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Abstract Over the last 40 years, electrically conductive poly-
mers have become well established as important electrode
materials. Polyanilines, polythiophenes and polypyrroles have
received particular attention due to their ease of synthesis,
chemical stability, mechanical robustness and the ability to
tailor their properties. Electrochemical synthesis of these ma-
terials as films have proved to be a robust and simple way to
realise surface layers with controlled thickness, electrical con-
ductivity and ion transport. In the last decade, the biomedical
compatibility of electrodeposited polymers has become
recognised; in particular, polypyrroles have been studied ex-
tensively and can provide an effective route to pharmaceutical
drug release. The factors controlling the electrodeposition of
this polymer from practical electrolytes are considered in this
review including electrolyte composition and operating con-
ditions such as the temperature and electrode potential. Volt-
ammetry and current-time behaviour are seen to be effective
techniques for film characterisation during and after their for-
mation. The degree of take-up and the rate of drug release
depend greatly on the structure, composition and oxidation
state of the polymer film. Specialised aspects are considered,
including galvanic cells with a Mg anode, use of catalytic

nanomotors or implantable biofuel cells for a self-powered
drug delivery system and nanoporous surfaces and nanostruc-
tures. Following a survey of polymer and drug types, progress
in this field is summarised and aspects requiring further re-
search are highlighted.
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Introduction

Since the discovery of doped polymers as electronic conduc-
tors in the 1970s, many efforts have been made to increase
their conductivity and improve their synthesis, durability and
ability to be processed [1, 2]. These developments have result-
ed in a wide range of applications over categories listed in
Fig. 1.

Conducting polymers can be manufactured in two distinct
ways. A conductive polymer ink can be directly applied using,
inkjet, screen andmicro-contact printing, probe-based deposition,
roll-to-roll processes such flexographic printing, soft lithography,
photolithography, dip-pen nanolithography and spin coating [3,
4]. Alternatively, the monomer can be oxidised and polymerised
by chemical, electrochemical, chemical vapour, vacuum and
physical vapour deposition or plasma techniques [5].

Despite the development of conducting polymers in terms
of active materials and manufacturing techniques, many lim-
itations and challenges still exist. For example, some polymers
are not stable and are sensitive to certain environments. Prop-
erties such as viscosity and surface tension are key parameters,
and additives are necessary to improve polymer processability
and stability which can reduce the polymers conductivity spe-
cifically for polymers used for drug delivery [4]. The first
attempts to use conducting polymers to store and release
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molecules began in the 1980s [6] when Miller et al. [7] devel-
oped the first controlled release system for dopamine neuro-
transmitter, which is physically adsorbed and cleave-
bonded to the conducting polymer using cyclic voltamm-
etry (CV). In 1984, this was followed by the use of fer-
rocyanide and glutamate dopants in polypyrrole (PPy).
Zinger et al. [8] were the first to report the possibility
of using repetitive electrical pulses to trigger controllable
small amounts of ferrocyanide ion to be released gradually
from the polymer. However, the device was impractical as
the amount of incorporated molecules in the polymer was
so small (ca. 3.2 × 10−8 mol cm−2).

The doping process

The conductivity of the polymers can be improved by a dop-
ing process that in simple terms consists on injecting charged
species into the conjugated polymer backbone by chemical,
electrochemical or interfacial methods [9]. The doping pro-
cess is reversible, and polymers can return to their original
state with little or no degradation. In addition, doping causes
changes in the volume and porosity of the film and creates the
possibility to incorporate molecules. The type of doping system
depends on the synthesis method; if the polymer is obtained
chemically, the charge carriers are introduced into the electronic
structure of the polymers via an acid-base reaction in the presence
of counter ions to maintain charge neutrality. Chemical doping
is easy and efficient, but it is difficult to control the dopant

level and in general, inhomogeneous or incomplete doping
levels are common [10]. In the electrochemical polymer syn-
thesis, this process occurs during the oxidation or reduction
reactions of the conducting polymer in the presence of doping
ions. The doping level can be controlled by the applied po-
tential to the conducting polymer used as a working electrode
making the ions diffuse in or out of the structure to compen-
sate the charge imposed on the polymer backbone. As an
example, the electrochemical doping using a Liþ (BF�4 )
electrolyte can be described by the following reactions at the
working electrode surface [9]:

Oxidation (p-doping)

π−polymerð Þn;neutral chain þ Liþ BF−4
� �� �

aq; n

→ π−polymerð Þþx BF−
4

� �
x

h i

n
þ Lielectrode þ xe−

ð1Þ

Reduction (n-doping)

π−polymerð Þn;neutral chain þ Lielectrode þ xe−

→ π−polymerð Þ−x Liþð Þx
� �

n
þ Liþ BF−4

� �� �
aq;n

:
ð2Þ

Other less common methodologies to dope the polymer
include interfacial doping [9] and photochemical doping [9,
11]. In the interfacial doping, the charge carriers are injected
into the polymer from the metal without the need of an ion
dopant. This type of doping is used in devices such as organic
light emitting diodes (OLED). The conducting polymer is
sandwiched between a cathode with a low work function met-
al such as aluminium, to match the polymer LUMO, and an
anode with a high work function metal that matches the
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polymer HOMO. For the photochemical doping, the polymers
are exposed to the electromagnetic spectra with higher energy
photons than the polymer bandgap. This excites the HOMO
electrons to the conducting band. The promoted electrons pro-
duce mobile carrier charges, holes in the π-band and electrons
in the π* -band, when they return to the LUMO energy level.
This type of doping is used in polymers for photovoltaic de-
vices and does not involve dopant ions [9, 11]. The following
example illustrates the doping mechanism [9]:

π−polymerð Þn;neutral chain
þ hv→ π−polymerð Þþx þ π−polymerð Þ−x� �

n
ð3Þ

Synthesis of conducting polymers

Of all the methodologies to obtain a doped conducting poly-
mer, the electrochemical method is the most suitable to pro-
duce films on diverse substrates. If these substrates could be
implanted in the organism, the conductive polymer can be
used as drug delivery systems providing pharmaceutical prod-
ucts. In the case of the polymerisation of pyrrole, which has a
conductivity of 18–160 S cm−1, comparable to 89–210 S cm−1

for PEDOT, the desired properties for a drug delivery system
are a suitable structure and suficient homogeneity [12]. Other
desired properties are briefly considered below.

Temperature

Higher temperatures increase the interaction between the
monomers themselves and the formed film and also activate
unwanted reactions increasing the possibility of α-β and β-β
coupling instead of a free polymer defect-chain via α-α bond-
ing. There is an inverse relationship between the temperature
and the surface roughness; when the temperature decreases,
the film’s surface gradually changes from rough to smooth
becoming more compact, coherent and mechanically stronger.
This relationship is also applicable to the conjugation chain
length where a long conjugation chain with a less defective
structure is formed at lower temperatures.

The doping level and the conductivity increase as the syn-
thesis temperature decreases. However, a relatively low tem-
perature during the synthesis might require higher electro-
chemical polymerisation potential. In addition, a solution con-
taining in 0.1 M of pyrrole monomer, 0.1 M of
tetrabutylammonium hexafluorophosphate (TBA-PF6) and
1 vol.% of water in propylene carbonate (PC), the conductiv-
ity of the polymer decreases when the synthesis is carried out
below −40 °C [13]. This behaviour is opposite to other poly-
mers such as polyaniline which conductivity increases when
the electropolymerization was carried out in a non-aqueous

solution of 1,2-dichloroethane (DCE) without a protic acid
at temperatures varying from 248 to 298 K [14]. The morphol-
ogy of the films deposited at low temperature is smoother and
denser with smaller and more uniform grains than those pre-
pared at higher temperatures.

pH

The pH of the electrolyte during the polymerisation of PPy
influences the properties of the final film, the nature of the
doping anions and the substrate material used. At low pH
levels, a smooth good quality film without cracks is produced
while in an alkaline medium, the film is brittle and non-uni-
form. In acid, the electrode potential during the polymerisa-
tion is lower than that at high pH levels and the polymerisation
might coincide with the decomposition of the electrolyte. The
rate of polymerisation at constant potential in the presence of
the dodecylbenzenesulfonate (DBS) anion increases when the
pH of the electrolyte increases from 3.2 to 10 but the PPy
deposition does not occur at pH ≥ 11 even if low electrode
potentials are used such as 0.65 V vs. SCE [15].

The irreversible over-oxidation potential decreases at high
pH levels, and at these alkaline conditions, the electrode po-
tential for oxygen evolution also decreases. The evolving ox-
ygen may be the cause of the over-oxidation of the PPy film
because it might destroy the conjugated structure of the poly-
mer. In metals where oxygen evolution is prevented by a pas-
sive oxide layer, the over-oxidation of PPy was independent
of the pH of the electrolyte.

