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ABSTRACT

SILVER NANOWIRE/CHITOSAN NANOCOMPOSITE DRY
ELECTRODES FOR ELECTROCARDIOGRAM

Somek, Siileyman Kazim
Master of Science, Micro and Nanotechnology
Supervisor: Prof. Dr. Hiisnii Emrah Unalan
Co-Supervisor: Prof. Dr. Derek K. Baker

December 2019, 58 pages

Nanocomposites of chitosan and silver nanowires (Ag NWs) were fabricated and their
mechanical, thermal, electrical and antibacterial properties were investigated. A
simple solvent casting method was used for the fabrication of nanocomposites with
different Ag NW loadings ranging from 1 wt.% to 40 wt.%. Nanowires showed
excellent dispersion in chitosan matrix. Antibacterial properties of the Ag NW/
chitosan nanocomposites were investigated against different bacteria strains of
American type culture Collection (ATCC) using conventional microbiological
methods. Prepared nanocomposites were found to have high antibacterial affect
against Staphylococcus aureus, (ATCC #25923), Escherichia coli (ATCC#25922),
Bacillus cereus (ATCC#14603) and Candida albicans (ATCC #90028) strains.
Following the demonstration of antibacterial activity, fabricated nanocomposites were
used as in-vitro electrocardiogram (ECG) electrodes. ECG measurement results
showed that higher nanowire loadings within the nanocomposites have better
performance in terms of recording useful ECG signals. Results presented herein
showed that the Ag NW/ chitosan nanocomposites have a very high potential to be

used as dry electrodes for ECG and offers simple and easy fabrication.



Keywords: Chitosan Ag NW, ECG Electrode, Electrical Characterization, Thermal

Characterization, Antibacterial Performance
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0z

ELEKTROKARDIYOGRAM ICIN GUMUS NANOTEL / KITOSAN
NANOKOMPOZIT KURU ELEKTROTLAR

Somek, Siileyman Kazim
Yiiksek Lisans, Mikro ve Nanoteknoloji
Tez Danismani: Prof. Dr. Hiisnii Emrah Unalan
Ortak Tez Danismani: Prof. Dr. Derek K. Baker

Aralik 2019, 58 sayfa

Bu tez calismasinda, kitosan biyo-polimer ve giimiis nanotel kombine biyo-polimer
kompozit malzemenin imalati ve termal ve elektriksel karakterizasyonu incelenmistir.
Kitosan ~ Giimiis  Nanoteller, solvent dokiim  metoduyla {iretilmistir.
Elektrokardiyogram i¢in Glimiis Nanotel / Kitosan Nanokompozit Kuru Elektrotlar
Nanokompozitlerin imalatinda, agirlikca %1-40 arasinda degisen glimiis nanotel
yiiklemesi i¢in basit bir “solvent casting” yontemi kullanilmistir. Nanoteller kitosan
matrisinde mitkemmel dagilim gostermistir. Ag NW / chitosan nanokompozitlerin
antibakteriyel 6zellikleri, geleneksel mikrobiyolojik yontemler kullanilarak Amerikan
tipi kiiltiir Koleksiyonunun (ATCC)Staphylococcus aureus, (ATCC # 25923),
Escherichia coli (ATCC # 25922), Bacillus cereus (ATCC # 14603) ve Candida
albicans (ATCC # 90028) bakteri suslarina kars1t arastirilmistir.Hazirlanan
nanokompozitlerin, antibakteriyel etkisinin yiiksek oldugu tespit edilmistir. Son
olarak {iiretilen nanokompozitler, in vitro ECG elektrotlar1 olarak kullanilmistir. EKG
Ol¢iim sonuglari, agirlikca% artan nanokompozitlerin faydali EKG sinyallerinin

kaydedilmesi bakimindan daha iyi performansa sahip oldugunu gostermektedir.

vii
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CHAPTER 1

INTRODUCTION

Wearable technologies, especially in the field of health care, have received great deal
of attention in recent years with the emerging devices in this field. They are intended
to be used in daily life in a variety of ways due to the potential to detect sudden changes

in health status and allow early intervention.

One of the most critical disorders in sudden health status changes and fatal cases is
heart disease. Heart attacks and similar abnormal heart conditions must be monitored
continuously and recognized beforehand. Electrocardiogram (ECG) measures body
polarization. Continuous monitoring of the heart is possible by making ECG suitable
for wearable technology. It is crucial for a wearable ECG electrode to be compatible
with the elastic body instead of being a solid metal and better to exhibit antimicrobial

properties since it will be in constant contact with the tissue.

Long-term ECG measurements are sought after for early diagnostics of cardiac
diseases. Conventional silver/silver chloride (Ag/AgCl) electrodes makes use of an
electrolyte gel to enhance the quality of the ECG signal. The problem with this method
is that the gel dries during the extended measurements, causing loss of signal quality,

or patient skin irritation [1].



Until now, biopolymers that are compatible with the body have been used in research
for wearable electrode design. Fabrication of biopolymers and their nanocomposite
variants have been frequently investigated to avoid environmental and health effects

of petrochemical equivalents and to improve the material properties.

In the study of Amberg et al., [2] a method of long-term ECG measurement was
investigated. In this work, a novel textile system was used, which consisted of
improved 100 nm silver-coated yarn. In the long-term, the diagnosis system involved
Ag NP release to the surface of the applied tissue, and it was recognized that high Ag
concentrations are cytotoxic for human cells. To be able to prevent cytotoxicity,
researchers covered the surface of the electrode with a titanium adlayer. Titanium

prevented cytotoxicity and provided good electrical conductivity [2].

In the study of Huang et al., a film was fabricated with Ag NWs and
polydimethylsiloxane (PDMS) with a pre-staining and post-embedding process [3]. It
was mentioned that the resistance to strain ratio is too high and considered as a
problem that needs to be solved. This played a crucial role in the selection of Ag NW

as a conductive material [3].

In the study of Weder et al., a textile electrode was demonstrated using a different
method to achieve a high quality and noiseless ECG signal when the patient is in
motion [4]. A polyethylene terephthalate (PET) yarn was used and plasma-coated with
Ag for electrical conductivity and a titanium (Ti) layer added on top of it for the
passivation of Ag. Ti was chosen because of its known passivation effect on Ag [4].
The system was moisturized with water vapor provided from an integrated reservoir

that provides the system with improved electrochemical capabilities [4].

Chitosan is an important biopolymer that can be used in this application, thanks to its
promising properties such as biodegradability and biocompatibility, both of which
offer significant potential in medical applications. However, biopolymers are
electrically insulating like most polymers, which is an obstacle for their use in ECG

electrodes. Therefore, it is necessary to make them electrically conductive. So far,



nanoparticles, nanowires, nanotubes and graphene were utilized mostly as fillers to

fabricate polymer-based conductive nanocomposites.

