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31 October 2023 utilization of organic-based material such as biocompatible synthetic polymer is necessary

Accepted to produce a better skin interface for electrophysiological signal detection. Therefore, this

5 November 2023 study aims to surface modify the based-substrate of polyurethane (PU) by employing
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25 November 2023 chemical functionality and morphology analyses were performed on the samples using
attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR) and
scanning electron microscope/energy dispersive X-ray (SEM/EDX), respectively. The
wettability contact angle instrument was then used to determine the wettability properties of
the samples. The ATR-FTIR analysis indicated the existence of N-H group, C—-O stretch,
C-H, C=0 and C-N bonds which belong to the chemical functionalities of PU/PDA. While
the SEM/EDX results showed that the PU/PDA/50AgNPs contained the most optimal AgNPs
distribution on the PU/PDA surfaces with less particle agglomeration. Other than that, the
PU/PDA/50AgNPs exhibited better hydrophobicity by increasing the water contact angle of
the PU/PDA from 82.96 + 1.37° to 92.08 + 1.98°. Therefore, the most desired
physicochemical properties for the fabrication of EEG electrodes are possessed by the
PU/PDA/50AgNPs due to identical chemical functionalities, desired morphology with a
homogeneous dispersion of AQNPs and greater hydrophobicity.
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1.0 INTRODUCTION

Since its development in the 1920s, electroencephalography (EEG) has been applied in neuroscience research due to its ability
to provide qualitative information on cerebral activity, great temporal signal resolution and able to measure time-varying electric
potentials [1]. Electroencephalography has been employed as a real neuroimaging approach with more recent developments in
translational and computational neuroscience [2]. Due to its ability to provide continuous, real-time brain activity data, EEG is
an indispensable component of the brain-computer interface. The EEG electrodes are usually constructed of Ag/AgCI. Silver
(Ag) has limited solubility, resulting in the rapid saturation and establishment of equilibrium for silver chloride (AgCl), which
makes it an ideal metal for metallic skin-surface electrodes [3]. Dry electrodes and wet electrodes are two distinct categories of
measuring devices. Dry electrodes are commonly used in smaller, portable weighing systems and they come in the form of a
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cup, disc, or needle [4,3]. While wet electrodes are more common in multi-channel systems. Semi-dry electrodes, which require
only a tiny amount of electrolyte fluid, have been developed effectively in the following years, combining the benefits of wet and
dry electrodes while addressing their shortcomings in skin preparation and the usage of a wet gel [4].

Wet electrodes are the type of electrode that needs to be used along with conductive gel to reduce resistances between
the electrodes and the skin during EEG measurements. However, some patients experience skin discomfort or rashes after
using wet electrodes for a few hours, which has been associated to the complication of conductive gel. Besides, the signal
quality of EEG recording will be significantly hampered when the conductive gel dries up [5]. On the other hand, dry EEG
electrodes do not require gel application and have been designed with various shapes to fully contact the scalp which typically
utilize flexible materials and probe structures that are made to pass through the hair [6]. However, the higher impedance of the
electrode skin border, extra circuitry and sensitivity to movement artefacts are known as the limitations of dry electrodes [7].
Therefore, materials exploration on the development of dry electrodes is necessary to enhance the efficacy of dry electrodes.
In this study, medical grade polyurethane (PU) was used as the based-substrate for the immobilization of conductive silver
nanoparticles (AgNPs) as an initiation to develop EEG dry electrodes.

Nanomaterials differ from bulk materials, atoms and molecules in their specific forms and sizes, giving them extraordinary
features [8]. Silver nanoparticles (AgNPs) possess a few desirable characteristics, such as good electrical conductivity, chemical
stability and antibacterial capabilities [8]. Silver nanoparticles have fascinating physical features for biosensing among all
metallic NPs due to their surface plasmon resonance, enhancing their responsiveness and sensitivity as optical sensors [9]. On
the other hand, PU has an exceptional structure-properties relationship that endows it with desirable characteristics such as
biocompatibility, biodegradability, and the ability to be chemical, mechanical, and thermal modified [10]. The utilization of PU to
be used as the based-material for EEG electrodes has also been widely explored [11]. However, PU is not a conductive material
that only allows its application to be the base-structure of EEG electrodes [12]. This issue might be significantly addressed by
immobilizing AgNPs on PU surfaces with the assistance of a polydopamine (PDA) crosslinking layer. The catechol functional
group and the primary amine group provide PDA the superior adhesion capability, effective modification sites and excellent
metal coordination [13]. Furthermore, PDA supports signal conduction similar to melanin, making it suitable to be used as a
mediator layer for the development of EEG electrodes [14].