Bhattacharya et al. [16] reported that the conductivity of
PPy films doped with vinyl sulphonate (PPy-v) and synthe-
sised in an acidic mediumwas higher (13 S cm−1) than in films
synthesised in a neutral or high pH solution (6.2 S cm−1). This
was caused by the presence of a carboxyl group which reacts
with the oligomer radical reducing the length of the conjugat-
ed polymers. The migration of the dopant ions within the
polymer instead of OH ions was cited as a possible cause of
low conductivity. The authors also found that the conductivity
of PPy films doped with styrene sulfonate (PPy-st) was higher
than that of the PPy-v films and was not affected by the in-
creased pH of the solution.

Saidman et al. [17] studied PPy growth in nitrate solutions
on aluminium substrates at different pH’s. Aluminium pre-
sented a passive oxide layer which protects and inhibits the
oxidation of the monomer and thus film deposition. As the pH
increases, the passive layer dissolves partially allowing PPy
deposition; however, the polymerisation competes with the
dissolution of the metal which can prevent the deposition
[17, 18]. The authors reported a homogeneous and adherent
PPy film which covered the substrate surface when they ap-
plied a constant potential between 0.7 to 1.15 V vs. SCE at pH
12. They did not observe any growth of the PPy on the sub-
strate at a pH between 4 and 11 or ≥13 [17].
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Monomer concentration

Girault et al. [19] reported that the peak potential for pyrrole
oxidation shifted positively by 100 mV, when the concentra-
tion of Py increased from 0.01 to 0.04 mol dm−3. They found
that at 0.045 M and up to a potential of 2.1 V vs. SCE, the
oxidation current rose but no oxidation peak was observed,
thereby indicating the possibility of an unlimited growth of the
polymer f i lm. I roh et al . [20] repor ted that the
electropolymerisation rate increases with the Py concentration
but the potential decreased exponentially with the monomer
concentration according to the following equation:

Ep ¼ Eoxexp
− M½ � ð4Þ

where Ep and Eox are the oxidation potentials at high and low
concentration, respectively, andM is the concentration of pyr-
role [21, 22]. Increasing the monomer concentration from 0.1
to 0.8 M caused a 12 % decrease in the electropolymerisation
potential [22, 23]. This feature can be an advantage when a
different molecule, that is electroactive at the same potential as
the oxidation of Py, is incorporated into the polymer structure.
Therefore, the polymerisation will occur at lower potentials
than the oxidation potential of the incorporated drug mole-
cules. This might have applications in drug delivery systems
and enzymatic biosensors.

Electrolyte solution

Conducting polymers have been synthesised in ionic liquids
[24], aqueous and non-aqueous solutions [25]. The nature of
the electrolyte has a considerable effect on the morphology
and the electrochemical and physical properties of the films
[25]. For example, better quality and higher conductivity can
often be obtained when the films are prepared in non-aqueous
medium compared with an aqueous solution [25]. Kupila et al.
[26] showed that the polymerisation efficiency and the con-
ductance of PPy film prepared in propylene carbonate exceed
that of those prepared in acetonitrile when a perchlorate coun-
ter ion was used in both systems. This may be the result of
higher solubility of the dimer and oligomer species in propyl-
ene carbonate compared with their solubility in acetonitrile.
Water content also has considerable effect on the film, for
example, the film adherence seems to increase at low volu-
metric percentage of water (1–2 %). Low water content in
acetonitrile led to improved PPy conductivity and low forma-
tion of the partial variation of conjugated PPy. This is because
water is a stronger acid than the Py monomers and it reacts
with the protons released during the polymerisation reaction
hindering extra protonation of Py. Only 1 % vol. of water in
acetonitrile has been proving to be optimal and sufficient to
release protons during the reaction, while 1–2% vol. improves
the mechanical properties and adherence of the film [19]. In

contrast, adding water to propylene carbonate does not im-
prove the film properties and anhydrous solvents are preferred
[26]. Acetonitrile is toxic and traces must be removed before
any medical application; the solvent is not attractive for indus-
trial processing due to health and safety problems.

General drug delivery systems

The choice of drug delivery methodologies depends on the
drug type and treatment requirements. Conventional routes
are peroral and gastrointestinal, rectal, ocular, intravaginal,
transdermal, vascular injection, nasal and pulmonary [27].
While some methods are suitable for delivering certain drugs,
the same method might not be appropriate for others. Taking
drugs orally is probably less expensive and more convenient
particularly for patients suffering from chronic diseases.
Through this route, the drugs can break down by the acid
environment of the stomach and by the intestine enzymes.
Drug absorption in the digestive system is difficult and most
macromolecules cannot be absorbed, which limits the effec-
tiveness of the drug before reaching its target location
[27–29].

Numerous attempts have been made to improve the
existing drug delivery systems. A common strategy is to en-
capsulate the drugs with a protective layer to withstand de-
structive environments. The protective layer is designed to
dissolve at the targeted location increasing the absorption at
certain parts of the organism. Other examples include insulin
injection with a needle-less injector and constant infusion
pump [29].

These traditional methods cannot provide the optimum lev-
el and ensure sustained drug release. The drug concentration
in the body decreases over a period of time after been intro-
duced [30]. Additionally, a drug delivery system should pro-
vide the drug locally, for example, making neuro-growth fac-
tors in the brain available to treat neurodegenerative condi-
tions such as Parkinsons, Alzheimers and Huntingtons and
to overcome the blood–brain barrier that prevents the drug
entering the brain. It has been suggested that drug delivery
systems can provide anti-inflammatory medicaments and
growth factors directly into the local vicinity of the implant
[31]. Another application is in bone and tissue engineering
where growth factors can be locally delivered at high concen-
trations with precise control [32–34].

Some drugs are unstable and strongly influenced by their
administration time while traditional drug delivery methods
often require repeated and gradual increase of dosages with
toxic effects [6, 29, 35, 36].

Controllable drug delivery systems provide advantages that
outweigh those offered by traditional methods. They can de-
liver drugs at the effective concentrations for long periods of
time, without the need to take repeated doses regularly. They
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can be useful for patients with chronic diseases, especially
those who find it difficult to adhere to a strict regimen [6].

The objective of a drug delivery system is to provide drugs
to targeted location using an intermediary system that can
control the administration of the drug by chemical, electrical,
electrochemical, thermal or physiological release circuits or
by a combination of the above [37]. Smith and Lamprou
[38] have revised the applications of polymer coatings for a
variety of biomedical applications including drug delivery and
highlighted the main goals as the improvement of bioavail-
ability. They also pointed out that these systems could de-
crease toxicity and the side effects associated to traditional
methods providing protection and preservation of the drugs
until they reach their target. Nevertheless, these systems dem-
onstrated the principle of controllable molecules release. Since
then, substantial progress has been made and the following
sections present a discussion of the properties that make
conducting polymers suitable for drug delivery systems. This
will include the types of drug delivery systems, types of drugs
and the necessary conditions for the drugs to be incorporated,
the release methods and how these methods have been devel-
oped. The future of polymers for use in drug delivery systems
and the strategies used to increase the amount of drugs that can
be loaded within the polymer will also be considered.

A drug delivery system based on conducting
polymers

The polymers can be chemical or electrochemically formed
from an aqueous solution containing monomers, and the drug
can be incorporated during the polymerisation. Various types
or number of drugs andmolecules whether anionic, cationic or
neutral ions into the polymer backbone can be incorporated
[39]. Integrating conducting polymers with other materials
and nanostructures, such as titanium and carbon nanotubes,
[40, 41], can increase the surface area of the films for storage.
By controlling the conditions of electropolymerisation, the
surface and composition with different mechanical and elec-
trical characteristics can be obtained. Miniaturisation of poly-
mer devices can also be used to incorporate drugs [42].

Conducting polymers undergo a reversible redox reaction
which results in ion transport in and out of the polymer bulk.
Typically, a potential difference less than 1 V needs to be
applied between the polymer film and the electrolyte, depend-
ing on the environmental conditions, to release or capture
ions. The conductive polymers can operate in a wide range
of temperatures in a liquid electrolyte or in air by employing a
polymer electrolyte. It is generally accepted in the literature
that polypyrrole, polythiophene, polyaniline and their deriva-
tives have some biocompatibility with living body tissues and
fluids. Test for long periods of time (90 days) in vitro and
in vivo have shown little evidence of toxicity or immune

problems [43–47]. It has, however, been reported in literature
that the polyaniline showed some cytotoxicity during in vivo
studies [48].

When the conducting polymer films oxidise, its positive
charge is associated with the counter ion movement from the
solution into the polymer in order to compensate for the
charge excess resulting in an increase in the film’s volume.
In the reduction state, the counter ions are expelled from the
film and cause the film to shrink. These properties can be used
for drug delivery systems, where the drugs are incorporated
into the polymer film during oxidation and released when the
film is reduced [49].

Drug incorporation

The charged species incorporated into the polymeric matrix
during the electropolymerisation process can be pharmaceuti-
cal products with different ionic charge. An example is the
cationic drug risperidone incorporated onto PPy films doped
with P-toluene sulfonate (PTS) anions using a galvanostatic
method [50]. The freshly prepared film can release
1.1 ± 0.2 μg s−1 when ±0.6 V vs. Ag/AgCl at 0.5 Hz was
applied. Other cationic molecules such as neurtrophine-3
(NT-3) have been incorporated in a PPy-PTS film during the
galvanostatic polymerisation process, but the mechanism is
not fully understood. It has been suggested that the electro-
static and hydrophobic interactions between the NT-3 and the
doping anion PTS help to incorporate the positive NT-3 into
the oxidised PPy film physically trapping the NT-3 molecules
inside the polymer bulk and released during the expansion of
the polymer [39].

