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Surface plasmon resonance This work demonstrates the effect of Ag/Au and Au/Ag/Au nanolayers on the
multi-metallic performance of chitosan (CS)-graphene oxide (GO) surface plasmon resonance
chitosan (SPR) sensors for Pb(Il) ion detection. The CS-GO SPR sensors are fabricated on
graphene oxide a bi-metallic 40 nm Ag/10 nm Au and tri-metallic 10 nm Au/40 nm Ag/10 nm
heavy metal Au nanolayers. The sensors are tested with Pb(II) ion solution of concentrations
) ) 0.1 to 5 ppm using SPR spectroscopy. The results show that the CS-GO SPR
Article History sensor on the bimetallic Ag/Au gives a gradual shift in SPR angle from 0.1 to 1
ppm and slightly linear from 3 to 5 ppm. Meanwhile, the CS-GO SPR sensor
Received: 1 June 2021 on the tri-metallic Au/Ag/Au nanolayers provides an extended linearity range
Accepted: 8 July 2021 from 1 to 5 ppm with the highest shift in SPR angle of 1.8°. Additionally, the
Published: 15 July 2021 tri-metallic CS-GO SPR sensor also exhibits the greatest SNR of 0.25 as compared

to 0.15 of the one on the bi-metallic nanolayers. Thus, the studies prove that the
tri-metallic Au/Ag/Au nanolayer is an effective and simple approach to improve

the performance of a CS-GO SPR sensor for Pb(II) ion detection.

1. Introduction

Lead (Pb(II)) ion is a type of heavy metal that possesses toxic properties which able to harm human health and
the environment [1], [2]. Therefore, there is an urgent need to develop the Pb(II) ion sensors that are rapid, highly
sensitive and can be conducted on-site. In recent years, various techniques have been developed to detect Pb(I)
ions. The traditional way of detecting Pb(Il) ion is by using the direct titration method [3], which is tedious and
time-consuming. A few years later, more advanced techniques have been introduced, such as atomic absorption
spectrometry (AAS) [4], inductively coupled plasma atomic emission spectroscopy (ICP-AES) [5], and dynamic light
scattering [6]. However, these techniques require sample preparation and sophisticated instruments. They also suffer
from drawbacks such as inability to be conducted on-site, poor selectivity, low sensitivity, and interferences from
other chemical analytes [7].

Recently, optical sensor technology has been explored widely due to its remarkable advantages in the sensing
field [8]-[10]. Surface plasmon resonance (SPR) is one of such techniques with the ability to detect a small molecule
[11], possesses high sensitivity [12] and a label-free detection [13]. SPR phenomenon arises when a p-polarized
light couples with the surface charges at the metal and dielectric interface. This phenomenon happens at the angle
of reflectance or SPR angle. Since its’ discovery by Kretschmann and Otto in the late sixties [14], SPR has been
exploited for applications in many fields such as chemistry, biomedical and environmental. For example, one of the
SPR applications in environmental studies is heavy metal detection in drinking and groundwater.

The selectivity feature of the optical sensor can be improved through the application of the sensing material [8],
[15], [16]; one of such materials is chitosan (CS). Recently, CS was applied as the sensing material in the localized SPR
technique [17] and as the dielectric layer of SPR sensors [8] to detect heavy metals due to its” high affinity towards
such ions. However, due to the limitation of the physicochemical properties of CS [15], graphene oxide (GO) was
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added to improve the sensitivity of an SPR sensor for the same application [8], [18]. The addition of GO enhances
the active sensing layer due to its’ larger surface area and high 7r-conjugation structure. GO also acts as a protective
layer to the metal layer, supporting the surface plasmon at the visible range [19]. However, the CS-GO SPR sensor,
fabricated on a single metal layer, suffers from a limited linearity range even though it demonstrates high sensitivity.

Gold (Au) and silver (Ag) are two common metals that are used to fabricate an SPR sensor. Ag has a larger
negative real part of permittivity than Au, hence producing an SPR curve with a sharper and narrower full-width-half-
maximum (FWHM). Therefore, it is said that Ag possesses a better detection accuracy than Au [8], [20]. However,
Ag is known for its’ lack of stability which makes it easier to oxidize hence contaminate the sensing layer. On the
other hand, Au is more stable and sensitive but produces a broader FWHM thus is less accurate than Ag. Because of
this limitation, the multi-metallic layer is adopted to combine the advantages of these metals where Au is normally
coated on top of Ag to act as a protective layer [18], [21]. Studies also suggest that the Ag inner layer is capable of
enhancing the evanescent field at the Au-dielectric interface, which helps to boost the sensing capability [8], [22].