2.0 EXPERIMENTAL
2.1 Materials

Polyurethane pellets were purchased from Lubrizol Corporation, Wilmington, United States. Tris (base) ((CH20H)CNH2) was
purchased from Friendemann Schmidt Chemical. The dimethylformamide (DMF), dopamine hydrochloride (CsH11NO2.HCI) and
silver nitrate (AgNOs) were purchased from Sigma-Aldrich, Missouri, United States.

2.2 Sample Preparation

This study involves the preparation of five samples, including PU-based material (control), PU-grafted PDA (PU/PDA) and
AgNPs immobilized on PU surfaces with the aid of PDA grafting (PU/PDA/xAgNPs; x = 25, 50 and 100 mM AgNPs).

2.2.1 Preparation of PU-based Material

Polyurethane-based material was made by dissolving PU pellets in DMF at 10w/v%. The solution was poured into a glass petri
dish with a diameter of 5 cm and it was kept in an oven with the temperature set to 40°C for a period of four days. After that, the
PU-based material that had 5 cm diameter was cut into a square sample with a dimension of 1 cm x 1 cm.

2.2.2 Polydopamine Grafting

In order to graft PDA on the PU-based material, each PU was submerged in 2 mL of dopamine solution for 24 hours. This
process was carried out at room temperature and away from direct sunlight. The dopamine solution was prepared by dissolving
20 mg of dopamine hydrochloride (CsH11NO2.HCI) in 10 mL of 10 mM Tris buffer. The pH of this solution was kept stable at 8.5
to provide a medium for spontaneous polymerisation [15]. For this reason, adjusting the pH of a solution can be accomplished
by adding Tris buffer solution to raise the pH level or dopamine hydrochloride to reduce the pH level. Throughout this process,
the solution was continuously stirred and the solution transformed from colorless to light brown color.

2.2.3 Immobilization of Silver Nanoparticles

The AgNPs immobilization was performed by submerging each PU grafted PDA for 12 hours in 3 mL aqueous solution of AgNO3
at room temperature. Three different concentrations of aqueous AgNOs solutions, 25 mM, 50 mM and 100 mM, were prepared
and used for the immobilization process. At 12 hours of immersion, the PU/PDA/xAgNPs samples were collected and rinsed in
distilled water, dried and stored in a desiccator until further use.
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2.3 Chemical and Morphology Analyses

2.3.1 Fourier Transform Infrared Spectroscopy (FTIR) Analysis

PerkinElmer's ATR-FTIR instrument (Frontier spectrometer, PerkinElmer, UK) was used to analyze the functional groups on
each sample. The ATR-FTIR spectra of each sample were recorded between wavelengths of 500 and 4000 cm~! with a
resolution of 4 cm™1. Then, the ATR-FTIR spectra were imported into Originlab (Origin Pro 2023, OriginLab Corporation, United
States) for bond identification.

2.3.2 Scanning Electron Microscopy with Energy Dispersive X-Ray (SEM/EDX) Analysis

The morphological structure of each sample was analyzed using SEM (TM300, Hitachi, Japan). The SEM morphological
observation was performed at a magnification of 3000x with an accelerating voltage of 10 kV. The chemical composition records
were then conducted by EDX detector, installed in the column of SEM. All samples were sputter-coated with platinum film for 5
minutes prior to the SEM/EDX analysis. Three measurements were taken on three different spots to obtain average atomic
composition percentages.

2.4 Water Contact Angle Measurements

In this study, the wettability performance of each sample was evaluated using a dynamic contact angle analyzer called VCA
Optima (AST Products, Inc., Billerica, MA, USA). The PC-connected dynamic contact angle analyzer has an optical camera,
syringe, needle, movable stage and solid-state lighting. Distilled water was employed in this analysis, which was injected into a
syringe and placed into the contact angle slot. Before dropping the distilled water onto the sample's surface, the stage and light
exposure were adjusted to improve image quality. A droplet of 2 uL was dispensed on each sample surface in triplicate across
various surface areas to determine the average contact angle. The static images of the contact angle were obtained using a
high-resolution camera and the final data for the contact angle were presented as mean + SD.

