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Abstract
Portable, wearable and implantable medical devices (IMDs) can be used to solve
various clinical problems such as monitoring of chronic diseases or artificial organ
transplantation. Current available IMDs are generally powered by an energy source
with a strong case for absolute encapsulation. It would be ideal to minimise the size
and volume of the power source for users’ comfort by removing the strong case if the
employed materials and by-products are safe for the body. In this thesis, two types of
cytocompatible conducting polymers have been fabricated via facial chemical
synthesis methods for use in bio-related energy sources that are capable of providing
energy with the use of simulated body fluids. They are polypyrrole/poly(3,4ethylenedioxythiophene)

polystyrene

sulfonate

(PPy/PEDOT)

hydrogel

and

asymmetric polypyrrole (PPy) membrane. The demonstrated bio-related energy
systems include a bioelectric battery and an energy harvesting system.
First, a robust hybrid PPy/PEDOT conducting polymer hydrogel is fabricated through
a

two-step

ionic

crosslinking

process

combined

with

a

subsequent

electropolymerization process. This hydrogel demonstrates suitable mechanical
property for electrode-cellular application and good catalytic ability to oxygen
reduction for the Mg-air battery. The assembled Magnesium-air biocompatible battery
can provide a stable voltage ， which may deliver sufficient capacity for some
implantable medical devices. This hydrogel has also been demonstrated to be a good
substrate for Adipose-derived stem cell adhesion, and cell differentiation via electrical
stimulation. The combination of excellent electrochemical properties, appropriate
mechanical properties and cytocompatibility make it a promising candidate for bionic
applications.
III

Then, the application of PPy/PEDOT hydrogel in an iron-air battery has been
investigated. Iron stent is considered to be an interesting candidate for biodegradable
implant material. Degradation of the iron anode in the simulated body fluid electrolyte
is improved when it is subjected to a discharge process in this battery system, as
evidenced by higher amount of iron produced as detected by atomic absorption
spectrophotometer analysis. This battery provides a stable potential and energy as well.
Electrochemical results also prove the improved corrosion rate of the iron anode;
including decreased corrosion impedance, increased anodic slope and positively
shifted corrosion potential. Combined with its cytocompatibility and energy providing
capability, this Fe-air battery may provide a dynamic technique to increase the
degradation rate of iron stent and provide energy for biological activities, potentially
for vascular intervention and osteosynthesis.
Finally, another energy source - a salinity energy harvesting system is developed by
using PPy membrane as an ion-exchange membrane and salt solutions with salinity
difference. In this system, a single component porous PPy membrane with an
asymmetric structure is prepared via a facile self-assembly process. It demonstrates an
electronically tuneable conductance, and asymmetric wettability at its two faces. The
system composed of this membrane can capture energy arising from a salinity gradient
using artificial seawater and river water; providing a stable current when connecting
with a resistor. The combination of cytocompatibility and capability of salinity energy
conversion makes this membrane a promising material for harvesting energy from the
stream of body fluid.
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Abbreviations
IMDs

Implantable medical devices

AIMDs

Active implantable medical devices

ORR

Oxygen reduction reaction

CPs

Conducting polymers

PRO

Pressure retarded osmosis

RED

Reverse electrodialysis

IEM

Ion exchange membrane

CEM

Cation exchange membrane

AEM

Anion exchange membrane

HC

High concentration solution

LC

Low concentration solution

PPy

Polypyrrole

PEDOT

Poly(3,4-ethylenedioxythiophene)

PSS

Polystyrene sulfonate

pTS

p-toluene sulphonic acid

CPHs

Conducting polymer hydrogels

FBS

Fetal bovine serum

DMEM

Gibco Dulbecco’s Modified Eagle’sMedium

βFGF

Basic fibroblast growth factor
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ALP

Alkaline phosphatase

PI

Propidium Iodide

ARS

Alizarin Red S

hADSCs

Human adipose-derived stem cells

SEM

Scanning electron microscope

EDX

Energy-dispersive X-ray spectroscopy

XPS

X-ray photoelectron spectroscopy

TGA

Thermal gravimetric analysis

FTIR

Fourier-transform infrared spectroscopy

CV

Cyclic voltammetry

EIS

Electrochemical impedance spectroscopy
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Chapter 1 Introduction
With increasing ageing population, there emerges an increased demand for portable,
wearable and implantable medical devices (IMDs). IMDs are the devices that are
either partly or totally introduced into the human body and directly contact with tissues
for functioning [1]. IMDs could be classified into two types based on whether their
functioning relies on an energy source or the body or gravity: passive implantable
medical device and active implantable medical devices (AIMDs) [2]. AIMDs able to
perform more complex functions are being widely used for different purposes of
monitoring or curing diseases. They can improve healthcare, aid or deliver the
functions of certain organs that are being utilized for diagnosis and treatment [3].
Representative AIMDS include stimulators, pacemakers, defibrillators, insulin pumps,
cochlea implants and other implantable monitors (Figure 1.1) [4, 5]. For these AIMDs,
a power source is an indispensable component for delivering sufficient energy to
ensure their proper functionality.

24

Figure 1.1 Examples of commercial active implantable medical devices [5].
1.1 Implantable power sources for medical devices
Power sources to drive AIMDs should possess properties such as long running life,
performance indication, and non-toxicity in the human body [6]. Longevity can reduce
the great suffering and financial burdens related to the surgeries for replacing the
power source. Biocompatibility is important to minimise the effect on the surrounding
tissues caused by the implants. Different types of power sources have been researched,
including energy storage devices (batteries, supercapacitors), bio-fuel cells, nuclear
cell and energy harvesting system [7]. Currently, electrochemical batteries (most
notably lithium batteries) are the predominantly used power source in AIMDs owing
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to their high energy density, long term stability, stable and predictable performance [8,
9].
1.1.1 Basics of batteries
A battery is an energy storage device capable of generating electrical
energy from chemical redox reactions. Based on the reversibility of those chemical
reactions, they can be generally categorized into two types: secondary (re-chargeable)
and primary batteries. The former type involves multiple charging/discharging cycles,
and primary batteries are designed to be used once.
In the discharging state of a battery, an oxidation reaction occurs at the anode and a
reduction reaction at the cathode. Electrons flow from the anode to cathode, while ions
move in the reverse direction via an ionic substance (an electrolyte) to close the circuit
[10]. In a secondary cell, inputting an opposite direction of the discharged current into
the cell can regenerate the chemical reactants to restore its original condition [11]. In
contrast, the reaction cannot be completely reversed in a primary battery. The
commercially available rechargeable batteries mainly include nickel-cadmium
batteries, nickel-metal hydride batteries, lithium ion batteries and lead-acid batteries.
Take a Li-ion battery for example, Li+ ions move between the anode and cathode via
the electrolyte during the charging and discharging processes, and electrons move via
an external circuit to complete the reaction (Figure 1.2) [12].
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Figure 1.2 Movement of Li+ ions balances the electrons during the charge and
discharge processes of a Li-ion battery [13].
1.1.2

Batteries for Implantable Medical Devices

For AIMDs, the power needs generally fall within the range of µW–mW as listed in
Table 1.1. [2].
Table 1.1 Power requirements of different AIMDs.
Implanted device

Typical power requirement

Pacemaker

30-100 µW

Cardiac defibrillator

30-100 µW

Neurological stimulator

30 µW to several mW

Drug pump

100 µW to 2mW

Cochlear implant

10 mW

The earliest practical implantable pacemakers appeared in the late 1950s and were
powered by Zn/HgO batteries [14]. It is important for an AIMD battery to be sealed
against the human body’s moist environment [15]. However, Zn/HgO batteries leak
hydrogen and therefore cannot be totally sealed. Nuclear batteries with the unique
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characteristics of high energy density and outstanding reliability were an appealing
alternative [7], however, toxicity and the necessary tight regulatory controls are two
major concerns that limited their application in medical devices [16]. Since the first
implantation of lithium/iodine–polyvinylpyridine (PVP) to power a pacemaker in
1972, lithium batteries such as Li/I2, Li/MnO2, Li/Ag2V4O11 batteries and lithium ion
batteries have become the dominant power sources in AIMDs [8, 17]. However, these
batteries contain toxic substances that possess poison or do damage to the surrounding
body tissues [7]. The safety concerns associated with the used toxic materials and/or
the products produced during the electrochemical processes needs a strong housing
and sturdy encapsulation as a barrier between the human body and hazardous batteries
[18]. As a result, the size of an AIMD is commonly determined by the battery
component because it occupies the largest volume and weight of the device. Providing
desirable energy to miniature medical devices becomes challenging due to the limited
available space or inaccessible location. Hence, there is a call for the development of
a biocompatible energy source that may be directly implanted into the human body or
can be generated inside the human body in combination with the use of biocompatible
materials.
Body fluids are rich in oxygen and ions that are suitable for use as an electrolyte in
metal air batteries. Using the inexhaustible body fluid as an electrolyte also eases the
worries of electrolyte degradation which is related with the chemical reactions of the
battery. Various body fluids such as gastric acid, blood, saliva and urine have
demonstrated their use in bioelectric batteries [19]. These types of batteries can be
easily miniaturized without the use of a case if the electrodes materials and their byproducts are all safe enough for body implantation [20]. It would be a bonus if the
employed electrode materials and the by-products are useful or even essential for the
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body, such as the inorganic substances Mg, Fe and Ca that are contained in our dietary
requirements.
1.2 Bioelectric battery
A bioelectric battery is basically a metal/air cell which relies on the oxidative corrosion
of metals at the anode and reduction of oxygen at the cathode with the use of body
fluid as electrolyte [21, 22]. It was first reported in the 1960s [23] where the device
consisted of a silver-silver chloride or carbon cathode, a sacrificial zinc anode and
body fluid electrolyte. It had been tested in clinical experiments in vivo [23, 24].
A metal-air battery system has the highest energy density among all aqueous batteries
[11], which results from the cell design that the cathode material oxygen is available
from the surroundings rather than being contained inside [25]. Oxygen from the
surroundings diffuses to the cathode surface and is reduced to hydroxyl ions. It is a
very attractive energy system for biocompatible power sources as the reactant oxygen
can come from the body fluid. Take the magnesium (Mg)-air battery as an example,
the generated hydroxyl ions migrate to the magnesium anode to complete the reactions
as shown in Figure 1.3. The Overall reaction is: 2 Mg+ O2 + 2H2O = 2 Mg (OH)2.
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Figure 1.3 Working principle and electrode reactions of a Mg-air battery [26].

1.2.1 Configuration of a bioelectric battery
Anode materials
As discussed above, the anode of a bioelectric battery is a sacrificial electrode where
oxidation reaction (loss of electrons) takes place. Different anodic materials have been
used; such as Mg, aluminium (Al), iron (Fe), manganese (Mn) and zinc (Zn) [27].
Moreover, Mg has attracted attention as biodegradable implants to support tissue
regeneration and healing due to the features of it being immunologically inert, with
matchable physical properties to the commonly used 316L stainless steel [28, 29]. The
product, Mg2+ ions, from the Mg anode in this battery are the essential element that
accounts for the fourth most abundant cation in the human body [26, 30, 31]. Apart
from the Mg2+, normal human males also possess 3-5 g of Fe in their bodies, and most
of them are in circulating red cells as haemoglobin [32]. For an Fe-air battery, its
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discharge reaction is Fe + 2OH- = Fe (OH)2 + 2e. The theoretical energy density of an
Fe/air couple is around 485 Wh/kg with an open-circuit potential of 1.2 V [33].
Compared with an Fe-air battery, a Mg-air battery can afford higher electrochemical
performance: A high power density (6.8 kW h kg−1) can be driven due to the high
theoretical capacity ( 2.2 Ah g−1 ) and low negative standard potential (-2.37 V vs
standard hydrogen electrode ) of Mg. Alloying Mg with other metals such as Al, Mn,
or Zn [34, 35] also has been extensively investigated to improve the battery
performance; as Mg alloy suppresses the HER and reduces the self-corrosion of Mg.

Cathode materials
The cathode material in a bioelectric battery is non-consumable and serves as a catalyst
for the oxygen reduction reaction (ORR). A high performance metal-air battery
requires an efficient “air breathing” cathode to facilitate ORR within a highly porous
structure [36], since the transport or diffusion of oxygen to active sites plays a key role
in determining the battery performance [37]. Biocompatibility is another important
desirable property for the cathode materials working in a human body. Noble metals
such as the Platinum (Pt) -group metals, in particular Pt itself, have been intensively
studied as cathodes for bioelectric battery because of their known high stability,
biocompatibility and superior electrocatalytic activity [38, 39]. For example, G.
Fontenier et al. proposed a platinum-magnesium bioelectric battery, showing good
organism tolerance and capable of supplying power to a pacemaker [38, 40]. Pt alloys
(i.e., Pt-Au, Pt-Co, Pt-Ni) and Pt nanoparticles have also been used for ORR with a
much improved reaction activity and battery performance [41, 42]. Nevertheless,
developing high performance low cost metal-free organic matter catalysts is the
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ultimate solution to overcome the obstacles of high cost, scarcity and sustainability
of noble metals [43].
Carbon-based materials are considered as one of the most promising ORR catalysts
with high activity and stability. They possess a relatively wide potential window for
stable catalysis and good conductivity for electron transfer. As a unique material
family that is composed of repeat units of carbon containing heteroatoms, conducting
polymers (CPs) have widely been explored as promising inherent electrocatalysts for
ORR due to their unique delocalized conjugated structures, excellent electrical and
electrochemical properties [44, 45]. Their properties and applications as
electrocatalysts in ORR will be discussed in section 1.4.
1.2.2 Research Progress on Bioelectric battery
Developing batteries with durable, biocompatible and reliable features will be
continuously progressing to meet the requirements of new generation of IMDs with
new functionalities. The bioelectric battery is expected to support the electronics with
multifunctionality over the long term. Many impressive examples that use a bioelectric
battery to power the IMDs have appeared in the laboratory or even in clinical studies
recently.
A Zn/Cu galvanic cell with gastric or intestinal fluids as electrolyte and tissues as the
salt bridge has been demonstrated. The involved reactions were oxidation of Zn
electrode (Zn → Zn2+ + 2e), hydrogen gas evolution (2H+ + 2e- → H2) and/or oxygen
reduction (O2 + 2H2O + 4e- → 4OH-) at the Cu electrode. It generated an open circuit
potential of 0.76 V with a galvanic apparent internal resistance of various tissues (heart,
lung, liver) [46]. This kind of Zn-Cu battery enclosed in a capsule had demonstrated
effective functioning in a porcine stomach in vivo (Figure 1.4) [47]. It was
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accompanied with semiconductor parts; including a potentiometer and digital
converter. This device delivered an average power of 0.23 mW/mm2 for 6.1 days to
power the temperature measurement in the gastrointestinal tract of pigs. It could also
continuously power wireless transmission, and drug delivery in vivo.

Figure 1.4 A gastric battery in a porcine model: a) Simplified architecture of the
measurement system; b) Photograph of the front and reverse sides of the system along
with encapsulation. The PCB includes a programmable load resistor (DCP), crystal
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(XTAL), microcontroller (μP), RF matching network (MATCH), and antenna (ANT)
on the front side, and the battery (BATT) and decoupling capacitor (CAP) on the back
side. c) Photograph of the encapsulated pill in contact with gastric fluid inside the
porcine stomach [47].

A similar Mg/CuCl bioelectric battery was developed as a power source to drive an
ingestible sensor with demonstrated safety for clinical use (Figure 1.5) [48]. It
composed of a Mg anode, a CuCl cathode with gastric fluid electrolyte that could
generate an open circuit potential of 1.85 V (Mg + 2CuCl → 2Cu + 2Cl− + Mg2+). This
battery had also demonstrated chemical, toxicological, mechanical, and electrical
safety for in vivo clinical application.

Figure 1.5 Photograph and schematic of an ingestible sensor [48].
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To power a temporary medical device, a bioelectric battery of magnesium–
molybdenum trioxide (Mg–MoO3) battery system was developed. It could separately
drive a LED, a calculator, and the amplifier of an electrocardiography signal detector
(Figure

1.6)

[49].

By

introducing

alginate

hydrogel

electrolyte

and

polyanhydride/poly(lactide-co-glycolide) (PLGA) coating on MoO3 cathode, the
battery was capable of providing a high stable output voltage of up to 1.6 V and a
capacity of 6.5 mAh/cm2 with a prolonged lifetime of up to 13d in humid air at room
temperature. A microfabricated Mg/Fe biodegradable battery featuring a total cell
volume of less than 0.02 cm3 delivered a capacity and power of 0.7 mAh and 26 µW.
Its operation in various physiological electrolyte solutions has been demonstrated and
its performance is listed in the Table 1.2 [50].

Table 1.2 Discharge performance of Mg/Fe batteries in different electrolyte solutions
[50].

0.1 M MgCl2

0.9 wt.%

Phosphate

NaCl

buffered saline

Discharge time (h)

49

90

99

Average discharge potential (V)

0.5

0.4

0.7

Specific capacity (mAh g−1)

509

1100

1060

Energy (J)

3.7

6.2

11

Power (µW)

21

19

29

Coulombic efficiency (%)

23

50

48

Change in electrolyte pH

2.11

3.05
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0.41

Figure 1.6 A LED light was powered by a magnesium–molybdenum trioxide (Mg–
MoO3) battery in air (A) and in phosphate buffered saline (B). (C) A calculator
powered by a Mg–MoO3 battery. (D) Measured ECG signal with the amplifier of a
detector powered by a biodegradable Mg–MoO3 battery [49].

As another important member of energy storage devices, protein-based
supercapacitors that use human body fluids (serum/urine) as electrolytes were also
developed and showed no adverse effects on cells after 4 d(days) continuous
charge/discharge cycles (Figure 1.7). The electrode was formed by anchoring cationderivatized (cationized) bovine serum albumin (cBSA) on graphene oxide sheets and
further modified with heme protein myoglobin in a layer-by-layer (LbL) manner [51].
These electrodes are very thin (1.14 μm), even thinner than a human hair, yet capable
of providing a high power density of 116 W/kg.
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Figure 1.7 Scheme illustrating a graphene oxide/ myoglobin bioelectrochemical
supercapacitor (centre panel) as a micropower source for biomedical implants [51].
1.3 Energy harvesting system
Different from the bioelectric battery that converts the stored chemical energy into
electricity, an energy harvesting system is a renewable energy source that can capture,
harvest or scavenge an ambient energy and convert it into electrical energy [52]. The
human body provides numerous potential energy sources including mechanical energy,
vibrational energy, chemical energy, and salinity gradient energy. The demonstrated
power systems derived from the human body mainly include glucose oxidation [53],
kinetic energy from limbs [54], natural vibrations of internal organs [55-58]. A small
power can also be derived from the temperature differences of the body and dissipation
heat by using a thermo-electric harvester [59]. The energy harvesting technology
offers two significant merits: virtually inexhaustible energy sources and little or no
adverse environmental effect [60]. For example, Tang et al. developed a self-powered
low-level laser Cure System driven by a triboelectric nanogenerator (TENG) (Figure
1.8) for clinical therapy of bone remodelling and orthodontic treatment [61]. However,
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it has limited biological applications because of insufficient biocompatibility and
stability [62].