It is also possible to incorporate a cationic drug after the
polymerisation process, but the polymer needs to be doped
with immobile anions such as polystyrene sulfonate (PSS).
During the reduction of the polymer, the cationic drug is in-
corporated to compensate the negatively charged anions caus-
ing the polymer to swell. When the film oxidises, the incor-
porated cationic drug is ejected by electrostatic repulsion force
and the film shrinks [51]. The actuation cycles of the film
between the redox states may cause cracks and holes in the
film, which may lead to an increase in the release rate of the
molecules [6].

Anionic drugs can also be incorporated after the poly-
merisation process by doping the polymer with a small
anion which could be the drug itself. Under these circum-
stances, the film oxidises by anion incorporation and is
reduced by anion ejection. In the case of the incorporation
of a relatively less mobile ion as a doping agent, both
cationic and anionic drugs will be incorporated and ex-
pelled simultaneously. Figure 2 illustrates the mechanism
of drug incorporation and release from a conducting poly-
mer [6, 51].
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Electrochemical quartz crystal microbalance (EQCM) can
be used to understand the mechanism of the ion ingress and
egress from the conducting polymer film and the effect of
the pH and electrolyte nature. It is clear that it is preferable
to use an electrolyte that becomes more acidic to promote
the ingress of anionic drugs during the oxidation of a
conducting polymer and ejecting them when the polymer
is reduced at cathodic potentials. The redox reaction of a
conducting polymer in a neutral electrolyte accepts cationic
and anionic ions moving from and into the polymer film
[52, 53]. If an alkaline solution is used, the incorporation
of cationic drugs during the polymer reduction is facilitated.
Although the slightly alkaline electrolyte may be preferred
for the incorporation of cationic drugs, it may cause partial
or complete deprotonation of the conducting polymer. The
degree of deprotonation gradually increases with the alkalin-
ity of the solution, and it is more likely for the oxidised PPy
film than for the reduced one [53]. The deprotonation of PPy
film decreased the number of charge carriers and

conductivity because the hydroxyl ion reacts with proton
in N-H and the residual electron recombines with the hole
on the polymer backbone [53, 54]. In addition, it has been
reported that the deprotonation/protonation process of a
conducting polymer is reversible when is treated with an
alkaline/acid solution. A complete recovery of the film con-
ductivity has been reported when deprotonation occurs at pH
values below 12 and the film is reprotonated in a 0.1 M HCl
solution [53, 55].

Homogeneous films formed at low polymerisation poten-
tial or low current density are typically tightly compact and
restricts the motion of molecules in and out the polymer [55].
Polymerisation using a relatively higher oxidation potential
and current densities brings about the formation of a porous
and more open structure film, which facilitates the ingress and
release of drug substances. The augmentation of oxidation
potential and current needs to be fully considered because
the higher increase may activate an undesirable competitor
reaction and cause over-oxidation of the polymer.

Fig. 2 Schematic for the
incorporation and the release of a
an anionic drug and b a cationic
drug. The change in volume
depends on the size of the
incorporated molecules. After
Svirskis, Travas-Sejdic, Rodgers
and Garg [6]
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The above examples indicate that it is necessary to consider
the nature of the dopant ions such as charge and size to facil-
itate the incorporation of the drug in the conducting polymer
films [55].

Drug delivery

A conducting polymer release system can be classified broad-
ly into several types, depending on the factors that influence
the drug release. In the first type, the drug is released by a
chemical method using a redox reagent that is thermodynam-
ically able to reduce the oxidised conductive polymer or by
increasing the pH. Theoretically, the conducting polymers can
selectively sense the redox reagent in the solution; simulta-
neously, the redox reagent triggers the drug release from the
conducting polymer and the drugwill be released as a function
of the concentration of the detected redox reagent where ionic
exchange occurred. Pernat et al. [55] used a strong reducing
agent hydrazine N2H4, at pH 12 to release ATP from the PPy
film. The released amount was 70 nmol cm−2, which is ≈80 %
less than that released by electrochemical stimulation from the
same film even at N2H4 concentrations up to 10 M. The au-
thors suggest that this is due to the low porosity of the film that
unable the hydrazine molecule to penetrate and reduce the
PPy film. Although hydrazine is used as an intermediate in
pharmaceutical applications, it is toxic and unstable at room
temperature [56]. Another example is dithiothreitol (DTT)
which, despite being a strong reducing agent, failed to release
any detectable ATP from the PPy film after been exposed for
an hour. In addition, the incorporated drug can be released by
decreasing the pH. This causes chemical deprotonation of the
conducting polymer and the diffusion of the drug out of the
film in parts of the body to be treated [55]. For example,
Pernaut et al. [55] released the ATP drug anions from the
PPy by treating the film with an alkaline NaOH solution.
The alkaline solution deprotonated and reduced the
conducting polymer, which resulted in the ejection of ATP
ions and incorporation of hydrated sodium cations. However,
the release rate due to the pH change is faster but releases
≈60 % less than the electrochemical stimulation [55].

In the second type of release system, the molecules are
delivered by applying an external electrical potential to
oxidise and/or reduce the films [57]. In general, two types
of stimulation protocols can be used named step potential
and cyclic potential. By applying a negative potential, the
polymer film is reduced and its cationic charge is
neutralised, which causes the ejection of the anionic drug
by electrostatic force synchronised with the ingress of hy-
drated cations into the polymer bulk. This leads to the
film swelling [31, 58]. However, holding the film under
a negative stimulus potential for a period of time can
cause the film to lose its electrical conductivity which is
not always possible to recover [31]. Cycling the potential

has the effect of moving hydrated ions in and out of the
conductive polymer causing expansion and contraction
which force drugs out of the film [31, 59].

Cyclic stimulation is potentially more effective and able to
release higher amount of drug compared with the step poten-
tial; however, cyclic potential exposes the film to a physical
stress as a result of swelling and contraction, causing delam-
ination, cracks and breakdowns [31]. For example, it has been
reported that the PPy film started to delaminate after 12 min
when a cyclic potential stimulation was used to release
neurotrophine-3 (NT-3) [39].

Despite the flexibility and release control provided by the
electrochemical release method compared to the chemical one
[55, 59, 60], this method still prevents its extensive use in in-
vivo release systems because an external power supply is
needed. Some drug delivery systems do not need external
power sources and can use chemical, pH and temperature
changes to release the drug, but such systems still have short-
comings. For example, the amount of drug released is lower
than that released by the electrochemical method.

One of the problems with these systems is that the drug is
released spontaneously and there is little or no control during
the process. In order to avoid this problem, a multilayer sys-
tem of conducting polymers has been proposed. The multilay-
er polymer films consist of freelance conducting layers each
with a particular redox potential. For instance, Fig. 3 shows a
schematic diagram of a bilayer conducting polymer system
where the first layer of conducting polymer (CP1) is electro-
deposited on the electrode surface from a solution containing
the monomer and the anionic drug A−. The second layer CP2,
with a higher redox potential than the CP1 layer, is electrode-
posited on top of the CP1 surface. There is no spontaneous
drug release from the system when this bilayer system is used.
The unstimulated CP2 layer acts as a protective layer be-
tween the release medium and the CP1 layer [60, 61]. Once
the bilayer system is fully reduced, the incorporated A− drug
is released into the medium. In addition, the CP2 can be
doped with other drugs which can make the system a
dual-drug delivery system. It is worth noting that the oxida-
tion potential of the first layer should be lower than the
oxidation potential of the following layer; otherwise, the
CP1 will act as an insulator before it can oxidise and pre-
clude the electropolymerization of the second layer. In addi-
tion, the oxidation potential of the second layer should be in
a range that does not cause over-oxidation of the first layer
which thus can loss its conductivity. This condition is also
valid for the other layers if the system consists of more than
two layers [61].

The most promising drug delivery system from those de-
scribed above is the one that uses an electrical potential in
order to reduce the polymer and expel the pharmaceutical
product. There is also other novel and advanced possibilities;
the following is a brief description.
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A self-powered drug delivery system based
on a galvanic cell

A limited number of studies have demonstrated a self-
powered, controllable drug delivery system. Such systems
can release a drug without the need of an external power
source. This simplifies the manufacturing process and may
reduce production costs. In addition, these systems do not
need power wiring, which may limit the application of drug
delivery systems, particularly for implant systems. Although
most reported studies used self-powered systems to release
dyemolecules or model drugs (less than 10 studies used actual
drugs), all relied on the same galvanic principle to generate the
power.

