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Abstract

In this work, a simple and highly sensitive localized surface plasmon resonance
(LSPR) technique had been developed for detection of Pb(Il) utilizing chi-
tosan/reduced graphene oxide (CS/rGO) nanocomposite as the sensing material.
Gold nanoparticles (AuNP) had been incorporated with the nanocomposite mate-
rial to induce strong LSPR responses. CS/rGO nanocomposite was coated on top
of AuNP and had been utilized as active layer for Pb(Il) ion sensing. The morphol-
ogy and physical properties of gold nanoparticle-chitosan/reduced graphene oxide
(AuNP-CS/rGO) nanocomposite was studied using field-emission scanning elec-
tron microscopy (FESEM), atomic force microscopy (AFM) and x-ray diffraction
(XRD) analysis. FESEM exhibits a rough and wrinkle surface of AuNP-CS/rGO
after the addition of rGO. AFM shows a higher surface roughness for AuNP-
CS/rGO due to the presence of oxygen atoms in rGO where these oxygen atoms
provide more sites for adsorption of Pb(II), hence enhance the sensitivity of the
sensor. A good sensitivity of the LSPR sensor for detection of Pb(ll) utilizing
AuNP-CS/rGO was obtained which is 1.544 ppm ! and the linearity of the sensor
are 0.99 and 0.97. In stability study, AuNP-CS/rGO exhibits a good repeatability

with relative standard deviation of 2% for 0.01 ppm.

1. Introduction

Pb(II) ion detection in environment is crucial due to its hazardous characteristic which harmful to human and
environment [1]-[3]. Short and long-term exposure of Pb(Il) ion towards human may cause serious health illness
such as fatal blood infection [4], behavioural abnormalities, kidney disorders, and neurological impairment [5]. The
existing techniques for detection of Pb(II) ion are by costly, bulky and sophisticated instruments such as atomic
absorption spectroscopy (AAS) [6], inductively couple plasma mass spectrometry (ICPMS) [7] and inductively couple
plasma optical emission spectroscopy (ICP-OES) [8]. Although these techniques provide accurate results, however,
they unable to perform in-situ analysis [9]. An ideal Pb(II) ion sensor has to be portable where it has the ability to
carry out the analysis on-site with high sensitivity as well as cost-effective.

Recently, localized surface plasmon resonance (LSPR) had been widely utilized for detection of heavy metal ion
in environment [1], [10]-[12] due to its advantage of simple, highly sensitive and low-cost. The measurement of
LSPR based on wavelength shift is due to the changes in the local dielectric environment caused by the adsorption of
analyte [13]. Silver and gold are normally used in LSPR sensing, however due to the biocompatibility and higher
chemical stability of gold [14], [15], it is commonly selected over silver in LSPR sensing. The application of materials
in LSPR able to improve the gold surface, hence enhance the sensitivity of the LSPR sensors [9]. Various kind of
materials had been used for detection of Pb(II) using LSPR such as poly(m-phenylenediamine-co-aniline-2-sulfonic
acid) with detection limit of 0.011 ppb [10], monoclonal antibody immobilized onto gold nanoparticle with detection
limit of 0.27 ppb [16] and glutathione modified Cuy_S nanocrystals with detection limit of 52.5 ppb [17]. Although
Pb(II) detection using these materials show low limit of detection, however the preparation of the sensing material is
complex and tedious.