In this work, we demonstrate the effect of different Ag/Au nanolayers on the performance of chitosan-graphene
oxide (CS-GO) SPR sensor for continuous detection of Pb(II). The metallic nanolayers are bi-metallic 40 nm Ag with
10 nm Au on top (Ag/Au) and tri-metallic 40 nm Ag sandwiched in between two nanolayers of 10 nm Au (Au/Ag/Au).
The CS-GO sensors were tested in the exposure of deionized water and Pb(II) ion solution of concentrations between
0.1 and 5 ppm. The Pb(II) ion concentration is chosen based on the safe Pb(Il) level in wastewater as established by
the United States Environmental Protection Agency (US EPA) i.e. 5 ppm. We show that the tri-metallic Au/Ag/Au
CS-GO SPR sensor exhibits an extended linearity range and produces a more significant shift in SPR angle as
compared to the one on the bi-metallic Ag/Au nanolayers. In addition to that, the tri-metallic CS-GO SPR sensor
also demonstrates a better SNR than the other one.

2. Materials and Methods

2.1 Preparation of Chitosan-Graphene Oxide (CS-GO) Nanocomposite

The CS-GO nanocomposite was prepared by dissolving 0.4 g chitosan (Aldrich) from shrimp shells in 50 ml
of 1 % acetic acid. After 24 hours, 0.05 ml glutaraldehyde and 3 ml of 1 mg/ml graphene oxide were added into
the chitosan solution. The nanocomposite was stirred for another hour then sonicated for 10 minutes to obtain a
homogenous solution.

2.2 Fabrication of CS-GO SPR Sensor

The CS-GO SPR sensor was fabricated on a 24 mm x 32 mm Menzel-Glasser glass slide which has been cleaned
with acetone. The 40 nm Ag layer was deposited on the glass using a K.J. Lesker PVD 75 RF magnetron sputtering
machine in an argon atmosphere. The working pressure and RF power were set to 0.67 Pa and 50 W, respectively.
The 10 nm Au layer was deposited using a Hitachi E-1010 ion sputtering machine with a working pressure of 10 Pa
and a discharge current of 15 mA. Both metal targets are 99.99 % pure, and the depositions were conducted at room
temperature. For bimetallic Ag/Au nanostructures, the 40 nm Ag was coated on the glass substrate first, followed
by 10 nm Au. Meanwhile, for the tri-metallic Au/Ag/Au nanostructures, the 10 nm Au was deposited first on the
glass substrate, followed by 40 nm Ag and finally covered with another 10 nm Au. The metallic deposition process of
Ag/Au and Au/Ag/Au is presented in Figure 1.
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Figure 1. Metallic deposition process of Ag/Au and Au/Ag/Au
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In this experiment, two CS-GO SPR sensors were prepared. The CS-GO SPR sensors were fabricated by
spin-coating the CS-GO nanocomposite onto the bimetallic Ag/Au and tri-metallic Au/Ag/Au nanolayers at 6000
rpm in 30 seconds. The cross-sections of each CS-GO sensor are illustrated in Figure 2.
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Au 10 nm
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Figure 2. The CS-GO SPR sensors on (a) Ag/Au and (b) Au/Ag/Au nanolayers

The Pb(II) ion solution of concentrations 0.1 ppm, 0.5 ppm, 1 ppm, 3 ppm and 5 ppm were prepared by diluting
1000 ppm Pb(II) stock solution with deionized water. All materials used in this experiment are supplied by Sigma
Aldrich (USA).

2.3 SPR Measurement System

An optical setup based on Kretschmann SPR spectroscopy was employed in this experiment. An 850 nm light was
emitted from a laser diode (LD) through a collimating lens, half-wave plate, iris and polarizer to produce a p-polarized
beam. The light was coupled to a BK7 prism where the CS-GO sensor was placed. The photodetector was used to
measure the output power. A flow cell with a volume of approximately 2.4 ml was pressed against the CS-GO sensor
to flow the analyte using a peristaltic pump where the flow rate was set at 2.0 ml/min. The SPR measurement setup is
shown in Figure 3.
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Figure 3. SPR measurement system with the CS-GO sensor placed on the prism

2.4 Procedure of Analysis

The SPR studies of each CS-GO SPR sensor was performed by first injecting the deionized water into the low
cell for 5 minutes. After 5 minutes, the p-polarized beam was modulated over an angular range of 20° - 90° to obtain
the SPR reflectivity of deionized water, which will be the reference when computing the shift in SPR angle and
signal-to-noise ratio (SNR) for each Pb(II) ion concentration. The affinity binding of Pb(II) ion was monitored by
injecting the ion solution from concentration 0.1 to 5 ppm and recording the reflectance value at the deionized water
SPR angle every 10 minutes. Each Pb(ll) ion concentration was allowed to circulate through the flow cell for 30
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minutes before the subsequent Pb(II) ion concentration was injected. This is to ensure that the reflectance was stable
enough before determining the SPR reflectivity curve. Once the reflectance reached stability within 20 minutes after
injection, the LD was re-modulated to obtain the SPR curve for that particular Pb(Il) ion concentration.

