanofibers, d) polymerization on 
the aligned liquid crystal and removal of template resulting in the formation of aligned nanofibers. 

2.2.1 Amphiphilic molecules 

Surfactants are amphiphilic molecules that form thermodynamically stable micelles above 

their critical micellar concentration (CMC) in a solvent (often water). Some amphiphilic 

molecules have multiple CMCs where transitions to rod-like cylindrical micelles or bilayers 

which exhibit anisotropy can occur [65]. The size and shape of the micelles depend on the 

shape and geometric packing of the surfactant molecule, and can be understood from the 

critical packing parameter (CPP), Equation 1 [66].  

                                         𝐶𝑃𝑃 = 𝑣/𝑎𝑙                                Equation 1 

The CPP is calculated from Equation 1, where ‘v’ is the volume of the hydrocarbon chain, ‘a’ 

is the optimal area of the hydrophilic head group and ‘l’ is the length of the fully extended 

hydrocarbon chain. There are a number of reports on the synthesis of CP nanoparticles, 

nanofibers or nanotubes using surfactant self-assembled structures as a soft template [67-

69]. CP nanoclips have been produced by Liu et al. using the cationic surfactant, 

cetyltrimethylammonium bromide (CTAB). CTAB forms (CTA)2S2O8
- ions in the presence of 
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an oxidant, ammonium persulphate (APS). These ions act as a template for CPs to form 

nano-clips [70]. In some cases, the surfactant can function as the dopant. PANI 

nanoparticles have been synthesized using micelles formed from an anionic surfactant, 

dodecylbenzene sulfonic acid (DBSA) as a template [71]. Meanwhile, Wan et al. synthesized 

PANI nanotubes using β-naphthalene sulphuric acid (β-NSA) as a dopant [72].  

Reverse micelles are aggregates of surfactants with the polar head directed inwards and the 

non-polar part facing outside [73]. These reverse micelles can solubilize various substances 

and have been used as templates to direct the growth of CPs [74]. AOT (sodium bis (2-

ethylhexyl) sulfosuccinate) is an anionic surfactant which preferentially forms reverse 

micelles in an oil phase because of the two bulky hydrophobic tails compared to the 

hydrophilic head group. Nanotubes of PPy were prepared by reverse micelles formed from 

the surfactant AOT [75]. Ferric ions from FeCl3  were adsorbed to anionic AOT head group 

region which explains the mechanism of PPy nanotube formation on the addition of pyrrole 

[76]. Various PEDOT nanostructures were formed from AOT reverse micelles depending on 

the reaction conditions [77]. At low concentrations of oxidant, PEDOT nanofibers were 

produced, whereas nanotubes were formed at higher oxidant concentration [78-80]. 

Formation of PANI nanoparticles from DBSA reverse micelles has also been reported [81, 

82]. 

Similar to surfactants, some amphiphilic polar lipids self-assemble in the presence of water 

to form liquid crystals. Different liquid crystalline phases such as lamellar, hexagonal and 

cubic phases are formed depending on the structure and composition of lipid, composition 

on the water and external conditions like temperature and pressure [83].  

Hexagonal and reverse hexagonal liquid crystalline phases have been explored as 

templates for the polymerization of CPs by both chemical and electrochemical synthesis. 

Hulvat et al. synthesized PEDOT nanofibers using poly(oxyethylene)n-oleyl ether (n=10) 

hexagonal liquid crystals as a template  [84, 85]. PANI [86], PPy [87], PEDOT [88] and 

poly(p- phenylenevinylene) [89] nanostructures such as nanofibers, nanocomposites have all 

been synthesized from liquid crystal templates. 

2.3. Template free polymerization 
Template free methods have focused on manipulating polymerization conditions to form CPs 

with desired structures. A template-free approach to prepare PANI nanostructures has been 

reported by Liang et al. by using current densities greater than 0.08 mA cm-2. At these higher 

than typical current densities nanoparticles rather than continuous films were formed. High 

current densities for polymerization can damage CP materials by causing over oxidation, 
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however these nanoparticles were used as nucleation sites to guide the polymerization of a 

second layer of nanostructures at low current density [19].  

Gas bubbles, such as O2 or H2, can be formed by the electrolytic decomposition of water and 

have been used to guide the growth of CPs. The bubbles may be stabilized with an anionic 

surfactant, such as camphor sulfonic acid, naphthalene sulfonic acid or polyelectrolytes like 

poly(styrene sulfonic acid) [20, 90]. The resulting soap bubbles can act as a template for 

electro-polymerization when located on the surface of an electrode. PPy was electro 

polymerized over soap bubbles to form bowls, cups or spherical structures depending on the 

size and shape of the gas bubbles released and the length of polymerization [91]. 