In addition to conductivity, antibacterial activity is important in medical applications.
Silver historically has been known as a robust antibacterial material and has been used
in many products that are required to be antibacterial [5]. With the development of
nanotechnologies, different nanomaterials were tried to be realized for this purpose.
For example, it was aimed to obtain Ag on a nanoscale so that it offers high surface to
volume ratio. Because various methods can efficiently synthesize the zero-
dimensional (0D) nanoparticles of silver, it has been produced extensively and used
[6]. For example, Chen and Chiang demonstrated the large potential of Ag NPs for
antibacterial textiles [ 7]. However, nanoparticles have some geometric limitations. For
instance, their adhesion capacities are inferior due to small contact areas with the
fibers of the textile. Therefore, the one-dimensional (1D) nanowires were synthesized
to overcome this geometric limitation. Antibacterial properties of Ag NWs have not
been extensively studied yet and there are only limited number of studies in the
literature. For the first time, Liu et al. investigated the antibacterial properties of Ag
NWs in aqueous solution against Escherichia coli, Staphylococcus aureus and
Bacillus subtilisin [8]. In this work, PET substrates were covered with Ag NWs and
the antibacterial performance against Escherichia coli was monitored [9]. Recently,
Guest et al. investigated electrically conductive and antibacterial cotton textiles
fabricated through Ag NW decorated [10]. More recently, Jiang and Teng have
covered different amounts of Ag NWs with polydimethylsiloxane (PDMS) and
showed that even a Ag NW loading of 0.2 mg could effectively destroy Escherichia
coli and Staphylococcus aureus bacteria. Moreover, Ag NWs/ PDMS films showed
long-term antibacterial stability [11]. Although Ag NW’s antibacterial activity were
evaluated in different polymer matrices, only a few studies were conducted on Ag
NW/ chitosan nanocomposites and therefore this gap in literature is addressed in this

thesis.



Production of functional and biocompatible Ag NW/ chitosan nanocomposite films
for medical applications simultaneously require -electrical conductivity and
antibacterial properties. In this thesis, Ag NWs were used to fabricate antibacterial
chitosan matrix nanocomposite structures. Firstly, Ag NWs were synthesized via
polyol method. Morphology of the Ag NWs were examined via scanning electron
microscopy (SEM). Different amounts of Ag NWs were used for the fabrication of
antibacterial chitosan-based nanocomposite films. The effect of Ag NW loading on
the antimicrobial performance, electrical resistance, and thermal properties of
chitosan-based nanocomposites were investigated. The antibacterial performance of
the nanocomposite films against Staphylococcus aureus (S. Aureus, gram-positive),
Escherichia coli (E. Coli, gram-negative), P. aeruginosa, and B. Cereus were

examined.

To date only a few studies have been conducted using chitosan and Ag NW
nanocomposite structure, and therefore detailed materials characterization and further
utilization of this nanocomposite in medical applications such as ECG electrodes have
not been studied yet. This study has three main contributions to the topic. First,
production of Ag NW/ chitosan nanocomposites of were demonstrated. Second,
detailed materials characterization was conducted with the investigation of the
antibacterial performance of the produced nanocomposites. Third, a unique
demonstration of the produced nanocomposites as ECG electrodes have been made.
In this comprehensive study, the results showed that, Ag NWs are promising fillers
for biopolymer nanocomposites since they improve both the antibacterial activity and

electrical conductivity.



CHAPTER 2

LITERATURE REVIEW

2.1. ELECTROCARDIOGRAM (ECG)

ECG has arisen as a simple and cost-effective method for monitoring the heart's
electrical activity, and it only necessitates placement of a series of electrodes onto the
skin or near the heart [57, 58]. Since most cardiovascular problems involve irregular
heart rhythm, the ECG is a reliable tool for heart examination, it allows one to clearly
distinguish between harmonic and non-harmonic electrical measurements.
Additionally, ECG is a practical way to electrically activate the diseased heart to heal
it [58].

The wave shapes, generated by biopotentials, which are the result of heart
contractions, are called electrocardiogram (ECG) [23] as shown in Figure 2.1. The P
wave is a tiny wave of deflection indicating depolarization of the atria. The PR interval
is the period from the first P-wave deflection and the first QRS-complex deflection.
Large Q waves refer to the interventricular septal depolarization. Q waves can also
refer to respiration and are usually small and thin. They can also signify an old
myocardial infarction (they are big and wide in this case). The R wave represents the
depolarization of the ventricle's main mass, making it the largest wave. The S wave

signals the last ventricle depolarization at the base of the ST section of the heart.
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Figure 2.1 A typical ECG signal [23].

2.1.1. Electrodes

Bioelectrodes are sensors for converting ionic conductivity into electronic
conductivity and making it operable within an electronic circuit. The general purpose
of using bioelectrodes is to collect medically important bioelectrical markers such as
electrocardiography (ECQG), electroencephalograph (EEG), and electromyogram
(EMQG). Bioelectrodes are classified under three main groups: which are 1) surface

electrodes, 2) internal electrodes and 3) microelectrodes [12].

Surface electrodes are electrodes in contact with the skin of the patient with several
examples shown in Figure 2.2. The diameter of the surface electrodes ranges from 0.3

to 5 cm.

Normal skin resistances seen by the electrode vary from 0.5 kQ for sweaty surfaces to
20 kQ for dry skin. It can increase to 500 kQ, especially in the case of patients with
very dry or infected skin. In any case, it is necessary to think of the surface electrodes
as a high-impedance voltage source, which is an important factor affecting the design
of the amplifiers used to monitor biomarkers. As a general rule, the input impedance
of a voltage amplifier should be at least 10 times the source impedance. In this case,

the input impedance of the biopotential amplifiers should have a value of 5 MQ or



above. This can be achieved easily using special, bipolar field effect transistors

(BIFETs) or bipolar metal oxide semiconductor (BiMOS) operational amplifiers [12].

&

a) b) c)
) e) )

Figure 2.2 Typical surface electrodes: (a) metal plate, (b) vacuum pumped, (c)
mobile type, (d) disposable, (e) bendable and (f) dry electrodes [24].

2.1.2. Electrode Connections

The standard ECG record contains 5 electrodes connected to the patient at the

following locations:

e right arm (RA),
e leftarm (LA),
o leftleg (LL),

e rightleg (RL),
e chest (C).

These electrodes are applied to a buffer amplifier with a differential input via a
connection select switch [50-55,62]. The ECG takes the patient's right leg as the
reference electrode. The desired connection type (I, II, IIIl, AVR, AVF and AVL) is
selected by the connection selector switch. Bipolar connections are called I, II and II1

and form the Einthoven triangle as shown in Figure 2.3 and with details as follows:

1. aVR lead connected to the RA
2. aVL lead connected to the LA



3. aVF lead connected to the LL
4. Connection 1: When connecting the LA electrode to the non-inverting input of the

amplifier, RA is connected to the inverter input.