There are three techniques used to prepare the self-powered
drug delivery system based on a galvanic cell, which have
been demonstrated in the literature. In the first technique, the

CP is electrochemically deposited in a metal substrate such as
titanium foil [57]. In the second technique, the polymer film
attached or detached from a metal substrate, for example, Pt or
Au, is connected to a separate anode electrode such as Zn- or
Mg-based alloys [62]. The two electrodes are immersed in the
same electrolyte or submerged in separate half-cell connected
by a salt bridge. In the third technique, the CP film cathode
coated with a thin layer of an active metal, such asMg and Zn,
serves as the anode [58]. The galvanic coupling between the
Mg layer and the CP film provides the driving force for the
drug release as shown in Fig. 4.

All these techniques are based on galvanic coupling where
the conducting polymer electrode is employed as a cathode
and coupled with a metal electrode as an anode. Immediately,
in the presence of electrolytes, the soluble metal electrode
oxidises and begins dissolution, thereby reducing the CP,
which causes the expulsion of the incorporated molecules.

Fig. 3 Film consistent of bilayer
conducting polymers for drug
delivery system (Dual ions
transport). After Pyo and
Reynolds [61]
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As an example, the electrochemical reactions in the magne-
sium anode and a PPy cathode are shown below. The anode
reactions involve the oxidation of Mg metal to Mg2þ ions
together with hydrogen gas evolution [63]:

2Mg sð Þ þ 2H2O→2Mg2þaqð Þ þ H2 gð Þ þ 2OH−
aqð Þ ð5Þ

The cathode reaction involves the following conducting
polymer (PPy) reduction:

PPyþ:D− þ ne−→PPy0 þ D− ð6Þ
where D� denotes the anionic drug.

The data in Fig. 5 consider the effect of the galvanic cou-
pling between various active metals and conducting polymers
using different techniques on the release rates of model drugs
and dyes.

Ge et al. [57] used the first technique with the model drug
adenosine triphosphate (ATP). The drugwas incorporated into
the polymer matrix during the electrochemical polymerisation
of PPy by depositing the polymer on pure polished titanium
foil. The system released 60 % of the ATP drug within 5 h at
room temperature as shown in Fig. 5 (white circle). In addi-
tion, the authors reported that by coating the naked side of the
titanium foil with a thin eicosane-poly (L-lactide) blend film,
they reduced the released amount of the drug to 12 % under
the same conditions as show in Fig. 5 (black triangle). The
amount of the drug released increased by 74 % within the
same period of time, when the temperature rose to human
body level (37.5 °C) since the melting point of eicosane, at
36 °C, is close to body temperature, Fig. 5 (black hexagon).
This can help to protect the system at room temperature and
may provide an on-demand drug delivery system. However,
there are only few examples of this technology and the major-
ity of the studies focus on the coupling of metals like Zn and
Mg which are easily oxidised and cause the reduction of the
polymer with consequent expulsion of the drug molecule.

Magnesium is the most suitable metal for the application
described above; however, the electropolymerisation of
conducting polymers on its surface is challenging due to the
competition between the fast dissolution or passivation of the
Mg surface and the electrodeposition of the polymer. One

solution is to deliberately passivate the metal surface prior
the electropolymerisation with sodium salicylate in the elec-
trolyte. Turhan et al. [64] used different doping materials dur-
ing the electropolymerisation of pyrrole on Mg alloy AZ91D
including carboxylic acid, sodium oxalate, sodium malonate
and sodium salicylate. The result showed that PPy film was
only formed when sodium salicylate salt was used. This may
be due to the inability of the salt to inhibit metal dissolution.
The PPy film showed a good corrosion resistance in Na2SO4.
Sheng et al. [65] successfully electrodeposited PPy on zinc-
coated Mg alloy AZ91D from an aqueous solution containing
0.5 M pyrrole monomer and 0.2 M sodium tartrate salt. The
obtained films are homogeneous and strongly adhere to the
substrate working as an effective corrosion protection coating.
It appears that this methodology has not been investigated for
drug delivery system. One of the problems with this technol-
ogy is that the passivation of the magnesium surface prior or
during the polymer deposition may prevent the electron trans-
fer between the formed film and magnesium substrate. In this
case, the drug diffuses naturally out of the polymer film.

Recently, Cui et al. [66] used cathodic potentials to deposit
PPy on Mg, which helped to eliminate the dissolution of the

Electrolyte (NaCl)

Mg dissolution
Electrolyte (NaCl)

Galvanic cell

Mg thin film

PPy composite film

Fig. 4 A self-powered drug delivery system based on a galvanic cell
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Fig. 5 Comparison of various drugs released from polypyrrole films
using a galvanic cell. ATP release from a Ti foil: (white circle) coated
PPy film (one side) and (black triangle) 20 °C and at (black hexagon)
37.5 °C coated with PPy film (one side) and eicosane-PLLA blend film
(opposite side) [57]. Cumulative percentage of ATP release drug from
PPy-CC composite film: (black square) uncoated composite, (white tri-
angle) composite coated with a thin zinc layer and (black circle) compos-
ite coated with 500 nm Mg layer [58]. Cumulative percentage release of
MB dye from PPy-CC composite film (black diamond) and (white dia-
mond) coated with Mg thin layer. Release of dexamethasone in 0.1 M
PBS solution from a PPy film: (sum sign) passive release; (white square)
PPy film coupled with Mg-PLGA and (multiplication sign) PPy film
coupled to Mg-PVA [62]
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metal. They obtained a homogenous PPy film covering the
Mg foil as shown in Fig. 6a. The film was synthesised
−1.9 V (Fig. 6b) and −2.8 V (Fig. 6c) vs. SCE for 1800 s from
a solution containing 0.2 M Py, 0.5 NaO3 and 0.35 M HNO3.
The SEM images show that the film exhibits a regular porous
nanostructure PPy film as shown in Fig. 6b. In addition, the
authors reported that the film can be synthesised at a potential
between −2 and −2.8 V vs. SCE. However, the evolution of
hydrogen bubbles significantly hinder the formation of PPy
film at potentials lower than −2.8 V vs. SCE and irregular
films were obtained at <−1.9 V vs. SCE as shown in Fig. 6c.
Since this method avoids the formation of passive layer typi-
cally seen in the anodic deposition between Mg and PPy, this
procedure offers an alternative formation of a self-powered
drug delivery system.

Another possibility is to adsorb the polymer directly onto
the Mg surface by a simple immersion in a conducting poly-
mer solution. For example, Yfantis et al. [67] coated Mg foil
AZ31 with a conducting polymer by immersing the foil in an
emulsion of polyacrylic and PPy conducting polymers. The
obtained films improved the corrosion rate of Mg by ≈70 %
compared with uncoated Mg foil. The results showed that the
corrosion resistance increased with the increase of PPy con-
tent in the coating film. By contrast, a low corrosion resistance
was obtained when a PPy powder was added to the polyacryl-
ic matrix instead of using a polypyyole-polyacrylic emulsion.
This may have occurred due to changes in the physical prop-
erties of the coating film structure or the electrochemical re-
action between the composite film and the Mg surface. In-
creasing the coating film thickness by increasing the poly-
acrylic content had a limited effect on the corrosion rate.

Moulton et al. [62] reported using the second methodology
when the PPy film and the active metal are externally connect-
ed. The authors incorporated dexamethasone sodium drug
(DEX) into PPy films as a dopant during the galvanostatic
polymerisation onto a gold-coated electrode. The PPy/DEX
electrode, coupled with the Mg alloy in phosphate buffer led
to the dissolution of Mg and the reduction of the polymer
matrix releasing the DEX drug. The final concentration of
DEX was low (0.2 to 3.0 μg cm−2) but sufficient to be used
as a treatment dosage.

When magnesium was covered with bioresorbable poly-
mer such as poly (vinylalcohol) (PVA) and with poly (lactic-
co-glycolic acid) (PLGA) biodegrable polymer, the release of
DEX decreased compared with the test when Mg was uncoat-
ed because the amount of magnesium dissolved was low. The
authors used a salt bridge to connect the two PPy and Mg
coated half-cells. The final released level of DEX was

�Fig. 6 Cathodic deposition of PPy on a magnesium substrate a image of
electrode with the PPy deposited on the top part of the picture. SEM
image of porous nanostructure of PPy synthesised at b −1.9 V vs. SCE
and c −2.8 V vs. SCE for 1800 s [66]
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1.3 mg cm−2 (17 %) for Mg-PVA (multiplication sign in
Fig. 5) and 0.2 mg cm−2 (2.6 %) for Mg-PLGA (white
square in Fig. 5), compared to 3 mg cm−2 when uncoated
Mg was used in the test [61]. It has been reported that the
incorporated molecules diffuse into the solution after the elec-
trode was soaked in the electrolyte for more than 30 min be-
fore the galvanic coupling. In order to minimise this diffusion
and ensure that the dye was released due to the galvanic effect,
a bilayer of the conducting polymers PPy-PSS was deposited
on the main PPy phenol red layer, preventing the release of the
phenol red dye for 4 h [62].

Wang et al. [68] incorporated phenol red salt (PR) into a
PPy matrix during its electropolymerisation. The PPy-PR
cathode was galvanically coupled with the Zn counter elec-
trode in a sodium dodecyl sulphate (SDS) solution. The
oxidisation of Zn and the reduction of the polymer matrix
resulted in 55 % of phenol red salt released rapidly in 740 s.
The rate of release declined with time, and 67 % of the dye
was expelled in 60 min.