Interfacial polymerization can be used to guide the growth of CPs when two reactive 

substances (monomer and oxidant) are each dissolved in different immiscible liquids [92]. 

Uniform PANI nanofibers were formed in interfacial polymerization whereas irregularly 

shaped nanoparticles are formed by conventional chemical polymerization. During 

conventional chemical polymerization of PANI, regular PANI nanofibers are formed initially 

but due to the presence of excess reactants, secondary growth occurs on these nanofibers 

resulting in irregularly shaped particles. In contrast, during interfacial polymerization, polymer 

forms at the interface only [93-95] and once the nanofibers are formed, they immediately 

diffuse into the aqueous layer with no secondary growth resulting in a more uniform product 

[96].   

3. Drug Delivery  

Effective utilization of an electrically tunable drug delivery system is determined by its 

stability of performance, drug loading capacity, and compatibility with surrounding tissues. 

Low amplitude electrical stimuli, typically less than 1 V, can be used to stimulate drug 

release from CP systems making them highly attractive [21, 97, 98]. In drug delivery, CPs 

with defined micro- or nanostructures offer advantages which owe to their enhanced surface 

area with associated increases in drug loading capacity and responsiveness to stimulation 

(Table 1). However, the direct comparison of studies is difficult due to variations in the 

experimental setup and reporting of drug loading and release. Ideally drug delivery would be 

standardized to the amount or volume of CP material. None-the-less, the available data 

demonstrates how CPs with micro- or nanostructures have increased drug loading and can 

facilitate tighter control over the release of their payload. 
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Table 1: Template-directed polymerization of CPs with defined micro- or nanostructures for drug delivery 

Monomer Template  Dopant  Polymerization 
conditions 

Drug loaded Release 
conditions  

Comments on 
Drug release 

Refere
nce 

0.25 M 

pyrrole 

AAO membrane 0.1 M NaDBS 0.6 V for 60 s FITC-BSA -1.1 V for 10 s and 
0.1 V for 10 s 

Cumulative release 
of approximately 
0.9 µg.ml-1 

[47] 

0.2 M 

pyrrole 

1.0 % w/v PS 
nanobead 
suspension by 
vertical 
deposition 

0.01 M fluorescein +0.9 V for 200 s Fluorescein -2.0 V for 10 s for 6 
consecutive trials 

> 10 fold increase 
in release from 
nanoporous films 
compared to non-
porous films 

[52] 

0.2 M 

pyrrole 

1.0 % w/v PS 
nanobead 
suspension by 
vertical 
deposition 

0.01 M fluorescein +0.9 V for 200 s Fluorescein as 
dopant and 
dexamethasone 
into nanopores 
sealed with 
second PPy 
layer on top 
 

-2.0 V or -0.5 V for 
5 s and 0 V for 5 s 

Second sealing 
layer resulted in 
more fluorescein 
retained for release 

[53] 

0.1 M 

pyrrole 

5.0 % w/v PS 
nanobead 
suspension by 
vertical 
deposition 

0.009 M biotin and 
0.01 M NaDBS 

+0.7 V Streptavidin 
coated gold 
nanoparticles 

-2.0 V to +2.0 V for 
60 s 

More release on 
reduction at -2.0 V 
compared to  on 
oxidation at + 2.0 V  

[99] 

0.1 M 

pyrrole  

PS nanobeads 
deposited by 
colloidal 
lithography 

Rhodamine B 30 mC at 1  
mA.cm-2 

Rhodamine B 0.25-1.0 mA.cm-2 

for 20-30 s 
3 times more 
release compared 
to the non-porous 
films 

[50] 

0.1 M 

pyrrole  

PMMA colloids 
by vertical 
deposition 

0.1 M NaDBS 2 mA.cm-2 for 4 
min 

Risperidone  Alternate pulsed 
potential (±0.6 V, 
0.5 Hz) 

Drug release 
162.69 ± 3.6 μg 
from inverse opal 
films and 42.5 ± 

[49] 
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7.37 µg from 
unstructured films 

0.2 M 

pyrrole 

PMMA colloids 
by vertical 
deposition 

0.05 M DexP 2 mA.cm-2 for 4 
min 

DexP Alternate pulsed 
potential (±0.6 V, 
0.5 Hz) 

Inverse opal films 
released 3 times 
more than 
unstructured films 

[100] 

0.2 M 

pyrrole 

PEDOT: PSS-
CHI nanofibers 

Ciprofloxacin 
hydrochloride 

0.5 and 2.0 mA. 
cm-2 for 10 or 20 
min 

Ciprofloxacin 
hydrochloride 

+0.3 V or -0.26 V 
for 72 hrs  

Nearly 90% of 
loaded drug was 
released on 
reduction while 
only 30 % was 
released on 
oxidation 