5. Connection II: LL is connected to the non-inverting input of the electrode while RA
electrode is connected to the non-inverting input of the amplifier (LA is connected to

RL).

6. Connection III: LL is connected to the non-inverting inlet; LA is connected to the

inverted inlet (RA is connected to the RL).

AVF

AVR AVL

Figure 2.3 Cardiac axis observed by standard connections [12].

In unipolar chest connections (voltages from V1 to V6), the voltages from various
points of the chest are given to the non-inverting input of the amplifier, while the
signals from the RA, LA and LL points are collected with a Wilson circuit and

measured by connecting the amplifier to the inverter input [12].



2.2. Polymers used in Electrode Production

Polymers are basically chains that are consists of repeatedly gathered monomers units
and they have strong intermolecular interactions [12]. The intermolecular interaction
type, which varies significantly from polymer to polymer, plays a prominent role in
determining the properties of the polymers. Depending on whether the polymer chains
are nicely ordered or disorganized, polymers are also classified as either crystalline,

semi-crystalline or amorphous [13].
2.2.1. Characteristics of Crystalline, Semi-Crystalline and Amorphous Polymers

Amorphous polymers typically exhibit a crystallinity less than 10% and crystalline
polymers typically contain more than 80% crystalline structures. Semi-crystalline
polymers display a crystallinity ranging from 10 to 80% [14]. They are also classified
through their glass transition temperature (Tg) and melting temperature (Tm) into
those different groups. The amorphous polymers do not have a clear melting point in
this respect and their glass transition temperatures are between —125 and 350 ° C. On
the other hand, semi-crystalline polymers have a distinct Tm, while their Tg, in
general, is higher than amorphous polymers and typically in the range of 75 to 260 °C
[15]. On the other hand, highly crystalline polymers exhibit a Tm and do not have any
Tg associated to them. Crystalline polymers have high stability, strength, and good
environmental stability [16,17]. Crystalline polymers have well-ordered molecular
arrangements which limits their molecular chains mobility. Therefore, crystalline
polymers are mechanically stronger and rigid. But this makes them not suited for
flexible electronics [18,19].

2.2.2. Structure of Chitosan

Chitosan is a linear polysaccharide consisting of (1-4) linked D-glucosamine units,

which is the result of deacetylation of the chitin in the alkaline medium. Figure 2.4



shows the molecular structure of chitin and chitosan. Chitin, [B- (1-4) -poly-N-acetyl-
D-glucosamine], is the base material of skeletons of arthropods and is also found in
the cell wall of some bacteria and fungi. Instead of the hydroxyl group in the C2

carbon, there is a group of acetamido in the cellulose.

COCH;,
H OH H \NH H H OH
H.- o H_o
o /O /\OHO
H NH | ? H© T NH
H / H H OH H / H

H5COC H,COC

Chitin

H OH
Chitosan

Figure 2.4 Molecular structure of chitin and chitosan [19].

In recent research of Liuet al., a wearable sensor based on chitosan fabric, was
fabricated by electroless deposition of silver nanoparticles onto the fiber.[29]. Quite
low electrical resistance of 1 Q/sq was observed due to the strong reaction between

the amine groups of chitosan and Ag ions.

The main motivation of this research is to come up with an alternative electrode that
allows long-term ECG observation. A new type of electrode is investigated since
Ag/AgCl electrodes are not suitable for long-term ECG measurements. Driving force
here is to measure ECG signals during daily life and at night in hopes to provide data

for sudden cardiac arrests happening at marathons or at night because of sleep apnea.

Two main challenges were confronted during the fabrication process. The first

problem was the delamination of the metal layer from polymer/fiber surface.
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Because of abrasion and wash, delamination causes high conductivity loss. The
second problem was related to the application of the conductive polymers/fibers,
because it is almost impossible to fabricate flexible and conductive polymers/fibers

133].

Chitosan is a promising candidate for wearable electrodes since its amine group is
highly active towards metal ions, which allows some conductivity and antibacterial
properties. In previous research, Ag NPs were electrolessly plated onto the surface of

chitosan fabrics [33].

The morphology of Ag-plated chitosan fibers can be seen in the SEM images provided
in Figure 2.5.

Figure 2.5 SEM images of (a) pristine and (b, ¢) Ag-plated chitosan fibers [33].

Electrical resistance is a very important factor for ECG measurements. Tests on silver
nitrate (AgNO3) were conducted to observe the electrical conductivity related to the
Ag NP deposition on chitosan fabrics. The effect of Ag concentration on the
conductivity can be seen in Table 2.1. Electrical resistance is found to decrease as
AgNOs concentration increases. Also, electrical resistance of conductive chitosan

fabric 1s much lower compared to cotton and silk fabrics [33].

11



Table 2.1 Effects of AgNO3 concentration on Ag content and electrical resistance

(Adapted from [33]).
AgNO3 5% wit. 7.5% wt.  10% wt. 12.5% wt. 15% wt.
Weight of Ag-
. 0.31+0.01 038+£0.03 044+006  052+0.03  0.61+0.05
plated fabrics (g)
Silver Content
0.30+ 0.01 1.01£0.02  122+0.05 148+£0.05  2.08+0.08
(g/2)
Electrical 0.1499+ 0.0485 0.0700+00103 009 F  goauz o005y 00332
' ' ' ' 0.0115 ' ' 0.0041

resistance (£2/sq)

The system used for testing can be seen in Figure 2.6. Conductive fibers were hot

pressed onto the ECG-shirt and measurements were taken during static, jogging and

running states.

R R

(b)

Figure 2.6 Application of conductive chitosan fabrics in smart garment (a)
photograph of garment, (b) the inside of the garment, (c) static state (0 km/h), (d)
jogging state (3 km/h) and (e) running state (12 km/h) [33].

12



Chitosan fabric was washed for eight times for testing purposes and its conductivity
remained below 1 Q/sq [33]. It has been concluded that the chitosan fabrics have

capabilities for long-term ECG measurement as a smart garment.

2.3. Nanofillers and Materials Used in Wearable Electrode Applications

In Table 2.2, ECG and EMG electrode applications, integration of conductive
materials and systems to the body for daily use as well as electrode locations are
summarized. Various conducting materials were used such as Ag, gold, stainless steel
and Ag coated and Ag-plated yarns. Also, various electrode locations were
investigated. The way to bridge the existing difference between conductive polymers
and their inorganic equivalents is by using inorganic fillers to reinforce them. 2D and
1D nanomaterials are the main components of most of today's inorganically reinforced
polymers [20]. There is a wide range of such materials. The most studied are 2D

graphene sheets and 1D carbon nanotubes (CNT) and silicon nanowires.