3.0 RESULTS AND DISCUSSION

3.1 Sample Fabrication

The experiment started with the sample preparation process where the first sample, PU-based material which acts as the control,
was cut into a square sample of 1 cm x 1 cm, as shown in Figure 1 (a). Afterwards, the PU-based materials were grafted with
PDA by submerging the control sample into dopamine solution as shown in Figure 1 (b). After 24 hours, the PU color changed
to light brown as the effect of dopamine oxidative polymerization. The PU/PDA/xAgNPs were then prepared at three different
concentrations. As the concentration of AgQNOs increased, the color of the samples transformed into a darker formation (Figure
1 (c-e).

Figure 1 (a) Control, (b) PU/PDA, (c) PU/PDA/25AgNPs, (d) PU/PDA/50AgNPs and (e) PU/PDA/100AgNPs.

3.2 ATR-FTIR Analysis

Attenuated total reflectance-Fourier transform infrared can be utilized to ascertain the chemical structure of polymer materials
and the presence or absence of specific functional groups. In order to identify alterations in chemical structure, the ATR-FTIR
spectra were obtained within the range of 364 to 4037 ¢m™! for various samples including PU, PU/PDA, PU/PDA/25AgNPs,
PU/PDA/50AgNPs and PU/PDA/100AgNPs as presented in Figure 2.
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Figure 2 ATR-FTIR spectra of PU, PU/PDA, PU/PDA/25AgNPs, PU/PDA/50AgNPs and PU/PDA/100AgNPs

The absorption peak of PU is between 3250 - 3400 cm ™! was attributed to N—H stretching. The other peaks observed at
2850 - 3000 cm~* were related to C—H stretching vibration. The absorption peak in the range of 1665 - 1760 cm ™! was attributed
to C=0 bonds. Additional peaks were detected at approximately 1526cm™1, 1020 - 1250 cm™! and 1000 - 1320 cm™1, which
corresponded to the vibrational modes of CHN, C—N and C-O stretching, respectively. The ATR-FTIR spectra of PU and
PU/PDA exhibited a high degree of similarity, owing to the presence of PU as the primary constituent in both samples.

Polydopamine, a synthetic polymer that originates from dopamine, can be utilized to introduce supplementary functional
groups, such as hydroxyl (O—H) and amine (-NH2) groups, on the PU. Most functional groups of PDA were already presented
in the PU backbone itself. Consequently, the existence of PDA may not induce significant alterations or modifications in the
characteristic absorption bands of PU as observed in the ATR-FTIR spectra. The ATR-FTIR spectra of PU/PDA sample revealed
the existence of wide peaks within 3200 - 3550 cm™* and 3250 - 3400 cm™* ranges, which were associated with O—H and -NH2
of PDA. The spectral peaks detected within the range of 1580 - 1650 cm ™! were suggestive of the presence of an aromatic ring
and N-H vibration.

Furthermore, it has been observed that Ag ions could bind with proteins and water-soluble compounds through the
utilization of (O—H) and (-COOH) groups. These binding processes led to a change in the conformation of PDA molecules, which
ultimately resulted in the conversion of captured metal ions into AgNPs [16]. Furthermore, PDA's inherent reductive ability
enabled in-situ deposition of metallic Ag upon exposure to AgNOs solution [17], making the PDA layer on the PU surfaces, a
useful active platform to immobilize AgNPs. In addition, the presence of amines in PDA acted as capping agents, hence
promoting the immobilization of AQNPs on the PDA surfaces [18].

The analysis of the ATR-FTIR spectra for the PU/PDA/xAgNPS indicates the presence of a band at 1637 cm™?, which
originated from N-H bending mode in the amine group. Furthermore, the absorption peaks between 1000 - 1320 cm™1, 1400 -
1500 cm™1, 1580 - 1650 cm™1, 2850 - 3000 cm™1, 3250 - 3400 cm~! and 3200 - 3550 cm ™! were attributed to C-O, C—C, N-H
bending, C—H, N—H stretching and O-H stretching, respectively. The presence of AQNPs on the PDA layer was further analyzed
using the SEM/EDX instrument.

3.3 SEM Analysis

In this study, SEM analysis is a necessary analysis for the proposed EEG materials since the surface features of the material
can affect the electrode's performance, stability and biocompatibility. The PU backbone is composed of (-NH-COO-) urethane
linkages, which consist of a hard segment composed of diisocyanates and a soft segment composed of polyols that alternate in
flexibility [19]. Soft segments can possess a foundation of either polyester or polyether and exhibit unique characteristics such
as hydrophilicity or hydrophobicity [19]. The SEM analysis of PU samples revealed the presence of heterogeneous morphology.
The observed crystalline structure and irregularity in the SEM results may be attributed to the influence of hard and soft segments
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on microphase separation [16]. The application of PDA onto the PU surfaces resulted in the improvement of surface smoothness
compared to the control PU sample. The scattered small white dots that began to cluster and grew more visible in Figure 3 (c),
(d) and (e) are denoted as AgNPs. These findings are further corroborated by the elemental mapping data obtained from the
EDX analysis, as depicted in Figure 4. The EDX results will provide insights into the distribution of AgNPs on the
PU/PDA/xAgNPs samples, hence aiding in the understanding of their dispersion.