Figure 1.8 A self-powered low-level laser cure (SPLC) system powered by a
triboelectric nanogenerator (TENG) that accelerated the mouse embryonic osteoblasts'
proliferation and differentiation [61].

Salinity gradient is an important power source in the biological system and involves
biological functions such as: adenosine triphosphates (ATPs) being synthesised by
proton gradients; nerve pulse being conducted through the change of sodiumpotassium gradients; and salinity variation has an effect on the activity of antioxidant
enzymes [63, 64]. Ion channels and ion pumps on the cell membranes work together
to form the ion concentration gradients and trigger the release of an action potential
[65, 66]. Take the electric eel as an example, their electrogenic cells (electrocytes) can
generate a potential of ~600 V for predatory purposes and defence [67]. Electrocytes
generate electrical discharges using ion channels and receptors, which are polarized at
the two sides of cell membranes [67, 68]. The salinity gradient between the
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intracellular and extracellular fluid in human body is in the range of 2-30, and in
principle it can be used as an energy source for generating a salinity gradient power.
1.3.1 Salinity power generation
Salinity gradient power is captured from water via partitioning two aqueous solutions
of different salinities across a membrane [69]. When two aqueous solutions of
different salinity are brought in contact, they will spontaneously mix [70]. The induced
Gibbs free energy will be converted into electricity (Figure 1.9) [71, 72]. Theoretically,
about 2 terawatts can be generated where the rivers flow into the sea on a global scale,
and it almost equals the world’s electricity consumption in 2015 [73]. Technologies to
harvest this clean and sustainable energy source mainly include pressure retarded
osmosis (PRO), mixing entropy batteries, and reverse electrodialysis.

Figure 1.9 Salinity difference between salt water and fresh water can be used to generate
renewable energy [72].

Pressure retarded osmosis
Pressure retarded osmosis (PRO) is a technique that uses a semipermeable membrane
to separate a solution with low concentration (e.g., river water) from a solution that
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is more concentrated (e.g., sea water) [74]. The semipermeable membrane allows the
solvent (water) to permeate and retains the solute (dissolved salts). The osmotic pressure
between these two solutions drives water molecules to transfer through the membrane from
the diluted salt solution to the more concentrated one [75].

Figure 1.10 Conceptual representation of pressure-retarded osmosis [76].

The currently available PRO application for seawater and fresh water with an osmotic
pressure difference of Δπ = 20–25 bar can yield a power density between 0.11 and
1.22 W/m2 [76]. From more concentrated brines and fresh water (Δπ > 75 bar), the
power density could reach 2-5 W/m2 when using the membranes with high
permeability, high salt rejection and low transport resistance [77].
Capacitive mixing batteries

The entropy increase from mixing two solutions of different salt concentrations can
be harnessed to generate electrical energy [78]. Capacitive mixing batteries are based
on an electrochemical cell with two electrodes dipping in the solutions with salinities
difference. This method has its roots in the ability to store a very large amount of
electric charge inside the supercapacitor or battery electrodes [79]. These electrodes
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could accumulate electrical charge that they are charged in one solution and
discharged in another. The potential can be generated due to the electrode potentials
difference induced by the salinity change (Figure 1.11) [80].

Figure 1.11 Schematic representation of the four steps of a capacitive mixing cycle.
The cycle begins with the cell filled with high-salinity solution. Step A: A current
flows in one direction. Step B: The circuit is opened, and solution in the cell is
substituted with a low-salinity feed solution. Step C: A current flows in the opposite
direction with respect to Step A. Step D: The circuit is opened, and the liquid in the
cell is substituted with a high-salinity feed solution [80].

The produced voltage of the capacitive mixing batteries depends on the adsorption of
charged molecules on the electrodes [81]. Activated carbon is the widely used material
in capacitive mixing batteries because of its huge surface area per gravimetric unit for
high specific capacitance; and its behaviour is close to that of an ideally polarizable
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material [82]. However, the peak power density obtained is only around 200 mW/m2,
which is far below those reported for PRO (1–10 W/m2 ) [83].
Reverse electrodialysis
Reverse electrodialysis (RED) is a reverse desalinization process that uses an ion
exchange membrane (IEM) to derive energy from the electrochemical potential
difference from the concentrated and dilute salt solutions [84]. When two solutions
are fed separately on either side of an IEM, ions will preferentially diffuse from high
concentration solution (HC) to low concentration solution (LC).
1.3.1.3.1 Basics of reverse electrodialysis
Membranes with specific charges can be used to capture the energy from a salinity
gradient by screening the passing ions, resulting in a net electrical current. Specifically,
anion exchange membranes that are characterized with fixed positive surface charges
allow anions to pass through, while cation exchange membranes with negative charges
allow cations to permeate through. In a reverse electrodialysis system with stacks of
ion exchange membranes, cation and anion exchange membranes are arranged in an
alternating pattern between a cathode and an anode (Figure 1.12) [76]. Take a sodium
chloride solution as an example, Na+ permeates through a cation exchange membrane
towards the cathode, while Cl- permeates through an anion exchange membrane
towards the anode. At the electrodes, the ionic current is converted into the electronic
current via a redox reaction. Electro-neutrality of the solution is maintained via an
oxidation reaction at the anode surface and a reduction reaction at the cathode surface.
As a result, electrons move from the anode to the cathode via an external electric
circuit.
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It has been shown that, in the case of river water with seawater (salinity ratio
0.05M/0.1M), the RED is a promising technique when compared with PRO, as the
PRO process requires extremely low concentration of the diluted solutions [76].

Figure 1.12 Conceptual representation of an energy conversion scheme using reverse
electrodialysis, “CEM” and “AEM” mean cation exchange membrane and anion
exchange membrane, respectively [85].
1.3.1.3.2 Ion-exchange membrane
In a RED process, the ion exchange membrane is the core component determining the
power conversion performance [86]. The predominant properties required for an
efficient RED membrane mainly include low electrical resistance, high transport
number, and high permselectivity [86-89]. In the charged nanochannels within ionexchange membranes, counter-ions are preferentially transported, that is, ionselectivity occurs[90]. Permselectivity indicates the ability of IEMs to selectively
transport counter-ions (e.g., cations in the case of a CEM) and exclude co-ions [91].
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Permselectivity of an IEM is highly related to the surface charge properties that are
determined by the density, type and distribution of surface charge groups [88].
Guo et al. developed a reverse electrodialysis system for efficient osmotic energy
conversion that was composed of negatively or positively charged lamellar
nanochannels cascaded in graphene oxide membranes (GOM) (Figure 1.13) [92].
Through the preassembly modification, the surface charge polarity of GO
nanochannels can be tuned from negative (−123 mC m−2) to positive (+147 mC m−2).
An output power density of 0.77 W m−2 was achieved by mixing artificial seawater
and river water.

Figure 1.13 Assembly and preassembly modification of the graphene oxide
membranes (GOM)-based nanofluidic energy harvesting device. A pair of cation- (nGOM) and anion-selective GOMs (p-GOM) are used to harvest osmotic energy from
concentrated (HC) and diluted (LC) ionic solutions [92].

It has also been documented that asymmetric, conically shaped nanopores with
permanent surface charge shows a preferential direction for ion flow, thus promoting
the energy conversion efficiency [93]. The schematic diagram is shown in Figure 1.14.
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The small opening pore is called tip and the larger end is the base. The positively
charged tip attracts counterions due to the requirement of electroneutrality, causing a
higher cation concentration than anions. The salinity gradient facilitates the ion
transport between the tip and base to generate power. With an inner driving force
arising from their asymmetric configuration, this kind of membrane could enhance
energy efficiency by decreasing the ionic transport resistance [94].

Figure 1.14 Schematic of a conical pore with asymmetric structure.

These ion-channel-mimetic nanofluidic systems can function as single electrogenic
cells and built for energy conversion. For example, an ultrathin and ion-selective Janus
membrane (Figure 1.15) prepared via a phase separation of two block copolymers
enabled an osmotic energy conversion with a power density of approximately 2.04 W
m-2 by mixing seawater and river water. Due to the asymmetric nanoscale pore size,
this membrane facilitated the charge-governed ionic transport in a wide concentration
range and exhibited excellent anion selectivity [95].
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(poly(styrenesulfonate) and block polymer) is dominated by the block polymer part,
whose nanochannels are filled with polystyrene-b-poly(4-vinylpyridine) chains,
showing stronger electrostatic interactions [95].

Inspired from the living systems, the concept of reverse electrodialysis has gained
renewed attention in the biological field with advanced IEM fabrication techniques
[96]. In a biological system, cell membranes contain numerous nanoscale conductors
in the form of ion channels for transporting ions or molecules [68]. The novel ion
transport properties of nanochannels in IEMs including excellent selectivity and high
throughput may lead to technological breakthroughs in many areas, such as biosensing,
separation, energy conversion, and water desalination [95]. Some membranes are
smart and can make biomimetic response by responding to environmental stimuli such
as pH, temperature, light or electrical potential [97-100]. Those smart membranes with
artificial biological ion channels are capable of reproducing the biological energy
conversion process based on salinity gradient. Membranes with nanochannels are
commonly fabricated by various sophisticated techniques such as self-assembly
process, ion track etching, or electrochemical etching (Figure 1.16) [101-103]. The
smart nanochannels with heterogeneous structures are generally fabricated either
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directly by using functional materials or indirectly by surface modification with
functional molecules [104].

Figure 1.16 Fabrication methods of various shapes and structures of smart membranes:
(A) Biomolecules self-assembly; (B) Electrochemical etching; (C) Electrochemical
oxidation; (D) Ion beam; (E) Electron beam; (F) Heat process; (G) Chemical etching;
(H) Ion-track-etching; (I) Biological pores self-assembly [104].
1.3.2 Bio-application of salinity gradient power
Biological activities of all living entities including humans, animals and plants involve
ion transportation. For example, during the signal transmittance along the neurons,
Na+ ions move out of the cell while the K+ ions diffuse into cells via the cell membrane
(Figure 1.17).
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Figure 1.17 Ion transportation through the cell membrane between intracellular and
extracellular fluid [105].

Ionic distributions give rise to diffusion potentials, which determine the magnitude
and polarity of ionic equilibrium potential [106]. In a biological system, relative
permeability of various ions determines the transmembrane potential, which is the
voltage arising from the differences in the ions concentrations on opposite sides of a
cellular membrane. The concentration of primary ions in the body fluid is listed in
Table 1.3.
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Table 1.3 Summary of the ion distributions in most types of cells and the equilibrium
potentials [106].
Extracellular Distribution

Intracellular

Equilibrium

(mM)

Distribution (mM)

Potential (mV)

Ion

Na+

145

15

+60

Cl−

100

5

−80

K+

4.5

150

−94

Ca2+

1.8

0.0001

+130

H+

0.0001

0.0002

−18

The existing salinity gradient in the body fluid is a potential source for generating
power across an exchange membrane. The electric eel is the best example with a
system optimized by natural selection for power generation from ionic gradients. The
stacks of electrocytes create electricity by allowing the movement of Na+ and K+
(Figure 1.18). Inspired by this, Thomasions et al. developed a similar system by using
ions gradients between miniaturised polyacrylamide hydrogel compartments bounded
with a repeating sequence of ion exchange membranes [107]. By using thousands of
ion gradient units, this system was able to generate an open-circuit potential in excess
of 100 V and a power density of 27 mW m−2 per tetrameric gel cell.
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Figure 1.18 Morphology of the eel’s electric organ and the artificial electric organ.
The electrocytes are arranged within the electric organs of electrophorus electrics
[107].

Very recently electronics-free RED patches have been developed to be used as an ionic
power source for active transdermal drug delivery (Figure 1.19) [63]. This patch was
composed of three pairs of IEMs and two Ag/AgCl electrodes at the end of a stack.
Upon the injection of NaCl solutions with different salinities, this miniaturized
electrodeless RED patch was activated generating an initial voltage of 0.478 ± 0.017
V. The generated voltages were proportional to the number of ion-exchange
membranes and salinity ratios, which successfully facilitated the in vitro delivery of
ionic drugs through mouse skin. The unique characteristics of such a salinity power
system that only involves ion transportation during the energy generation process
provides great compatibility with the human biosystem, as it wouldn’t cause the
decomposition of the electrolyte. Thus, it holds great applicability for an implantable
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medical device or sensor, particularly when using a biocompatible ion exchange
membrane such as conducting polymers-based ones.

Figure 1.19 Schematic representation of an electrodeless reverse electrodialysis (RED)
patch attached on the mouse skin. Ions (Na+ and Cl−) in the RED system selectively
permeate from high-concentrated (H) NaCl solution to low-concentrated (L) one
through a CEM and AEM, respectively. The negatively charged drug molecule
penetrates the mouse skin while sodium ion moves toward the L solution through an
CEM to maintain the electrical neutrality in the hydrogel [63].
1.4 Conducting polymers for bio-related energy application
The demand for developing a power source that can use body fluid as a component
such as a bioelectric battery and an energy harvesting system has stressed the
requirement of developing biocompatible materials with excellent electrochemical,
electric and/or ionic properties. Conducting polymers (CPs) are unique materials that
can

meet all these merits with features of metallic conductivity, excellent

electroactivity, ion permselectivity, and cytocompatibility [108, 109].
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CPs, especially nanostructural CPs-based materials have been widely used in the
research fields of batteries, supercapacitors [110], electroanalysis [111], and
electrocatalysis [112]. Specific advantages of nanostructured CPs for these
applications mainly include: (i) high electrode/electrolyte contact area facilitating high
charge/discharge rates; (ii) short path lengths for electronic transport permitting the
operation with low electronic conductivity; (iii) short path lengths for facilitating ions
transport to the electrodes surface [113].
Apart from the electronic properties, CPs possess the ion-selective properties as well,
thus they can be used as ion-exchange membranes [114]. For example, the
defluoridation of water occurred via a polyaniline/chitosan (PANi/Ch) and
polypyrrole/chitosan (PPy/Ch) membrane leading to an enhanced fluoride ion uptake
[115]. It has also been demonstrated that the relative transport number of ions was
changed after coating a PPy layer on a commercial cation exchange membrane [116].
The PPy layer with cationic charge restricted the permeation of Ca2+ resulting in a
sieving effect for calcium ions.
1.4.1 Conducting polymers
CPs are polyconjugated materials composed of alternating single and double bonds
forming π molecular orbitals [117]. They were discovered in

1970s [118]. CPs

commonly exist in the form of polymer chains doped with counter ions [119-121]. The
commonly used CPs in the energy area include polyaniline (PANi) [122], PPy [123],
poly(3,4-ethylenedioxythiophene) (PEDOT) polystyrene sulfonate [124] and their
corresponding derivatives. The structures of representative CPs are shown in Figure
1.20.
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Figure 1.20 Schematic structures of A) PANi; B) PPy; C) PEDOT.
The doping process of a CP is realised via an oxidation or reduction reaction, which
generates delocalized ‘p’ doping or “n” doping on the polymer chain. Specifically,
positively charged polymers that are introduced by the oxidation on the repeating units
of polymer chains are termed as ‘p-doped’; the negatively charged polymers generated
by reduction are termed as ‘n-doped’ [125].
Both the oxidation and reduction reactions of CPs commonly involve the
inward/outward movement of counterions. Take PPy as an example, counterions (such
as Cl-) are able to reversibly insert/extract (into/from) the polymer matrix during the
reduction/oxidation processes. The reactions are shown in Figure 1.21. If the dopant
anions are small and mobile, anion movement dominates for redox reactions. For a
polymer with immobilised large size anions dopant, the redox reactions are
predominantly accompanied by cations movement.
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Figure 1.21 The electrodynamic character of PPy, where n is the number of monomer
units per unit positive charge, A- is a counterion incorporated during the synthesis, m
determines molecular weight [126].
Synthesis of conducting polymers
CPs can be synthesized by chemical or electrochemical polymerization.
Electrochemical polymerization is a common technique for producing CPs on a
conductive substrate. The formation and doping of polymer are generally realised
simultaneously. It can be achieved by using potentiostatic (constant potential),
galvanostatic (constant current) or potentiodynamic methods (cyclic voltammetry,
pulse deposition) [127]. This synthesis method is preferable for producing CPs with
controllable size and thickness; as the yield in charge terms is close to 100% [128]. At
a sufficiently high positive/anodic potential, monomers like aniline or pyrrole
undergoes electrochemical oxidation yielding cation radicals or other reactive species
which trigger the polymerization process [129].
In a chemical synthesis process, they are prepared by oxidizing monomer with
oxidants such as (NH4)2S2O8, or FeCl3 [130, 131]. The monomer is oxidised to form
active cation radicals, which can react with monomers to yield oligomers and finally
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insoluble polymers. Take the polymerization process of pyrrole as an example (Figure
1.22), a neutral molecule of pyrrole monomer yields a radical cation (a) with the
assistance of an oxidant; then they combine, consecutively to form the bipyrrole
dication and a neutral pyrrole dimer (b); finally the deprotonation and recombination
steps (c) lead to the formation of PPy [132]. All CPs can be synthesized chemically,
but the electrochemical synthesis is limited to those systems in which the monomer
can be oxidized within the applied potential to form reactive radical ion intermediates
for polymerization [117]. The major advantage of chemical polymerization is the
possibility of mass-production at a relatively low cost [133].

Figure 1.22 Scheme illustrates the chemical polymerization of pyrrole [134].
As a special subclass of CPs, nanostructured CPs not only retain features of CPs, but
also have the characteristics of nanomaterials such as large surface area, fast
electrolyte diffusion [135]. The growth of nanostructured CPs can be guided by different
hard or soft templates [136] for producing various nanostructures such as nanofibres
[137], nanotubes [138, 139], nanowires [140, 141], nanorods [142], and nanoparticle
[143] (Figure 1.23).
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Figure 1.23 Conducting polymers in different nanostructures: A, B) Scanning Electron
Microscope (SEM) images of PPy nanofibres [137]; C) SEM and D) Transmission
electron microscope (TEM) images of PPy nanotubes [139]; E-G) and I) SEM images
of PANI-NWs [141]; H) and K) SEM images of PPy nanorods [142].