Therefore, several groups of researchers had explored the application of chitosan for Pb(II) ion sensing [1], [3],
[18]. Chitosan (CS) is a type of polysaccharides which excellent for detecting heavy metal ion due to its water vapour
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permeability, mechanical properties and biocompatibility [19], [20]. CS dissolves in weak acetic acid producing
a flexible CS film with good mechanical properties which makes it stable and feasible to be applied in the water
environment. On top of that, it also possesses good biocompatibility feature, whereas, it is non-toxic and leading
to low immunogenicity when exposed to the human body [19], [21], [22]. CS able to adsorb Pb(Il) ion due to
the presence of amino (-NH) and hydroxyl (<OH) groups in its structure [11], [19]. The performance of CS can
be improved by the incorporation of graphene family with this material. The incorporation of chitosan/reduced
graphene oxide nanocomposite able to improve the mechanical strength, electrical conductivity and optical actuation
behaviour of the composite for various applications [23], [24]. The large surface area and stability of reduced graphene
oxide (rGO) based composite make it suitable for sensing applications [25]. A high sensitivity was obtained for Pb(II)
ion detection using gold-chitosan-graphene oxide (Au/CS/GO) nanostructured thin films over gold-chitosan (Au/CS)
thin film with sensitivity of 1.11200 ppm~! and 0.77600 ppm =1, respectively [26]. According to Lu ef al. [27], the
hybrids structures of graphene, AuNP and CS provide ultra-sensitive effect towards different Pb(II) ion concentration
in the range of 0.5 to 100 pg/L. In addition, these hybrid films increase the electron transfer between the electrode
surfaces due to the hydrophilic channels by CS [28].

In this work, AuNP-CS/rGO nanocomposite was used as a sensing material for detection of Pb(II) utilizing LSPR.
The addition of rGO is expected to further improve the mechanical properties of the sensing material as well as
providing additional active sites for Pb(II) ion attachment due to the presence of high electronegative atoms on its
surface thus leading to the sensor sensitivity enhancement [29]. AuNP was synthesized on the surface of indium
tin oxide coated glass slide (ITO/glass) substrate by simple seed mediated technique. CS/rGO was spin-coated on
top of AuNP and act as active layer for Pb(II) ion sensing. The stability of AuNP-CS/rGO nanocomposite can be
improved through the interaction of positively charged chitosan with the negatively charged rGO [30]. Furthermore,
Pb(II) ion can be easily adsorb by chitosan due to the multiple functional groups which chitosan has on its molecular
structure such as ~NH; and -OH functional groups [31]. Therefore, the incorporation of AuNP with CS and rGO
may enhance the sensitivity of LSPR sensor. The sensitivity of the sensor is determined based on the range of
Pb(II) ion concentration used. The structure and morphology of AuNP-CS/rGO are characterized by field emission
scanning electron microscopy (FESEM), X-ray diffractometer (XRD) and atomic force microscopy (AFM). The
sensor performance such as sensitivity, linearity, and repeatability are discussed accordingly.

2. Experimental Section
2.1 Materials and reagents

Chitosan was obtained commercially from Chito-Chem (Malaysia), Cetyltrimethylammonium bromide (CTAB),
glutaraldehyde (GLA), gold chloroauric acid (HAuCly) and graphene oxide were purchased from Aldrich (USA). L-
ascorbic acid and trisodium citrate were purchased from Wako Pure Chemical Industries (Japan), sodium borohydride
(NaBHy4) was purchased from Merck (Germany). Indium tin oxide (ITO) was commercially obtained from Latech
Scientific (Singapore). Acetone, methanol and sodium hydroxide were purchased from R&M Chemicals (Essex, UK).
Acetic acid was purchased from Systerm Chemicals (Malaysia). All chemicals were of analytical grade.

2.2 Assembly of AuNP on ITO/glass substrate

ITO coated glass slides (ITO/glass) were cut into 1.0 cm x 1.0 cm size using a diamond glass cutter. Each
ITO/glass substrate was cleaned using deionized water, acetone and methanol to ensure that the surface was free
from any particulate contamination. The AuNP was grown on the ITO/glass surface by two steps seed-mediated
technique at room temperature [32]. Two different solutions were prepared, i.e., the seed solution and the growth
solution. The seed solution was prepared by dissolving 0.01 M HAuCly, 0.5 mL of 0.01 M trisodium citrate and
0.1 mL of 0.1 M ice-cold NaBHy in 18 mL of deionized water. The seed solution was then placed in an ultrasonic
bath for 1 min until a homogenous solution was formed. The resulting dark brown solution indicated that HAuCl4
was successfully reduced by NaBHy. The ITO/glass substrates were immersed in the seed solution, sealed and left
undisturbed for 2 hours at room temperature.