P
SO B *5lk Mo SEM ¥30k  Mum SOM 0 um

Figure 3 SEM images of (a) PU, (b) PU/PDA, (c) PU/PDA/25AgNPs, (d) PU/PDA/50AgNPs and (e) PU/PDA/100AgNPs.

The presence of catechol groups in the PDA enhanced its adhesion properties by undergoing oxidation to generate o-
quinone functionalities [20]. This phenomenon is widely acknowledged as the underlying mechanism responsible for the
adhesive behaviour of PDA, enabling it to adhere to a diverse range of surfaces. The surface morphology of the sample
undergoes a modification after the PDA grafting process, resulting in the emergence of spherocylindrical particles, as shown in
Figure 3 (b). The presence of white patches on the sample can be attributed to the agglomeration of PDA nanoparticles [21].
Efforts were made to restrict the exposure of UV to the samples undergoing immobilization by storing them at room temperature,
in a location that was shielded from direct sunlight [17]. Nevertheless, there exist numerous potential factors that contributed to
the clustering of PDA, necessitating additional investigation.

The PDA layers contained catechol groups that exhibited the capability to perform the reduction of metal ions, including
Agtions, by means of the metal-catechol chelation process through charge transfer. This process led to the formation of zero-
valent Ag® AgNPs in-situ [16]. In addition, the ligands present on the PDA that are based on oxygen and nitrogen acted as
binding sites for the AgNPs, resulting in the formation of secondary hierarchical structures. These structures then contributed to
the development of AgNPs that were composed of multiple levels of hierarchical organisation [16].

According to Figure 3 (b) and (c), there is an increase in the amount of AgNPs on the surface, as indicated by the increase
in white dots, which became more visible in Figure 3 (c). At lower concentrations, AgQNPs were evenly distributed across the
PU/PDA surface. As the concentration of AgNPs increased, the probability of particle aggregation also increased. The presence
of aggregated AgNPs can lead to the development of surface irregularities, thereby increasing the roughness and texture of the
surface. The uneven layer created by the AgNPs led to the formation of uneven surfaces, which can impact its hydrophobicity.
The investigation of hydrophobicity will be extended through the utilization of contact angle analysis.

3.4 EDX Analysis

The EDX was utilized to further characterize the composition of PU, PU/PDA and PU/PDA/xAgNPs at varying concentrations,
as shown in Table 1. The EDX data of the control and PU/PDA, exhibited peaks corresponding to the elements of carbon (C),
nitrogen (N) and oxygen (O). Based on the EDX results, there are significant increments in C element from 49.93 + 0.36% to
57.30 + 5.46% and the decrement of N element from 32.26 + 0.68% to 22.12 + 5.77% following the grafting of PDA on the PU
surfaces. This PDA coating dominated the top sample surfaces, with high C concentration but low N content [22]. Meanwhile,
the EDX results show that the PDA modification may significantly increase the surface O element concentration on the PU, from
17.81 £ 0.33% to 20.58 + 0.32%.

As previously stated, three different concentrations of AgNOs solution were employed in this study to further evaluate
the variation of AgNPs in each sample. The appearances of Ag peak and distribution indicate that the Ag particles were
successfully immobilized on the surface of the PU/PDA. The surface of PDA exhibited an enrichment of catechol and amine
groups, which facilitated the facile adsorption of introduced Ag precursor ions onto the PDA surface, developing AgNPs
nucleation [23]. Evidently, there is a significant increment on Ag element from 0.21 + 0.03% to 0.87 + 0.08% when increasing
the concentrations of AgNOs solution from 25 mM to 50 mM. This phenomenon is justifiable as the utilization of elevated
concentrations of AgNOs solutions is likely to stimulate a greater deposition of Ag onto the PDA layer. However, the Ag element
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decreased to 0.46 + 0.12% after immobilizing the PU/PDA sample with 100 mM of AgNOs solution. As the concentration was
increased, the rate of reduction correspondingly escalated, leading to a rise in the growth rate of crystals on the primary nuclei.

This phenomenon impeded additional nucleation, causing smaller particles to disintegrate and adhere to the larger particles
[24].