The synthesis of nanostructured CPs via using inorganic templates such as silica, metal
oxides, is called a hard-template method (Figure 1.24); while the soft-template method
uses organic materials as template such as surfactants (Figure 1.25). The soft-template
method has an advantage over the hard-template, in that, the soft template doesn’t need
to be removed with additional steps. Interfacial polymerization is an attractive softtemplate method, which was proposed by Kaner et al. This method involves the
polymerization process taking place at the interface between two immiscible liquids
where the reactants are respectively dissolved [144]. This method is usually based on
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a molecular self-assembly mechanism with hydrogen bonding, π–π stacking, van der
Waals forces, or electrostatic interactions as the driving forces [145].

Figure 1.24 Schematic of the synthesis of nanostructured CPs using hard-templates.
The growth of CPs are guided by various templates: a) porous membrane, b)
nanofibres and c) colloidal particles; and then these templates are removed after the
polymerization [146].
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Figure 1.25 Schematic of the synthesis of nanostructured CPs with soft templates of
a) micelles, b) dopants, c) monomer droplets; and d) a self-assembly process of
molecules [146].
Factors affecting the properties of conducting polymers
During the synthesis process, all the factors such as dopants, oxidant, temperature,
surfactants as well as the buffer solution affect the morphology and structure of the
formed CPs [147, 148]. PPy doped with different anions can be electrochemically
formed in different morphologies including fibrillar, spheroidal and film-like structure
[149]. Conductivity of the produced CPs are affected by the synthesis conditions as
well [128]. For example, PPy with the highest conductivity was obtained in methanol
solution compared to that formed in water, alcohols, benzene, tetrahydrofuran,
chloroform, acetone, acetonitrile (AN) and dimethylformamide; since the oxidation
58

potential of pyrrole was solvent dependent thus affecting the polymerization process
[119]. It is also reported that conditions of dopants (i.e., FeCl3 concentration) affected
the electrical conductivity of PPy because it is related to the oxidation potential
obtained in the oxidant[119]. Martin and his group found that template-synthesized
nanostructural CPs have higher conductivity compared with bulk materials owing to
the higher molecular and supermolecular order [150].
1.4.2 Properties of Conducting Polymers
Neutral CPs are insulators and can be converted into a semi-conductive or conductive
state through redox reactions. This doping process makes the CPs backbone to possess
positive (p-doping) or negative charge carriers (n-doping), which can attract
counterions to be entrapped within the polymer matrix to maintain the charge
neutrality [136]. This synergistic process endows CPs with electronic properties,
electroactivity and ionic properties, which enable them to transduce between
bioelectric signals (in the form of ionic current) and electric signals. The CP-based
materials are electrically stable over a long period during implantation in tissue, nonbiodegradable yet biocompatible [151].
Conductivity
Charge carriers are created by electron donating or electron accepting species at the
polymer backbone, resulting in electron (n-type) or hole (p-type) conductivity [152].
CPs demonstrate a conductivity ranging from 10-5 to 103 S cm-1 [128, 153, 154]. They
are classified as semiconductors or even sometimes they possess metallic conductivity.
Table 1.4 compares the conductivity of CPs, metals and insulators.
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Table 1.4 Comparison of conductivity of CPs, metals and insulators [155, 156].

Property

CPs

Metals

Insulators

Electrical
conductivity(S/cm)

10-11-103

10-4-106

10-20-10-12

Carriers

Polarons and
bipolarons

Valence electrons
of half- filled
band

-

The conjugated backbone of CPs (Figure 1.26) is formed by a series of polymer units
with alternating double bonds and singles bonds. These bonds all contain a chemically
strong, localized σ-bond, while double bonds contain less strongly localized π-bonds
as well. The p-orbitals in the series of π-bonds overlap each other, allowing the
electrons to move freely between atoms. For CPs, the doping process generates
charged polarons/bipolarons and these carriers are delocalized to facilitate electronic
conductivity [157].

Figure 1.26 A simplified schematic of a conjugated backbone: a chain contains
alternating single and double bonds [158].
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The interaction of a polymer unit with all its neighbours leads to the formation of
electronic bands [156]. The highest occupied electronic levels constitute the valence
band and the lowest unoccupied levels form the conduction band. The state of energy
of the band determines the intrinsic electrical properties of materials. The smaller the
band gap energy for a CP, the more conductive it is [159]. Many factors can influence
this band gap and the consequent conductivity, which mainly include dopant,
oxidation level/doping percentage, and temperature [117, 160, 161].
Electroactivity
As described in Section 1.3.1, the doping/dedoping process of a CP typically leads to
reversible structural changes. Take PPy as an example, the oxidised segments in the
PPy chains are counterbalanced and incorporated with anions; when PPy is reduced,
anions egress the polymer matrix to the electrolyte [128]. This reversible
doping/dedoping process is the basic principle for energy application; including
batteries and supercapacitors [157].
It is a unique characteristic of CPs that electron transition and mass changes are all
being involved during the reduction-oxidation processes. The oxidation level of CPs
is easily affected by the doping/dedoping process, which may result in a sensitive and
rapid response to specific analytes [162]. The charge transport properties of CPs are
changed and can be correlated quantitatively to the analytes concentration [163]. Most
CPs have demonstrated electrocatalytic activity for ORR; as CPs in the reduced state
can interact with oxygen and be oxidised [164, 165]. Specifically, a neutral CP acts
as the electron donor while O2 is an electron acceptor; namely, CP can strongly interact
with O2 molecules and activate O2 by decreasing its molecular symmetry and
increasing the lengths of O=O bonds [44]. It has been calculated that the oxygen
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molecule can be adsorbed on the CP’s surface, and bond orders in the chemisorbed
oxygen molecules are almost 30% lower than those free O2 molecules [45]. Thus,
chemisorbed oxygen molecules have a fairly high degree of activation and can be
readily reduced at the CP’s surface. For example, PPy coated paper towel (Figure
1.27) is prepared by vapour phase polymerisation. The polymerisation takes place at
the interface between oxidant and vaporous pyrrole monomer, where the oxidant is
dropped on the paper tower [166, 167]. It displayed excellent ORR catalysis
performance, with a reduction potential of −0.068 V (vs. Hg|HgCl2), an onset potential
of 0.014 V, and a half-wave potential of −0.061 V in 0.1 mol/L O2-saturated KOH
solution, which are more positive than those of Pt/C (−0.121, −0.042, and −0.109 V).
Compared with a Pt/C catalyst, this PPy electrode demonstrated a higher stability and
superior tolerance to methanol cross-over and CO-poisoning effects.

Figure 1.27 A schematic illustration of fabricating a PPy/paper towel electrode and its
application as ORR catalyst [167].
Ion transport property
CPs are electroactive materials with a mixed electronic and ionic conductivity, which
means that they can transduce an ionic signal in the solid state [168]. Under anodic
polarisation, the polymer chain loses electrons to induce positively charged chains
which attract the counterions to balance the polymer backbone and maintain
electroneutrality [169]. The existence of positively charged atoms in CPs provides a
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good prospect for ion selectivity [170]. Ion movement is highly related with the nature
and number of the charged sites on the polymer backbone, and the changing of these
features will change its ionic resistance [171]. CPs such as PPy can be called “ion gate
membranes” with the permselectivity controlled by potentials, as the ion conductivity
is strongly dependent on the oxidation state [172]. When PPy is oxidised cations are
expelled from the polymer and anions are inserted (Figure 1.28) [173]. This leads to
an increase in the doping level and oxidation state (oxidation). This occurs when a
positive potential is applied. When a negative potential is applied, PPy switches to the
reduced state with the concomitant expulsion of anions. With the re-applied positive
potential, the polymer is re-oxidised and positive charges will return to the backbone.
This process is reversible, and thus can control the direction of ion transport.

Figure 1.28 CPs whose state is switched between the cationic (oxidized) and neutral
(reduced) by varying the applied potential [173].

The ion transport properties of PPy have been widely studied. [174]. T. Shimidzu et
al. reported that the oxidation-reduction (doping-dedoping) processes in PPy was
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influenced largely by the size of the incorporated anion (dopant)[175]. In the extreme
case of large dopant molecules (i.e. PSS), they are immobilised within the CP matrix
preventing the leaching from the polymer matrix. While at the other end for small
dopants (molecules or ions), they can easily diffuse in and out of the CP matrix. Due
to the multifunctionality of the chemical compositions and the asymmetries in
structure and surface charge polarity, PPy/poly(acrylamide-co-acrylic acid) membrane
is also reported to be capable of rectifying counterions transmembrane transport in
response to both electro- and pH-stimuli (Figure 1.29) [176].

Figure 1.29 3D porous hydrogel/conducting polymer heterogeneous membrane and its
electro-/pH-responsive ionic rectification properties: (A) Illustration of the
electrochemical device to investigate the ionic transport properties. (B, C) PPy/ poly
(acrylamide-co-acrylic acid) membrane with asymmetric structure, surface charge
density. (D) PPy layer can be modulated by extracting/injecting electrons. (E) Charge
density of poly (acrylamide-co-acrylic acid) layer can be changed by varying the pH
of the solution [176].
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Biocompatibility
CPs are widely used in biological systems; with good capacity to support and regulate
the growth of various cells such as nerve cells and bone cells [177]. In the
physiological environment, electrical charges play an important role in stimulating cell
proliferation or differentiation [178-180]. For example, neurite outgrowth is enhanced
on electrets such as polyvinylidene fluoride [181]. With the growing knowledge of the
electrical properties of tissues and cells [182], electrical stimulation (EL) become an
active tool to control cell behaviour and function for the basic research and future
translational applications [183, 184]. EL has been used to modulate the differentiation
of multiple cell types such as bone cells [185, 186], and neural cells [158, 187].
Considering their good electrical properties, biocompatibility and good mechanical
property, CPs may be used as bioelectrodes in an electrical stimulation system to
modulate cellular activities by providing a soft bio-interface with low impedance [188,
189]. CPs have shown their potential to regulate the shape and function of adherent
cells [190], modulate the cellular activities including cell adhesion, migration, and
DNA synthesis via an electrical stimulation [191, 192]. These studies involve a wide
application in the nerve, bone, muscle, and cardiac cells.

Among these CPs, PPy is the most attractive candidate due to its biocompatibility,
mild synthesis processes, excellent electronic property and electroactivity [128]. For
example, Schmidt et al. demonstrated that PPy could promote cells differentiation
with an applied electrical stimulation [193]. Wallace et al. demonstrated that
polypyrrole/poly (2-methoxy-5 aniline sulfonic acid (PPy/PMAS) composites could
support nerve cell (PC12) differentiation; the clinically relevant 250 Hz biphasic
current pulses delivered via PPy/PMAS films significantly promote nerve cell
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differentiation in the presence of nerve growth factor (NGF) (Figure 1.30) [194].
Another reason of its wide use is that PPy can be electropolymerized in an aqueous
media at neutral pH, which allows the incorporation of various biological counterions
(e.g., proteins) [195]. PPy can also be modified with functional negatively charged
ions such as adhesive peptides that are tailored for enhancing the material-cell
interactions by creating biological molecules coating for cells attachment [196]. Other
types of CPs are more limited in this regard. For example, the oxidation of aniline in
mildly acidic, neutral or even alkaline media yields non-conducting oligomers [197].
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Figure 1.30 Neurite length histograms of PC12 cells on PPy/PMAS film without (A)
and with 10 Hz (B), 100 Hz (C) and 250 Hz (D) electrical stimulation. Phase-contrast
images of PC12 cells on PPy/PMAS films without (E) and with (F) 250 Hz electrical
stimulation. The scale bars are 20 µm [194].

Due to their reversible doping/dedoping process, CPs, as discussed in 1.4.2.2, can
entrap and controllably release biological molecules (reversible doping), thus they
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may make themselves suitable for biomedical applications such as tissue-engineering
scaffolds, biosensors, neural probes, drug-delivery systems, and actuators [117, 198201].
1.4.3 Conducting polymer hydrogels
Conducting polymer hydrogels (CPHs) are interesting materials, wherein electronic
conductivity is introduced into a hydrogel structure with little compromise of the
physical properties [202]. CPHs are a unique subclass of CPs that are electrically
conductive as well as capable of water swelling/deswelling. CPHs are extremely
suitable for a variety of bio-applications [203, 204] due to their electrical properties
and their mechanical properties compared with biological tissues [188]. Their
representative applications are illustrated in Figure 1.31; including bioelectrodes,
biosensors, energy field, and tissue engineering [205].
This type of 3D interconnected conductive porous structure creates an ideal cellelectrode interface for cell growth and differentiation [205]. For example, PEDOT–
agarose hydrogel had a demonstrated application in axonal regeneration. It supported
superior neural regeneration due to the improved diffusion of nutrients and
biomolecules into the lumen of conduits [110]. A flexible micropatterned
PEDOT/agarose hydrogel electrode was developed for cultivating

contractile

myotubes [206]. Upon an electrical stimulation, the contraction of PEDOT nanotubes
produced a mechanical force which created pressure to expel the loaded drugs [207].
Alginate hydrogel with grown PPy has been used in a microfabricated neural
prosthetic device for improving neural recording [208]. Acryloyl-6-aminocaproic acid
hydrogels is used as tissue adhesives in rabbit gastric mucosa [209]. A moistureactivated copolymer hydrogel comprised of methyl binyl and maleic anhydride can be
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used as bioadhesive films to neonate porcine skin as interfaces for the operation in a
wet environment [210].

Figure 1.31 Representative applications of CPs hydrogels [205]: A) Bioelectrodes
[206], B) Biosensors [211], C) Energy storage devices, D) Drug delivery [207], E)
Neural electrodes [208], F) Tissue engineering [209], G) Separation membranes, and
(H) Conductive adhesives [210].

Typically, CPHs are prepared by incorporating a CP with a non-conductive hydrogel.
As illustrated in Figure 1.32 [205], the common routes for CPHs synthesis mainly
include: 1) Dehydrated hydrogel is re-swollen in a CP monomer solution, and the
confined CP monomer is chemically or electrochemically polymerized on the
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hydrogel template [212]; 2) Hydrogel is fabricated with a template filled with CP
monomer, and the polymerization is conducted inside the hydrogel network [213]; 3)
Hydrogel is made from the mixed precursors including hydrogel and CP monomer,
these two components are polymerized simultaneously or separately [214].

Figure 1.32 Representative methods for the formation of CPHs [205].

1.5 Thesis objectives
Active implantable medical devices (AIMDs) have achieved great breakthroughs over
the past six decades with the progressive development in science and engineering,
especially in microelectronics, biotechnology, and materials. As a core component of
an AIMD, currently the power source is still predominated by Li batteries. They need
an absolute encapsulation or housing to prevent any leakage of toxic substances into
the human body, which inevitably results in a bulky size occupying a large space and
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weight of the device. They are the limiting factors governing the miniaturisation of
AIMDs. New types of biocompatible and reliable power sources are highly desirable.
It would be ideal if a power source (e.g., energy storage/generation) could directly use
the body fluid as one component when coupled with cytocompatible materials. CPs
are ideal materials based on its electroactivity, electroconductivity, cytocompatibility
and ionic conductivity. Therefore, the work in this thesis mainly focuses on the
development of cytocompatible CPs for bionic-related energy applications; including
a metal-air battery system and a salinity power generation system.
In this thesis, the bioelectric battery uses culture media as an electrolyte, a
bioresorbable metal anode (Mg or Fe) anode and a biocompatible conducting polymer
cathode. Both Mg and Fe are essential elements for the human body. This type of
battery has the potential for direct implantation without the need of a case. The
performance of a bioelectric battery is mainly determined by the cathode. To achieve
an excellent battery performance, an efficient cathode material, CPH, has been
developed, which integrates the structural merits of a hydrogel - 3D interconnected
porous structure, with the inherent electrochemical properties of a conducting polymer
- high conductivity, biocompatibility, and electrocatalytic ability to ORR.
Apart from the bioelectric battery, in this thesis another promising power source that
uses a cytocompatible conducting polymer film as an ion exchange membrane to
harvest the energy from the salinity gradient has been researched. This salinity
gradient power has the potential to utilize that gradient between the intracellular and
extracellular fluid. In addition, ion conductance of this PPy membrane is tunable via
an applied potential due to the redox-active properties of the CPs.
A brief introduction of these works in this thesis is described below.
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In Chapter 3, a robust conductive hybrid PPy/PEDOT hydrogel is developed. It is
realized by electrochemically depositing PPy onto a PEDOT hydrogel that is prepared
by a two-step cross-linking process. This hydrogel offers good electrochemical
properties due to its 3D interconnected porous structure facilitating ions and electrons
transportation, as well as good cyto-compatibility for supporting cell proliferation. The
battery assembled with this hybrid hydrogel cathode and a Mg alloy anode possesses
high capacity, high rate and high energy density in the culture media electrolyte. It can
be anticipated that the energy generated from this type of bioelectric battery may be
directly used to modulate cellular activities cultured on the hydrogel without need of
an external power supply.
In Chapter 4, further consideration is given for the development of this type of
bioelectric battery with the use of an Fe anode substituting Mg alloy, as Fe is an
important element involved in the activities of cytochromes and many enzymes. This
battery can provide a stable potential and power. Human adipose stem cells proliferate
well on the hydrogel cathode in this battery. The degradation rate of Fe is also
increased when this bioelectric battery is subjected to a discharging period compared
to that static Fe corrosion/at the open circuit state. This novel Fe-air battery may
provide a new avenue for solving the slow degradation problem of a Fe stent for
angioplasty, as well provide energy for biological activities such as cell migration.
In Chapter 5, a single component PPy membrane is developed via a simple interfacial
polymerization process. This membrane can work as an ion exchange membrane in a
salinity energy harvesting system, generating a stable power from the use of artificial
seawater and river water. Moreover, this membrane provides asymmetric wettability
on either side, cytocompatibility and an electrochemically tunable ionic conductance.
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These features make this membrane a promising material for biomimetic membranedbased energy conversation.
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Chapter 2 Experimental Methods
In this chapter, chemicals and materials used in this doctoral work are summarized and
presented, as well as the general preparation methods of materials and characterization
techniques.
2.1 Chemicals and Reagents
Chemical reagents and materials used in this work are listed below. They were used
as-received without further treatment unless otherwise stated.
Table 2.1 List of chemical reagents and materials used in this thesis.

Reagents and
Materials

Tasks

Chapters

Synthesis of

3,4

Company

PEDOT: PSS
Agfa Company
pellets

PPy/PEDOT
hydrogel

Magnesium nitrate

Sigma-Aldrich

3, 4

p-Toluene

3, 4
Sigma

sulphonic acid

Synthesis of
Pyrrole

Merck

PPy/PEDOT
hydrogel,
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3, 4, 5

Synthesis of PPy
membrane

Chloroform

ChemSupply

5

Iron (III) chloride

Sigma-Aldrich

5

Tween-80

Sigma-Aldrich

5

Anode in a

3

Goodfellow
Magnesium Alloy

magnesium-air
company
battery

Goodfellow

Anode in an iron-

company

air battery

Hongye Stainless

As the conductive

Steel Wire Cloth

substrate

4

Iron Alloy

Stainless Steel

3,5

Co. Ltd.