13
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2.3.1. Graphene

Graphene consists of carbon atoms which forms monolayer. Typically, they have 2D
hexagonal honeycomb lattice structure by packed with a bond length of around 1.42
A [21] and their thickness is around just one atomic layer (approximately 0.3 nm), that
makes them the "thinnest" materials ever [22]. Those 2D nanomaterials show highly
strong electrical conductivity [23], also they have perfect thermal conductivity (up to
3000 W m ' K1) [54]. Furthermore, they have reliable mechanical stability (ultimate
tensile strength (130 GPa) and high Young’s modulus (1 TPa) [23,24] Morevoer, they
have small thermal expansion coefficient (CTE) (107 K1) [25,26].

2.3.2. Carbon Nanotubes (CNTs)

CNTs are formed up of graphene sheets that are rolled up into high-aspect-ratio (more
then 1000) tubes [29]. They come as single-wall carbon nanotubes (SWCNTSs) and
multi-wall carbon nanotubes (MWCNTs) and show peculiar properties. For instance,
tensile strength of SWCNTSs is significantly lower than that of MWCNTs. MWCNTs
are always metallic, while SWCNTs can be both metallic and semiconducting

depending on the orientation of the graphene sheet.

The excellent properties of CNTs have made them into commonly used nanofillers in
polymer matrixes for the production of elastic, stretchable and deformable electronics
[30, 33-34]. Many approaches have been developed to integrate CNTs into polymers,
such as liquid mixing, melt processing and in-situ polymerization [31]. Untreated

CNTs; however, are chemically inert.

In another research by Liu et al., instead of metal electrodes, a polymer matrix

composite electrode was evaluated for ECG measurements consisting of PDMS

15



loaded with CNTs and Ag NPs. Samples were prepared via ultrasonic and heat-stirring
technique as shown schematically in Figure 2.7 [31].

CNT Ethanol PDMS

AgNP monomer

CNT/Ag-PDMS
Mixing Bath sonicator Heat-stirring uniform mixture

Figure 2.7 The fabrication process of the conductive polymer mixture [10].

For measurements, conductive wires were sewn onto CNT/Ag-PDMS to obtain
wearable electrodes [31]. This previous study also mentions the existence of Au

layered foam electrodes and argues that fabrication of such electrodes to be expensive.

PDMS was selected as the base and CNTs were embraced as fillers. CNTs were
randomly incorporated, providing a good network within the polymer matrix. Lastly,
embedding of nanoparticles, in this case Ag NPs, increased the stretchability of the
sample. Wearable electrodes were fabricated from this sample and tested. Photos of

these electrodes can be seen in Figure 2.8 [31].
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Figure 2.8 Photographs of (a) CNT/Ag-PDMS electrodes with different shape, (b)
Ag/AgCl electrode; three-electrode patch with (c) round electrodes and (d) square
electrodes, (e) front- and back-side pictures of the measurement system encapsulated
into a silicone shell. (f) The circuit system used in this study and coupled with patch

(d) [10].
For ECG measurements, researchers used a 3 electrode-patch, sewn into a vest. Figure

2-9 shows the measurement results obtained using different composite electrodes.

T ¥ T ¥ T ¥ T ¥
sitting 3 standing walking
R

Ag/AgCI Electrode

Polymer Electrode

IS

> CNT: 11wt%
& | i thickness: 0.4 mm
B 1
S L 1 1 1
£
<E: Polymer Electrode
CNT: 11wt%
thickness: 0.6 mm
1 1 1 1
i
' T Polymer Electrode
0 M CNT: 12wt%
1 ) thickness: 0.6 mm
' 1
" 1 1 1 n 1 L 1 "
0 4 8 12 16 20

Time/s

Figure 2.9 ECG measurement results. The dashed lines show the signal changing
when the subject changed his body posture [10].

Following measurements, it was realized that the amplitude of the signals acquired

with Ag/AgCl electrodes were higher. This was due to the lack of electrolyte for
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polymer electrodes [31]. The effect of electrode thickness was also investigated.
Thicker electrodes managed to achieve a higher amplitude signal. In addition,
electrodes with higher CNT content provided signals with higher amplitude as well.
As usual with general ECG measurements, tests were conducted in different positions
to examine how well the electrodes perform when there were high motion artefacts as

represented in Figure 2.10.

1 Electrode position

—_
QO
~

e AN TRV AYY

(o)
I

Amplitude/mV
S

|
W

) Hh ,-Hxl'H«\WHMtapﬁ

Figure 2.10 ECG measurement results of wearable electrodes with different
positions for a (a) female and (b) male subject [10].

Long-term measurements were also acquired. Electrodes were worn daily for 14 days;

countable ECG results were acquired and skin capability was tested as shown in Figure
2.11[31].

Signal amplitude was found to decrease as the days passed due to the adhesive. As
days pass, adhesive of the electrode got weaker, which led to a loss in signal amplitude
and increased motion artefacts [31]. Overall, polymer electrodes showed a promising

future in long-term ECG measurements.
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(a)

Figure 2.11 Photographs from skin compatibility test. The square electrodes were
attached on the forearm. After (a) 1 week and (b) 2 weeks, no skin irritation was
observed at either electrode contact area [10)].

2.3.3. Silver Nanowires (Ag NWs)

Ag NWs are another fascinating group of metallic nanomaterials, commonly used in
different types of wearable and versatile bioelectronics [36,32—34]. Ag NWs can form
highly conductive percolative networks in both 2D and 3D structures to provide good

optical visibility and high structural versatility simultaneously.

Ag NWs are very popular in bio-signal sensing because of their antibacterial
properties. In the study of Myers et al, Ag NWs have been used as a dry electrode.
Dry electrodes are available, but they have several setbacks. They are uncomfortable
to wear and the absence of electrolyte gel between the electrode and skin results in
high impedance between in between. One of the main problems this study attempts to
solve is the motion artefacts. Microneedles suffer from this problem the most and thus
prevents their long-term use. Non-invasive methods also have motion artefacts
because of metal delamination from the surface or lacking conformal contact with the
skin. Even though it is a dry electrode, it is said to be stretchable and thus provides a
solution towards skin contact [27]. Electrode fabrication was done by pouring PDMS
on a network of Ag NWs and then a compatible ECG equipment was pressed onto the

mixture, as schematically shown in Figure 2.12 [27].
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a) Si Substrate Metal Snap
- y
‘ AgNWs DY

Si Substrate

Snap l AgNW/PDMS

o S e R T

Si Substrate

Snap I AgNW/PDMS

Liquid PDMS

AgNW/PDMS
Surface

Cured PDMS

Figure 2.12 (a) Schematics of the fabrication process of the Ag NW dry electrodes. (b) Ag
NW dry electrode with a metal snap. (c) Ag NW dry electrode with Velcro strap for ECG
measurements [7].