Table 1 Chemical composition obtained from EDX results.

Atomic percentage (%)

Sample
C N (o) Ag
PU 49.93 +0.36 32.26 £ 0.68 17.81+0.33 -
PU/PDA 57.30 £ 5.46 2212 +5.77 20.58 + 0.32 -
PU/PDA/25AgNPs 68.92 + 0.26 30.86 + 0.23 - 0.21 £0.03
PU/PDA/50AgNPs 66.99 + 0.82 32.14+0.75 - 0.87 £ 0.08
PU/PDA/100AgNPs 69.19 + 1.38 30.34 +1.33 - 0.46 £0.12
(a) (b) (c)

T00pm Silver La1 T00pm ' SiverLal — 700pm Silver La1

Intensity (a.u)
Intensity (a.u}
Intensity (a.u)

Accelerating Voltage (kV) Accelerating Voltage (kV] Accelerating Voltage (kV)

Figure 4 EDX elemental mapping of AgNPs results: (a) PU/PDA/25AgNPs, (b) PU/PDA/50AgNPs and (c) PU/PDA/100AgNPs.

3.5 Water Contact Angle Measurement

Electrode corrosion is a prevalent occurrence in metals, often resulting from the accumulation of sweat ions [25]. Sweat can
compromise the EEG recording process, particularly during prolonged recording periods [25,26]. The analysis indicates that
polymers are chemically stable in wet environments, while certain metals are susceptible to corrosion [27,28]. The water contact
angle analysis was performed to quantify the degree of hydrophobicity exhibited by each sample. After performing the water
contact angle analysis, there are three possible outcomes which are hydrophilic, hydrophobic and superhydrophobic. The
hydrophilic has a behavior where it is attracted to water with a contact angle ranging between 0° < 8 < 90° [29]. On the other
hand, hydrophobic and superhydrophobic behavior tend to repel water with the measurements of 90° < 6 < 150° and 6 <150°,
respectively [29]. Although this study does not involve bacterial analysis, it is noteworthy that hydrophobic materials can impede
bacterial adherence on EEG electrodes [30].

Polyurethane is normally hydrophobic despite the surface roughness with the theoretical contact angle 6 > 90° [31]. In
contrast with the PU, PDA has hydroxyl and amino groups in the molecules which makes it more hydrophilic [32]. Figure 5
shows the graph for the water contact angle performed on each sample. The data obtained from the water contact angle
measurement on the control samples indicate that the hydrophobicity of PU was influenced by the application of PDA coating.
Initially, the analysis showed that the PU was hydrophobic with an average of 109.96 + 0.81°. After the PU had been grafted
with PDA, the sample became hydrophilic with an average contact angle of 82.96 + 1.37°. The PDA layer has influenced the

wettability behavior of PU due to the aromatic and quinone structures formed during the oxidation process that caused the PU
to be more hydrophilic [21].
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Based on Figure 5, the contact angle values of PU/PDA increased from 82.96 + 1.37° to 91.32 £ 1.82° and 92.08 + 1.98°
after the Ag immobilization with 25 mM and 50 mM of aqueous AgNOs, respectively. The increment of hydrophobicity of PU/PDA
following the Ag immobilization indicates that AgNPs have covered the PU/PDA surfaces by creating another fragmented layer
above it which acted as a barrier that influenced the surface hydrophobicity. Other than that, the increase in contact angle is
partially due to the incorporation of Ag ions, which have been demonstrated to yield a surface hydrophobic in nature [33].
However, the overloading of AgNPs after increasing the AgNOs concentration to 100 mM, resulted in non-uniform
deposition/agglomeration of AQNPs [34]. These findings are in line with prior literature that suggests the placement of AgNPs
within a matrix has the ability to alter its hydrophilicity [34].

4.0 CONCLUSION

This research explores the potential use of PU materials immobilized with AgNPs for the development of EEG electrodes. The
PU surface was successfully immobilized with AgNPs using PDA, as confirmed by physicochemical and morphological analysis.
However, the most effective Ag immobilization is demonstrated on the samples that were immobilized with 50 mM AgNOs. In
this process, the AgNPs can evenly cover the surface of PU/PDA with less agglomeration formation. The hydrophobicity of
PU/PDA/50AgNPs is crucial in preventing the buildup of sweat on EEG electrodes. However, determining the best material for
EEG electrodes involves more than just analyzing their physicochemical properties, morphology and wettability. Therefore,
future research should prioritize the analysis of the conductivity, biocompatibility and durability of PU/PDA/50AgNPs.
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