[101] 

0.02 M 

EDOT 

Dexamethasone 
loaded PLGA 
nanofibers 

PBS 0.9 mA cm-2 for 
30 min 

Dexamethasone +1 V with a scan 
rate of 0.1 Vs-1 for 
10 s 

Approximately 1.5 
mg on stimulation 
compared to 0.25 
mg in unstimulated 
films 

[17] 

0.2 M 

pyrrole  

Graphene oxide 
nanocomposite 

DexP and co-
dopant graphene 
oxide 

+0.8 V to reach 
charge density 
400 mC.cm-1 

DexP Biphasic pulse of  -
2.0 V for 5 s and  0 
V for 5 s 

2.3 times more 
drug release than 
control films 

[25] 

0.34 ml 

pyrrole  

Palygorskite 
(pal) 
nanocomposite 

Aspirin and 
palygorskite 

+0.8 V for 500 s Aspirin  External stimulus 
of - 0.6 V 

Pal-PPy 
nanocomposite 
films were 
approximately 60 
µg.ml-1 compared 
with 35 µg.ml-1 
from conventional 
PPy films 

[33] 

0.4 M 

pyrrole 

Carbon 
nanotubes 
nanoreservoirs 

20 mg/ml DexP 
and 1 mg/ml 
carbon nanotubes 
containing DexP  

+70 µA for 400 s DexP -2.0 V for 5 s 
followed by 0.0 V 
for 5 s for 20 hr 

Highest drug 
release with carbon 
nanotubes was 
78.7± 2.1 µg 
compared to 38.8± 

[63] 
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3.2 µg without 
nanotubes 

0.1 M 

pyrrole 

Multi walled 
carbon 
nanotubes 
grown on 
titanium 

Penicillin/streptomy
cin- 6.82 mM or 
DexP 0.125 mM 

CV from 0 to 1.1 
V  at a scan rate 
of 100 mV.s-1 for 
10 cycles 

Penicillin/ 
streptomycin or 
DexP 

From -1 V to + 1 V 
at scan rate of 100 
mV.s-1 

Cumulative release 
of 
penicillin/streptomy
cin after 25 cycles 
was more than 
80% and DexP 
was almost 100% 

[64] 

0.1 M 

pyrrole  

Cetyl pyridinium, 
a cationic 
surfactant as 
modifier 

Cetyl pyridinium 
and methotrexate 

+0.7 V for 2400 
s against 
Ag/AgCl 

Methotrexate  -0.7 V for 
prolonged time 
until no more 
methotrexate was 
released 

Up to 100% [102] 

0.15 M 
pyrrole 

ATP as 
morphology 
directing agent 

0.07 M lithium 
perchlorate and 
0.20 M ATP 

1.0 mA.cm-2 for 
600 s 

ATP -0.8 V at different  90% of ATP 
released from 
nanofibers after 45 
hr compared to 
53% from 
unstructured film 

[103] 

0.145 M 
pyrrole 
 

PPy nanofibers 0.085 M p-toluene 
sulphonic acid and 
0.2 M PBS 

0.477 mA.cm-2 

for 1600 s 
ATP and 
dexamethasone 

CV from -0.9 to 
+0.6 V at 100 
mV.s-1  

More than 90% of 
the loaded ATP 
and 
dexamethasone 
was released 

[32] 

0.09 M 

pyrrole  

DTAB/decylalco
hol micelles 

NA Chemical 
oxidation using 
FeCl3 

Fluorescein or 
daunorubicin  

 -1.0 V for 10 s with 
5 min interval for 
fluorescein and 0.5 
V for 20 s each day 
repeated for 5 days 

Electric field 
release using 
needle electrodes 
achieves 
electrically 
controlled release 
of fluorescein and 
daunorubicin 

[18] 
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3.1. Drug loading 
Different mechanisms can drive the loading of drugs into CPs. CP drug delivery systems 

often rely on electrostatic interactions between the CP and a charged drug. During synthesis 

of CP films, dopant anions are incorporated into the polymer to counterbalance the positive 

charge associated with the oxidative polymerization. For PPy, a dopant anion is incorporated 

for every 3-5 pyrrole units. Either a small mobile anion (AS
−, Equation 2) or a large immobile 

anion (AL
−, Equation 3) can be loaded.  