Prior to the signal quality tests, impedance was measured as a function of pressure. As

shown in the Figure 2.13, impedance was found to decrease with pressure [27].

! I ' I ! | '
4 -Iq = 0.11psi
e 027psi 1
124 A 172psi
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S |
s ° ]
8 1
e 69 }
-
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E |
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L Ceoeimmy, . 1
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Figure 2.13 Electrode-skin impedance with increasing application pressure [27].

Multiple tests were conducted with the subject being in several different positions.

Tests results were acquired for both ECG and EMG. For ECG, first set of data were
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acquired from tests with no movement, then tests were conducted with one-degree of
movement and lastly tests were conducted with two-degrees of movement. EMG tests
were performed with a wrist-extension test. ECG signals were plotted only using the
default settings of the amplifier with no additional signal processing involved. Noise
and quality comparison of dry and wet electrodes can be seen in the Figure 2.14. Even
though the dry electrode had more noise, it provided a better signal quality. The reason

behind this was the sliding of the wet electrode due to the electrolyte gel [27].

T T T T T T T T T
a) AQ/AgC] Wet Electiode b) R ‘ AgNW Dry Electrode
03h | 1 04| \ | AQIAQCI Wet Electrode | |

AgNW Dry Electrode
03 | | | I =
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Voltage (mV)
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Figure 2.14 (a) ECG recording of Ag/AgCl wet electrode and Ag NW dry electrode
taken while subject was seated and resting. (b) ECG signal comparison of the P, Q,
R, S, and T waves between the Ag/AgCl electrode and NW electrode. (c) ECG signal
comparison of the subject swinging their arms, one degree of movement. (d) ECG
signal comparison of the subject jogging, two degrees of movement [7].

Electrodes using Ag NWs embedded into PDMS substrates were also used for long-
term ECG measurements with no noticeable degradation of the electrodes or irritation
of the skin. Since the Ag NWs were embedded in the PDMS substrate, they were also
more resistant to oxidation. In summary, Ag NW dry electrodes showed excellent
performance in both ECG and EMG measurements. Quality signals were produced on
par with wet electrodes and there was no skin irritation or discomfort while wearing

the electrodes [27].
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CHAPTER 3

EXPERIMENTAL DETAILS

3.1. Materials

Chitosan with the medium molecular weight was purchased from Sigma Aldrich and
used without further purification in this thesis. Molecular weight and degree of
deacetylation are presented in Table 3.1 according to the technical datasheet. Poly
(vinylpyrrolidone) PVP (MW = 55000), ethylene glycol (EG), silver nitride (AgNO3),
sodium chloride (NaCl, % 99.5) used for Ag NW synthesis were also purchased from
Sigma Aldrich. These materials were used without further purification.

Table 3.1 Material properties of chitosan.

The degree of

Chitosan type Molecular Weight deacetylation Solvent used
Chitosan

190-310kDa % 75-85 % 1 lactic acid
(Medium, Sigma Aldrich)
Chitosan

235 kDa 100% % 1 lactic acid

(DAC 100, Koyo Chemical)

3.2. Ag NW Synthesis

Ag NWs were synthesized using the polyol method, similar to the work of Coskun et
al [74]. First, 0.12 M AgNOs was prepared and mixed in 40 ml of EG solution with a
magnetic stirrer at ambient temperature. Following the preparation of AgNO; /EG
solution, the solution was placed in an oil bath at 120 °C. In the meantime, 80 ml of
EG solution was prepared with 0.45 M PVP and 1 M NaCl. This solution was stirred

at 120 °C until all the constituents were dissolved and cooled to room temperature.
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Afterwards, PVP/EG solution was added onto the AgNOs solution, and the bath
temperature was increased to 160 °C. Solution was held there for 90 minutes.
Following synthesis, Ag NWs were purified by centrifuging at 7500 rpm twice and

they were redispersed in distilled water for further utilization as shown in Figure 3.1.

Water Remove EG and PVP

Process & Characterization

Figure 3.1 Schematics of Ag NW purification steps [modified from 54].
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3.3. Nanocomposite Preparation

Chitosan/Ag NW composite films were produced by a simple solvent casting method.
Lactic acid with a concentration of 1 vol. % was used as a solvent for the fabrication,
stirred until it takes a gel form, and then evaporated using a vacuum oven as illustrated
in Figure 3.2. While chitosan has low solubility in aqueous solutions and organic
solvents, it is soluble in a strong organic acid. The most widely used acids include
formic acid, acetic acid and lactic acid [36,37,38,39]. In this study, lactic acid was
used as a solvent to form a gel. Also, glycerol was used as a plasticizer to make

stretchable elastic films and composite electrodes.

it

Chitosan

Figure 3.2 Chitosan/ Ag NW nanocomposite film production steps (left) and photos
of produced films (right).

Seven different samples were prepared for the characterization. The production
parameters are provided in Table 3.2.

Table 3.2 Materials and their amounts used to produce nanocomposite films and

electrodes.

Parameter Chitosan Lactic Acid (1 vol. %) Glycerol Ag NW
Unit mg ml ml mg
Neat 250.00 12.50 0.50 0.00

1wt.% 250.00 12.50 0.50 2.52

2wt.% 250.00 12.50 0.50 5.10

awt. % 250.00 12.50 0.50 10.41
10wt. % 250.00 12.50 0.50 27.28
20 wt.% 250.00 12.50 0.50 62.50
40 wt.% 250.00 12.50 0.50 166.67
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Each sample was poured onto a glass petri dish with a diameter of 60 mm, half filled
with containers (0.7 mm height) and kept at 50 ° C and 0.06 MPa pressure for 40

hours.

Composite Electrodes Preparation

Figure 3.3 shows the ECG electrode production steps, which are similar to those for
composite film production. Before placing the electrodes into the vacuum oven, metal
snaps that are compatible with ECG devices were embedded into the jellies while in
the petri dish. Each concentration contained eight metal snaps, which means eight
electrodes were produced at each concentration. Four electrodes were randomly
chosen for each ECG test and their performances were evaluated as described in

Section 4.

Figure 3.3 Photographs of chitosan/ Ag NW nanocomposite electrode production
steps; (a.) solvent casting, (b) evaporation in an oven, (c) shaping to use in ECG
equipment.
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Figure 3.4 shows the photographs of standard, commercially available AgCl wet
electrodes, which were used in this work as control samples to compare the
performance of Ag NW/ chitosan nanocomposite electrodes. The brand of these
electrodes was “Beybi”. These electrodes had a diameter of 55 mm and came with a
jelly electrolyte. A 10 mm diameter sensitive area was used in the experiments

conducted in this thesis.

Figure 3.4 A photograph of standard, commercially available Ag-Cl wet electrodes.