The growth solution was prepared by mixing 18 mL of 0.1 M cetyltrimethylammonium bromide (CTAB) with
0.01 M HAuCly. 0.1 M L ascorbic acid (L-AA) was added into the solution and the solution turned into coloutless.
Then, 0.1 mL ice-bath sodium hydroxide (NaOH) was added slowly and stirred vigorously until the distinct red colour
was observed. The colour of growth solution shows a reflection of the density, shape and size of the nanoparticles
[33]. The substrates were immersed in the growth solution for another 2 hours followed by the annealing process.
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2.3 Preparation of chitosan (CS) solution

Chitosan (CS) solution was prepared by dissolving 0.2 g chitosan with 1 % acetic acid solution. The mixture was
vigorously stirred for 2 hours until the solution became homogenous. Then, the CS solution was added with 0.025
mL of glutaraldehyde (GLA) to enhance the stability and hydrophobicity characteristics of crosslinking in CS [1].

2.4 Preparation of reduced graphene oxide (rGO)

Reduced graphene oxide (rGO) was prepared via chemical reduction of graphene oxide [34]. The aqueous graphene
oxide (2 mg/mL) was dispersed in 25 mL of deionized water and L-AA. These mixtures were simultaneously stirred
at 50 °C and left overnight. The rGO solution was further purified by centrifuged at 3500 rpm and rinsed with
deionized water to remove unwanted supernatant. It was then dried in the conventional oven for 2 hours.

2.5 Preparation of chitosan/reduced graphene oxide (CS/rGO) nanocomposite

1 mg of rGO was diluted with deionized water and ultrasonically dispersed for 2 hours. A certain amount of
dilute rGO was then mixed with CS solution having a ratio of 1:1.

2.6 Assembly of AuNP-CS/rGO on the ITO/glass substrate

0.1 mL of CS/rGO nanocomposite solution was spin-coated on the surface of the ITO/glass substrate covered by
AuNP using a spin-coater (WS-400BX-6NPP/ LITE, Laurell, USA) with the speed of 3000 rpm for 30 seconds and
later dried on a hot plate.

2.7 Experimental setup for detection of Pb(II) using LSPR sensor

LSPR measurements technique can be carried out in various ways such as absorptions, transmissions, reflectance,
dark-field light-scattering and surface-enhanced raman scattering measurements [13]. The choice of technique is
dependent on the types of materials used and research applications. In this work, the measurement of reflectance was
applied due to the characteristic of the material used, which is non-transparent in nature. Furthermore, the detection
of Pb(II) ion can be carried out in a simplest way by dropping the Pb(II) ion on the prepared AuNP-CS/rGO sensing
substrate for analysis.

A simple spectrometer setup consists of a light source (DH-2000-BAL) and a detector (HR4000CG-UV-NIR)
from Ocean Optic were used to measure the optical response of nanostructured. A reflection probe with fiber bundle
of 6 illumination fibers around 1 read optical fiber was connected to the light source and spectrometer. The fiber
core size of each bundle is 600 ym with the reflection probe numerical aperture of 0.22. The probe was adjusted to a
minimum distance above the substrate surface as shown in Figure 1. The transmitted light was collected via the read
optical fiber in the fiber bundle to the spectrometer.

Light source
(DH-2M-BAL)

e
e Spectrometer N Reflection
(HEA0O0CG LY - NIR) probe

Incident/reflected light

Sample

Figure 1. Experimental setup for detection of Pb(II) using LSPR sensor

2.8 Determination of Pb(II) by LSPR

A 1000 ppm of Pb(II) ion stock solution was diluted with deionized water to prepare different concentrations of
Pb(I1) ion solution in the range of 0.01 — 5.00 ppm. Different concentration of Pb(Il) ion solutions were dropped
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on the substrate prepared in Section 2.6 and analysed using LSPR measurement. The sensitivity, linearity and
repeatability of the sensor was studied.