 

 

Zinger and Miller first reported the loading of ferrocyanide as a dopant into PPy during 

polymerization in 1984 [23]. The anionic bioactives such as salicylate, naproxen, nicoside, 

ATP, and DexP have been loaded directly into CPs as dopants [24, 104, 105]. However, 

only certain anions can be incorporated directly as dopants to form a polymer. If a drug 

molecule does not produce a satisfactory polymer product when used as a dopant the drug 

can be loaded after polymerization through ion exchange by redox cycling the CP in 

appropriate media. For example glutamate can be loaded into CP doped with perchlorate by 

reducing the polymer reduced in 0.1 M sodium glutamate to promote the efflux of chlorate 

ions followed by oxidation to force glutamate ions into the film [23]. 

Alternately, reduction can be used to load cationic drugs, such as dopamine and 

chlorpromazine into CPs through electrostatic attraction to large anionic dopants (AL
−) which 

are immobilized in the polymer, Equation 3 [26, 27]. However, electrostatic interactions are 

not the only mechanism behind drug loading; the incorporation of cationic neurotrophin-3 

during PPy synthesis has been attributed to hydrophobic interactions along with physical 

entrapment [106]. 

An advantage of using CPs with defined micro- or nanostructures is the ability to increase 

the amount of drug the material can carry. Increased drug delivery capacity will increase the 

utility of CP based drug delivery systems to manage systemic conditions and extend their 

operational lifetime.  When a drug is incorporated directly as a dopant into the CP loading is 

limited to 1 drug molecule per 3-5 monomer units [21]. For drugs loaded by ion exchange, 

this theoretical loading level is unlikely to be reached as it requires complete mobility of the 

polymerization dopant out of the polymer bulk and of the drug into the polymer. With the 

increased surface area offered by CPs with defined micro- or nanostructures, ion exchange 

Equation 2 

Equation 3 
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can be expected to be more efficient as distances between polymer bulk and polymer-media 

interface are reduced [25, 103]. However, loading levels remain limited to exceed 1 drug 

molecule per 3-5 monomer units if electrostatic forces alone govern loading. Meanwhile, 

where drugs can be physically entrapped within CPs, the use of templates to direct 

polymerization creates many exciting possibilities. A template can be used which itself 

contains drug [17] or if the template is removed after polymerization the empty space can act 

as a reservoir to contain drug [49]. 

3.1.1. Drug loading into CPs with the template retained 

Templates containing drug can be used to direct CP growth (Fig. 8). Abidian et al. 

demonstrated synthesis of electrospun biodegradable PLGA fibers loaded with 

dexamethasone (Fig. 8A). Electro-deposition of PEDOT on PLGA fibers produced PEDOT-

coated PLGA fibers loaded with dexamethasone [17]. Jeon et al. used a different approach 

by loading a model drug FITC-BSA into the pores of AAO membrane template. After loading 

with FITC-BSA, the pores in the template were restricted to a certain diameter by 

polymerizing PPY on the upper part of the template (Fig. 8C). The AAO template with 

uniform pore size served as a depot system holding large quantities of drugs. By electro-

actuation of PPy, the pores were opened and closed controlling drug flux [47]. 

Nanocomposite materials containing a CP have been used in drug delivery [107-109]. 

Graphene oxide (GO) nanosheets along with DexP were incorporated into PPy films as co-

dopants, to form nanocomposites. During oxidative polymerization, carboxylic groups were 

formed at the ends of GO, making them negatively charged allowing GO to be taken up as 

co-dopants into the CP along with DexP (Fig. 8B). The high surface-to-volume ratio of GO 

allows large quantities of DexP to be taken up between the layers of GO nanosheets. 

Hence, DexP can be loaded into PPy not only as a dopant but also incorporated into GO 

resulting in higher drug loading [25]. Similarly, aspirin has been loaded into palygorskite-PPy 

(Pal-PPy) nanocomposites which combines the electrical properties of PPy with the high 

surface area of Pal. The effective electrochemical surface area of the Pal-PPy 

nanocomposite was found to be approximately five times more than the unstructured PPy. 

Loading capacity of aspirin in the Pal-PPy nanocomposite was found to be 2.5%. The large 

ion-dipole attractions between anionic aspirin and cations in Pal resulted in higher drug 

loading than in PPy alone [33]. 

Carbon nanotubes are another class of materials which have attracted considerable interest 

for biomedical applications, including drug delivery. This can be attributed to their 

biocompatibility and high drug loading capacity [110]. Composites of CPs with carbon 

nanotubes possess improved electrical and mechanical properties [111]. Luo et al. 
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determined the drug loading capacity of the inner cavity of different sized carbon nanotubes. 