3.4. Characterization of Nanocomposites
3.4.1. Differential Scanning Calorimetry (DSC)

To determine the crystallinity and transition temperatures of the Ag NW/ chitosan
composites, DSC analysis was performed. It is important to determine the crystallinity
and transition temperatures of the electrodes, which in turn provides insights on
optimum operational temperatures. For this purpose, Trios-SDT 650 simultaneous

DSC system was used and nitrogen atmosphere was employed for the analyses.
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3.4.2. Thermogravimetric Analysis (TGA)

TGA shows weight loss of the composites with temperature. The point with dramatic
weight loss determines the degradation temperature of the composites. In this thesis

10° C / min heating rate from -50 ° C to 600 ° C heating range was employed.

3.4.3. Scanning Electron Microscopy Analysis (SEM)

The morphology of the nanocomposites, Ag NW'’s, distribution and orientation of Ag
NWs has prime importance in the reproducibility of the samples. Therefore, each
sample was characterized by SEM before antibacterial tests. SEM (“FEI Nova Nano
SEM 430’) was used to determine the morphology and orientation of Ag NWs within
the chitosan matrix. SEM was operated under an accelerating voltage of 5 kV. A thin

gold layer (5 nm) was deposited onto the samples prior to SEM analysis.

3.4.4. Fourier Transform-Infrared (FTIR) Spectroscopy

The attenuated total reflectance (ATR) unit of the FTIR spectrometer (Perkin Elmer
400) with a scanning number of 16 with a resolution of 4 cm™ was used within a
wavenumber range of 400 - 4000 cm™ to investigate the potential interfacial

interactions between Ag NWs and chitosan within the fabricated composites
3.3.5. Electrical Conductivity Measurements

Nanocomposite resistivity was measured using Keithley 2400 source meter (Keithley
Instruments, INC.). A Swagelok cell was used to measure nanocomposite films
resistivity along their thickness. For the measurements, three different circular
specimens were used with a radius of 10 mm for each concentration. Afterwards, the

following formula was utilized to obtain electrical conductivity values:

o=t/(RxA)
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where o is DC conductivity, R is resistance, A is area and ¢ is the thickness of the

specimen, accordingly.

3.5. Antimicrobial Performance Evaluation

Staphylococcus aureus (ATCC #25923), Escherichia coli (ATCC#25922), Bacillus
cereus (ATCC#14603) and Candida albicans (ATCC #90028) strains were used in
this study. Staphylococcus aureus were cultured on 5% sheep blood agar (Orbak,
Ankara, Turkey), E. coli and B. cereus were grown at an equal amount of 20 ml
Mueller Hinton agar (Merck, Germany) and C. Albicans were cultured on Sabourraud
dextrose agar (SDA) (Merck, Germany) at 37°C for 24-48 hours aerobically. Then,
freshly grown bacterial and fungal colonies were harvested and prepared bacterial and
fungal suspensions were prepared in sterilized test tubes containing brain heart
infusion broth for S. aureus, E. coli, B. cereus and Sabourraud dextrose broth (SDB)
(Merck, Germany) for C. Albicans. The final concentrations of the bacterial strains
were adjusted to 1.5 x 108 CFU/ml and the final concentration of fungal suspension
was adjusted to 2.5 x 10° CFU/ml according to the turbidity of McFarland test
standards. Additionally, the inoculums were adjusted according to their Optical
density (OD450nm: 0,600) spectrophotometrically, also. For S. aureus, E. coli and B.
cereus Mueller Hinton agar (Merck, Germany) and for C. Albicans, SDA were
prepared, and 100 pl amount of the freshly prepared inoculums were poured on the
sterilized Petri plates. Each of the strains was spread on their specific agar plates.
Then, 10 of each material (0, 1, 2, 3, 4, 5, 6) were placed onto the agar plates. Then,
bacterial and fungal strains were incubated at 37°C for 24 - 48 hours aerobically. At
the end of the incubation time, the diameter of inhibition zones was measured with a
digital caliper (Mitutoyo, SP, Brazil) by a blinded, independent observer. The test
results were calculated as arithmetic mean numbers, and the results were assessed

employing Origin data visualization software.
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3.6. ECG Measurements

ECG measurements were conducted with a commercial device PC-based ECG system.
“A EKG Master USB mini-acquisition module” is the main component of the PC
based ECG system. Figure 3.5 represents the USB PC based ECG system and its
connections. As can be seen in the figure, the device is a portable unit. This module
acquires and transports 12 lead standard ECG signals to the PC. This is performed
with SW recording and tracking of the specially developed driver and Win EKG Pro.
Using Windows operating system, the EKG Master USB and dedicated Win EKG Pro
software work on desktop or notebook computers. With its mounted 5 m length unique
cable, it is linked to the PC. Using one of the specified display formats, ECG
information will be tracked on-screen. In the same manner, a printer compatible with

Windows can be used to print out the data.

Figure 3.5 ECG Master USB PC Based ECG System.

As can be seen from Figure 3.6, there are two sides to the ECG procurement circuitry:
an isolated side and a non-isolated side. A DC-DC converter power supply and signal

isolation optocouplers separate these sides. The non-isolated side includes PC link
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circuits. One ECG cable to be connected to the device contains resistors at the tips, to

guarantee defibrillator protected inputs.

neur
SWTCHNG.

ISOLATED SIDE

NON- ISOLATED
SIDE

CONTROLLER
UsB 5 o
]
Gz 83
EEPROM
241004

Figure 3.6 Control diagram for ECG Master USB PC Based ECG System.

8238

The cable connector is a D-sub 15 pin connector, with a specially designed
configuration. Figure 3.7 shows the locations of the electrodes tested. Four electrodes
with different Ag NW amounts were used each time and the standard wet electrodes
with the same location were utilized to compare the results.

R (RA), Red, Right arm

L (LA), Yellow, Left arm

F (LL), Green, Left leg

N (RL), Black, Right leg

C1, Red, 4th intercostas space to the right of
the chest bone,

C2, Yellow, 4th intercostals space to the left of
the chest bone,

C3, Green, in the middle between C2 and C4,
5th costal bone,

C4, Brown, 5th intercostals space, mid line
below the left clavicle,

C5, Black, same level like C4, frontal armpit
line,

Cé6, Violet, it level like C4, mid armpit line.

Figure 3.7 Locations of the electrodes tested in this study.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1.1. Distribution of Ag NWs in Chitosan Matrix

SEM images of nanocomposites with different Ag NW contents are shown In figure
4.1. SEM images presented have the same magnification. As expected, with the
increase in the Ag NW loading, nanowires become more evident in the images. As
can be seen from the figures, Ag NW’s are homogeneously dispersed within the
chitosan matrix, which is important for the fabrication of reproducible and high
sensitivity ECG electrodes. In terms of ECG electrode production, the significance of

dispersion is explained in Section 4.5.