Jensen and Clark [69] used a chemical method to incorpo-
rate dyes from the phenol red class into PPy conducting poly-
mers. Initially, they dissolved the dye in a water-ethanol mix-
ture with pyridine. The mixture was incorporated into an ox-
idant solution of iron (III) p-toluenesulfonate (Fe (III)) PTS in
butan-1-01 and printed on a range of substrates either directly
using a pipette or using a Dimatic Materials Inkjet printer
Model 2811 facilitated with a DMC-11610 cartridge (10 pL
nominal injection volume). After the sample dried, the sub-
strate was used as a polymerisation template where it was
exposed to monomer vapour to form a conducting polymer
film. In the second part of the experiment, the polymerisation
inhibitor factor pyridine and the monomer were added into the
dye-oxidant mixture and then they were applied to the sub-
strate. The substrate was then heated for 20 min at 70 °C to
evaporate the inhibitor factor and complete the polymerisation
process. The dye molecules were successfully released in
0.1 M NaCl solution using Zn anode and the PPy containing
the dye as a cathode on a paper coated with conducting poly-
mer. The authors also incorporated dyes in PEDOT polymer
but found that this polymer was not able to release the incor-
porated molecules [69].

Ge et al. [58] described a self-powered drug delivery
system based on a PPy-cellulose (PPy-CC) composite
film and have used the third method mentioned above. They
incorporated the model drug ATP during the polymerisation
process and then sputtered a thin layer of Mg or Zn at
various thicknesses onto one side of the composite film.
They reported that the drug release rate into 10 ml NaCl
solution was slightly increased when the Mg layer grew
from 450 to 500 μm. The drug release was higher when a
Mg anode (90 %) was used instead of Zn (33 %) as shown
in Fig. 5 (black circle and white triangle, respectively). This
is because the Mg electrode potential is higher than that of

Zn. The authors report a concentration of Mg2+ ions of
≈14 ppm that is safe for the humans.

Figure 5 also shows the comparison of the release of a
cationic molecule such as methylene blue (MB) dye under
galvanic conditions. The dye was absorbed on a (PPy-CC)
composite film coated with thin magnesium. The curves in
the figure show that in the presence of Mg (black diamond),
the percentage released was 12 % whereas in its absence
(white diamond) was ≈24 % over 5 h. The decrease is due to
the reduction of the polymer because of the Mg corrosion,
which leads to the reincorporation of the cationic MB on the
polymer bulk and minimises its diffusion into the medium.
This effect may be beneficial to eliminate spontaneous release
and to control the cationic drug release over time.

It will take some time before these systems can be used
in vivo because a detailed understanding of the toxicity of
the metal anode, corrosion process and the amount of ion
dissolution is required before the process can be used in an
implant system [62]. Despite the attractive features of these
systems, shortcomings remain. A number of attempts have
been made to improve and control the release in order to
increase the final drug concentration resulting in a high initial
rate of release of molecules, but their final concentration in
solution is low.

The use of catalytic nanomotors for self-powered
drug delivery systems

The next generation of intelligent drug delivery systems is
based on autonomous self-propelled nano- and micro-scale
robotics that are able to catalytically convert chemical energy
from their environment to mechanical energy [69–72]. These
miniaturised systems can be divided, depending on their mo-
tion and actuation into two main types: micro/nano motors
and micro/nano pumps [70, 71, 73].

The first catalytic nanomotors were discovered by Paxton
et al. in 2004 [74]. The device consisted of two segments: Au
and Pt. The bimetallic segments are each 1 μm long and
370 nm in diameter. The device used hydrogen peroxide fuel
and relies on a self-electrophoresis mechanism. The fuel is
oxidised to oxygen at the surface of the Pt section, thus caus-
ing the released electrons to be transferred through the metal-
lic nanorods to the Au segments, where the hydrogen peroxide
is reduced to water. This made nanorods in the two segments
behave as a short-circuited electrochemical cell that provides a
path for electrical current to flow. The electron transfer is
compensated by the generation and consumption of protons
on the surface of Pt and Au segments, respectively. The move-
ments of positively charged ions create an electroosmotic flow
on the nanorods/liquid interface and drag the electrolyte solu-
tion by viscosity forces, thus causing the movements of nano-
rods in the reverse direction by speeds that are up to
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≈40 μm s−1 [71, 73]. In addition, other proposed catalytic
nanomotors have used different propulsion methods, such as
self-diffusiophoresis (spontaneous motion of dispersed parti-
cles in a fluid induced by a concentration gradient) [75] and
bubble ejection [76]. Moreover, these miniature devices can
be propelled and controlled by external stimulation, such as
magnetic fields [77, 78], external electric fields [79], visible
light [80], ultraviolet light [81] and ultrasonic energy [82, 83].
Catalytic nanomotors are able to perform sophisticated tasks;
they communicate with each other and navigate autonomous-
ly in a microfluidic channel following the fuel concentration
gradient and changing velocity depending on pH [70, 71,
84–88]. Sundararajan et al. [89] electrodeposited conducting
polymer PPy on the side of the Au segments of Pt-Au catalytic
motors. The nanomotors selectively pick up a positively
charged polystyrene-amidine microsphere on the side of the
negatively charged PPy segment at one end of the rods since
the PPy segment has a more negative zeta potential than the
metal segments. The presented nanomotors can transport the
attachedmicrosphere model cargo, and the motor translational
motions decrease with the increase of microsphere radius. The
nanorods start to move in a translational motion when the
nanosphere radius increases to 1.65 μm. Ni segments were
incorporated into the motor to add more control on the motion
by using an external magnetic field. The segments sequence of
the modified motors is Pt-Ni-Au-Ni-Au-PPy. Using a few-
hundred-gauss electromagnetic field made it possible to con-
trol the direction of the movement and reduced the rotational
diffusion of the rod, although the applied magnetic field de-
creases the motor linear movement.

It was demonstrated that the incorporated molecules can be
released by using chemical stimuli [90] and the pH change of
surroundingmedia [73, 91] or by using an external stimulation
factor, such as UV light [92] and magnetic fields [93]. Theo-
retically, it could be possible to electrodeposit a PPy-
containing drug on the nanomotor side that is then coated with
Mg. The nanomotors transport the PPy cargo, which is the
desired target, and the galvanic coupling between the Mg
and the conducting polymer films releases the drug as shown
in Fig. 7.

The concept of transportation and the release of an incor-
porated drug using nanomachines have been demonstrated by
a number of studies. However, several problems and chal-
lenges remain and need to be resolved in order to use these

machines in biomedical applications [71]. For example, the
biocompatibility of these systems and their effect in-vivo ap-
plication must be investigated [71]. Other areas of research
ought to include the effect of the physiological environment
on the operation and performance together with the interaction
between the nanomotors and the surrounding medium such as
electrostatic interaction with surrounding walls [71]. The pre-
cise speed control of the nanomotors and the provision of
steady movement in the real 3D environment should be con-
sidered before these machines can be used in-vivo [94, 95].
These machines use toxic fuels such as hydrogen peroxide or
hydrazine which may obstruct their use in biomedical appli-
cation [71]. The use of a biological fuel such as glucose [96] or
other biocompatible fuel may be a solution. The circulation
path management of the nanomotors in the living body and
their safe disposal is not clear, and further studies are needed.

Mano et al . [96] demonstrate a self -propelled
bioelectrochemical motor powered by the glucose-oxygen re-
action. The motor is made of carbon fibres and divided into
three segments. A hydrophobic segment at the middle ranging
between 6 and 10 mm and a hydrophilic, 1 mm anode and
cathode at the end sides. The anode and the cathode are mod-
ified with bioelectrocatalyst redox polymer wired glucose ox-
ide and redox polymer wired bilirubin oxidase, respectively,
for the oxidation of fuel glucose and oxygen reduction. The
catalytic oxidation of glucose at the anode induces electrons to
move from the anode to the cathode side where oxygen is
reduced. The electron stream is compensated by a proton
stream through the solution from the anode to the cathode
causing the motor movement. The hydrophobic segment
caused the motor to float at the gas/air interface which reduces
the drag force and allow the motor movement.

Zhang et al. [72] designed a self-propelled motor driven by
a rapid polymerisation reaction of poly (2-ethyl
cyanoacrylate) (PECA), which has been approved by the Fed-
eral Drug Administration for biomedical purposes. The motor
consisted of hydroxide anion exchange resin beads (Amberlite
IRA-400) soaked in PECA/acetone solution. One side of the
beads was coated with poly (methyl methacrylate) (PMMA)
to direct the propulsion and allow the motor to float in the
electrolyte. When the motor floated in an ionic electrolyte,
the hydroxide ions released from the beads surface trigger
the PECA depolymerisation, causing the motor to move by
160 mm s−1 in 1 M NaCl solution. However, the motor speed
significantly decreased to 10 mm s−1 when the experiment
performed in relatively higher pH 7.4, in phosphate buffer
saline. This may reduce the efficiency of the motor in-vivo.
The drug can be incorporated in the motor fuel (PECA poly-
mer) and released with the non-toxic products of the PECA
depolymerisation. In addition, other researchers have pro-
posed a fuel-free motor that requires external power force,
such as an external magnetic field, which may complicate
use in-vivo, to drive it. The suitability of these machines is

Fig. 7 Catalytic nanomotors for a self-powered drug delivery system.
After Pumera [71] and Sundararajan et al. [89]
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still questionable because they are usually designed from a
non-degradable material having the potential to generate toxic
species such as nickel, chromium and silver ions [77, 97, 98].
Biocompatible and biodegradable materials instead of the
non-degradable metals such as Pt are commonly used to fab-
ricate these motors.