3. Results
3.1 Characterization of AuNP-CS and AuNP-CS/rGO

In LSPR sensing, AuNP was used to induce strong LSPR responses [35]. Therefore, field emission scanning
electron microscopy (FESEM) analysis was carried out to study the surface morphology and interaction between
sensing material and substrate. In the first step of seed-mediated technique, when ITO/glass substrate was immersed
in the seed solution, Au complex was adsorbed on the surface of ITO/glass substrate. Hereafter, Au(IIl) in the
complex solution was reduced by NaBH4, producing gold nanoparticles (AuNP) dispersed on the ITO/glass substrate
surface. After treating the ITO/glass substrate with the growth solution subsequently the first step of seed-mediated
technique, the size of the AuNP was increased. The surface morphology of AuNP grown on ITO/glass substrate by
seed-mediated technique is shown in Figure 2. As can be seen in the Figure 2, the high density and less aggregated
gold nanoparticles on ITO/glass substrate have an average size of 70 nm. It was observed that the shape of AuNP was
nearly spherical and uniformly distributed on ITO/glass substrate surface.

In the earlier study reported by Zhang and Oyama [36], a seed-mediated growth approach for the attachment
and growth of AuNP on ITO/glass substrate surface able to improve the characteristic of AuNP produced, whereby a
high density of the dispersed AuNP on the ITO/glass substrate surface was observed, the size and growth of AuNP
can be easily controlled and more uniform particle size was produced. Furthermore, the surface of AuNP able to
form physical binding to various bio-functional groups via strong bonding interaction of Au-S or Au-N or through
physical adsorption [37]. Therefore, to obtain the stability of the colloid, AuNP is coated with an active layer such as
polymer that is not sensitive to the slight changes in chemical composition, thus provide sufficient steric hindrance for
sensors application [38]. Basically, when AuNP coated with polymer is exposed to heavy metal ion, the dielectric
constant around nanoparticle changed, hence change the refractive index due to the interaction of polymer with
heavy metal ion, resulting in wavelength shift in the spectrum [38], [39]. The incorporation of AuNP with these
capping agents may enhance the sensitivity of the LSPR sensor [37].

Figure 2. FESEM images of the morphologies of AuNP decorated on the ITO/glass surface using seed-mediated
technique at different magnifications.

The AuNP dispersed on ITO/glass substrate surface was coated with CS and CS/rGO which give different surface
morphological nature as can be seen in Figure 3. Figure 3(a) shows the surface morphology of AuNP coated with CS
layer. It can be observed that AuNP-CS layer was smooth and well dispersed because of hydrophobic characteristic
shown by CS [40]. Meanwhile, Figure 3(b) shows the surface morphology of AuNP coated with CS/rGO layer. A
rough and wrinkle surface was observed due to the irregular stack of rGO. The addition of rGO into CS able to
improve the mechanical properties of CS. This is due to the strong interaction between -OH and -COOH functional
groups in rGO with -NH; group in CS. Therefore, CS can be adsorbed into rGO through hydrogen bonding
[41]. It had been reported that rGO provides better dispersion with deionized water compared to graphene, thus less
agglomerated structure was observed [42], [43] which makes rGO became homogeneous [44].

Figure 4 shows the three-dimensional (3D) AFM images of (a) AuNP-CS and (b) AuNP-CS/rGO with a scanning
size of 10 um x 10 pm. The surface roughness of the materials can be obtained from the calculation of the root mean
square (rms) of roughness [26]. The surface roughness of AuNP-CS and AuNP-CS/rGO were calculated to be 7.542
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nm and 9.484 nm, respectively. It was observed that the surface roughness increases when CS/rGO nanocomposite
was spin coated on top of AuNP. The higher surface roughness of AuNP-CS/rGO indicated the presence of rGO in
the AuNP-CS/rGO nanocomposite due to the presence of oxygen atoms attached to the -OH and -COOH functional
groups in rGO [41].

The sensitivity of the sensor system was greatly affected by the surface roughness of the nanocomposite material.
High surface roughness of nanocomposite material may increase the mechanical interlocking with polymer chains,
thus providing better adhesion at the interface [45]. The presence of high number of oxygen atoms attached to -OH
and -COOH functional groups in rGO provides more active sites for adsorption of Pb(II) ion. This phenomenon
results in sensitivity enhancement of the sensor system [26]. The grain size of AuNP-CS and AuNP-CS/rGO are
82.9 nm and 80.9 nm respectively.