Dr. Anita Quigley

-

3

at St Vincent's
PC12 cells
Hospital
(Melbourne)

Commercial

3,4,5

Lonza company

human adipose75

derived stem cells

-

(hADSCs)

Fetal bovine serum

Culture media

3, 4, 5

Life technologies
(FBS)

Basic fibroblast
growth factor

3, 4, 5
Life technologies

(βFGF)

Penicillin-

3,4,5
Life technologies

Streptomycin
β-

Differentiation

3

Sigma-Aldrich
glycerophosphate

media

Dexamethasone

Sigma-Aldrich

3

Ascorbate acid

Sigma-Aldrich

3

Nerve growth

3
Sigma-Aldrich

factor

Calcein and
Propidium Iodide

Fluorescence
Life technologies

imaging

(PI)
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3,4,5

Alizarin Red S

Characterization of

3

Life technologies
(ARS)

cell proliferation

Paraformaldehyde

Fluka

PrestoBlue™

Invitrogen

3,4

Alkaline

Characterization of

Phosphatase

cell differentiation

Activity

3

BioVision Inc.

Fluorometric
Assay Kit

Ajax Fine

Sterilization of

Chemicals

materials

Ajax Fine

Electrolyte

3,4

Ethanol

5

Sodium chloride
Chemicals

Ajax Fine

5

Sodium potassium
Chemicals

2.2 Synthesis of materials
Here only the introduction of general synthesis and preparation methods are described.
Detailed preparation procedures and the specific experimental works are included in
the following corresponding chapters.
Chapter 3 describes the preparation of a

PPy/PEDOT hydrogel electrode. The

fabrication procedure includes an ionic crosslinking process of PEDOT dispersion
77

with magnesium nitride solution and a subsequent electrochemical deposition process.
This PPy/PEDOT hydrogel is used as the electrode in a Mg-air battery system as well
in an Fe-air battery in Chapter 4. Chapter 5 develops a single component asymmetric
PPy membrane for salinity power generation via an interfacial polymerization.
2.3 Cell analysis
Cell viability assays are generally used for determining if the testing
materials/molecules have effects on cell activity or show direct cytotoxic effects that
eventually lead to cell death. Two different cell lines (hADSC and PC12 cells) were
used to thoroughly assess the cytocompatibility of conducting polymer materials
which may be potentially used for various medical purposes.
hADSCs are a kind of mesenchymal stem cells that can be differentiated to many
different lineages including chondrogenic, osteogenic, adipogenic and neural [215].
PC12 cells is a cell line derived from the pheochromocytoma of the rat adrenal medulla
that have an embryonic origin from the neural crest[216].
Both were used to test the cytocompatibility of hydrogels and membranes developed
in the work. Differentiation of these two cells was also researched on the hydrogel
with application of electrical stimulation.
2.3.1 Cells culture
The hADSCs culture media was prepared by mixing DMEM (low glucose)
supplemented with 10% (v/v) FBS, 1% penicillin-streptomycin, 1% non-essential
amino acids (NEAA) and 1 ng/ml basic fibroblast growth factor (βFGF). Cells were
cultured in a T-75 flask supplemented with 15 ml culture media in a humidified
incubator at 37 °C with 5 % CO2 atmosphere.
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PC12 cells were maintained in a T-25 plastic plate in 5 mL DMEM with 10% horse
serum, 5% FBS and 1% penicillin-streptomycin. Specifically, the hydrogels were
covered with the prepared collage coating solution (0.04 mg/mL) (Table 2.2) and
incubated at 4° overnight.
Table 2.2 Collage coating solution.

0.04

Vt (µL)

V1(µL)

V2(µL)

V3(µL)

V4(µL)

400

3.2

40

0.08

356.72

mg/mL

Vt: Total volume, V1: collagen volume (5mg/mL), V2:10× PBS solution, V3:1N NaOH,
V4: Milli-Q water

2.3.2 Cell proliferation

Cell proliferation was studied using PrestoBlue cell viability reagent in accordance
with the manufacturer’s protocol. Specifically, at the selected day, cells were
incubated in 10% Prestoblue (in culture media) for 1h.
For fluorescence analysis, cells were visualized using Live/Dead (calcein-AM/PI)
staining with 2 µm Calcein AM and 4 µM PI in PBS. Images were obtained using a
ZEISS Axio Imager microscope (Carl Zeiss). Fluorescence was measured by use of a
plate reader with a 544 nm excitation filter and a 590 nm emission filter.
2.3.3 Cell differentiation
To induce the osteogenic differentiation, hADSCs were seeded on substrates in culture
media and allowed to proliferate 7 days before transferring to differentiation medium
(culture media supplemented with 10 mM β-glycerophosphate, 10 nM dexamethasone,
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and 25 mM ascorbic acid). Alkaline phosphatase (ALP) activity was determined with
Alkaline Phosphatase Activity Fluorometric Assay Kit.
To induce the nerve differentiation of PC12 cells, 50 ng/ml nerve growth factor were
added to the culture media. For differentiation characterization, PC12 cells were fixed
by the 3.7% paraformaldehyde and visualized with β-ш tubulin staining by following
the manufacturer’s instructions.
2.3.4 Electrical stimulation
PPy/PEDOT hydrogels on a non-toxic stainless-steel mesh were adhered on the acrylic
chamber with Flowable silicone sealer (ITW Permatx Inc, USA) as a working
electrode. Cells were directly seeded on the hydrogel, and after 72 hrs the culture
medium was replaced by osteogenic medium; then the electrical stimulation was
applied. Cells were stimulated for 7 days in the incubator, 4 hrs per day. It should be
noted that a one-day rest is needed for the cells’ recovery after a 3-day continuous
stimulation. Electrical stimulation was performed through a two-electrode setup, with
a counter platinum electrode placed on the top of the chamber that is parallel to the
bottom hydrogel electrode (Figure 2.1). hADSCs were seeded on the hydrogel samples
and stimulated at 0.25 mA/cm2 using a biphasic waveform of 100 ms pulses with 20
ms interphase and a 3.78 ms short circuit (250 Hz) using a Digital A310 Accupulser
(WPI) and A315 Isolator units (WPI). Control samples were prepared by using the
same method but without the use of electrical stimulation.
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Figure 2.1 Cell stimulation setup: A home-made cell stimulation device.
2.4 Bioelectric battery assembly
All the cathodes used in this thesis were conducting polymer-based materials:
PPy/PEDOT hydrogel or PPy membrane. These materials were conductive, thus they
were directly used as electrodes without using conductive additives and binders.
The magnesium-air battery or Fe-air battery were fabricated by being assembled into
acrylic chambers as shown in Figure 2.2. The cathode and anode were respectively
adhered on two pieces of acrylic chamber as top and bottom part. The middle chamber
was to contain electrolyte. These chambers were connected and fixed with four long
screws, and thus a battery setup was assembled. This set-up is also used for the battery
testing.
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Figure 2.2 Configuration of a magnesium-air battery or an Fe-air battery.
2.5 Characterization techniques
Properties of the hydrogel and membrane developed in this thesis were characterized
using

physicochemical

characterization

techniques

and

electrochemical

characterization methods.
2.5.1 Physicochemical properties characterization
Scanning electron microscopy and energy-dispersive X-ray spectroscopy
Scanning electron microscope (SEM) uses a focused beam of high-energy electrons to
generate a variety of signals at the surface of solid samples for morphology analysis.
For imaging in the SEM, specimens must be electrically conductive at the surface and
electrically grounded to prevent the accumulation of electrostatic charge at the surface.
Those non-conductive samples or with low conductivity are usually coated with an
ultrathin layer of electrically conductive material such as gold or platinum.
A specimen is normally required to be completely dry to avoid gas molecules
interfering with the electrons emitted from the sample, as SEM is operated at very high
vacuums. Living cells and tissues require chemical fixation to preserve or stabilize
their structures. Fixation is usually performed by incubating in a solution of buffered
chemical fixatives, such as glutaraldehyde or formaldehyde. The fixed cells or tissues
are then dehydrated with organic solvents such as ethanol or acetone or a freeze drying
process, as the conventional air-drying can cause cells collapse and shrinkage. All the
SEM images in this work were taken by using a JEOL JSM7500 FA cold-field
emission gun scanning electron microscope. All samples were mounted with carbon
tape on aluminium stubs.
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Energy-dispersive X-ray spectroscopy (EDX) is an analytical technique used for the
elemental analysis or chemical characterization of a sample. It relies on an interaction
of some source of X-ray excitation of the sample. Initial EDX analysis usually
involves the generation of an X-ray spectrum from the entire scan area of the SEM.
The spectrum of X-ray energy versus counts is evaluated to determine the elemental
composition of the sampled volume.
X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative
spectroscopic technique that measures the elemental composition, empirical
formula, chemical state and electronic state of the elements within a material. In this
thesis, XPS spectra were obtained using a Bruker D8 Focus system to determine the
redox state of PPy.
Inverted microscopy
An inverted microscope is a microscope with a light source and a condenser on the
top, while the objectives and turret are below the stage pointing up. It is useful for
observing living cells or organisms at the bottom of a larger container (e.g., a tissue
culture flask) under more natural conditions than on a glass slide, as the case for a
conventional microscope. As all the materials in this work are totally black and opaque,
they can’t be visualised by a conventional microscope whose light is below the
samples. The images were captured using a camera and recorded by a computer. The
optical microscope system used in this work was a Zeiss Axiovert microscope.
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Thermogravimetric analysis
Thermogravimetric analysis or thermal gravimetric analysis (TGA) measures the
thermal stability of a material and the rate of weight loss as a function of temperature
or time. The mass of a sample is monitored when it is heated or cooled at a
predetermined rate. This technique provides valuable information on the composition,
thermal stabilities, and oxidative stabilities of samples. In this thesis, TGA
measurement was conducted by heating the samples from room temperature to 600 °C
at a heating rate of 10 °C min-1 under nitrogen flow (90 mL min-1) using a Q500 TGA
analyser (TA Instruments, UK).
Fourier-transform infrared spectroscopy
Fourier-transform infrared spectroscopy (FTIR) is a technique used to obtain an
infrared spectrum of absorption or emission of a solid, liquid or gas. The instrument
used in this thesis was a Shimadzu AIM8000 spectrometer with attenuated total
reflectance mode (ATR). ATR has advanced to become the standard FTIR sampling
technique, providing excellent data quality combined with high reproducibility.
Atomic absorption spectroscopy technique
Atomic absorption spectroscopy is an analytical technique that measures quantities of
chemical elements by measuring the absorbed radiation. Every atom has its own
distinct pattern of wavelengths at which it will absorb energy, due to the unique
configuration of electrons in its outer shell [217]. It’s a fast and easy technique with
an extremely high sensitivity. In this thesis, Agilent AAS -240 equipment is used to
measure the Fe concentration at a current of 5 mA and a wavelength of 372 nm.
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Sheet resistance
Sheet resistance (Rs) of thin films (Ohms-per square) is commonly measured by use
of four-point probe based instruments. It is defined as the resistivity of a material
divided by its thickness (Rs = resistivity/thickness). A four-point probe is used to avoid
contact resistance, which often has the same magnitude as the sheet resistance.
Typically, a constant current is applied to two outer probes, and the potential on the
other two inner probes is measured with a high-impedance voltmeter. In this thesis,
the sheet resistivity was measured with a Jandel RM3 Conductivity Meter using a fourpoint probe method.
Mechanical properties
The mechanical properties of a material are those properties that involve a response to
an applied load, including elasticity, yield strength, ultimate tensile strength and
ductility. Compressive stress-strain measurements were performed using a Shimadzu
EZ-L universal mechanical tester at a crosshead speed of 1 mm/min. The Young’s
modulus was calculated using the slope of the stress-strain curve. Rheological
experiments were performed on a TA AR-G2 rheometer with a parallel plate
configuration (12 mm diameter) at a constant strain and a constant normal force.
2.5.2 Electrochemical properties characterization
Electrochemistry provides an analytical tool for analysing the kinetics of charge
transfer

processes.

Cyclic

voltammetry

(CV),

electrochemical

impedance

spectroscopy (EIS) and galvanostatic charge/discharge technique are three main
methods in this thesis to characterize the electrochemical properties of materials,
electrodes or batteries.
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Cyclic voltammetry
Cyclic Voltammetry (CV) is an electrochemical technique used to probe the nature of
electrochemical redox processes. CV is performed by applying a cyclic potential on a
working electrode, and measuring the resulting current. An electrochemical cell with
a three-electrode setup consists of a reference electrode, a working electrode and a
counter electrode, as shown in Figure 2.3. Before experiments, the counter electrode
(stainless steel mesh) was cleaned by being sonicated in ethanol and subsequently
rinsed with distilled water. The CV measurements were conducted using a CHI 650D
electrochemical workstation (CHI Instruments, USA).

Figure 2.3 A three-electrode electrochemical setup.
Electrochemical impedance spectroscopy
EIS is a non-destructive electroanalytical tool used to determine kinetic parameters of
an electrochemical system. It can be used to evaluate materials of electrodes and
devices (e.g., batteries, capacitors). During an EIS test, a small amplitude AC-signal
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is applied to measure the response and compute the impedance (both resistance and
reactance) at each frequency. The complex response of the system is usually displayed
in Nyquist format and Bode plot. A Nyquist plot is a plot of the imaginary part versus
the real part over the scanned frequency range. A Bode plot consists of a resistance
plot or a phase plot which is the resistance or phase as a function of frequency. In this
thesis, EIS tests were performed using a Gamry EIS 3000TM system with an AC
amplitude of 10 mV at open circuit potential.
Galvanostatic charge/discharge technique
Galvanostatic charge-discharge test is a commonly used method to evaluate the
electrochemical energy storage of materials. For this technique, current is commonly
controlled and voltage is measured. This method is a powerful technique to provide
various parameters for evaluating energy storage devices such as capacity/capacitance,
rate capability, cyclability, and self-discharge. In this thesis, galvanostatic
charge/discharge tests were performed using a battery test system (Neware Electronic
Co., Ltd).
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Chapter 3 A

cytocompatible

robust

hybrid

conducting polymer hydrogel for use in a magnesium
battery
This chapter is adapted from the article, “A cytocompatible robust hybrid conducting
polymer hydrogel for use in a magnesium battery”, by Changchun Yu, Caiyun Wang,
Xiao Liu, Xiaoteng Jia, Sina Naficy, Kewei Shu, Maria Forsyth, and Gordon G.
Wallace, that was published in Advanced Materials 28, no. 42 (2016): 9349-9355,
with permission from the Royal Society of Chemistry.
3.1 Introduction
The advent of bionic materials that utilise electrical stimulation to promote tissue
regeneration has highlighted the need for integrated energy storage systems [218, 219].
Mg-air battery is a promising candidate with high energy density and high discharge
voltage attainable. Moreover, Mg or Mg alloys are also bioresorbable, suitable for
implantable work [31, 220].
A high performance Mg-air battery requires an efficient cathode with a highly porous
structure facilitating ORR [27, 36, 37]. Porous architectures with high specific surface
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areas and larger pore volumes, not only maximize the availability of electron transfer
but also provide better mass transport of reactants [221]. CPs possess the merits of
high conductivity, biocompatibility and catalytic ability towards the ORR. The use of
CPs in biocompatible Mg batteries with a biological electrolyte has been demonstrated
previously [222-224]. However, CPs membranes have the limitations in the biological
field due to their rigid mechanical property.
Hydrogels are suitable for a variety of bio-applications due to its matchable
mechanical property to tissues [203, 204]. Conducting hydrogels used in tissue
engineering typically consist of nonconductive scaffolds with a CP coating layer [208,
225]. These hydrogels possess excellent mechanical properties, however, they suffer
from low electroactivity and hence are not suitable for application in batteries. CPHs
wherein electronic conductivity is introduced into the structure with little compromise
of the physical properties are of interest. The 3D interconnected porous structure with
gel like mechanical properties make them highly suitable for tissue engineering [164,
184, 193, 205, 226], such as poly(3-thiopheneacetic acid) hydrogel [227].
CPHs for energy storage applications are commonly in the form of composites with
graphene or carbon nanotubes [224, 228, 229], which may lead to phase separation
with two different materials. Ghosh et al. have demonstrated a PPy/PEDOT hydrogel
as a supercapacitor electrode [230], however, they used the pre-formed PEDOT film
(about 2/3 of the contained water was evaporated) for ionic cross-linking to form the
hydrogel, since PEDOT dispersion can easily disintegrate upon the direct contact with
high concentration Mg2+ solution and difficult to form a bulk hydrogel [231] . There
are significant limitations in controlling the structure due to the additional processes
introduced, including film forming, drying and re-swelling. PANi hydrogels [232, 233]
or PPy hydrogels [234-236] prepared by chemical polymerization have demonstrated
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a high conductivity for application in energy storage, but they require a long
purification time to remove excess reactants or by-products. Furthermore, little
information is available on the mechanical properties of these CPHs, nor their
application in tissue engineering.
In this chapter, a cytocompatible PPy/PEDOT hydrogel was developed as a cathode
for a Mg battery. PPy is electrochemically deposited onto the PEDOT hydrogel that is
obtained by a two-step cross-linking process. This hydrogel is suitable for electrodecellular application. It demonstrates a high battery performance when coupled with a
bioresorbable Mg alloy in phosphate-buffered saline. A combination of suitable
mechanical and electrochemical properties makes this hydrogel a promising material
for bionic applications.
3.2 Experiment Section
3.2.1 PPy/PEDOT hydrogel Fabrication
A 1.5 wt% PEDOT:PSS dispersion (3 ml) was mixed with 0.25 M Mg(NO3)2 (360
µL). This partial ionic crosslinking process lasted 24 h in a cuboid conductive template,
followed by an immersion in 1 M Mg(NO3)2 overnight for additional crosslinking.
Then it was immersed in 0.1 M freshly distilled pyrrole and 0.1 M pTS solution for 2
h at 4 ºC prior to commencing the electropolymerization at 0.7 V vs Ag/AgCl. The
consumed amount charge is 1C.
A similar procedure was followed to fabricate PPy/PEDOT hydrogel on stainless steel
mesh for electrochemical tests and cell work. The uniformly mixed 1.5% PEDOT:PSS
and 0.25 M Mg(NO3)2 solution (60 µL) was cast onto a UV-ozone-treated stainless
steel mesh (1 x 1 cm2). The samples were kept in the hood for 20 min for gelation
before being immersed in 1 M Mg (NO3)2 for 2 h. The applied charge for PPy
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electropolymerization (0.7 V vs Ag/AgCl) was 1 C per cm2. PPyon stainless steel mesh
was also prepared as control.