(a) 1 wt. % AgNW Chitosan [f§ (b)2 wt. % AgNW Chitosan [l (c) 4 wt. % AgNW Chitosan

(d) 10 wt. % AgNW Chitosan

Figure 4.1 SEM images of Ag NW/ chitosan nanocomposites with Ag NW loadings of
(a) I wt. %, (b) 2 wt. %., (c) 4 wt. %., (d) 10 wt. %, (e) 20 wt. % and (f) 40 wt. %.
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4.1.2. FTIR Analysis

Figure 4.2 shows the FTIR analysis results for bare chitosan and Ag NW/ chitosan
nanocomposite films. The raw data were modified with baseline correction method to

get the results. Small peaks visible in the 2300 - 1800 cm™ range belong to the ATR

1

crystal and were not evaluated for the sample. A band in 3270 cm™ represents

combined peaks of NH> and OH groups stretching vibration in chitosan. For Ag NW/

1

chitosan nanocomposite films the peak shifted to 3261.3 cm™ and peak became

narrower, which signifies the reduction of hydrogen bonding.

Chitosan+Ag NWs

. ]
IChitosan 9
ae]

Intensity (a. u.)

— — . .
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm’)

Figure 4.2 FTIR analysis results for bare chitosan and Ag NW/ chitosan
nanocomposite films.
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4.2. Thermal Analysis
4.2.1. Differential Scanning Calorimetry (DSC)

DSC was performed for the thermal characterization of the fabricated
nanocomposites. Endothermic and exothermic peak points with their possible reasons
were elaborated. The results were validated with literature. Table 4.1 shows the DSC
analysis of chitosan and composite materials. In the literature, analyses were
conducted with various heating rates such as 20 °C/min, 10 °C/min and 5 °C/min.
Endothermic and exothermic peak points were observed around 100 °C and

exothermic peak points ranged between 230 °C and 340 °C.
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Figure 4.3 shows the spontaneous DSC results. Endothermic peak points at around 30-
45 °C that are related with the evaporation of saturated and bonded water was found
to be consistent with the existing literature. Exothermic peak points at around 200 °C

are observed which are related with the degradation of chitosan [37-42].

— Bare Chitosan
—— 1 wt % AgNwW
——2 wt % AgNwW
—— 4 wt % AgNW
10 wt % AgNW
20 wt. % AgNW
40 wt. % AgNW

Heat Flow (Normalized) (W/g)
1

0 100 200 300 400 500 600
Temperature (°C)

Figure 4.3 Spontaneous DSC measurements results of bare Chitosan, Ag
NW/chitosan nanocomposites with Ag NW loadings of (a) 1 wt.%, (b) 2 wt.%, (c) 4
wt.%, (d) 10 wt.%, (e) 20 wt.% and (f) 40 wt.%.

4.2.2. Thermogravimetric Analysis (TGA)

Table 4.2 shows the TGA thermograms of chitosan and Ag NW/ chitosan

nanocomposite films. In the literature analyses were conducted with various heat rates

such as 20 °C/min, 10 °C/min and 5 °C/min.
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Figure 4.4 shows the TGA thermograms of bare chitosan and the Ag NW/ chitosan
nanocomposite films with different Ag NW loadings. The results are consistent with
the DSC results which recalls the temperatures in spontaneous DSC and TGA
analyses. Two stage decomposition is observed consistent with the existing

literature.[17,42-48]

100
L Chitosan
9 |- 1Wt% Ag NWs
- -2Wt% Ag NWs
80 4Wt% Ag NWs
- 10Wt% Ag NWs
< T0F 20Wt% Ag NWs
B g 40Wt% Ag NWs
-’ =
- 60
_: 3
2050
v L
Z a0}
30 |-
20
10 |-
0 1 A 1 ' 1 i 1 i 1 A 1 A 1 A 1 2 1

S0 100 150 200 250 300 350 400 450 500

Temperature (°C)

Figure 4.4 TGA thermograms for of bare chitosan, Ag NW/ chitosan nanocomposites
with Ag NW loadings of (a) 1 wt. %, (b) 2 wt. %, (c) 4 wt. %, (d) 10 wt. %, (e) 20 wt.
% and (f) 40 wt. %.

Degradation temperatures shifted to higher temperatures and the degradation behavior
trend is similar when it is compared. Also, degradation temperature around 140 °C -

220 °C and 260 °C - 290 °C observed.
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4.3. Conductivity Test Results

Figure 4.5 shows the conductivity measurement results for bare chitosan and Ag NW/
chitosan nanocomposites with different Ag NW loadings. While bare chitosan has an
electrical conductivity value of 10> S/m, Ag NW/ chitosan nanocomposite films have
electrical conductivity values of 4x10 S/m, 102 S/m, and 10™! S/m for 12.5 wt. %, 25
wt. % and 50 wt. % Ag NW loadings, respectively. As can be seen from Figure 4.5,
the conductivity values increase with increasing Ag NW loading within the

nanocomposites.

— —
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Figure 4.5 Conductivity values for different concentrations of Ag NW/chitosan
nanocomposite films with different Ag NW loadings.
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4.4. Antibacterial Tests
4.4.1. Disk Diffusion Tests

Disk diffusion test results show the inhibition zones provided by samples against
different types of bacteria. It can be seen from the Figure 4.6 that chitosan itself
provides an inhibition zone with a diameter of around 8 mm, exhibiting antibacterial

properties. The main reason for this fact is the antimicrobial property of chitosan.

The antibacterial mechanism of chitosan and its derivatives is not known. However, it
is stated that a polycationic structure is a prerequisite for antibacterial activity. Unlike
chitin, chitosan and chitosan oligosaccharides contain free amino groups in their
structure. When the pH of the medium is lower than the pKa (6.3-6.5) of the amino
groups of chitosan and its derivatives, chitosan and its derivatives gain a polycationic
structure. The main role in antibacterial activity has been reported to be played by the
electrostatic interaction between chitosan in polycationic form and anionic
components present on the surface of microorganisms (eg lipopolysaccharides and cell
surface proteins in Gram-negative bacteria) [2]. As a result of electrostatic interaction,
the distribution of negative and positive charges on the cell surface is differentiated
and thus membrane stability is impaired and permeability is changed. As the
permeability of the membrane changes, nutrients cannot enter the cell or their

intracellular components leak out of the cell, causing cell death [18, 25, 26].