(a)
nm
200
150
100
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(b)

nm
120

80

10

)

Figure 4. AFM characterization (10 um x 10 ym) (a) AuNP-CS and (b) AuNP-CS/rGO

The XRD analysis was carried out to observe the crystallinity of the structure. Figure 5 shows the XRD patterns
of (a) AuNP, (b) AuNP-CS and (c) AuNP-CS/rGO nanocomposite materials. The sharp and intense peaks can be
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observed in all three spectrums with two distinct diffraction peaks located at 38.180 and 44.400 which corresponds to
(111) and (200) planes respectively. The peaks attributed to Au element which indicated a face-centered cubic (fcc)
crystalline structure and closely matched with the Joint Committee on Powder Diffraction Standards (JCPDS No.
04-0784) [46]. Meanwhile, in Figure 5(b), two additional peaks with low intensities was observed for AuNP-CS
spectrum indicated a reflection from (002) and (220) crystal planes which attributed to CS. This finding shows that
the CS could be indexed as orthorhombic crystals (JCPDS No. 39-1894) [47]. Furthermore, as can be seen in the
Figure 5(c), an intense peak was observed on the AuNP-CS/rGO spectrum. This data confirmed that AuNP-CS/rGO
crystalline is a hexagonal wurtzite structure. The presence of rGO in the nanocomposite structure increases the
crystalline of the nanocomposite and the nucleation of crystals in relation to CS [23].

+ AuNP
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j + (200)

im0 I '
Mw»«hww ’" PPN L TR
|

3 | |
14(002) , {220) 'J | s
y a - ! Mm&wl-—-‘ 1 *

+ AT T - T s T T
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28

Intensity {counts)

Figure 5. X-ray diffraction patterns of (a) AuNP, (b) AuNP-CS and (c) AuNP-CS/rGO

3.2 LSPR responses of AuNP-CS/rGO nanocomposite material

An LSPR sensor was developed utilizing AuNP-CS/rGO nanocomposite material for the detection of Pb(I) ions.
This LSPR sensor could detect as low as part-per-million (ppm) of Pb(II) ion concentration. Figure 6 shows the
comparison of the absorption spectra for bare AuNP, AuNP-CS and AuNP-CS/rGO. A broad absorption spectrum at
571 nm was observed for AuNP which indicates dipole oscillation with the smooth surface of sphere particles [48].
The polarization was caused by the interaction between AuNP and ITO/glass substrate. The additional of CS layer
causes a blue shift in wavelength from 571 nm to 568 nm due to the decreases in nanoparticle size. The peak of the
spectrum became narrower when the positive charge of CS bound to the negative charge of AuNP. This is due to the
monodispersity in the size and shape. The addition of rGO exhibits an absorption gap of approximately 3.5 nm and
the peak become narrower in comparison to AuNP and AuNP-CS. These results indicate that the 77 — 7 transition
in rGO properties enhances the absorption spectra [49].

The performance of LSPR sensor was further studied by applying AuNP-CS/rGO for the measurement of
absorptivity for deionized water and different Pb(II) ion concentrations. Deionized water was used as the baseline
measurement in this study. The Pb(Il) ion solutions were prepared via dilution method at different concentrations
of 0.01 ppm, 0.5 ppm, 1 ppm, 3 ppm and 5 ppm. Figure 7 shows the absorption peak at 572 nm in a visible region
when deionized water was dropped onto AuNP-CS/rGO. The wavelength is red-shifted to 576.6, 577.7, 579.5, 580.0
and 581.8 nm for 0.01 ppm, 0.5 ppm, 1 ppm, 3 ppm and 5 ppm, respectively. The shift of the wavelength is due to
the increases in refractive index of the nanoparticles whereby the dynamic depolarization was occurred as reported in
previous literature [50], [51]. The surface polarization caused the storing in force and the conduction band oscillates
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Figure 6. Absorption spectra of AuNP, AuNP-CS and AuNP-CS/rGO

with respect to the positive ion. Furthermore, an increase in Pb(II) ion concentration caused an increase in absorption

and changes in refractive index [52].
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Figure 7. Absorption spectra of deionized water (DI) and different concentrations of Pb(Il) ion in the range of