3.2.2 Cell work
PPy/PEDOT hydrogels were treated by soaking in sterile PBS supplemented with 500
U/ml Penicillin-Streptomycin for 20 h. The hydrogels were placed into six-well
polystyrene cell culture plates and soaked overnight with culture medium, followed
by rinsing with PBS twice. Adipose-derived stem cells (hADSCs) were seeded on the
samples at the density of 3×104 cells/cm2, and cultured in DMEM media supplemented
with 10% FBS for 72 h. Then cells were visualized using Live/Dead (calcein-AM/PI)
staining following the methods in 2.3.1. For SEM imaging, the hADSCs were fixed
in 3.7% paraformaldehyde for 1 h at room temperature, followed by a freezing process
in liquid nitrogen and a freeze drying process.
For the proliferation study, cells were seeded at 104 cells/cm2 in a 24-well plate. Cell
viability and proliferation ability were measured by PrestoBlue (Life technology)
following the methods in 2.3.2. Specifically, at day 1, 3, 7, 14 and 21, cells were
incubated in 10% Prestoblue (in culture media) for 1h.
Electrical stimulation was studied to demonstrate that PPy/PEDOT hydrogel may be
beneficial as tissue engineering scaffold. Each PPy/PEDOT hydrogel was seeded
initially at the density of 104 cells/cm2 in a custom designed acrylic chamber filling
with culture media.
3.2.3 Characterization
Surface morphology or cross-sectional view of PPy, freeze-dried PEDOT or
PPy/PEDOT hydrogels was investigated by field emission scanning electron
microscopy. The method for thermal properties, compressive stress-strain curves and
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rheological tests are detailed in 2.3.
Cyclic voltammetry tests were performed within a potential range of -0.7 V to 0.6 V
at various scan rates. Impedance spectra were measured over the frequency range of
100 kHz to 0.01 Hz with an AC perturbation of 10 mV at open-circuit potential.
Batteries were assembled using a PPy-PEDOT hydrogel or a PPy cathode (1×1 cm2)
coupled with a Mg alloy anode (1×1 cm2) in a one-component cell containing 10 mL
PBS. The discharge test was carried out using a battery-testing device (Neware
Electronic Co.).
3.3 Results and discussion
3.3.1 Formation mechanism and porous structure of PPy/PEDOT hydrogel
In the PEDOT:PSS compound, PSS is in excess with respect to the positively charged
PEDOT chain [237]. Excessive negative charge of the PEDOT:PSS complex can be
ionically crosslinked in solution by multivalent cations. The cation of Mg2+ can
electrostatically interact with PSS as an ionic crosslinker (Figure 3.1A). The addition
of low concentration Mg(NO3)2 was used to convert the viscous PEDOT:PSS
dispersion (Figure 3.1B) into a monolithic gel, capable of maintaining its structure
under gravity (Figure 3.1C).

92

Figure 3.1 (A) Crosslinking process of PEDOT:PSS hydrogel. Digital images of
freshly mixed 1.5% PEDOT and 0.25 M Mg(NO3)2 solution (B) and after the gelation
(C).
Similarly, the PEDOT film that was partially crosslinked with Mg2+ can maintain its
integrity when contacting with 1 M Mg2+ solution, in contrast to the disintegration of
pure PEDOT film (Figure 3.2). It has been reported that aqueous PEDOT:PSS films
are easily disintegrated in excess Mg2+ solutions rather than gelation occurring [230,
231]. The initial crosslinking step allows Mg2+ to evenly distribute throughout the
PEDOT:PSS dispersion and slightly crosslink it. This process is essential to maintain
a uniform hydrogel avoiding local gelation when contact with high concentration Mg2+
solution. The use of a higher concentration of Mg2+ in the second step is to increase
the degree of crosslinking and thus improve the overall strength of the hydrogel.
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Figure 3.2 A) Photos of the freshly fabricated PEDOT film partially crosslinked with
Mg2+ (left) and pure PEDOT film (right) on one piece of stainless steel mesh; B)
Photos of these two fresh PEDOT films after they were immersed in 1M Mg(NO3)2.
Partially cross-linked PEDOT film maintained its integrity while pure PEDOT film
was disintegrated.
After the formation of PEDOT hydrogel, an additional electropolymerization process
of PPy is applied on PEDOT hydrogel to fabricate PPy/PEDOT hydrogel with the
increase in the mechanical properties of the composite (Figure 3.3A). The PEDOT
hydrogel changed colour from dark blue (Figure 3.3B, left) to black (Figure 3.3B, right)
after the incorporation with PPy. The PPy/PEDOT hydrogel materials were
mechanically robust, and still retained the shape without any volume loss after
removing the mould. This free-standing hydrogel was robust and can be lifted by a
pair of tweezers (shown as the insert picture of Figure 3.4B). In contrast, PEDOT
hydrogels were collapsed under their own weight (left hydrogel in Figure 3.4B). It
should point out that a facile and easily to scale up method (e.g.,
chemical/electrochemical synthesis) have been applied in the formation of
PPy/PEDOT hydrogel. Hence it is possible to fabricate a PPy/PEDOT hydrogel with
any desired shape or size using this method.
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Figure 3.3 A) Schematic procedures to fabricate PEDOT hydrogel and PPy/PEDOT
hydrogel. B) Digital images of PEDOT hydrogel (left) and PPy/PEDOT hydrogel
(right) after the template removal; Inset shows that robust PPy/PEDOT hydrogel can
be lifted by a tweezer.

The growth curve of PPy on PEDOT hydrogel is shown in Figure 3.4, and growth of
PPy on stainless steel is the contrast. Both of the growth curves of PPy on stainless
steel and PEDOT hydrogel show similar characteristics: a plateau where the diffusion
controlled monomer oxidation and a rapid increase of charge density indicating
continuous and gradual polymer growth [238]. A higher deposition current was
produced during the PPy growth on PEDOT hydrogel, compared with that with
stainless steel substrate at the same applied potential (Figure 3.4). It can be ascribed
to the increased surface area ascribed to the hydrogel’s 3D porous structure as well as
its good compatibility with the electrolyte.
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Figure 3.4 Chronoamperometric curves recorded during the PPy growth on a stainless
steel mesh (black line) or a PEDOT hydrogel (red line) at 0.7 V (vs.Ag/AgCl) in 0.1
M pyrrole and 0.1 M pTs electrolyte. A charge of 1C cm−2 was consumed.
The water contents of PEDOT and PPy/PEDOT hydrogels were estimated by
thermogravimetric analysis. PEDOT and PPy/PEDOT hydrogels displayed a sharp
mass loss between 50°C and 100°C in the TGA measurement (Figure 3.5), which is
associated with water contained in the structure. The water content was estimated to
be 97.5% for PPy/PEDOT hydrogel, and 98.2% for PEDOT hydrogel by the enlarged
inset of Figure 3.5.
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Figure 3.5 TGA of PPy/PEDOT hydrogel and PEDOT hydrogel. Inset image is the
enlarged figure of Mass weight (0-5%) vs. temperature.
3.3.2 Physicochemical properties of PEDOT hydrogel and PPy/PEDOT
hydrogel
Mechanical properties of PEDOT hydrogel and PPy/PEDOT hydrogel
The PEDOT gel displayed the properties resembling a highly concentrated polymer
solution with a plateau region of storage modulus G' around 2.5-3.2 kPa (Figure 3.6A),
a compression fracture strength of 1.6 kPa and a Young’s modulus of 0.9 kPa (Figure
3.6B). In contrast, the PPy/PEDOT hydrogel exhibited a robust gel-like behaviour
with G' remaining almost constant around 13.5-19.3 kPa, higher than that (~3 kPa) of
poly(N-isopropylacrylamide)/PPy hydrogel [236]. PPy/PEDOT hydrogel also
exhibited a much higher compression fracture strength and a Young’s modulus
respectively 12.4 kPa and 7 kPa. Such enhancement is attributed to the incorporation
of the stiffer PPy network into the PEDOT hydrogel matrix providing additional
reinforcement and mechanical support.
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Figure 3.6 A) Rheological behaviours of PPy/PEDOT hydrogel and PEDOT hydrogel.
B) Compressive stress-strain curves of PPy/PEDOT hydrogel and PEDOT hydrogel.

The modulus can be further improved to ~12 kPa and ~32 kPa when the charge
consumed during the PPy growth was increased by 150% and 200% (Figure 3.7). It is
because of the different amounts of PPy chains attached on the PEDOT hydrogel
scaffolds to increase their mechanical properties. This modulus range (7~32 kPa)
matches that of adipose (2 kPa), neurons (1-10 kPa), and skeletal muscle (~30 kPa)
tissue [239-241], thus making these PPy/PEDOT hydrogels candidates for tissue
regeneration.
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Figure 3.7 Stress-strain curves of PPy/PEDOT hydrogels with different deposition
amount of PPy (charge consumed during PPy growth per ml PEDOT hydrogel: 16.7C
(I), 25C (II) and 33.4C (III) (Inset, Young’s modulus with deviations).
Microscopic structures of PEDOT hydrogel and PPy/PEDOT hydrogel
Freeze-drying is a pore-protecting drying method, and is widely used to process
hydrogels to characterise the porous structure [242]. Both PEDOT (Figure 3.8A) and
PPy/PEDOT hydrogel (Figure 3.8B) displayed a typical 3D interconnected porous
structure. PPy/PEDOT hydrogel matrix is composed of more denser or smaller
micropores compared with that of PEDOT hydrogel, implying a higher mechanical
robustness. PPy on the stainless steel mesh showed a granular surface morphology
(Figure 3.8C, 3.8F), compared with that of PEDOT (Figure 3.8A, 3.8D). This coarse
surface was composed of granules at higher magnification, clearly demonstrating the
existence of PPy. Both PEDOT and PPy/PEDOT hydrogels demonstrated a similar
cross-sectional view being a typical hydrogel structure (Figure 3.8G and H).
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Figure 3.8 Surface morphology of PEDOT hydrogel (A, D), PPy/PEDOT hydrogel
(B, E), and PPy on a stainless steel mesh (C, F) ( Inset E, scale bar 100 nm); Crosssectional images of PEDOT hydrogel (G) and PPy/PEDOT hydrogel (H).

The elements contained in these hydrogels were examined using energy-dispersive Xray spectroscopy (EDS) associated with SEM (Figure 3.9). Elements, C, S and O, were
detected in all these three samples. Mg was observed in the PEDOT and PPy/PEDOT
hydrogel, which is from the crosslinking agent used, Mg(NO3)2. The element N is
from the pyrrole ring. The presence of N in the PPy/PEDOT hydrogel proves the
successful deposition of PPy onto PEDOT hydrogel.
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Figure 3.9 SEM images and the corresponding EDX spectra of PPy (A, D), PEDOT
Hydrogel (B, E) and PPy/PEDOT Hydrogel (C, F).

3.3.3 PPy/PEDOT hydrogel as the cathode for Mg-air battery

Electrochemical properties of PPy/PEDOT hydrogel
The PEDOT hydrogel alone displayed a negligible current response when scanned
over the range of -0.7 V to 0.6 V at a scan rate of 20 mV/s (Figure 3.10), whereas with
a PPy coating, both the anodic and cathodic current improved significantly. The
negligible current response of PEDOT hydrogel was probably because PEDOT sued
in this work didn’t have the catalytic activity for ORR [226]. Cyclic voltammograms
(CVs) obtained from the electrode with PPy alone had lower current densities for both
oxidation and reduction compared with the PPy/PEDOT composite.
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Figure 3.10 Cyclic voltammograms of PPy/PEDOT hydrogel, PPy or PEDOT
hydrogel in PBS at a scan rate of 20 mV s-1.

The negligible electrochemical response of PEDOT hydrogel compared to
PPy/PEDOT hydrogel demonstrated that PPy was the major contributor to the high
electroactivity. The significantly higher current response from PPy/PEDOT hydrogel
compared to PPy on stainless steel can be attributed to its porous structure facilitating
fast electron and ion transport [125]. Not surprisingly, the current response increased
with the increased amount of PPy deposited (Figure 3.11A). It is also noted that the
oxidation peak shifted positively and the reduction peak shifted negatively with
increasing scan rate (Figure 3.11B), and this is attributed to the electrode resistance.
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Figure 3.11 A) Cyclic voltammograms of PPy/PEDOT hydrogel with different
deposition amount of PPy in PBS at a scan rate 20 mV s-1 (charge consumed during
PPy growth per cm2: 0.1, 0.25, 0.5, 0.75, 1C). B) Cyclic voltammograms of
PPy/PEDOT hydrogel at different scan rates in PBS electrolyte.

The oxidization ability of PPy/PEDOT hydrogel was tested by the potential-time curve.
The open circuit potential of the reduced PPy/PEDOT hydrogel (-0.8 V, 1800s)
increased immediately after the bias potential was removed (Figure 3.12) in an O2rich or N2-saturated PBS electrolyte. It was noticed that the potential at time = 0 (e.g.
the biased potential was removed) was different, it was -0.45 V in O2-rich electrolyte
and -0.51 V in N2-saturated electrolyte indicating different re-oxidation state of
reduced PPy, which was directly related to the partial pressure of oxygen dissolved at
the interface [243]. A potential of -0.04 V or -0.30 V were recorded at 400s,
respectively. A higher potential increase in the O2-rich electrolyte suggests that the
reduced hydrogel can be readily re-oxidized by O2.
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Figure 3.12 Potential response of PPy/PEDOT hydrogel electrode in O2 or N2
saturated PBS solution after the bias potential (−0.8 V vs Ag/AgCl) was removed.

The PPy/PEDOT hydrogel, PPy or PEDOT hydrogel displayed a bulk resistance of 15
Ω, 35 Ω and 10 Ω in PBS electrolyte, respectively (Figure 3.13). The lowest bulk
resistance of the PEDOT hydrogel arises from its better electrical properties compared
with PPy [158]. The PPy/PEDOT hydrogel displayed a smaller resistance in the
medium-high frequency region compared to pure PPy, suggesting its fast
electrochemical kinetics [244]. Neural cell communication commonly occurs between
300 Hz and 1 kHz [245]. PPy/PEDOT hydrogel showed its excellent ion transportation
behaviour as evidenced by a low impedance of 10 Ω at 1 kHz, lower than 37 Ω for
PPy (Figure 3.13, insert) and the previously reported KΩ level for the PEDOT
hydrogel [246]. The low resistance is beneficial to recording high quality signals when
used in vivo.
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Figure 3.13 Nyquist plot of a PEDOT hydrogel, PPy or PPy/PEDOT hydrogel in PBS
( Insets: left, expanded plot; right, plot of Z’ vs. frequency).

Battery performance of Mg-air battery with PPy/PEDOT hydrogel or
PPy as cathode
A Mg battery composed of PPy/PEDOT hydrogel or PPy was discharged for 6h at
various discharge current densities (Figure 3.14). PPy/PEDOT hydrogel displayed a
discharge plateau of 1.35, 1.20, 1.10, 0.93 and 0.45V, compared with 1.42, 1.26, 0.75,
0.55 and 0.27 V for PPy at a current density of 20, 50, 100, 200 and 500 µA/cm2,
respectively. It can be seen clearly that at a discharge current above 100 µA/cm 2, a
PPy/PEDOT hydrogel battery displayed a higher discharge voltage indicating its better
ORR catalytic ability at these discharge rates [247]. This may be explained by the fact
that the porous conductive framework facilitates rapid electron transfer and shortens
ion diffusion distances leading to better performance at high current densities.
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Figure 3.14 Discharge curves of a Mg battery with a PPy/PEDOT hydrogel or a PPy
cathode in PBS at different discharge current densities (6h duration for each stage).

The Mg battery with a PPy/PEDOT cathode could provide a stable voltage of 0.7 V
for about 160 h at a current density of 200 µA cm-2, delivering a capacity of 32 mAh
cm-2 and an energy density of 22 mWh cm-2 (Figure 3.15). This performance is superior
to the 60 h for PPy with a capacity of 12 mAh cm-2 and energy density of 10 mWh cm2

. The power to drive the implantable medical devices (IMDs) generally falls in the

level of µW to mW [2], and therefore the Mg-air battery containing a PPy/PEDOT
cathode is expected to power IMDs such as a pacemaker, cardiac defibrillator or a
neurological stimulator with power requirement between µW to mW range.
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Figure 3.15 Discharge curves of a Mg battery with PPy/PEDOT hydrogel or PPy
cathode at 200 µA cm-2 in PBS.
3.3.4 Bio-application of PPy/PEDOT hydrogel
Cytocompatibility of PPy/PEDOT hydrogel
Cytocompatibility is an important feature for the materials applied for in vitro or in
vivo work. The cytocompatibility of PPy/PEDOT hydrogel was evaluated using
adipose-derived stem cells (hADSCs). As shown in the live/dead fluorescence staining
(Figure 3.16A), hADSCs were well spread and reached high confluence after seeding
for 72 h, which indicates low cytotoxicity of the substrate. In agreement with the
fluorescence image, the SEM images exhibited a flat, well spread cell morphology,
with minor filopodia attached tightly to the PPy/PEDOT hydrogel. These cells were
forming bridges over the highly porous substrate (Figure 3.16B, Figure 3.16C).
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The total cell metabolic activity, characteristic of cell proliferation, increased
significantly during the first 2 weeks, then stabilised (Figure 3.16D). These results
demonstrate that this conductive PPy/PEDOT hydrogel provides a compatible
substrate for hADSCs. Given its conductivity and electroactivity this organic
conducting polymer based hydrogel could also serve as a conduit for
electrostimulation to provide benefits of electrical stimulation [194, 248].

Figure 3.16 Live/Dead cell viability staining (green, live cells; red, dead cells) of
hADSCs on the PPy/PEDOT hydrogel after 72h seeding. B, C) SEM images of cell
on PPy/PEDOT hydrogels; D) Growth curve of hADSCs on PPy/PEDOT hydrogel at
day 1, 3, 7, 14, 21.
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Likewise, PC12 cells as the representative neural cell type were also cultured on the
hydrogel samples and immune-stained for analysis to demonstrate that the hydrogel
could be also applied in neuron research (Figure 3.17). As expected, cells number
increased significantly in the first 3 days and reached the high confluence at day 10.
However, it has also been noticed that there is an increased number of dead cells,
which may be attributed to the too high cell density. The growth curve of PC12 cells
(Figure 3.18) is consistent with the results shown in the fluorescence test. Cells number
kept increasing with time, demonstrating that the PPy/PEDOT hydrogel can well
support PC12 cells attachment and proliferation also.