The chemical and electrochemical reaction between the
nanomachine segments such as the likelihood galvanic corro-
sion of the segments should be understood before the use of
these machines in real applications. Other aspects needed to
evaluate the performance of the nanomachines include size
and design, effect of biological substances and ions, the phys-
iological environment such as temperature, pH, pressure, flow
rate of the body fluid and tissue type [71].

The use of implantable biofuel cells
for a self-powered drug delivery system

Biofuel cells, also known as biological fuel cells, can directly
convert chemical energy to electricity by using biocatalyst
redox reactions. The cell structure includes two electrodes
with one coated with biological electrocatalyst material, such
as proteins, enzymes or whole living cell organisms to catal-
yse the oxidation of the biofuels onto the anode electrode and/
or catalyse the reduction at the cathode [99–101]. The major-
ity of the enzymatic biofuel cells employ a reversible redox
active electron transfer mediator to shuttle the electrons be-
tween the enzyme reactive site and the electrode. This type of
fuel cell is identified as an indirect biofuel cell or mediated
electron transfer (MET) [101, 102].

This energy conversion technology is a promising sus-
tainable implantable electrical energy source to power sev-
eral biomedical devices, such as pacemakers, neuromorphic
circuits, artificial organs, implantable sensor and monitoring
devices and drug delivery systems [103–106]. Zhou et al.
[105] proved the concept of biofuel cells to power drug
delivery systems. They demonstrated a biocomputing, log-
ic-based, autonomous detection and self-powered controlled
drug delivery system based on an enzymatic biofuel cell.
The system, ‘sense-act-treat’, is made of a glassy carbon
electrode modified with a carbon nanotube and Meldola’s
blue. The cathode is Au coated with ((poly (3,4-
ethylenedioxythiophene)–(PEDOT) containing acetamino-
phen drug (APAP) in 0.1 M PBS electrolyte (pH 7.4) con-
taining nicotinamide adenine dinucleotide (NAD+) as the
cofactor. The biomarkers for abdominal trauma lactic acid
(LAC) and lactate dehydrogenase (LDH) are selected as a
signal inputs. The results show that there is no drug release
detected in the absence of one input signals ((LAC,
LDH) = (0,0), (0,1) and (1,0)). In the presence of both bio-
marker signals ((LAC, LDH) = (1,1), the NADH was
oxidised at the anode, which with the reduction of PEDOT

at the cathode caused the drug’s release. The designed bio-
fuel cell can produce a maximum power output density of
33.8 μWcm−2 at ≈0.40 V.

Other alternatives to increase the amount of drug contained
in the polymer structure have been suggested. These strategies
consist in increasing the surface area by incorporating
nanoporous structures within the polymer or by
nanostructuring the polymer itself. The next section explains
the most common techniques used to obtain nanoporous sur-
face structures and their advantages for drug release.

Conducting polymers utilising nanoporous surfaces
and nanostructures

Although an increase in the thickness of the conducting poly-
mer films increases the amount of drug that can be incorpo-
rated, the resistance of the films increases and the
electroactivity decreases [107]. It has also been reported that
thin films released a larger proportion of the incorporated drug
than thicker films, although more molecules may also be re-
leased by thicker films by determining the appropriate elec-
trode potential with or without longer release time [39, 49].
For example, Thompson et al. [39] reported using a 3.6 μm
PPy/PTS/NT-3 film, to release 5.6 and 3.4 ng cm2 of a neuro-
trophic factor when the film was pulsed at ±0.5 mAcm2 at
5 Hz and unstimulated over 7 days, respectively. This amount
is lower when compared with 8.8 and 5.3 ng cm2 from a
thicker film 26 μm using the same release protocol and shows
the importance of film thickness.

The efficiency of polymer films in releasing the drug is
higher from the surface than from the bulk [59]. This may
help to overcome the shortcomings of traditional conducting
polymer films, which includes low capacity to load the drug
associated with limited surface area. The amounts of the drug
released from these films by electrical stimulation are low and
not stable or sustainable, which leads to restricted application.
Researchers are attempting to develop and manufacture mate-
rials with well-controlled structures at the nanometre scale for
various applications. In the area of controlled drug delivery
systems that are based on conducting polymer films, the con-
struction of conducting polymer nanostructures is an effective
way to increase the surface area of polymer films and thus
increase the efficiency of the integration and release of a drug.
Figure 8 compares the release of some previous studies of
different drug release percentage using nanostructured PPy
films.

Membrane porosity and thickness

Nanoporousmembranes are used as a template where one side
of the membrane is coated with conducting material to serve
as a working electrode, and then the conducting polymer is
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electrodeposited into the pores of the other side. After attaining
the required thickness by controlling the total charges passing
through the polymerisation process, the nanoporousmembrane
template is dissolved with an appropriate material. A synthesis
drug delivery system, designed by Leprince et al. [108], used
this methodology; it was electrically controlled to deliver and
release the anti-inflammatory drug dexamethasone (DEX).
The procedure consisted on evaporating gold on one side of
a nanoporous polycarbonate template to form a layer of 21 μm
thickness as a working electrode. Then, platinum was electro-
chemically deposited into the pores of the other side of the
polycarbonate template. After removing the polycarbonate
template, the PPy/DEX was potentiostatically deposited on
the resulting platinum nanopillar brush that resulted from dis-
solving the polycarbonate template [108].

The PPy/DEX nanostructured electrode was cycled in
20 mM PBS with 150 mM NaCl at room temperature and pH
7 between −0.8 to 0.9V vs. Ag/AgCl byCVat 100mV s−1. The
reduction and oxidation peak of PPy/DEX film on the nano-
structured electrodes appeared at −0.2 and 0.15 V vs. Ag/AgCl,
respectively, which is significantly lower compared to oxidation
potential peaks when planar electrodes were used. This de-
crease in the operating potential for the drug release is due to
the increase in the surface area. The positive adhesion between

the polymer and the electrode metal substrate improved the
mechanical stability of the PPy film; unlike the flat PPy films,
the nanostructured PPy/DEX film did not show cracks or de-
lamination on after 150 CV stimulation cycles to release the
drug suggesting that this design may improve the efficiency of
the polymer electrodes in the long term [108].

Increasing the film thickness could enhance the amount of
drug released without affecting the profile [8, 39, 108]. For ex-
ample, Leprince et al. [108] reported the manufacture of two
films that consumed 27.4 and 700 μC cm−2 during the
electropolymerisation. Cyclic voltammetry stimulation of these
films between−0.8 to 0.8V vs. Ag/AgCl released 39 and 106μg
from the thin (27.4 μC cm−2) and thick (7004 μC cm−2) films,
respectively, after 150 cycles as shown in Fig. 8 (white triangle
and white down-pointing triangle, respectively). This amount is
three times more for an increase in film thickness of 25 times
which although not proportional is sufficient to alleviate the in-
flammatory reactions surrounding body implants. Furthermore, it
has been found that the amount of drugs released from the film
by diffusion without electrical stimulation was negligible.

The authors also found that the potential sweep rate affects
the rate of drug released and the film properties. At high sweep
rates, the drug ions inside the polymers’ bulk oscillate but they
are not released as they too deep incorporated into the polymer
structure and have no time to diffuse towards the solution be-
fore the cycle has changed direction. At low sweep rates, sim-
ilar observations were made: if a negative potential is applied
for a long time, the film becomes an electrical insulator because
it loses the incorporated doping ions and the recovery of the
film’s conductivity upon reverse oxidation becomes more dif-
ficult. The experiments suggest that the sweep rate should be
optimised for effective drug release without losing the conduc-
tivity of the film. The authors report that 100 mV s−1 is an
optimal sweep rate to release the anti-inflammatory drug dexa-
methasone while maintaining the characteristics of the film
[108]. Jiang et al. [109] found that the sweep rate markedly
affects the release of ATP drug from a PPy nanowire network
coated by a PPy film considerably. The amount released in-
creased significantly from 57 % to 89 % and 95 % when the
system was stimulated at 50, 100 and 200 mV s−1, respectively,
within 10 h. This suggests that the amount of drug released is
not directly proportional to the thickness of the film and that the
film releases molecules more efficiently from their surface rath-
er than from the bulk of the polymer. This might have been
resulted from the fact that the thicker films are less electroactive
and allow lower diffusion rates of the drug molecule.