0.01ppm to 5ppm

Figure 8 shows a comparison of the reflectance spectra for bare AuNP, AuNP-CS and AuNP-CS/rGO. As shown
in Figure 8, the reflectivity of the peak slightly decreases when CS/rGO was added. A high content of metal caused
more light are scattered on the gold nanoparticles surface, thus a higher reflectance peak was observed. The reflectivity
decreases to 1.8 % and 5.8 % due to the presence of CS/rGO. This behaviour can be observed by the effect of identical
shape and dimension of nanoparticles caused by plasmon resonance between nanoparticles [53]. Interestingly, a
smooth surface texture layer of CS and rGO caused a red-shifted in wavelength compared to bare gold nanoparticles.
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Figure 8. Reflectance spectra of bare AuNP, AuNP-CS and AuNP-CS/rGO

Figure 9 shows the comparison of the reflectance for different concentration range of Pb(II) ion. The intensity
of reflectance decreases as concentration increases from 0.01 ppm to 5 ppm. The reflectance peak of different
concentration was measured for 0.01 ppm, 0.5 ppm, 1 ppm, 3 ppm and 5 ppm at the wavelength of 588.0, 596.3,
596.5, 600.9, 601.7 and 603.2 nm respectively. The increased of average refractive index of Pb(II) ion towards
AuNP/CS-rGO layer caused a gradual red-shifts in spectrum. The effects of surrounding medium, particles to
particles and particles to substrate interaction influence the performance of sensor [51]. Furthermore, the non-
detectable properties of ITO/glass substrate widen the peak as stated in the previous literature [54]. It is also worth to
mention that the high reflectivity of the sensor is due to the high reflectivity losses of metal nanoparticles on the top
flat surface influenced by the backscattering of the nanoparticles itself [55].

110

Reflectance %]

4040 45_"!0 EI(IJU !JEIIU E'rl.]‘u b'!.l'lU I"(IJU f!_I'IU B0
VWavelength (nm)

Figure 9. Reflectance spectra of deionized water (DI) and different concentrations of Pb(Il) ion in the range of 0.01

ppmto 5 ppm

Figure 10 shows a good linear regression coefficient of the two regions in the range of 0.01 ppm to 5 ppm of
Pb(Il) ion concentration. For 0.01 ppm to 1 ppm, the linear range was observed as y = 2.8x + 3.19, (R*> = 0.99)
meanwhile for 1 ppm to 5 ppm is y = 0.41x +5.59, (R? = 0.97). The sensitivity of LSPR sensor was calculated to
be 1.544 ppm~1 as change in refractive index.

Figure 11 exhibits a calibration curve for the AuNP/CS-rGO LSPR sensor by using the absorbance wavelength

peak at 572 nm. A good repeatability was obtained for the AuNP/CS-rGO LSPR sensor with relative standard
deviation (RSD) of 2 — 4 % for five measurements.
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Figure 11. Calibration curves of absorbance value at 572 nm

4, Conclusion

A highly sensitive LSPR sensor of AuNP-CS/rGO for the detection of low concentration in the range of 0.01
ppm to 5 ppm Pb(II) ion had been successfully developed. The physical morphology of the sensing material affect
the performance of the sensor. FESEM shows the presence of rGO caused a rough and wrinkle surface on the sensing
material. AFM depicts a higher surface roughness for AuNP-CS/rGO in comparison to AuNP-CS due to the presence
of more oxygen atoms attached to the -OH and ~-COOH functional groups in AuNP-CS/rGO. The LSPR sensor
shows a good sensitivity and repeatability when AuNP-CS/rGO surface was exposed to various concentration of Pb(II)
due to the presence of -NH2 functional group in CS as well as the presence of -OH and -COOH functional groups
in rGO which provide more adsorption sites for Pb(II). The shift in absorption and reflectance spectra demonstrates
the fast response in the plasmon peak when CS/rGO layer was exposed to Pb(II) ion. The LSPR sensor performance
shows a good linearity of 0.99 and 0.97 with RSD value below 5 % for five measurements.
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