Figure 3.17 Fluorescence images of PC12 cells on the PPy/PEDOT hydrogel at A)
day 1, B) day 3, C) day 7 and D) day10.
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Figure 3.18 Growth curve of PC12 cells on PPy/PEDOT hydrogel at day 1, 3, 5, 7,
10 and 14.

Stem cell differentiation on PPy/PEDOT hydrogel
To evaluate whether stem cells can retain their differentiation potentialities, hADSCs
were induced on PPy/PEDOT hydrogel in osteogenic differentiation media. As shown
in SEM images (Figure 3.19 A-C), hADSCs displayed an irregular polygonal
morphology of osteogenic induction, and had long cellular extensions on the
PPy/PEDOT hydrogel samples. Filopodia were observed to be in direct contact with
neighbouring cells as well as with hydrogel especially on the day 14 and day 21 when
the cells achieved high confluence.
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Figure 3.19 Cell attachment, differentiation and morphology on PPy/PEDOT
hydrogel after 7 days, 14 days, and 21 days.

In addition, the mineralization process was semi-quantified by means of alizarin red
staining. The results (Figure 3.20) demonstrated profound Ca deposition during
osteogenic differentiation of hADSCs on PPy/PEDOT hydrogel. The calcium
deposition amount increased with time. Since the ability of mineralization is a marker
for mature osteoblast [249], these results clearly indicated that PPy/PEDOT hydrogel
could support the osteogenic differentiation of hADSCs and lead to mineralization.
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Figure 3.20 Semi-quantitative analysis of the mineralization by ADSCs on
PPy/PEDOT hydrogel using alizarin red on day 7, 14 and 21.

Apart from hADSCs, PC12 cells could also successfully grow neurites on hydrogel,
as demonstrated by the florescence images in Figure 3.21. Neurites started to extend
at day 1, and formed a complex neuronal network at day 7. It shows that this hydrogel
could support the differentiation of PC12 cells, potentially for the application of neural
stimulation.
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Day 1

Day 1

Day 3

Day 3

Day 7

Day 7

Figure 3.21 Immunostaining of PC12 cells cultured on the PPy/PEDOT hydrogel.
PC12 cells were cultured in differentiation media for 7 days and stained with β-ш
tubulin.
Electric stimulation for differentiation of stem cells on PPy/PEDOT
hydrogel
To assess whether the PPy/PEDOT hydrogel can deliver electrical stimulation to stem
cells and promote differentiation, a custom designed chamber to stimulate hADSCs
on this hydrogel was employed. The extent of hADSCs differentiation was initially
evaluated by alkaline phosphatase (ALP) activity. ALP is an early indicator of
immature osteoblast activity and commitment of stem cells towards the osteoblastic
phenotype. ALP activity was almost increased twice in response to the electric
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stimulation (Figure 3.22). In the meantime, the hADSCs morphology also underwent
obvious changes, and more clonies and cuboidal osteogenic phenotype can be
observed (Figure 3.23).

Figure 3.22 ALP activities of hADSCs without and with electrical stimulation (ES).

The ALP activity increased along with the morphological changes thus indicating that
PPy/PEDOT hydrogel is a promising electrode material for osteogenic differentiation
which can not only support stem cell adhesion, proliferation and differentiation, but
also deliver electrical stimulation, and promote the differentiation process.
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Figure 3.23 Live/Dead staining of hADSCs cultured on PPy/PEDOT hydrogel in
osteogenic conditions without (A, B) and with (C, D) electrical stimulation for 7 days,
scale bar 100 µm.

3.4 Conclusions
In summary, a robust hybrid conducting polymer hydrogel (PPy/PEDOT) has been
developed for a Mg bioelectric battery. By introducing a two-step crosslinking method,
it is feasible to fabricate the hydrogel in any desirable size and shape. The
incorporation of PPy reinforces the hydrogel scaffold and can tune the mechanical
properties suitable for use as different bio-interfaces. The battery assembled with this
hybrid hydrogel possesses high capacity, high rate and high energy density due to its
three-dimensional porous structure. This conductive hydrogel can also deliver
electrical stimulation to the cultured stem cells on it and promote the differentiation.
To meet the increasing demand of cytocompatible conductive materials with suitable
mechanical properties for electrode-tissue interface, this work may open up new
avenues to build three-dimensional conducting polymer hydrogel based electrodes that
are capable of presenting spatial and temporal electrical stimulation for bionic
applications. It can be anticipated that the energy generated from this type of
bioelectric battery may be directly used to modulate cellular activities cultured on the
hydrogel without need of an external power supply.
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Chapter 4 A cytocompatible iron-air bioelectric
battery for enhancing the degradation rate of Fe stent
4.1 Introduction

A bioelectric battery that utilizes aqueous electrolyte, a bioresorbable metal anode and a
biocompatible cathode can offer high energy density. It is a promising power source for
powering IMDs as the cathode active material (oxygen) is accessed from the physiological
environment [250]. In Chapter 3, a Mg-air battery system has shown excellent battery
performance. It is worth noting that the employed Mg or Mg based alloy anode has been
widely researched for biodegradable metallic stents for vascular intervention and
osteosynthesis as well [29, 251-253]. With the features of immunologically inert and
matchable physical properties to the commonly used 316L stainless steel for stent,
they can provide a temporary opening to a narrowed arterial vessel until the vessel
remodels, and disappear progressively thereafter [254]. Unfortunately, the rapid
corrosion of Mg stent in the chloride containing solution (e.g., human body fluid or
blood plasma) is an intrinsic response as chloride ions promote rapid attack of
magnesium; thereby the stents lose their mechanical integrity before the expected
service life [255-257]. Moreover, the evolved hydrogen bubbles accompanying the
rapid Mg corrosion accumulated in the gas pocket around the implant will delay the
healing of surgery [31].
Compared with Mg, Fe has been considered to be an interesting candidate for a
biodegradable implant material since their first safe implantation in rabbits for 1 year
[258]. Fe is a physiologically essential component of cytochromes and oxygenbinding molecules; its content is high, about 35-45 mg per kilograms of adult body
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weight [259]. It has well-defined transport systems for the clearance of its degradation
products [260, 261]. With the aid of physiological metabolic processes, the organism
succeeds in either excreting the products or integrating them into the natural metabolic
process [262, 263]. However, Fe stents suffer from a slow degradation rate over an
implantation period of 52 weeks that cannot match the tissue healing period, which
significantly hampered its clinical utility [264, 265]. Efforts that have been made to
improve the corrosion behaviour of

Fe include alloying [266, 267], surface

modification [268] and new manufacturing techniques to fabricate novel Fe stents
(e.g. electroforming process) [269]. However, Fe corrosion is mainly ascribed to an
oxidation-reduction process. These methods are all the static techniques that focus on
modifying the Fe itself with passive corrosion.
In this chapter, we present a new dynamic approach to accelerate the degradation rate
of Fe by coupling it with a cytocompatible PPy/PEDOT hydrogel cathode and a culture
media electrolyte to form a galvanic Fe-air battery. The enhanced degradation
behaviour of Fe as a cathode in a working battery (denoted as “with stimulation”)
compared to that non-activated/static battery (denoted as “without stimulation”) in
vitro was evidenced by the decreased corrosion impedance, increased anodic slope
and positively shifted corrosion potential, as well as the increased Fe content released
in the electrolyte. It can be explained that the oxygen reduction on the cathode will
induce additional electrochemical reaction on Fe apart from the self-corrosion, thus
resulting in enhanced corrosion. Impressively, the adipose-derived stem cells cultured
on the battery’s PPy/PEDOT hydrogel cathode can well attach and proliferate with
stimulation for 21 days (2 hours/day) as well. This battery can also deliver a stable
voltage potentially for biological activities such as cellular communications.
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4.2 Experimental

4.2.1 Assembly of Fe-air battery

PPy/PEDOT hydrogels were prepared following the procedures as described in
Chapter 3. They were treated by soaking in sterilised PBS supplemented with 500
U/ml Penicillin-Streptomycin for 20 h before the cells seeding. Fe foils were stored
in nitrogen atmosphere before their use.
Batteries were assembled using a PPy/PEDOT hydrogel cathode (2 × 1 cm2) coupled
with a Fe alloy anode (2 × 1 cm2) in a one-component cell containing 3 mL culture
media electrolyte. Its schematic diagram is shown in Figure 4.1, and the assembly
process is described in Chapter 2 (Section 2.4).

Figure 4.1 Schematic diagram of an Fe-air battery for in vitro work.
4.2.2 Degradation test
Degradation testing of Fe was performed in the above battery device with hADSCs
culture media as electrolyte. The device was kept in an incubator (37 ºC, 5% CO2) for
the whole period of degradation testing. The battery was activated by connecting to a
120K resistor for 2 hours per day. The Fe foil anode in the static battery condition (e.g.,
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open circuit potential state) was used as control. Three samples were tested for each
time point. After the test, Fe foils were gently rinsed with water and dried. The
composition and morphology of Fe anodes were then analysed with XRD, SEM
techniques and electrochemical tests. The Fe content in the electrolyte from the battery
systems were tested by AAS technique.
4.2.3 Metabolic activity of Adipose-derived stem cells
hADSCs were seeded on the PPy/PEDOT hydrogel cathode with a density of 2×104
cells/cm2 and incubated in culture media 24 h for attachment. The culture media
electrolyte was kept refreshed every day. The discharge of the battery was initiated by
connecting to a 120K resistor. The cells were stimulated on PPy/PEDOT hydrogel by
using the discharge current from this battery for 2 hours per day, lasting 21 days.
Cell viability and proliferation ability were measured by PrestoBlue. Specifically, at
day 3, 7, 10, 14 and 21, all cells with and without the stimulation from an Fe-air battery
discharge were incubated in 10% Prestoblue (in culture media) for 1h. Fluorescence
was measured by a plate reader with a 544 nm excitation filter and a 590 nm emission
filter.
4.2.4 Characterization
Surface morphology of the Fe foil was investigated by field emission scanning
electron microscopy. Cyclic voltammetry tests were performed with an
electrochemical workstation (CHI 650D). Impedance spectra were measured using a
Gamry EIS 3000 system over the frequency range of 100 kHz to 0.01 Hz with an AC
perturbation of 10 mV at open-circuit potential. Tafel curves were tested with the CHI
650D electrochemical workstation at a scan rate of 1 mV s−1 over a potential range of
−1 to −0.1 V. Atomic absorption spectroscopy technique was performed to measure
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the Fe ion concentration (diluted to 2% of the test solution in culture media with 0.1M
HNO3) in the electrolyte. X-ray diffraction patterns were recorded over the scan angles
from 10° to 80° to identify the composition of Fe oxide on the Fe surface.
4.3 Results and Discussions
4.3.1 Performance of the Fe-air battery
As discussed above, this Fe-air battery is a water-activated primary battery that
consists of a biodegradable Fe anode and an air-breathable conducting polymer
hydrogel cathode. The performance of this battery was evaluated with the hADSCs
culture media as an electrolyte at 37º (Figure 4.2). Based on the discharge curve, the
Fe-air battery could provide a stable voltage of 0.61 V for about 60 h at a current
density of 10 µA cm-2, delivering a capacity of 1.3 mAh/cm2 and a power density of
0.7 mWh cm-2. The current gradually decreased after 60h which is not shown in the
figure; which is due to the degradation of the Fe-air battery. It was noticed that there
was some fluctuation during the battery discharging, as the iron-air battery was an
open system that was affected by the oxygen content in the electrolyte. This calculated
power falls within the range of µW to mW, which could potentially drive the
implantable medical devices (IMDs) with low power requirement such as a stimulator
[2].
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Figure 4.2 Discharge curves of an Fe-air battery with PPy/PEDOT hydrogel at a
current density of 10 µA cm-2 in culture media of 37 oC.

The overall cell reaction in this Fe-air battery that leads to energy generation is given
in Equation (4.1) [270].
Fe + ½ O2 + H2O ↔ Fe (OH)2

4.1

During discharge, Fe at the negative electrode is oxidized to Fe (II) hydroxide and
oxygen is reduced at the positive electrode to form hydroxide ions. When oxygen is
present, the reduction of oxygen is the predominant cathodic reaction as shown in
Equation 4.2. The individual reactions at cathode and anode are given by Equations
(4.2) and (4.3) [270]:
Cathode: ½ O2 + H2O +2e- →2OH-

4.2

Anode: Fe +2OH- → Fe(OH)2 + 2e-

4.3
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Ferrous hydroxide was initially formed on the Fe surface, but further discharging will
build up the corrosion products Fe oxyhydroxide or haematite (Fe2O3) as shown in
Equations (4.4) and (4.5) [271]:
Fe(OH)2 + OH- → FeOOH + H2O + e-

4.4

4Fe(OH)2 + O2 + H2O → 2Fe2O3·5H2O

4.5

The voltage of this battery was recorded when discharging in the incubator, 2 hours
per day for a 14 days period (Figure 4.3). The discharge potential was slightly
decreasing from 0.68 V at day 3 to 0.65 V at day 14, providing a total capacity of
7.8×10-2 mAh cm-2 and an energy density of 50.7 µW cm-2. This indicates that this
battery with this energy density may be capable of powering some IMDs with low
power requirements such as a stimulator [2].
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Figure 4.3 Discharge curve of Fe-air battery in the incubator at selected days 1, 3, 5,
7, day 10 and 14 (2 hours/ day).
4.3.2 Degradation of Fe anode with/without stimulation
Degradation of Fe started from its contact with culture media. Solid Fe has the
capacity to readily donate electrons and is oxidized to Fe2+ (Equation 4.6). The
produced ferrous ion may either dissolve into water, or deposit as scale on the
corroding metal surface [272].
Fe0 → Fe2+ + 2e-

4.6

Under the condition of pH 7.4 in an oxygen environment of physiological solution,
some Fe2+ could be converting to the ferric form (Fe3+) (Equation 4.7) [261]:
Fe2+ → Fe3+ + e-

4.7

With the presence of oxygen, the resulting ferrous ions are oxidized and hydrolyzed
forming various iron (hydr)oxide phases. With the presence of chloride ions, ferric
hydroxide is further hydrolysed, and goethite (α-FeO(OH)) is formed as the first
precipitate marking the oxidation state change of Fe2+ (ferrous) to Fe3+ (ferric) [273].
As the oxidation reaction further proceeds, the concentration of ferric chloride or ferric
sulfate increases, β-FeO(OH) begins to be formed as the second precipitate [274].
In this work, after 3 days without stimulation (static condition) in the incubator (37 ºC,
5% CO2), the Fe surface was partly covered by yellow products from Fe corrosion
called the corroded floor, basic corrosion scales (Figure 4.4). While with the battery
stimulation, a thicker yellow rust was distinctively formed at the centre of the Fe anode,
which can be attributed to a more serious corrosion process with more corrosion
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products accumulated. When composing a battery circuit, oxygen reduction on the
cathode induced the oxidation of Fe being converted into Fe2+ products.
After immersion for a sufficiently long time, the galvanic effect was suppressed to
some extent due to the limited oxygen reaching the Fe surface and the corrosion
mechanism changed from general corrosion to pitting corrosion [275]. It is because
oxygen depletion is the determining factor for the overall Fe corrosion reaction [276].
The pitting on Fe was due to the non-uniform corrosion with the dominant anodic
reactions, which will be analysed in detail by electrochemical techniques in the
following discussion.
With the elapsed time, the yellow colour on these samples without stimulation became
deeper at day 5 and then changed to yellowish brown at day 7, and brown at day 10
(Figure 4.4). In contrast, with an applied stimulation, it displayed a brown colour at
day 7 and dark-brown at day 10, meaning more Fe3+ compounds were formed on the
surface. The surfaces of all specimens were completely covered by brownish corrosion
products after 14 days, an evidence of a high degree of corrosion. FeOOH and Fe2O3
are the phases comprising this dark, relatively hard and brittle layer [277].
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Figure 4.4 Photographs of the Fe anode without and with stimulation at day 3, day 5,
day 7, day 10, and day 14.
The SEM images and XRD results of Fe anodes at Day 3 and Day 14 were chosen as
representatives for Fe corrosion products at the early and later stages. To reveal the
microstructure of corrosion scales, SEM images with localized feature are shown in
Figures 4.5A and 4.5B. At day 3 without stimulation, the Fe surface was flat with
mildly pitting corrosion. After the stimulation was applied, corrosion products of Fe
showed different morphology with accumulation of agglomerated particles. It is
probably because that more products are accumulated on the surface forming different
scale.
XRD results of the Fe anode with and without battery stimulation are shown in Figure
4.5C. The XRD data indicates possible multicomponent products formation at various
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energies [278-281]. The diffraction patterns show that the main species of these
corrosion products formed under both conditions can be identified as FeOOH and
Fe2O3 (Equations 4.8- 4.10 [282].
2FeOOH + Fe2+ →Fe3O4 + 2H+

4.8

2FeOOH+Fe+2H2O→3Fe(OH)2→Fe3O4 + 2H2O+H2

4.9

4Fe3O4 + O2 →6 Fe2O3

4.10

During the corrosion process, Fe2(OH)2CO3 or FeCO3 may probably be formed as the
transition state (Equation 4.11, 4.12), however, both of them are unstable in the
presence of O2 forming FeOOH and Fe2O3 (Equation 4.13, 4.14) [283, 284]. The
distinct peaks ((110) and (200)) of FeOOH disappeared after stimulation, meaning the
transformation of FeOOH into Fe2O3 according to the reactions 4.8-4.10 [285].
2Fe(OH)2+HCO3-→ Fe2(OH)2CO3+H2O +OH-