3. Result and Discussion

3.1 Molecular Structure of CS-GO Nanocomposite

Raman analysis was carried out to confirm the presence of GO in CS-GO nanocomposite, and the result is
presented in Figure 4. Figure 4 shows that the D band appears at around 1334 cm™!, G band at approximately 1643
cm™! and a broad 2D band in a range of 2778 to 3498 cm™!. The shift of the bands to higher wavenumbers signifies
that the sp? network has been perturbed by the covalent bonding between functional groups of GO and CS. The
significant spread of the 2D band is related to the changes made by the grafting of CS onto the GO layers. More
evident broadening in the 2D band than the D and G bands were also observed in the other studies on CS-GO
nanocomposite [23], [24]. Henceforth, it is confirmed that the CS is effectively grafted onto the GO layers based on
the shift of the bands, broadening of 2D band and comparable results with the previous studies [23], [24].
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Figure 4. Raman spectra of CS-GO nanocomposite

3.2 Field Emission Scanning Electron Microscopy (FESEM) Analysis

The FESEM analysis for the bi-metallic and multi-metallic Ag/Au/CS-GO SPR sensors are shown in Figure 5.
The image depicts that the bi-metallic and tri-metallic nanolayers are successfully fabricated on the glass with the
required thickness. As can be seen in Figure 5(a), the uneven layer above the bi-metallic structure signifies the CS-GO
nanocomposite. The surface morphology of the CS-GO layer and cross-section of the tri-metallic Au/Ag/Au/CS-GO
SPR sensor has been discussed in our previous studies [18]. Likewise, other CS-GO thin film characterizations based
on Atomic Force Microscopy (AFM), X-Ray Diffraction, Raman Scattering and X-Ray Photoelectron Spectroscopy
(XPS) are also included therein.

3.3 Surface Plasmon Resonance Reflectivity Curve

In this work, the sensing mechanism is based on the interaction of the surface plasmon resonance field with the
chemical analytes on the sensing surface of the prism. The interaction of light with metal thin film/CS-GO before
and after Pb(II) ion adsorption produces a shift in the SPR angle due to a change in the refractive index. Pb(II) ion
is detected based on the electrostatic interaction between the CS-GO and the Pb(II) analyte. CS can interact with
Pb(II) ion due to electronegative atoms (i.e. O-H, COO-) in its structure. GO in CS structure enhanced the SPR
sensitivity further due to GO’s additional electronegative atoms [8].

The SPR curves of the CS-GO sensors upon exposure to deionized water (DI'W) are shown in Figure 6. The SPR
angles of the CS-GO sensor on the bimetallic Ag/Au and tri-metallic Au/Ag/Au are ~81° and ~84°. Meanwhile,
the FWHM s for both are ~5° and ~6°, in the same order. As expected, the CS-GO SPR sensor on the bi-metallic
nanolayers produces a narrower FWHM due to its’ smaller thickness than the one on the tri-metallic nanolayers.
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Figure 5. Cross-section of (a) bi-metallic Ag/Au/CS-GO and (b) tri-metallic Ag/Au/CS-GO SPR sensors

Note that the broader FWHM exhibited by the tri-metallic CS-GO sensor results from the increase in the total
thickness of Au layer discussed in [22].
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Figure 6. The SPR reflectivity curves of CS-GO SPR sensors on the bi-metallic and tri-metallic nanolayers soaked in
deionized water (DIW)
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3.4 Real-time Kinetics of Pb(II) Ion Binding

The ability of the sensor device to sense analyte continuously is quite appealing for a commercial sensor. In this
work, the CS-GO SPR sensor was analyzed for its potential to be used under consecutive injection of the increasing
Pb?" ions concentration from 0.1 to 5.0 ppm. The sensorgrams in Figure 7(a) and (b) depict the real-time value of
reflectance for both CS-GO sensors when measured at the SPR angle of DIW i.e. ~81° for the Ag/Au bimetallic
and ~84° for the Au/Ag/Au tri-metallic, respectively. In Figure 7(a), the steady-state value of reflectance for 0.1,
0.5, 1.0, 3.0, and 5.0 ppm are roughly 0.22, 0.24, 0.25, 0.23 and 0.25, respectively. It is shown that the reflectance at
the reference angle increases steadily as 0.1 to 1.0 ppm Pb?* ion was injected into the flow cell. This infers that the
binding of Pb?* ions with the CS-GO nanolayer directly generated the increase in the refractive index which was
manifested as a gradual increase in the reflectance. However, the reflectance drops as 3 ppm Pb2* ion was mobilized
then rise again when 5 ppm Pb?" was circulated through the system.