Carbon nanotubes, when sonicated in acid to open their ends, served as nano-reservoirs 

which could be loaded with DexP. However, considerable leakage was observed from the 

ends of the carbon nanotubes. By sealing the carbon nanotubes with PPy, DexP loading 

significantly increased, passive release was lower and release could be triggered electrically   

(Fig. 8D).  Carbon nanotubes with a thinner outer diameter and wider inner diameter 

displayed a drug loading level of  78.7 ± 2.1 µg compared to 38.8 ± 3.2 µg in unstructured 

PPy films [63]. Sirivisoot et al. demonstrated the incorporation of the anionic drugs DexP and 

penicillin/streptomycin (P/S) into the polymer backbone during electro-polymerization of PPy 

on multiwalled carbon nanotubes are grown on titanium (MWNT-Ti) [64].  

A novel method of producing coaxial CP fibers loaded with ciprofloxacin has been 

accomplished by Esrafilzadeh et al. [101]. They successfully polymerized PPy containing 

ciprofloxacin hydrochloride on PEDOT: PSS-chitosan hybrid fibers. PEDOT: PSS-chitosan 

fibers were formed by wet-spinning with chitosan used as a coagulant. Ciprofloxacin 

(isoelectric point - 7.4) was maintained in a positive state at the polymerization pH, and was 

physically entrapped into the polymer during polymerization while chloride ions acted as a 

dopant. The amount of ciprofloxacin-loaded into 1 cm lengths of fiber (diameter 65 ± 7 µm, 

weight 254 ± 13 µg) was found to be 42 ± 4 µg. 

Alizadeh and Shamaeli used cetyl pyridinium to guide the growth of PPy films and to 

promote methotrexate (MTX) loading into nanostructured PPy films [102]. MTX usually has 

very low doping efficiency into CPs. PPy with entrapped cetyl pyridinium improved MTX 

loading due to the electrostatic and aromatic interactions between the cationic cetyl 

pyridinium and anionic MTX. Ru et al. synthesized PPy nanofiber network using ATP as a 

dopant [103]. Here ATP served as both dopant and morphology directing agent. These 

nanofibers networks contain micro- or nanogaps among the individual nanofibers which can 

be loaded with a second drug. DexP, dopamine, hydroxy camptothecin, and paclitaxel were 

all loaded as a second drug using this approach [32]. 

Ge et al. reported the use of a soft template loaded with drug to prepare CP nanoparticles 

using an emulsion as a soft template to direct polymerization [18]. They encapsulated 

fluorescein/daunorubicin in an emulsion formed from the cationic surfactant dodecyl 

trimethylammonium bromide (DTAB) and co-surfactant decyl alcohol. The addition of pyrrole 

monomer and ferric chloride to the drug encapsulated micelles resulted in the formation of 

drug loaded PPy nanoparticles with an average diameter of 60 nm. Entrapment efficiencies 

of 37.5% and 33.3% were reported for fluorescein and daunorubicin, respectively.  
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3.1.2. Drug loading into CPs after the template is removed 
After the removal of a hard template, drugs can be loaded into the void spaces of CPs with 

defined micro- or nanostructures (Fig. 8E). Entrapment of drugs in the voids of porous CP 

films produced from colloidal templates following the selective removal of the colloids has 

been demonstrated. Luo et al. were able to entrap dexamethasone into the pores of 

nanoporous PPy films polymerized using a PS nanobeads template. They produced 

nanoporous PPy films using a model drug, fluorescein as a dopant [52].  As an extension of 

this work, they loaded a second drug, dexamethasone, into the pores of the nanoporous PPy 

films after the removal of PS bead template. This allowed loading and simultaneous release 

of two drugs - fluorescein and dexamethasone (Fig. 8E) [53]. Similar work reported by 

Sharma et al. showed the entrapment of the hydrophobic drug risperidone in the 

macroporous inverse opal PPy films produced from a PMMA template. The surface area 

increased by almost four times and entrapment efficiency improved two-fold in inverse opal 

films compared to non-inverse opal films [49]. Similarly, Pokki et al. fabricated nanoporous 

PPy film using PS beads deposited by colloidal lithography and loaded the resulting pores 

with rhodamine B [50]. A related concept was reported by Cho and Borgens, in which 

nanoporous PPy/biotin films were prepared using a sacrificial PS nanobead template. 

Streptavidin coated gold nanoparticles were then attracted to the macroporous PPy films 

through biotin-streptavidin interactions [99]. 

3.2. Drug release from CPs 
Drug release from CPs is typically controlled by the redox state of the polymer which 

influences electrostatic interactions between drug and polymer [112], alongside volume 

changes [28, 113]. Electrostatic interactions between CP and drug will result in anionic drugs 

being released on reduction, Equation 2. Ferrocyanide [23], salicylate and naproxen [24], 

ATP [105] and DexP [104] have all been released from CP films through this mechanism. 