4.11

Fe2++ 2HCO3-→ Fe(HCO3)2→FeCO3+ CO2+H2O

4.12

2Fe2(OH)2CO3+2 H2O+ O2 →4FeOOH +2HCO3-+2H+

4.13

FeCO3→ FeO+ CO2 , 4FeO+ O2 →2 Fe2O3

4.14

The characteristic peaks of FeOOH at 2θ of 14º and 17º disappeared after the
stimulation. The significantly increased peaks intensity ratio of (300)/(120) indicates
that the amount of FeOOH had obviously decreased while the amount of Fe2O3 had
increased (Figure 4.5C). It also indicates that the Fe anode suffered high degrees of
corrosion, as Fe2O3 was formed as ultimate species in corrosion products following
Equations 4.8 - 4.10 [276, 286]. They all demonstrate that the battery stimulation can
enhance the Fe corrosion.
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Figure 4.5 SEM images of the Fe anode surface after 3 days without (A) and with (B)
battery stimulation; C) XRD results of the Fe anode surface without and with
stimulation.
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After 14 days, the Fe surface without or with stimulation in the culture media were
almost covered by a dense layer of Fe products composing of particles (Figure 4.6A
and 4.6B). Some cracks also presented, which may be caused by the dehydration after
being dried.
It should be noted that the pronounced peaks of FeOOH at 14º and 17º for Fe without
stimulation at day 3 completely disappeared at day 14 (Figure 4.6C). It clearly
indicates a greatly decreased amount of FeOOH or even a disappearance; in the
meantime, Fe2O3 became the dominant corrosion product. Compared with the XRD
spectrum at day 3, a small speak at 32º (104) appeared at day 14, which may be
attributed to trace of FeCO3 on the surface that were not transformed to Fe2O3 via
Equation 4.14 due to the limited access of O2.
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Figure 4.6 SEM images of the Fe anode surface after 14 days without A) and with B)
battery stimulation; C) XRD spectrum on the corrosion scales of Fe without and with
battery stimulation after 14 days.
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The produced ferrous ion from the Fe anode may either dissolve in the water, or
deposit as scales on the corroding metal surface. The amount of Fe released was
indicated by the Fe content in the electrolyte, which included soluble species and scale
particles detached from the surface due to the long-term contact with oxygen and water
[277, 287]. The corrosion rate of Fe in culture media with and without battery
discharge are illustrated in Figure 4.7. Fe concentration from the corrosion products
in the electrolyte without or with stimulation were almost the same at day 3; then with
battery stimulation it increased faster than that without stimulation. It also means that
larger amounts of Fe products had been released into the electrolyte. This is probably
due to the higher percentage of Fe2O3 corresponding to a higher Fe release [288]. The
quantities of Fe released in both electrolytes at day 3 were quite low (less than 400
mg/L), and it reached over 1500 mg/L at day 14. The produced Fe ions was only about
4.5 mg within this Fe-air battery (3 mL electrolyte) during a 14 days period; they
could be eventually transported by the fluid in the human body and excreted out, as
Fe could be lost at a rate of 1mg/day through the gut, urine and skin [32].
Taking a typical human weight of 50 kg for example, the volume of blood
participating in blood circulation is about 2800 ml. As calculated, it produced a Fe
concentration of 1.6 µg/ml for a 50 kg adult; which is far lower than 50 µg/ml that
expresses toxicity to cells and, therefore, this system is extremely safe for cells [261].
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Figure 4.7 The released ion concentrations of Fe in the electrolyte with and without
battery stimulation at day 3, day 5, day 7, day 10 and day 14.
EIS was utilized to evaluate the Fe anode corrosion. These results were displayed as
Bode plots, in which impedance modulus was plotted versus the frequency (f) of the
applied alternating current signal (Figure 4.8). When the frequency of an applied
signal is low (f→0), the impedance reflects the polarization resistance (Rp) that is
inversely proportional to the corrosion rate [289]. Therefore, the impedance modulus
Zreal at the lowest frequency in Bode impedance plots can be used as a semiquantitative indicator of Fe corrosion rate (i.e., a rate of Fe release and oxide growth).
The impedance at day 3 with stimulation was about 1987 Ω·cm2 ，far lower than that
of 3750 Ω·cm2 without stimulation, indicating the decreasing corrosion resistance and
increased corrosion rate. No matter whether with or without stimulation, the
impedance at D14 was both kept at a very low value of 170 Ω.cm2. It was probably
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due to the extremely high Fe oxide growth that indicates a high Fe corrosion rate
(shown as the brown-black colour in Figure 4.4).

Figure 4.8 Bode impedance plots of Fe anode after 3 days and after 14 days without
and with stimulation.
Ecorr is the potential at which the rate of metal dissolution reaction equals to the rate of
oxygen reduction reaction, which can be used to examine the corrosion rate of metals.
Cathodic polarisation curves in culture media without and with battery stimulation for
3 days and 14 days are shown in Figure 4.9, and the related values are listed in Table
4.1. It is noted that there is a slight shift of corrosion potential towards positive values
after the stimulation from to -0.64 V after 3 days, from -0.63 to -0.61 V after 14 days.
The potential difference of 0.03V was equal to the value difference of sample without
stimulation at day 3 (-0.66 V) and day 14 (-0.63) during a long period of corrosion.
These results demonstrated an easier anodic reaction and the accelerated anodic
reactions for Fe corrosion.
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However, the cathodic polarization curves did not display the expected linear Tafel
plot over the applied potential range, which is probably attributed to the deposition of
corrosion products on the Fe surface to form a non-reactive inhibiting film [290]. The
corrosion rate can also be determined by Tafel extrapolation of either cathodic or
anodic polarization curve alone. The anodic curve is used for better defining the Tafel
region, as the cathodic polarization induces concentration effects with deviations from
Tafel behaviour due to the diffusion limitation [290]. The cathodic slope with
stimulation was lower than that without stimulation at day 3 and day 14 (Table 4.1),
which is probably due to the impeded O2 diffusion by the higher amount of
accumulated corrosion products on the Fe anode after stimulation.

Figure 4.9 Tafel plot of Fe anode without and with battery stimulation at day 3 and
day 14.
Consistently, the anodic slope increased from 3.5 without stimulation to 11.0 with 3
days stimulation, from 3.2 to 6.8 during a 14 days period. These results clearly
demonstrate the promotion effect on the anodic reactions with the battery stimulation.
The anodic reactions result in a localized form of corrosion, such as pitting,
intergranular corrosion, or galvanic corrosion [291], which is consistent with the nonuniform corrosion morphology as shown in Figure 4.4 .
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Table 4.1 Cathodic and anodic slope of the Tafel curves at day 3 and day 14.
Cathodic slope

Anodic slope

D3 Without stimulation

4.2

3.5

D3 With stimulation

3.3

11.0

D14 Without stimulation 5.7

3.2

D14 With stimulation

6.78

4.1

4.3.3 Metabolic activity of cells with and without battery stimulation
The cytocompatibility of the Fe-air battery with/without discharging was evaluated
using human adipose-derived stem cells (hADSCs). As shown in the live/dead
fluorescence staining (Figure 4.10), all the hADSCs were well spread and reached
high confluence at day 21 after seeding on PPy/PEDOT hydrogel cathode of this
battery system without or with battery discharging stimulation, demonstrating the
cytocompatibility of this battery.
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Figure 4.10 Fluorescence images of the ADSCs on PPy/PEDOT hydrogel of an Fe-air
battery without A) and with B) stimulation for 21 days.
The total cell metabolic activity, characteristic of cell proliferation, increased
gradually in 2 weeks (Figure 4.11). It demonstrates that this battery can well support
the proliferation of hADSCs as well. However, cell metabolic activity increased
slower with battery stimulation, which could be related to the higher Fe concentration
in the culture media. The higher Fe concentration negatively influenced the growth135

related gene expression [263]. The problem of localised high Fe concentration is
probably solved if the Fe battery is directly implanted in the body, as these localised
Fe ions would diffuse and transport much quicker by physiological fluids, as body
fluid is a circulatory system.
As demonstrated above, all the materials involved in this Fe battery are cytocompatible, and cells could well attach and proliferate on PPy/PEDOT hydrogel
cathode even when the battery was at the discharged state for providing power. These
results indicate that this Fe-air battery may be safe and efficacious for implantation. It
is also reasonable to infer that the power generated by this battery may directly deliver
the energy to regulate the cell behaviours (e.g., cell migration).

Figure 4.11 Growth curve of ADSCs on an Fe-air battery at day 3, 7, 10, 14 and 21.
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4.4 Conclusions
In summary, a novel dynamic method to improve the degradation of Fe stent is
developed by coupling with a conducting polymer hydrogel cathode to form a
bioelectric battery. This battery provides a capacity of 1.3 mAh cm-2. In the meantime,
the electrochemical reactions of the ORR at the cathode induces the oxidation reaction
at the Fe anode thus accelerating the Fe corrosion compared with the static Fe
corrosion. In addition, this battery showed good cytocompatibility, and can support
the attachment and proliferation of adipose-derived stem cells during a 14 days period
under the working system with a stable voltage around 0.65 V for 2 hours per day. It
is a promising method to solve the low degradation rate of Fe stent and provide the
energy for biological activities (e.g., cell migration) at the same time.
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Chapter 5 A Smart Cyto-compatible Asymmetric
Polypyrrole

Membrane

for

Salinity

Power

Generation

This chapter is adapted from the article, “A smart cyto-compatible asymmetric
polypyrrole membrane for salinity power generation”, by Changchun Yu, Xuanbo Zhu,
Caiyun Wang, Yahong Zhou, Xiaoteng Jia, Lei Jiang, Xiao Liu, and Gordon G.
Wallace, that was published in Nano Energy 53 (2018): 475-482, with the permission
from Elsevier.

5.1 Introduction
Salinity gradient power is a clean and sustainable form of energy that can be captured
from water via partitioning two aqueous solutions of different salinities across a
membrane [292]. For salinity energy conversion process, the membranes used to
capture this type of energy screen the passing ions, resulting in a net electrical current.
Inspired by biological channels that exist in nature, smart biomimetic nanofluidic
systems have been built to enable salinity power harvesting. They commonly feature
a nano-porous structure with a specific surface charge (cationic or anionic) [293, 294].
Smart membranes with artificial biological ion channels are capable of reproducing
the biological energy conversion process based on a salinity gradient as well as making
biomimetic responses by responding to environmental stimuli such as pH, temperature,
light or electrical potential [97-100]. Such membranes have also been used for
nanofluidic devices, biosensing and drug delivery [295-297]. Membranes containing
these nanochannels are commonly fabricated by a self-assembly process, ion track
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etching, or electrochemical etching with limited scope for scale-up [101-103].
Typically “smart” nanochannels can be either directly fabricated with functional
materials or indirectly by surface modifying these nanochannels with functional
molecules [104]. A single component membrane is highly desirable for simplicity.
PPy possesses the properties of ionic as well as electronic conductivity [126]. It has
been used extensively in the area of bioengineering and energy storage owing to its
biocompatibility and electroactivity [125, 193]. The defects in its π-electron system
(polarons, bipolarons) can act as positive charge carriers favouring the conduction of
mobile anions within the polymer backbone [156]. PPy has been used previously as
an ion-exchange membrane with controllable ion transport via an externally applied
potential [298, 299]. With the ion selectivity, PPy has the potential for use in salinity
power generation. To date, heterogeneous membranes incorporating PPy as a
component, such as alumina/PPy, poly (acrylamide-co-acrylicacid)/PPy membrane,
have been developed to realise the smart pH/light or electro/pH modulated ion
transport [300, 301]. In these studies, the PPy layer was electrodeposited on a prefabricated nanoporous scaffold. The inherent incompatibility between two
components may lead to a phase separation [302]. It would be highly desirable if a one
component PPy membrane with an asymmetric porous structure could achieve all
these smart functions. However, no such membrane has been demonstrated yet.
In this chapter, a smart single component porous PPy membrane with an asymmetric
structure was prepared via a facile self-assembly process. It is a cytocompatible
substrate for Adipose-derived stem cell adhesion and proliferation. This membrane
was used for salinity gradient power generation with an electrochemically tuneable
ionic conductance as well. It can be anticipated that this single component PPy
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membrane would be a promising smart material for energy harvesting and biomimetic
applications.
5.2 Experimental
5.2.1 Fabrication of free-standing PPy membrane
The free-standing PPy membrane was formed at an aqueous/organic interface
following the reported procedures with some modifications [303]. Briefly, pyrrole was
dissolved in chloroform to form the organic phase (0.1 M, 10 ml). FeCl3 (0.15 M) and
Tween-80 (0, 0.5, 2, 4 g/L) were added into Milli-Q water (10 mL) to form the aqueous
phase. These two solutions were pre-cooled in an ice-salt bath (weight ratio of ice to
salt was 30:1). Then the aqueous solution was gently transferred onto the top of the
organic phase. The reaction was initiated when PPy monomer encountered FeCl3, and
the reaction proceeded for 24 hours in the ice-salt bath. The formed film was washed
alternately with water and ethanol, then dehydrated using ethanol and dried in air.
5.2.2 Cell work
PPy membranes were sterilised by soaking in ethanol for 30 min and exposed to UVlight for 20 min. Then they were placed into a 24-well polystyrene cell culture plate
and soaked overnight with culture medium, followed by rinsing with PBS twice.
Adipose-derived stem cells (hADSCs) were seeded in the well with an initial density
of 2×104 cells/cm2. Cell viability and proliferation ability investigations were done by
following the steps described in Chapter 2 (Section 2.3.2). For SEM imaging, the
hADSCs were fixed in 3.7% paraformaldehyde for 1 h at room temperature, followed
by a freezing process in liquid nitrogen and a subsequent freeze-drying process.
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5.2.3 Characterisation
Electrical measurements were conducted by mounting the PPy membrane with a
solution contact area of 3.14 mm2 (e.g., diameter 2 mm) between two halves of a
custom-made electrochemical cell where 2 mL electrolyte was added into each halfcell. The membrane was immersed in ethanol to increase its surface tension prior to
the ion transportation experiments, which could enable ions to pass through the
membrane easily. The current-voltage was recorded by a Keithley picoammeter.
Redox potential is obtained in the same electrochemical cell where the separator PPy
membrane between two half-cells was replaced by a nonselective silicon membrane
containing a single micro-window (side length~10 μm).
5.3 Results and discussions
5.3.1 Preparation and characterization of PPy membrane
The PPy membrane was fabricated using interfacial polymerization in a salt-ice bath
(Figure 5.1). Reactants (pyrrole and oxidant FeCl3) dissolved in each of the immiscible
phases reacted at the interface to form the insoluble membrane [304]. The pyrrole
monomer diffused into the water layer, and seated at the hydrophobic tail of surfactant
molecules through secondary forces such as π−π interactions and hydrogen-bonding
[305]. The surfactant Tween-80 molecules (0.5 g/L) aggregated into core–shell
cylindrical micelles, in which four long chains entangled with one another through
intra- and inter- molecular interactions at the applied condition [306]. The
unidirectional growth of PPy proceeded with the continuous supply of pyrrole
monomer and created an interconnected 3D porous structure.
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Figure 5.1

Schematic diagram of the PPy growth via interfacial polymerization

method.

A black membrane with a diameter of 4 cm (size of the reaction container) was formed
at the interface after 24 h interfacial reaction. This free-standing film was robust,
offering a conductivity around 200 S/m and a thickness of 20 µm (Figure 5.2A). The
surface in contact with the aqueous or organic phase is referred to as PPy-A and PPyO, respectively. It displayed an asymmetric structure as shown in the cross-sectional
view in Figure 5.2B: a uniformly interconnected 3D porous structure on the PPy-A
surface, and a planar macroporous structure on the PPy-O surface.
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Figure 5.2 (A) Photograph of the free-standing PPy film, and a demonstration that it
can be curled by a tweezer; (B) SEM images of a cross-sectional view of this PPy
membrane.

The morphology of PPy-A and PPy-O are shown in Figure 5.3A and Figure 5.3C
respectively. Those two faces of this film displayed different wettability as evidenced
by the observed contact angles: ~151° on the hydrophobic PPy-A surface (Figure
5.3B); and ~85° on the hydrophilic PPy-O surface (Figure 5.3D). The wettability of a
solid surface is governed by both chemical composition and microstructure [307]. In
addition, an isotropic wettability was observed on the PPy-A surface where water
droplets could roll in different directions with equal ease, evidencing a uniform PPy143

A surface. Such a film with asymmetric wettability (hydrophobicity on PPy-A surface,
hydrophilic on PPy-O surface) would find broad applications, such as micro-fluidic
devices, liquid transfer, and bio-inspired systems [308].

Figure 5.3 SEM images of (A) PPy-A surface and (C) PPy-O surface, contact angle
of water droplet on the (B) PPy-A surface and (D)PPy-O surface.
More specifically, PPy-A surface displayed a gradient pore distribution with pore size
in a range of 1~30 µm, while the average pore size of the PPy-O surface membrane
was around 1.3 µm (Figure 5.4). Aggregated PPy granules can be clearly observed,
and they were stacked up to tens of micrometres.
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Figure 5.4 Statistical pore size distributions of PPy-O surface, calculated from 100
pores in the SEM observations.

The surfactant is important to form the interesting structure. Without the presence of
surfactant, the produced PPy membrane was very thin and transparent black (Figure
5.5A). It displayed an integrated fibre network with large amount of pores in large
sizes (up to 20 µm). This is attributed to the limited amount of pyrrole available for
the polymerization. When the surfactant concentration was increased to 2 g/L and 4
g/L, larger vesicles were formed (Figure 5.5B, 5.5C). The increased volumes and
numbers of micelles induced a simple merging mutually because of the lowered
interfacial tension, following the PPy growth in this merged micelle model [309].
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Figure 5.5 SEM images of the formed PPy from the solution containing Tween-80
surfactant at a concentration of (A) 0 g/L; (B) 2 g/L; and (C) 4 g/L. Inset of A) shows
that the film is very thin in black colour.

Another important factor for this novel PPy formation is temperature. When the
reaction temperature was elevated (in an ice bath), the produced PPy membrane
became much thicker (~100 µm, Figure 5.6). These results clearly demonstrate that
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formation of this porous PPy membrane can be easily modulated by controlling the
used surfactant and temperature. It is also reasonable to deduce that the formed
structure can be further tuned with different types of surfactant having different
micelle shapes. It should be noted that this facile chemical polymerization method can
be easily scaled up.
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Figure 5.6 SEM images of the formed PPy in an ice bath: (A) PPy-A surface, (B)
PPy-O surface, and (C) cross-sectional view.

This PPy film demonstrated the characteristic bands of PPy in the FTIR spectrum
(Figure 5.7): the band at 925 cm–1 is attributed to C–H wagging [310]; band at 1565
cm–1 corresponds to C=C stretching; and band at 1311 cm–1 represents C–N bonds
[311].

Figure 5.7 FTIR spectrum of a PPy membrane.

5.3.2 Ion transport properties of PPy membrane and its application for salinity
power generation
An electrochemical system (Figure 5.8) was used to examine the ionic transport
properties of this PPy membrane by measuring the transmembrane ionic current. The
electrode used was Ag/AgCl, which was placed on each side of the membrane for the
measuring. The positively charged backbone of PPy attracted counterions Cl- to ensure
the electroneutrality. The electrochemical potential difference between the solutions
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is the driving force for ion transport. As a result, electrons can be transferred from one
electrode to another via an external electrical circuit, generating an electrical current
[76]. In short, the ion flux was driven by chemical potential through the positively
charged PPy pores, forming a diffusion current composed of mostly negatively
charged ions.

Figure 5.8 Schematic illustration of the energy harvesting with a PPy membrane under
a concentration gradient.