Meanwhile, for Figure 7(b), the steady-state value of reflectance for 0.1 ppm, 0.5 ppm, 1 ppm, 3 ppm and 5 ppm
are roughly 0.52, 0.52, 0.49, 0.52 and 0.55, respectively. The Au/Ag/Au/CS-GO SPR sensor exhibits an opposite
response from the former Ag/Au/CS-GO sensors. The reflectance remains stagnant in the lower concentration
range of 0.1 to 0.5 ppm but rises steadily in the higher concentration region of 1 to 5 ppm. This suggests that the
Au/Ag/Au/CS-GO SPR sensor requires a higher concentration of Pb?* ions to change the refractive index of the
CS-GO layer thus increases the SPR reflectance. It is shown that the time taken for both the SPR signal to be stable
and timely for the angular modulation at about 20 minutes which is similar to the time taken for other SPR sensors in
heavy metal ion detection [25].

In Figures 7(c) and (d), the SPR reflectivity curves of both sensors show a negative shift to the left side of the
DIW SPR angles. This phenomenon might be due to the leaky waves propagating in the backward direction at the
metal-dielectric interface [26]. Like the forward surface wave, this backward leaky-wave can also be easily excited by
a metallic thin film with negative permittivity and enhanced by the surface plasmon resonance [27]. Furthermore, the
multi-metallic nanolayers that can excite multiple surface plasmon resonances also influence such shifting behaviour
[28]. Nevertheless, the direction of the shifts is consistent for all measurements; hence such a response is acceptable.

3.5 Shift in SPR Angle and Linearity Range

In Figure 8, the shift in SPR angle, 68spg for bi-metallic CS-GO SPR sensor increases gradually from 0.1 to 1
ppm and the 505pr-[Pb(II)] ion concentration relationship follows a linear model of 6spg = 0.541°ppm™" [Pb(II)]
ppm + 0.612°. Notably, the bi-metallic CS-GO SPR sensor demonstrates a linear shift in the higher concentration
region where the 605pr-[Pb(II)] relationship is given by 665pg = 0.150°ppm™" [Pb(II)] ppm + 0.450°. This can be
explained by the fact that the exterior CS-GO matrix might have nearly saturated up to 1 ppm mobilization thus, the
subsequent concentration of Pb(II) ion was transferred to the interior site of the matrix, which has enough available
binding site [29]. Notably, the calibration curve looks like ‘resetting’ itself at 3 ppm when the shift goes down to 0.6°
then increase again up to 0.9° at 5 ppm. Henceforth, a linear shift is observed from 3 to 5 ppm. The maximum shift
in SPR angle produced by the bi-metallic Ag/Au/CS-GO SPR sensor is 1.2° which is for 5 ppm. The SPR sensitivity
using bi-metallic CS-GO SPR sensor are 0.541°ppm™! and 0.150°ppm™! for the concentration region from 0.1 to 1
ppm and 3 to 5 ppm, respectively.

On the contrary, the tri-metallic CS-GO SPR sensor could not detect the difference between 0.1 and 0.5 ppm,
yielding an equal value of 60spr which is 1.2°. Nevertheless, the tri-metallic CS-GO sensor managed to detect
differences in the refractive index due to the higher concentration of Pb(II) ions i.e. from 1 to 5 ppm. The shift in
SPR angle elevates up to 1.8° when tested with 5 ppm, which is the highest 60spr measured in this experiment. The
tri-metallic Au/Ag/Au/CS-GO sensor also exhibits an extended linearity range from 1 to 5 ppm compared to 3 to 5
ppm provided by the bi-metallic CS-GO SPR sensor up to only 1 ppm by the single Au CS-GO SPR sensor [12].
The 665pr-[Pb(I1)] relationship is given by 60spr = 0.375°ppm™" [Pb(II)] ppm - 0.025° and R? = 0.987. The SPR
sensitivity using the tri-metallic CS-GO SPR sensor is 0.375°ppm™! for the concentration region from 1 to 5 ppm.
It is important to highlight that the results are slightly different from our previous study because the sample used
in this experiment is for the whole range of concentration while the latter used one sample for each concentration.
Therefore, a bigger maximum shift in SPR angle was obtained previously [18]. Nevertheless, the sample used in this
study exhibits great reusability to allow Pb(II) ion binding for the whole concentrations.