Meanwhile, cationic drugs are expelled from the polymer when oxidized, Equation3. Cationic 

drugs dopamine [26] and chlorpromazine [27] have been controllably released using this 

mechanism. Volume changes rather than electrostatic interactions have been attributed to 

the triggered release of risperidone [114] and progesterone [30]. 

The release of drugs from CPs with defined micro- or nanostructures utilizes not only 

electrostatic interactions between drug and polymer but is also able to take greater 

advantage of the volume changes that occur upon switching of redox states (Table 1). The 

movement of hydrated ions into and out of the polymer, described in Equations 2 and 3, 

results in polymer expansion and contraction [47, 100]. Typically, CPs with defined micro- or 

nanostructures have increased surface area. This higher effective electrochemical surface 
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area which promotes the speed and extent of ion movement into and out of the polymer; 

hence more precise and potentially greater magnitude of responses to both electrostatic 

switching and volume changes.  

 

Figure 8: Schematic diagram showing drug loading and release from different micro- or nanostructures. A) 
Polymerization of PEDOT on DexP loaded PLGA fibers and actuation driven release on stimulation. Adapted with 
permission from [17], B) Electro-polymerization of PPy with GO and DexP as co-dopants  and electrostatic 
release [25], C) Electrodeposition of PPy on the upper surface of the gold coated AAO membrane and the 
reversible change of pore size on oxidation and reduction with drug release. Reprinted with permission from [47], 
D) Polymerization of PPy over DexP loaded carbon nanotubes and its release on stimulation. Adapted with 
permission from [63], E) Preparation of macroporous inverse opal films by polymerizing on colloidal template, 
loading drugs into pores (DexP) and as a dopant (fluorescein) and their subsequent release on stimulation. 
Adapted with permission from [53].  

3.2.1. Electrostatic driven release 
Electrostatic interactions were demonstrated to drive the release of anionic ciprofloxacin 

from coaxial PPy and PEDOT: PSS-chitosan fibers with a two-fold increase in release from 

the reduced state compared to passive release from the as-prepared state. When 

electrochemically oxidized, a 20% reduction in ciprofloxacin release was demonstrated 

compared to passive release [101]. Meanwhile, Sirivisoot et al. demonstrated the release of 

DexP and penicillin / streptomycin (P/S) from nanostructured PPy film polymerized on 

MWNT-Ti [64]. 

PPy nanocomposites have been co-doped with GO nanosheets to enhance drug DexP 

loading. This enabled more than twice the amount of DexP to be released from the 
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nanocomposites compared to conventional PPy: DexP upon application of a biphasic 

electrical pulse. The GO nanosheets remained within the polymer structure due to their large 

size (Fig. 8B). Linear release of DexP was observed for 400 cycles from the films co-doped 

with DexP and GO [25]. Similarly, DexP loaded into the inner cavity of carbon nanotubes 

and incorporated into PPy films, demonstrated 2 times more drug release compared to drug 

loaded directly as a dopant into PPy films (Fig. 8D) [63]. The higher amounts of drug release 

can be related to the increased drug loading with the GO nanosheets and carbon nanotubes 

acting as nano-reservoirs. 

The electrostatically controlled release of aspirin from Pal-PPy nanocomposite films was 

approximately 1.7 times more than conventional PPy films in both stimulated and 

unstimulated samples. The difference was attributed to the increase in effective 

electrochemical surface area and electrostatic attraction between anionic aspirin and the 

cationic groups in Pal [33]. ATP release from PPy nanofibers polymerized using ATP as a 

dopant as well as structure guiding agent was found to be 90% compared to 53% from the 

unstructured cauliflower shaped PPy film on stimulation for 45 h [103]. 

A recent paper reported the release of anionic DexP loaded into macroporous inverse opal 

PPy films. DexP was loaded into both macroporous and conventional films as a dopant, yet 

stimulation could release more than 3 times the amount of drug from the same theoretical 

amount of PPy. This can be explained as the inverse opal film was more electro-responsive 

due to the high surface area resulting in improved ion exchange between the polymer and 

surrounding media [100]. 

Opening up exciting possibilities, CP films can function as self-powered galvanic cells when 

coated with a thin layer of active metal, such as magnesium, upon exposure to an electrolyte 

medium. In a recent report, magnesium acted as an anode and CP film as a cathode, thus 

together acting as a self-powered cell without the need for external stimulation. When the 

cell was placed in electrolyte medium such as NaCl, magnesium is oxidized to Mg+2 in 

solution and the CP reduced resulting in the release of drug [115]. This galvanic mechanism 

has been used to release ATP from a PPy nanofiber network made using ATP as both 

dopant and morphology directing agent. The authors compared the release of ATP from the 

nanofiber network coated with magnesium to a conventional PPy film without coating. The 

nanofiber network showed 22% release compared to 13% released from the conventional 

PPy film [103]. 