The electrolyte concentration at the PPy-O side was fixed at 1 µM, and that at the PPyA side was gradually elevated from 1 µM to 1 M. The voltage generated was in the
range of several to hundreds of mV (Figure 5.9, I–V response), comparable to the
reported result for an ionic diode carbon membrane [312]. The redox reactions (Ag +
Cl- ⇔ AgCl + e) on the electrodes contributed to the obtained potentials as well. The
electric potential generated in the micropores is given by V = Vout − Vredox , Vout is
the voltage output read from a source meter, Vredox is the potential difference between
two Ag/AgCl electrodes [312].
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Figure 5.9 Current-voltage (I-V) response of a PPy membrane in KCl solution at
different gradient ratios ranging from 1 to 106.

All these three potentials are listed in Table 5.1. The measured potential reached a
high potential of 207 mV at a gradient ratio of 106 (Figure 5.10), where the potential
generated in the micropores was 95 mV. For the concentration gradients lower than
10-6/10-3, the membrane showed much lower potentials and thus are not shown, which
may be due to its poor ion selectivity.
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Figure 5.10 Short circuit current and measured output voltage at the different
concentration gradients, both the voltage and current increase with the salinity
gradients.
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Table 5.1 Measured output potential, redox potential and membrane potential of the
energy conversion system with different concentration gradients.

Concentration
10-6/10-3

10-6/10-2

10-6/10-1

110

156

163

73

82

100

37

74

63

10-6/1

gradient (M/M)
Output potential
207

(mV)

Redox potential
112

(mV)

Membrane potential
95

(mV)

In this electrochemical system, a potential of 163 mV was obtained from the
0.1M/1µM gradient when high salt concentration solution was placed at the
hydrophobic PPy-A side, much higher than that 69 mV from the reverse concentration
gradient (Figure 5.11). It also means that the diffusion electric field was stronger from
the PPy-A surface to PPy-O surface. This may be explained by the difference in charge
density at these two faces: PPy-A surface might be at a higher doped state with a higher
charge density, since sufficient oxidant FeCl3 was available for the polymerization in
the aqueous phase. In addition, it is favourable for ions to transfer from PPy-A surface
to PPy-O surface as water tends to transfer from the hydrophobic side to the
hydrophilic side [313, 314]. Thus, the difference in the charge density as well as
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surface structure render an ion permselectivity. Such a selective ion diffusion will
endow this PPy membrane with a broad range of applications such as charge
separation process, and nanofluidic sensing devices.

Figure 5.11 Internal resistance of the fluid system at the reversed concentration
gradient. For the 0.1 M/1 μM gradient, U and I were 163 mV and 2.47 μA, respectively;
in contrast to that 69 mV and -12 μA obtained when the concentration gradient was
reversed.

The ion selectivity of a membrane can be characterised with transference number, that
1

Vdiff

is calculated by referring to the formula t n = 2 (V

redox

+ 1) [315]. It is noticed that

the transference number displayed the lowest value tn of 0.75 at the lowest solution
gradients of 10-6/10-3 (Table 5.2). It is different from the commonly reported trend that
the transference number increased with the decreasing electrolyte concentration, as the
effective concentration of ions required to neutralize the surface charge became larger
compared to the bulk ion concentration in the nanochannels [316]. This phenomenon
for PPy membrane may be explained by the decreased surface charge density due to
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the diffusion of the dopant Cl ions in the PPy membrane into the electrolyte attributed
to the osmotic pressure [170, 317], since PPy is a unique material that affords charge
transport both ionically and electronically allowing the in and out movement of the
doped ions [318, 319]. When the concentration gradient increased to 10-6/10-2, 10-6/101

and 10-6/1, an equilibrium distribution of Cl ions across the membrane/electrolyte

interface is probably formed, which results in a higher surface charge density and thus
a higher tn.

Table 5.2 Transference number for various combinations of concentrations.

Concentration
10-6/10-3

10-6/10-2

10-6/10-1

10-6/1

0.75

0.95

0.82

0.92

gradient(M/M)
Transference number

The ionic transport property of this PPy membrane in different concentrations of KCl
solution was examined (Figure 5.12). The conductance decreased nonlinearly with the
concentration and notably deviated from the bulk value from 10-3 M, shown as the
dashed line (a linear trend of ionic conductance with the decreased concentration),
indicating surface-charge-governed ion transport. At low concentrations, the water/ion
ratio makes the average distance between ions quite high, which enables ions to
redistribute realising effective screening [320].
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Figure 5.12 Current-voltage response of a PPy membrane in the KCl solution with
the concentration from 10-6 to 10-1 M.

The conductance was governed by the surface charge density inside the pores when
the Debye screening length (24 nm for 10-3 M KCl electrolyte ) increased to a value
comparable to the pore size at low solution concentration [321]. Debye screening
length can be deducted by the following method: charged channels possess ion
selective properties due to the electrical double layer, whose thickness is characterised
εε K T

0 B
by the Debye screening length λD = √( 2cz
2 e2 ) ; where ε is the dielectric constant of

the solvent, ε0 is the permittivity of vacuum, KB is the Boltzmann constant, T is the
absolute temperature, c is the concentration of ionic solution, z is the valence of the
ion, and e is the electron charge.
It is also noticed that the conductance displayed a sharp conductance drop again at
10-6 M. This might be explained by that a large amount of dopant Cl ions in PPy
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membrane diffused into this extremely low electrolyte, leading to greatly decreased
ion selectivity as discussed above.

Figure 5.13 Ionic conductance of a PPy membrane in different concentrations of KCl
solution.

This membrane could also be used as an ion exchange membrane to collect salinity
gradient energy due to its ion selectivity. The harvested power which is consumed on
the electric load can be calculated as Pout= I2×R, where I is the electric current through
the resistor. The power density generated from a gradient using artificial seawater (0.5
M NaCl) and river water (0.01 M NaCl) reached a peak value of 0.087 W/m 2 at an
external resistance of ~5 KΩ (Figure 5.14). A current density of 2 A/m2 was generated
and remained stable during the monitored time of 16 h, affording an energy density of
1.4 Wh/m2 (Figure 5.15). The ability of component PPy membrane to capture salinity
gradient power is attributed to its ion permselectivity, and the preferred ion
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transportation within the asymmetric structure. It should be noted that this PPy
membrane is composed of only one component and can be easily fabricated via a
chemical synthesis route, which is suitable for large scale production [322, 323].

Figure 5.14 By mixing artificial seawater (0.5 M NaCl) and river water (0.01 M NaCl),
the generated power can be output and supply an electric load.
The generated power density 0.087 W/m2 is lower than the results reported for
heterogeneous

membranes

(carbon/alumina,

engineered

polymer

polyphenylsulfone/GO) due to large pores inside the film that compromises the ion
selectivity [312, 324]. Nevertheless, it’s higher than the reported green energy (3.89 ×
10-5 W/m2) generated by a graphene/humic acid concentration cell [325]. It is not
possible to make a comparison with the heterogeneous membranes with a layer of PPy
coating [300, 301], since data of salinity power density was not available. It should be
mentioned that this power was generated within the gradient of 0.01M/0.5M, a
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concentration gradient similar to that of Cl- (~20) in the body fluid. A power of 40 µW
can be generated from this membrane in a size of 2 cm×2 cm, same as that reverse
electrodialysis system used for drug delivery [63]. This power is also sufficient to
drive the implantable medical devices with power requirement in the level of µW-mW,
such as a pacemaker [2]. It clearly demonstrates that this membrane has the potential
for biomimetic applications. Moreover, at this gradient of 0.01M/0.5M, this system
could generate a potential of 37 mV, larger than some bioelectric signals such as an
electromyogram (less than 10 mV) [326].

Similar to the electric eel whose electric organ consists of stacks of electrocytes linked
in series and parallels [327], the generated power density from this PPy membrane
may be enhanced by assembling single cells in series. The stacked PPy membranes
build up voltage and the working area is enlarged to promote the total ionic flux [327].
It has been demonstrated by Taek Dong Chung et al. that by using increased pairs of
the ion exchange membrane, the voltage is enhanced and the reverse electrodialysis
system successfully facilitate the transdermal penetration of ionic drug in vitro and in
vivo [63]. Improvement may also be achieved by using a heterogeneous membrane by
combining a negatively charged membrane such as graphene oxide (GO) to realize a
rectification effect for regulating ion flux.

158

Figure 5.15 Current density of the PPy devices recorded during a monitoring time of
16 hours. By mixing of artificial seawater (0.5 M NaCl) and river water (0.01 M
NaCl), the device can generate an energy density of 1.4 Wh m-2.
5.3.3 Electrochemical properties of PPy membrane
The electrochemical oxidation and reduction of PPy involves both electron and ionexchange processes [328]. In a PBS electrolyte with a matching ion concentration of
body fluid, this membrane demonstrated an anodic peak at 0.5 V and cathodic peak 0.25 V (Figure 5.16), which is primarily due to ion transporting through the polymer
to compensate the charges on the PPy backbone [329]. These results clearly
demonstrate that the ion transport of PPy can be governed by its redox state.
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Figure 5.16 Cyclic voltammograms of a PPy membrane in a PBS solution at different
scan rates of 10mV/s, 20 mV/s, 50 mV/s and 100 mV/s.

The impedance plot of a PPy membrane is shown in Figure 5.17, where the intercept
at the real impedance (Z’) axis was 7.9 Ω, which was lower than the 12 Ω reported for
a free-standing PPy membrane prepared by electropolymerization, thus evidencing a
high ionic conductivity of our membrane [319].
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Figure 5.17 Nyquist plot of a PPy membrane in a PBS solution.

The ion conductance of this PPy membrane at its reduced or oxidised state was
investigated. A potential from -0.5 to -1 V to trigger the reduction was applied, and
0.1- 0.5 V to trigger the oxidation. The ionic conductance (slope of the I-V curve)
increased with the applied transmembrane potential in 1 mM KCl solution (Figure
5.18A and 5.18B). This ion concentration is of the same order of magnitude as the
extracellular fluid (4 mM K+) [330].
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Figure 5.18 (A) Current-voltage response of the oxidised PPy membrane at different
potentials (0.1 V, 0.2 V, 0.3 V, 0.4 V and 0.5 V) in 1 mM KCl solution, oxidation time
was 300s. (B) Current-voltage response of the reduced PPy membrane at different
potentials (-0.5 V, -0.6 V, -0.7 V, -0.8 V, -0.9 V and -1.0 V) in 1 mM KCl solution;
reduction time was 300s.
When an oxidation potential of 0.5 V was applied, –NH– amine groups on the PPy
chain was oxidised to N+ as evidenced by the increased N+/(–NH–) ratio from 0.14 to
0.17 (XPS spectra, Figure 5.19A). With an increase in oxidising potential or reducing
potential, more ions are transported across the film, resulting in a higher streaming
current [331]. The ionic conductance increased with the oxidation time (Figure 4.19B),
owing to the increased number of defects in the π-electron system that regulates the
anions ingress to the oxidised sites [298]. The ionic conductance of oxidised PPy (0.5
V) was 1.3 × 10-5 S, higher than that 8.6 × 10-6 S at the reduced state (-0.5 V). A better
ion transport in the oxidised PPy can be due to the tight packing of PPy at its oxidized
state resulting in better ion selectivity [331]. Such tunable ionic conductance proves
that this PPy membrane can be used as a smart electro-modulated membrane.
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Figure 5.19 (A) XPS N 1s spectra of oxidised PPy (left) and reduced PPy (right) with
–NH– (399.8 eV) and the positively charged nitrogen N+ (401.2 eV). (B) Ionic
conductance of the PPy membrane at 0.5 V as a function of oxidation time (60 to 300
s) in 1 mM KCl solution.
5.3.4 Cytocompatibility of PPy membrane
Smart biological devices that are interactive, programmable, and capable of seamless
communication with surrounding tissues are highly desirable to evoke cell response
[189]. The materials for use should be biocompatible or at least non-toxic. The
cytocompatibility of PPy membrane was evaluated using human adipose-derived stem
cells (hADSCs). As shown in the live/dead fluorescence staining (Figure 5.20A-C),
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hADSCs were well spread and reached high confluence at day 14 after seeding,
showing the cytocompatibility of this film. In agreement with the fluorescence image,
a flat, well spread cell morphology with filopodia attached tightly to the PPy granules;
these cells also formed bridges over this highly porous substrate (Figure 5.20D). The
total cell metabolic activity, characteristic of cell proliferation, increased significantly
during the first 2 weeks, then stabilised (Figure 5.20E). These results demonstrate that
this porous PPy membrane can well support adhesion and proliferation of hADSCs.

Figure 5.20 Cytocompatibility of the PPy membrane: Fluorescence micrographs of
hADSCs on a PPy membrane at (A) day 2, (B) day 7 and (C) day 14. (D) SEM images
of hADSCs (indicated by the arrows) on a PPy membrane at day 7; (E) Growth curve
of hADSCs on a PPy membrane during a 21 days’ time period.

5.4 Conclusions
In summary, a smart PPy membrane with an asymmetric structure has been developed
via a self-assembly process. It demonstrates different wettability: hydrophobicity on
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the PPy-aqueous surface and hydrophilicity on the PPy-oil surface; which can be
ascribed to the asymmetric geometrical microstructure at these two faces. Its
electrochemically tunable ionic conductance is ascribed to its charged backbone that
regulates the ingress/egress of ions onto the redox sites. This membrane has
demonstrated the capability to convert a salinity gradient into a streaming ionic current
and realise an energy conversion, which can be ascribed to the ion permselectivity and
preferred ion transportation within the asymmetric structure. Moreover, this
membrane is a good substrate for Adipose-derived stem cells adhesion and
proliferation. It can be deduced that this single component PPy membrane provides a
platform to imitate biological ion transport by utilizing its asymmetric structure, and
harvest energy from the stream of body fluid. This work may provide one step further
towards the development of “smart” membranes.
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Chapter 6 Conclusions and outlooks
6.1 Conclusions

The work in this thesis work aims to develop cytocompatible conducting polymers
materials for bio-related energy applications due to the increasing demand for
wearable and miniaturised implantable medical devices (IMDs). Two types of
materials have been engineered via facile approaches: Polypyrrole/Poly(3,4ethylenedioxythiophene hydrogel (PPy/PEDOT hydrogel) and free-standing PPy
membrane. Using these materials as one important component, a metal-air battery
system and a salinity power generation system have been developed as power sources
potentially for driving the IMDs.
PPy/PEDOT hydrogel is fabricated by a two-step crosslinking method and a
subsequent electrochemical deposition technique. Its application for a Mg-air
bioelectric battery system has been demonstrated (Chapter 3). This fabrication method
is facile and effective which is capable of producing hydrogels with any desirable size
and shape. Mechanical properties of this hydrogel can be tailored for different biointerfaces application by controlling the charge consumed. With the inherent
electroconductivity, this hydrogel can deliver electrical stimulation to the hADSCs
and promote the cell differentiation. The Mg-air bioelectric battery assembled with
this hybrid hydrogel cathode and a magnesium anode in aqueous electrolyte possesses
high energy density. This type of bioelectric battery may be directly used to provide
the electrical energy to modulate cellular activities (e.g. cell migration, proliferation,
differentiation) without need of an external power supply.
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Application of this PPy/PEDOT hydrogel is expanded for an Fe bioelectric battery by
coupling with an Fe anode, a promising material for stent, in the culture media
electrolyte. Apart from the battery function for providing electrical energy, this
galvanic Fe-air battery improves the Fe degradation compared with its static corrosion
without battery stimulation (Chapter 4). The oxygen reduction on the cathode imposes
an additional electrochemical reaction on the Fe anode apart from its self-corrosion,
resulting in enhanced Fe corrosion. This battery can well support the proliferation of
hADSCs during a 21 days period. This Fe-air battery may provide a new dynamic
strategy to solve the problem of low degradation rate of Fe stent.
This thesis further develops another type of energy source - a salinity gradient energy
harvesting system using an asymmetric PPy membrane (Chapter 5). This PPy
membrane is developed via an interfacial polymerization process. The formed
membrane features an asymmetric structure, resulting in favourable ion transport from
PPy-aqueous surface to PPy-oil surface with a tunable conductance attributed to the
positively charged backbone of the PPy membrane. Its capability to convert salinity
gradient into a streaming ionic current enable the realisation of the energy conversion.
This membrane is cytocompatible and able to support the hADSCs adhesion and
proliferation. Therefore, this PPy membrane may provide a platform to imitate
biological ion transport by harvesting energy from the stream of body fluid for
biological activities.
In summary, conducting polymer based materials developed in this thesis have
demonstrated their promising applications in bio-related energy including metal-air
battery and salinity power generation. These works may open a new avenue to develop
bio-related energy generation.
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6.2 Outlooks

The ultimate goal of the research on cytocompatible energy source is to realise in vitro
or in vivo power supply for wearable and implantable medical devices. Energy
densities derived from the developed energy devices (metal-air battery, salinity
gradient power) in this thesis are still much lower than the currently used
electrochemical batteries, hence they need to be further improved for practical
applications.
For metal-air battery, elctrocatalytic activity of the cathode determines the battery
performance. Nanostructured CPs with higher surface areas are expected to deliver
high performance due to the short path lengths and easy access of ions transport [136].
In this regard, further work needs to focus on developing cytocompatible materials
with such features by controlling the synthesis condition or introducing biomacromolecules with functional groups enabling of hydrogen bond formation to
regulate the growth process [136]. The electrocatalytic activity of CPs can also be
enhanced with the incorporation of redox-active dopants due to the additional
contribution and more favourable kinetics and electron transport environment [332].
Moreover, incorporation of biological dopants will increase the capability to regulate
cell behaviours [333, 334].
For the salinity energy harvesting system, ionic permselectivity of the membrane is
the key factor determining the efficiency of this energy conversion process. Higher
ionic permselectivity, higher ability to discriminate ions with opposite charges [88]. It
can be improved by applying a well-designed heterogeneity on membranes.
Asymmetric membranes with opposite surface charge can exhibit an ionic diode
behaviour, avoiding power dissipation due to the blocking of back current under
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reverse bias and boosting the energy conversion [335]. It may be easily achieved by
integrating a negatively charged component such as graphene oxide with this
positively charged PPy membrane.
It should be pointed out that body fluid is not static and flowing across the body driven
by hydrostatic pressure and osmosis [336]. The induced performance from this
dynamic nature of in vivo conditions will be different from that of the static nature
used in this work. To more precisely estimate the performance of these power sources
for potential implantation, the condition of a simulated body fluid under the dynamic
condition of normal physiological flow rate (2 ml/100 ml min−1) is suggested [337].
Currently, there have been tremendous development and efforts into materials and
energy source systems for IMDs to enhance the quality and efficacy of healthcare. It
is reasonable to expect that this field will attract more attention from academics and
industries to work together towards practical applications.
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