The increase of the electrode surface area enhances the
incorporated drug in the PPy film but does not necessarily
increase the amount of drug molecules per monomer of pyr-
role. For example, Li et al. [110] used XPS to suggest that 103
and 765 pyrrole monomers units are needed to incorporate one
molecule of antischistosomiasis, trichlorfon drug (TCF) in
ITO and RVC electrodes coated with PPy, respectively. They
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Fig. 8 Effect of nanostructured films for drug release of different
molecules. Dexamethasone from: (white triangle) thin (27 μC cm−2)
and (white down-pointing white triangle) thick (700 μC cm−2) films
stimulated by CV at a sweep rate 100 mV s−1 [108]. (Black circle)
Risperidone release from nanostructured PPy stimulated at ±0.6 V Ag/
AgCl; 0.5 Hz and (black down-pointing black triangle) without electrical
stimulation, (white square) release from conventional PPy films
stimulated at ±0.6 V vs. Ag/AgCl; 0.5 Hz and (black triangle) without
electrical stimulation [115]. Aspirin release: (black square) from
conventional non-stimulated PPy, (white diamond) unstimulated
nanostructured PPy, (black diamond) conventional stimulated PPy
(black hexagon) stimulated nanostructure at −0.6 V vs. SCE [139]
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reported that RVC electrode is a better system for this drug as
incorporated and released larger amounts of TCF than the ITO
electrodes due to its larger surface area even if more monomer
pyrrole units were needed.

Closed packed colloid crystal array templates

Self-assembled polystyrene (PS) templates are used to fabri-
cate porous materials involving several steps to obtain a uni-
form nanoparticle template where a conducting polymer can
be electrochemically deposited [111, 112]. After deposition,
the colloidal crystals can be dissolved in tetrahydrofuran,
yielding porous conducting polymer films. The driving forces
for the formation of close-packed (PS) crystals involve elec-
trostatic interaction and lateral capillary force, and the ion
diffusion during the evaporation is considered to be an impor-
tant factor for the successful assembly of ordered structure on
the latex surface [113].

Cho et al. [114] developed an electrically controlled nano-
particles release system based on nanoporous PPy conductive
films which incorporated biotin (molecular probes) during the
electrochemical deposition. The authors used an aqueous solu-
tion of 0.1 M Py monomers, 9 mM biotin and 0.01 M sodium
dodecylbenzenesulfonate on an indium tin oxide (ITO) elec-
trode modified with polystyrene spherical template (spherical
diameter 1μm) using a cathode potential of 0.7 V vs. Ag/AgCl.
After dissolving the polystyrene template, the film was
immobilised with streptavidin-coated gold (Au) NPs with a
diameter of 1.4 or 5 nm at a concentration of 0.1 mg cm−3.
Cyclic voltammetry from −1.0 to +1.0 V vs. SCE in 0.1 M
phosphate-buffered saline (PBS) containing 5 mM mixture of
K4Fe (CN)6/K3Fe (CN)6 was used to observe the electrochem-
ical properties of the films’ surface at 50 mVs−1. The release of
biotin was stimulated between −2 and 2 V vs. Ag/AgCl for the
Au-NPs for different time intervals. The results show that the
porous biotinalited PPy films along with the electrical stimula-
tion permit a controllable release of the gold nanoparticles by
changing the strength of the chemical bonds between the PPy
and biotin. The SEM images showed that a cleaned defined
porous surface with clear spherical voids is interrelated and
arranged in a similar manner to the arrangement of polystyrene
pellets used in a template [114].

Luo et al. [59] designed a system to release a fluorescein,
based on porous PPy. They pre-treated 3-mm-diameter GC
electrodes rods by dropping 5 ml of a 1 % (w/v) PS nanobead
suspension (mean diameter 46 ± 2 nm) using a micropipette.
The electrodes were placed vertically until the suspension
dried over several hours. The template solidified by heat treat-
ment at 60 °C for ≈15 min. The PPy film incorporated with
fluorescein was potentiostatically deposited on the GC elec-
trode at 0.9 V vs. Ag/AgCl for 200 s in a solution containing
0.02 M Py and 0.01 M fluorescein sodium salt. Then, the
polystyrene template was removed by steeping the electrode

in toluene for 12 h. The filmwas stimulated to release the drug
by applying −2 V vs. Ag/AgCl for 10 s in a cell containing
1.6 ml 0.1 M PBS (pH 7.4). The amount of released fluores-
cein from the porous PPy film was ≈10 times more than the
released amount from the non-porous PPy film synthesised at
the same conditions. This suggests that the porous surface
increased the surface area of the film and, thus, increased the
amount of the incorporated fluorescein promoting more effec-
tive drug release. In addition, the amount of the released fluo-
rescein from the nanoporous film without electrical stimula-
tion (pure diffusion) is negligible (3 %) compared to the con-
trol released using electrical stimulation. This indicates that
the drug release system based on nanoporous PPy is a true
controlled system [59].

The value of the negative applied potential on the amount
of released drug was evaluated. It was observed that a gradual
increase in the released drug amount will occur when a fixed
potential between 0 and −2 V vs. Ag/AgCl is applied. It is
interesting that some released amount of drug was observed
when a positive potential 0.5 V vs. Ag/AgCl was applied. The
release of the drug at a positive potential may have been
caused by the negative capacitive current that surged at the
end of the positive potential pulse or due to film actuation.

Sharma et al. [115] reported the electropolymerisation of
PPy on a 3-dimensionally macroporous poly-methyl methacry-
late (PMMA) colloidal crystal template of ≈430 nm diameter
supported on stainless steel. A cationic drug, risperidone, was
physically entrapped inside the macroporous PPy film (6–7μm
thick) by dropping 20 μL of methanol containing 0.1 M risper-
idone. The colloidal template PMMAwas removed by chemi-
c a l e t c h i n g , a n d t h e d r u g wa s e n t r a p p e d b y
electropolimerisation of a second PPy thin film (<0.5 μm) on
top of the macroporous film to avoid spontaneous release. The
macroporous film released a considerable amount of risperi-
done drug, 162.69 ± 3.6 μg under the application of ±0.6 V
vs. Ag/AgCl at 0.5 Hz over 1 h (black circle in Fig. 8). When
the film was not stimulated, the release over an hour was
119.8 ± 2.5 μg (black down-pointing triangle Fig. 8). This
compares well with the amount released from a non-porous
PPy film which, as can be seen in Fig. 8 (white square), is
42.5 ± 0.737 μg and 31.3 ± 0.4 μg for stimulated (±0.6 V vs.
Ag/AgCl at 0.5 Hz) and non-stimulated films (black triangle
Fig. 8), respectively. The increase of the drug release from the
macrostructure can be ascribed to the higher amount of the
incorporated within the high surface area of the modified film.
The authors reported that themacroporus polypyrrole film has a
higher surface area of 19.2 m2 g−1 compared to that of the plain
polypyrrole film at 4.8 m2 g−1.

Nanotubular structures

The unique properties of carbon nanotubes (CN) such as high
conductivity and surface area [116] have made them suitable
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for many areas of research such as: sensors [117], field effect
transistors [118], biological materials [119], hydrogen storage
[120], solar cells [121] and fuel cells [122]. As for medical
applications, the reports on their toxicity are still debatable but
the efficacy of carbon nanotubes to deliver a variety of drugs
ranging from small molecules to peptides and proteins has
been demonstrated.

Carbon nanotubes can have different mechanism to trans-
port drug molecules; they can form covalent or non-covalent
bonds with the chemical molecule, or they can be absorbed
within their cavities. However, the surface tension of the
liquid inside the nanotubes can reduce the effectiveness of
the filling. In addition, once a certain drug is inside the
nanotubes, the drug tends to diffuse out in an uncontrolled
manner. A possible solution is to close the ends of the filled
nanotubes by depositing a conducting polymer to control the
drug release [40].

However, there are many reports of the toxicity caused by
single-walled carbon nanotubes (SWCNT) and multiwall car-
bon nanotubes (MWCNT) such as oxidative stress of human
keratinocyte cells [123, 124], inflammatory and fibrotic reac-
tions in rats’ lungs [125] and inhibition of human HEK293
cells [126].

Ivanova et al. [127] synthesised an antibiotic and a virus
control system based on MWCNT/polyaniline composite.
The results revealed that MWCNT coated with PANI are bet-
ter sorbent for influenza viruses than the carbon nanotubes
alone. The viruses’ titre before sorption was 64 and was re-
duced to 16 after sorption in MWCNT, 8 in MWCNT/PANI
and 4 in PANI base. These results indicate that the absorption
of the viruses strongly depends on the absorbent materials.

The same authors investigated the sorption of the following
antibiotics: Gramicidin S, Teicoplanin Az, Bleomycetin and
Polymyxin B in MWCNT covered with polyaniline. A solu-
tion of 600 μl containing a concentration 0.2 mg ml−1 of the
antibiotics was added to different amounts of carbon nano-
tubes 1.25, 2.5 and 5 mg and incubated for periods of different
time: 15 min, 1 h and 18 h at 22 °C. This was followed by
separation of the antibiotic solution from the absorbent (car-
bon and viruses) by a centrifuge at 5600–8850 rpm for 5–
7 min. The amount of antibiotics in solution had been calcu-
lated and analysed before and after the absorption using
reversed-phase chromatography (RP HPLC) on microcolumn
liquid chromatograph using a multichrome-spectrum pro-
gramme. The results showed that the hydrophobic antibodies
Gramicidin S and teicoplanin A2 were removed within 1 h,
while the removal of the plymyxin B and bleomycetic, the
hydrophilic antibodies, took 18 h. This indicates that the ab-
sorption of antibiotics depends on the hydrophobic properties
of the sorption materials and the antibiotics structures.