3.2.2. Actuation driven release 
CP systems can use redox-driven volume changes to drive drug release. The speed and 

extent of actuation rely on the influx and efflux of hydrated ions [28]. Ion exchange between 
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polymer and media is facilitated by the high surface area in CPs with defined micro- or 

nanostructures [17, 47]. Abidian et al. reported that bursts of dexamethasone release could 

be achieved from PEDOT coated PLGA fibers by electrical stimulation which caused the 

PEDOT coating to actuate resulting in cracks which facilitated drug release (Fig. 8A) [17].  

Pulsatile release of FITC-BSA from a system comprising a PPy/NaDBS film electrodeposited 

on the upper part of the pores of an AAO membrane was demonstrated by Jeon et al. (Fig. 

8C). On reduction, hydrated cations move into the CP causing it to swell thereby decreasing 

the membrane pore size while on oxidation cations are expelled and the membrane pores 

open as the polymer contracts resulting in higher rates of drug release [47]. Pore diameters 

were observed to decrease from 190 nm (60 L.m-2 flux) to 140 nm (no flux) when the film is 

shifted from the oxidized to reduced states, with a switching time of less than 10 s.  

Sharma et al. reported that the rapid contraction and expansion of the inverse opal films on 

electrostimulation resulted in increased risperidone release from inverse opal films. A 10 % 

increase in interplanar spacing was seen in PPy inverse opal films on reduction. The release 

was found to be 162.69 ± 3.6 μg on stimulation compared to 119.8 ± 2.5 µg in unstimulated 

inverse opal films, whereas in conventional non-inverse opal films it was only 42.5 ± 737 µg 

on stimulation compared to 31.3 ± 0.4 µg from unstimulated films. The difference in release 

levels from inverse opal and conventional films can be attributed to higher drug loading in 

porous inverse opal films [49]. Similarly, rhodamine B release from PPy film formed from PS 

nanobead template deposited by colloidal lithography was 3 times higher than non-porous 

films [50].  

The simultaneous delivery of two drugs (fluorescein and dexamethasone) from nanoporous 

PPy films on electrical stimulation was demonstrated by Luo et al. The release of the anionic 

fluorescein can be attributed to a de-doping process from the PPy backbone; whereas 

volume changes of the porous structures on actuation squeezed dexamethasone out from 

the pores (Fig. 8E) [53]. Drug delivery from CPs with defined micro- or nanostructures is 

more efficient than conventional CPs which can be attributed to both increased drug loading 

and higher responsiveness to electrical stimulation. 

4. Biological considerations  

Although many CPs are regarded as biocompatible [10, 116], templates used to synthesize 

CP with defined micro- or nanostructures must also be considered for compatibility. This is 

important in cases where the drug is loaded into the CP delivery systems where the template 

is retained, and also if any traces of the templates are left behind after template removal. In 
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addition, the bioactivity of the incorporated drug should not be affected by the template used 

nor the electrical stimulation applied during synthesis or drug release. 

A number of reports have presented data confirming the biocompatibility of CPs with cell 

cultures such as neurons [117, 118], osteoblast and fibroblast [64]. Drug release samples 

from PPy films doped with GO nanosheets, with or without DexP loading on biphasic 

stimulation were added to the primary neuronal cultures with no changes observed in 

neuronal cell density indicating no toxicity of GO nanosheets [25]. A recent study shows that 

the aqueous extracts obtained from DexP loaded PPy films evaluated on adult retinal 

pigment epithelium cells demonstrated negligible toxicity [119]. Ge et al. demonstrated the 

bio compatibility of a temperature sensitive hydrogel (PLGA-PEG-PLGA) containing 1 % 

weight of PPy nanoparticles following injection subcutaneously at the dorsal site of FVB 

adult mice. Histological observation following H&E staining showed no infiltration by 

neutrophilic granulocytes and lymphocytes at 14 days with any fibrous tissue observed. 

However, hydrogels containing over 5% by weight of PPy nanoparticles caused fibrous 

tissue formation 2 weeks after injection [18]. 