Such response in the lower concentration region might be due to the thickness of the tri-metallic CS-GO sensor,
which exceeds the optimal thickness of 50 nm for effective coupling [30]. Therefore, the evanescent field which
penetrates the CS-GO dielectric layer might not be strong and stable enough to reach the exterior layer of the
CS-GO matrix of which 0.1 to 0.5 ppm Pb(II) ions might have occupied. Due to this limitation, the tri-metallic
CS-GO sensor could not detect the difference in a refractive index produced by these concentrations. However, the
remarkable performance by the tri-metallic CS-GO sensor in the higher concentration region could be explained by
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Figure 7. The sensorgram of Pb(II) ion binding with the CS-GO matrix on the (a) bi-metallic and (b) tri-metallic
nanolayers measured at the SPR angles of DIW, shown by the dashed line in the reflectivity curves of both sensors (c)
and (d), respectively

the fact that the Pb(II) ions might have been transferred to the interior sites of the CS-GO matrix as the exterior
saturated [29]. This infers that the Pb(II) ions are now closer to the Au/CS-GO interface, whereas a stronger and
more stable evanescent field exists, which enables further detection of refractive index changes [31]. Therefore, it is
observed that the shift in SPR angle increases linearly from 1 to 5 ppm, thus extends the linearity range for Pb(II) ion
detection. This is the attribute of the enhanced evanescent field at the interface of Au/CS-GO, which is the result of
better light confinement by the Ag inner nanolayer sandwiched in between two Au nanolayers [22].

3.6 Signal-to-Noise-Ratio (SNR)

Figure 9 exhibits the signal-to-noise ratio (SNR) of bi-metallic and tri-metallic CS-GO SPR sensors. Since SNR is
related to the real system measurement, each Pb(Il) ion concentration will have its’ own SNR value [18]. Nevertheless,
considering only the highest value of SNR for each sensor, which is when tested with 5 ppm, the tri-metallic CS-GO
SPR sensor yields the best SNR of 0.25 as opposed to 0.15 of the one on the bi-metallic nanolayers, as can be seen in
Figure 8. The tri-metallic CS-GO SPR sensor produces the highest shift in SPR angle and the greatest SNR value.
Such performance could be due to the combination of the Ag layer, which provides an acceptably narrow FWHM
and two Au layers that boost the shift in SPR angle, hence yielding the best SNR. According to the results, it is proved
that the tri-metallic CS-GO SPR sensor is a simple yet effective approach to improve the performance of a CS-GO
SPR sensor.
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Figure 9. SNR of CS-GO SPR sensor on the bimetallic Ag/Au (blue square) and tri-metallic Au/Ag/Au (red triangle)

4. Conclusion

CS-GO SPR sensors for Pb(II) ion detection fabricated on a bi-metallic Ag/Au and tri-metallic Ag/Au/Ag
nanolayers were presented. The SPR reflectivity of each CS-GO sensor was measured upon exposure to deionized
water (DIW) and 0.1 to 5 ppm Pb(II) ion solutions. The CS-GO SPR sensor on the bimetallic Ag/Au nanolayers
gradually changes SPR angle within the lower concentration region from 0.1 to 1 ppm and linear shift in the higher
concentration region of 3 to 5 ppm. On the other hand, the CS-GO SPR sensor on the tri-metallic Au/Ag/Au
nanolayers demonstrates extended linearity in the broader range of concentration from 1 to 5 ppm. The maximum
SPR angle shift of the tri-metallic CS-GO sensor is 1.8°, where the one on the bi-metallic nanolayers gives 1.2°.
Apart from that, the tri-metallic CS-GO SPR sensor yields the best SNR value of 0.25 compared to 0.15 of the
other. Such outstanding performance of the tri-metallic CS-GO SPR sensor is the attributes of the evanescent field
enhancement given by the Ag layer and improved sensitivity provided by the two Au layers. Thus, in this study, we
have successfully compared the performance of CS-GO SPR sensors on the bi-metallic and tri-metallic nanolayers.
The results suggested that the latter is a simple yet effective approach to boost the performance of such SPR sensor to
detect heavy metal ions such as Pb(II) ions in an aqueous solution.
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