In Figure 4.6 (a), (b) and (c), the inhibition zones of Ag NW/ chitosan nanocomposite
films with different Ag NW loadings against S.Aureus and E.Coli are shown. One can
summarize that the antibacterial activity increases with NW loading, which is
expected and consistent with the existing literature. However, the enhancement in the

antibacterial activity was not found to be proportional to the Ag NW amount.
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Figure 4.6 Disk diffusion test results and inhibition zone diameters against S. Aureus
B. cereus and E.Coli species for bare chitosan and Ag NW/chitosan nanocomposite
films with varying Ag NW loadings.
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The main reason for this fact can be the wrinkles that forms within the composites in
the agar plate, which decreases the performance of nanocomposites. The other reason
would be the changes in ionic strength of the medium, which might affect the
inhibitory activity of chitosan [39]. The increase in the concentration of metal ions,
especially, decreases the chelating capacity of chitosan, thus reducing its antibacterial
activity [23, 24]. In addition, since cations present in the environment will compete
with polycationic chitosan to bind to negative charges in the bacterial cell wall, they

may cause a decrease in antimicrobial activity [2].
4.5. ECG MEASUREMENTS
4.5.1. Skin Electrode Impedance

Skin—electrode touch impedance is important in biopotential recordings as it
influences the transmitted signal at the amplifier interface [61]. The effect is similar
to the filtering of the body's actual biopotentials [62]. Figure 4.7 shows equivalent
circuit impedance. It is highly important to have equal Z; and Z; values so that the
measurements would yield more accurate results. Electrodes should have
homogeneous and identical properties and skin electrode impedance should have a
low value as much as possible. One reason for the poor quality of dry electrodes is the

higher impedance values when compared with the standard wet electrodes.

Figure 4.7 Equivalent circuit for the skin—electrode impedance [adapted from 57].
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4.5.2. Wet Electrode and Dry Composite Electrode Circuit Model

Figure 4.8 shows the skin-electrode interface analogous circuit that begins with a half-
cell electrode potential followed by the electrode-electrolyte interface between the
electrode and the liquid. This is characterized by a capacitance due to electrical
double-layer structure Cd and transition resistance Rd charging. A sequence resistance
Rs is the template of the gel medium [61]. In this work, upon increasing the Ag NW
loading in Ag NW/ chitosan nanocomposite films, the resistance of the electrodes
decreased, which resulted in a decrease in the impedance value. This eventually

enhances the signal quality.

Eloctrode

Figure 4.8 Equivalent circuit for skin—electrode interface for (a) a traditional wet

electrode and (b) a dry electrode [adapted from 57].

ECG measurements were conducted with 4 electrodes and their locations are shown
in Chapter 3. Measurements were taken with 6 channels which were 1,2,3 “aVR”,
”aVL” , > aVF”, respectively. ECG measurement results for pure chitosan electrode,
Ag NW/ chitosan nanocomposite electrodes with a Ag NW loading of 4 wt. % and 20
wt. % are shown, in Figures 4.9, 4.10, and 4.11, respectively. Note that all results were
filtered with 3 electronic filters that were low pass filters, high pass filters, and line
interference filters. All of which dramatically enhanced the performance of the

electrodes. As can be seen from Figure 4.9 with bare chitosan dry electrode, without
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Ag NWs, the user was unable to read useful signals and electrode failed on its mission.
However, upon the use of Ag NW/ chitosan nanocomposites even with a Ag NW
loading of 4 wt. % , P, QRS, T waves were found to appear (Figure 4.10). With a
further increase in the Ag NW loading to 20 wt. %, electrode performance got

dramatically improved without the use of a gel (Figure 4.11).

av
m\\ U

Figure 4.9 ECG measurement results which were taken with 6 channels of bare
chitosan electrodes.
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Figure 4.10 ECG measurement results which were taken with 6 channels of 4 wt. %
Ag NW/chitosan nano composite electrodes.

avR

Figure 4.11 ECG measurement results which were taken with 6 channels of 20 wt. %
Ag NW/chitosan nanocomposite electrodes.
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Finally a Ag NW loading of 33 wt. % was used as a dry electrode and ECG
measurement results are provided in Figure 4.12. It can be seen that the signal quality
improved a lot, which was expected because the conductivity of the nanocomposites

increases with the Ag NW loading.
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Figure 4.12 ECG measurement results which were taken with 6 channels of 33 wt. %
Ag NW/chitosan nanocomposite electrodes.

To make a comparison, four standard gel electrodes were used in the same location
and the ECG measurement results are provided in Figure 4.13. The results were found
to be similar to those obtained using Ag NW/ chitosan nanocomposite electrodes with

a Ag NW loading of 33 wt. %.
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Considering that the polymer electrode is highly elastic, fabricated Ag NW/ chitosan
nanocomposite electrodes with promising ECG performance are good candidates for

wearable electrodes with long term stability.

STV ISV SN S Y SNV JS Y J

RO PUSY F PN P P P P P

|
|

Figure 4.13 ECG measurement results of standard wet electrodes.
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CHAPTER 5

CONCLUSIONS AND FUTURE RECOMMENDATIONS
5.1. Conclusions

In this thesis, nanocomposites were fabricated using Ag NWs as a filler and chitosan
as a bio-polymer matrix. Electrical and thermal characterization of the
nanocomposites were conducted. The effect of the Ag NW loading on the
antimicrobial effects, electrical resistance, and thermal properties of chitosan-based
nanocomposites were determined. Ag NW/ chitosan nanocomposite electrodes were
fabricated using solvent casting method. A parametric study was conducted with
different Ag NW loadings of ranging from 1 to 40 wt. %. Finally, the fabricated ECG

electrodes were tested in-vitro.

ECG measurements with the utilization of fabricated nanocomposites as dry
electrodes were conducted. It was determined that even small amounts of Ag NW
loading (such as 4 wt. %) makes the ECG signals identifiable and useful for the
operator. The quality of the signals got improved proportionally with increasing Ag
NW loading. Upon considering the potential medical applications of the fabricated

ECQG electrodes, antibacterial activity is a required and useful improvement.

It is observed from the study that its antibacterial properties of chitosan got improved
by the addition of Ag NWs and an inhibition zone diameter up to 15 mm was obtained
for the nanocomposite samples. Moreover, this study revealed that the developed
composites have a potential to be used in ECG measurements as a dry electrode, which
would certainly enable timely intervention upon a change in the health status of the
monitored patients. These dry and flexible electrodes can also enable the realization

of wearable ECG sensors for life-long measurements if needed.
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5.1.1. Future Recommendations

As a future work, different molecular weights of chitosan can be employed to better
understand its effect on antibacterial, electrical and thermal behavior of the fabricated

nanocomposites.

In addition, as an ECG electrode the motion artifacts can be cleaned out. As a wearable
electrode, long-term use, stability and cleaning issues can be further investigated.
Moreover, both conductivity and impedance response of the ECG electrodes and
composite films under different pressure and temperature conditions can be
investigated. Furthermore, the effect of other antibacterial tests such as time kill assay
and adhesion test can be conducted to better understand its limits under aging and Ag

NW’s impact on the antibacterial property.

In terms of characterization, impedance spectroscopy analysis can be used to

investigate the behavior of the electrodes.

Last but not least, this study can be extended not only to ECG but also to other
biopotential signal tracking instruments such as electroencephalogram (EEG) or

electromyography (EMG) devices.
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