Metal oxide nanotubes, such as nanotubular titania (TiO2),
which were discovered in the 1990s, are non-toxic and poten-
tially useful materials for many applications, including

biomedical ones [128–130] and are thermally stable and cor-
rosion resistant [131–133]. They have the same advantages
associated with scale that are found in carbon nanotubes,
and unlike carbon nanotubes, they can be manufactured at
low cost by hydrothermal, electrochemical and surfactant tem-
plate techniques, [132, 134, 135] This makes PPy/TiO2 nano-
composites a good candidates for drug delivery systems [131].
However, TiO2 have large bandgap and can be considered as
semiconductor materials [136, 137].

Noh et al. [138] designed a drug delivery system using
aluminium oxide nanotubes. A model drug, amoxicillin, was
loaded onto the internal nanotube structure and subsequently
permitted to diffuse in a phosphate buffer saline solution
(PBS) at a defined rate. The system showed a high rate of
release in the first 6 h, and the highest released drug amount
was 13 μg in the first hour. A relatively steady release profile
was achieved after 7 days. The system demonstrated sustained
drug release over 35 days, and the amount of drug released
was proportional to the square root of time. However, anodic
aluminium oxide is an electrical insulator and a passive sys-
tem. Therefore, the drug release is only controlled by
diffusion.

Other nanomaterials such as palygorskite clay which con-
sist of fibrillar single crystals of 20–30 nm diameters can also
be used to construct a nanostructure conducting polymer. For
example, Kong et al. [139] used it to construct a nanocompos-
ite film to absorb and release aspirin. The film was deposited
at 0.80 V vs. SCE for 500 s, onto an indium doped tin oxide
glass (ITO) working electrode from an electrolyte consisting
of 0.56 g palygorskite clay, 75 mg of aspirin and 0.34 ml
pyrrole in 25 ml PBS at pH 3.5. The natural nanostructure
palygroskite helps to increase the specific surface area of the
PPy film and enhance the drug incorporation and release due
to the high specific surface area, high adsorption and good
stability. Although the authors reported that the incorporation
of the non-conductive clay had reduced the electrochemical
activity of the film, the electrochemical effective surface area
increased significantly from 0.72 to 4.04 cm2 for conventional
and nanostructured films, respectively. The amount of aspirin
released increased due to the large surface area but also due to
other processes including doping, adsorption and ion dipole
interactions between the carbonyl groups of aspirin anions and
hydrated palygorskite cations (Mg2+, Al3+ and Fe3+). The re-
sult shown in Fig. 8 indicates that the aspirin released from the
nanostructured polymer after 160 min increased from
720 μg (white diamond) to 1527.5 μg (black hexagon) from
unstimulated and electrically stimulated films at −0.6 V vs.
SCE, respectively. This is higher than the amount released
from the conventional PPy film which was 320 and 870 μg
when the same procedure was used (black square and black
diamond, respectively).

Playgroskite with conducting polymers could enhance the
incorporation and release of other drugs and eliminate the
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problem associated with some hard templates such as
anodised aluminium oxide (AAO) and colloid frameworks
where the templates need to be removed which increases the
synthesis time or cause degradation of the drug.

Conclusions

1. Drug delivery systems can benefit from high concentra-
tion of pyrrole monomers since this prevents the electro-
chemica l ac t ive d rugs reac t ing dur ing the
polymerisation.

2. Low-temperature and low current densities will lead to
less defective polymer, high doping levels, high conduc-
tivity and high electrochemical stability; however, the
synthesis cost could be high.

3. Higher currents and oxidation potentials will form a po-
rous and more open polymer film structure, which facil-
itates ingress and release of drugs whereas low polymer-
isation potentials might produce low-quality polymer
films.

4. Tightly compact polymer structure can impede the mo-
tion of drug molecules to and from the conducting film.
The oxidation potential and current need to be fully con-
sidered because the potential increase may activate an
undesirable secondary reaction or over-oxidation of the
polymer.

5. Drug delivery systems based on conducting polymers
have the potential to be used locally in order to provide
the required concentration for long time periods of time,
without the need for repeated doses at frequent intervals.
These systems can lower drug toxicity and side effects,
providing protection and preservation of the drugs until
they reach their target, resulting in an improvement in
drug absorption rates.

6. The drug release is more efficient from the surface of the
conducting polymer films than from the polymer bulk.
By increasing the film thickness, the amount of drug
released is higher, but this increase is not proportional
and does not affect the release profile. It is possible that
this is due to the less electroactivity and lower diffusion
rates observed in thicker films.

7. The spontaneous drug release can be eliminated by using
multilayers of conducting polymer films with different
redox potentials. The layer in contact with the electrolyte
prevents spontaneous drug release. If the polymer layers
are doped with other drugs, a dual-drug delivery system
could be implemented.

8. The application of an electrical potential to a PPy film
causes the release of the drug; however, an external pow-
er source restricts its use in vivo.

9. Cyclic voltammetry can be used for drug absorption and
release. The amount is affected by the potential sweep

rate, and the film can be exposed to physical stress as a
result of swelling and de-swelling during the cyclic po-
tential, causing cracks and delamination. The sweep rate
should be optimised for effective drug release to keep the
integrity of the film.

10. Galvanic coupling between a biocompatible reactive an-
ode, such as Mg and the conducting polymer film cath-
ode could be used as an autonomous, self-powered
source and controller for a long-term implant drug deliv-
ery system.

11. The polymerisation of conducting polymers on a surface
of reactive metals such as Mg is a difficult and challeng-
ing task due to the competition between the dissolution
of the metal and the electrodeposition of the polymer.
Coating Mg with a less active metal and the use of sodi-
um salicylate salt during the polymerisation process may
passivate the metal and allow polymerisation on reactive
metals.

12. The polymerisation potential of pyrrole on nanoporous
and nanostructured electrodes is lower than on a flat
electrode and provide high surface area for larger
amount of drug storage.

13. The next generation of intelligent drug delivery systems
may be based on autonomous self-propelled nano- and
micro-scale robots able to transport the conducting poly-
mer’s drug cargo to the desired part of the body.

14. The literature reports wide range of conducting polymers
for drug delivery, but the amount of incorporated and
released drug is not always mentioned. A considerable
number of these studies express the released drugs in
different units which makes difficult to compare. Often,
the reports do not refer to the thickness of the film or to
the exposed surface area. Some experiments report data
captured over several days while others only consider a
few seconds.

15. There is an urgent need to reach a consensus on a proto-
col for conducting release experiments and reporting the
results.

16. Conducting polymer drug delivery systems still suffer
from obstacles that prevent their extensive use. In partic-
ular, the storage capacity is limited; the amount of drug
being released is very small, and the initial spontaneous
drug release from the conducting polymer is high.

Future work

Considerable challenges still prevent the use of drug delivery
systems in-vivo. These obstacles need to be resolved in order
to allow this technology to be used. Some future consider-
ations are outlined below:
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1. Intrinsic conducting polymers are usually not biodegrad-
ables and will need body surgery to extract them, increas-
ing the risk of infection and reducing the patient’s healing
and comfort. Grafting the monomers to a biodegradable
side group like glycine ethyl ester could solve the
problem.

2. Drug release can be carried out by several methods in-
cluding change of temperature, pH or electrical potential.
Each separate method however has shortcomings and a
more effective way could be the combination of them.

3. In order to use Mg alloys as a power source for a self-
powered drug delivery systems, the corrosion mechanism
must be understood to control the rate of Mg corrosion in-
vivo. The corrosion of Mg in vivo is a complicated pro-
cess influenced by the composition and temperature of the
surrounding environment. The Mg should biodegrade to
provide the required power to release the drug from the
conducting polymer and be expelled at the end of the
treatment period. A detailed understanding of the toxicity,
corrosion process and amount of ion dissolution is re-
quired before Mg can be used.

4. The autonomous nanomachines face bigger challenges
including biocompatible materials, operational perfor-
mance, electrochemical reactions and the interaction with
the surrounding media. The speed and direction in living
environments need to be considered. A biocompatible
fuel such as glucose should be used although a fuel-free
motor powered by a magnetic field has also been
proposed.

5. Inert metal nanoparticles such as gold embedded in the
nanostructured PPy (PPy nanowires, nanotubes) enhance
the conductivity of the polymer, increase the amount of
released drug and render the polymer more sensitive to an
external electromagnetic field stimulator. The advantage
of an electromagnetic field is that it is a non-invasive
technique and provides a power source for drug release
from the PPy. The use of electromagnetic field stimulator
with a biodegradable nanostructured PPy is an emerging
area of research [140].
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