The bioactivity of DexP released on electrical stimulation (-2 V for 5 s followed by 0 V for 5 s 

for 1000 cycles) was assessed using primary astrocyte cultures. The released DexP 

interrupted the primary astrocyte proliferation by down-regulating G-coupled receptors. The 

authors found a similar reduction in cell density and no difference in the bioactivity (p< 0.05) 

of the DexP released from nanocomposites films when compared to the control DexP 

solution (1 µM) [25]. In another study the bioactivity of DexP released from carbon nanotube 

nano-reservoirs in PPy was assessed using HAPI cells. No significant difference was found 

between the test group and control DexP solution of 10 µM concentration (p<0.05), 

indicating that DexP retained its activity during loading and stimulated release [63]. Similarly, 

Esrafilzadeh et al. reported the antibacterial activity of ciprofloxacin was retained following 

release from loaded coaxial CP fibers against both gram positive and gram-negative bacteria 

[101]. A clear zone of inhibition was observed around the ciprofloxacin-loaded coaxial CP 

fibers compared to no zone of inhibition surrounding control fibers without drug loaded.  

Recording and stimulating bio-electrodes transduces bioelectric signals from cells to 

electronic signals [120]. Due to the small size neural electrodes typically have high 

impedance. CP coatings are attractive at electrode neural interfaces as they lower 

impedance and can achieve controlled release of bioactives. CP coated electrodes have 

been used to deliver anti-inflammatory drugs to prevent pain, inflammation, neuronal loss 

and scar formation [63], antibiotics to preclude infection [101] and neurotrophins such as 

nerve growth factor to promote neuronal growth at the implant site [121].  
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CPs with defined micro- or nanostructures have advantages over unstructured CPs at the 

bio-electrode interface due to their enhanced effective electrochemical surface area which 

lowers impedance and increases charge transfer capacity. Upon deposition of CP nanotubes 

on gold electrodes, the impedance decreased by 2 orders of magnitude at 1 kHz, the 

characteristic frequency of neuronal action potentials [17]. The impedance of the glassy 

carbon electrode coated with PPy/carbon nanotube composite showed decreased 

impedance compared to PPy coated glassy carbon at frequencies between 0.5-100 kHz 

[63]. Similarly, a drop in impedance has been seen when PPy is co-doped with GO and 

DexP at all frequencies (1Hz to 100 KHz) compared to the PPy doped with DexP alone [25]. 

5. Future Outlook  

Responsive materials which can be triggered by heat, light and electrical stimulation offer 

advantages for drug delivery where by the bioactive payload is delivered only when required. 

An example is ThermoDox® [122], a doxorubicin-based thermosensitive liposomal 

formulation for liver cancer. Following targeting to tumour tissue, these liposomes change 

structure when heated to certain temperature releasing doxorubicin to the target tissues and 

reducing off-target effects [123, 124]. CPs with defined micro- or nanostructures are highly 

promising platforms for drug delivery applications, however there are no marketed products 

using these materials in drug delivery. To follow other materials and move further along the 

development pipeline fabrication pathways are required to enable scale-up of delivery 

platforms. In addition, standardized protocols need to be developed for drug loading, 

release, analysis and reporting of data as there is large variation to how studies are 

designed and reported [125]. 

CP based biosensors are well described and could be used to sense changes in the body. 

For instance, a recent study reported a bio-switch chip, in which they loaded PPy with 

glucose oxidase. On reduction they found that glucose form the external solution entered 

PPy to cause oxidation of glucose [126]. In the future electrically triggered drug release from 

CPs will be combined with sensing properties (of bio molecular species [7], pressure [127] or 

electricity [121]) of these materials to make a closed loop, self-regulating drug delivery 

system. This concept was realized by Zhou et al. with an enzyme based logic-controlled 

anode to sense lactic acid and lactate dehydrogenase in the body produced during tissue 

trauma which triggered the release of acetaminophen from cathode [128]. Similarly, pressure 

sensing CP materials are being reported which could find use in glaucoma monitoring and 

personalised treatment [129]. In the future, these materials will be used as drug delivering 

implants where drugs release can be tuned either in response to an external stimulation or 

as a self-regulating device. 
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6. Conclusions 

CPs with a variety of micro- or nanostructures can be reliably synthesized through hard 

template directed, soft template directed or template free polymerization methods. Drugs can 

be loaded into these CP structures along with the template or loaded subsequent to the 

removal of the template. While hard template directed polymerization has been the most 

widely explored, particularly for drug delivery applications, it can be problematic to remove 

the template without damaging the micro- or nanostructures. Hard template directed 

polymerization approaches are also more likely to be complicated during scale-up. Soft 

template directed or template free approaches offer alternate fabrication avenues and are 

beginning to be explored more widely. By imparting micro- or nanostructures into CPs the 

drug delivering capacity can be increased with enhanced responsive drug release to 

electrochemical stimulation. For many clinical applications the ability to completely stop 

release is required, therefore more methods need to be designed to inhibit unstimulated 

release from CP platforms. CPs have exciting potential which is gradually being realized to 

achieve delivery systems where drug release rates are tunable to provide individualized 

patient treatment. 
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