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Label-free measurements of small-molecule binding interactions are of high interest to
researchers across multiple scientific disciplines. Label-free optical sensors based on surface
plasmon resonance (SPR) have been widely used for detecting various targets including
toxic heavy metals in solutions. In this research, an SPR optical sensor enhanced with a
4-(2-pyridylazo)-resorcinol (PAR)-based composite layer was employed for the detection of
the cobalt ion (Co*"). A binding analysis study was conducted by monitoring the interaction
between Co®" and the sensing layer thin film. In our experiment, there were no changes in SPR
angle for a gold layer in contact with Co?" of different concentrations, whereas the enhanced
SPR sensor produced a maximum SPR angle shift of 0.328°. From the relationship between
the angle shift and the concentration of Co®’, the sensor had a sensitivity of 0.2375° ppm ' for
concentrations of less than 1 ppm, 0.0044° ppm ! for concentrations of 1 to 10 ppm, and 0.00069°
ppm ! for concentrations from 10 to 100 ppm. Further analysis was also carried out by
calculating the full width at half maximum (FWHM), detection accuracy (DA), and signal-to-
noise ratio (SNR). In the binding analysis, the experimental results were fitted with Langmuir,
Freundlich, and Sips isotherm equations. It was found that the Sips isotherm equation most
closely fitted the experimental data with an R* value of 0.96716 and a binding affinity of
1.649 ppm .

1. Introduction

In recent years, the scientific community has been focusing on monitoring and improving
public health and welfare through the advancement of sensor technology for the detection of
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materials hazardous to the human body, such as viruses, bacterial agents, gases, toxic heavy
metals, and other toxic materials. Several sensing methods, which can be categorized into
label and label-free methods, have been developed.” When applying a label-free sensor, the
targeted molecules do not undergo any physical modification due to a reactive label, such as
a fluorescence or radioactive dye used in the label method.”’ Over the past few decades, a
variety of label-free optical sensors have become well established, including surface plasmon

resonance (SPR).%¥

This can be used in a versatile label-free optical sensor for detecting
molecular interactions.®”) The basic principle of an SPR sensor is that changes in resonance
angle are observed, where the binding of a targeted molecule (analyte) on a sensor layer adjacent
to the metal layer causes a change in refractive index near the metal surface. This changes the
resonance angle, which is the angle with minimum reflectance.® ¥ Over the past decade, SPR
has been receiving continuous attention from the scientific community owing to its advantages
and for its use in the analysis of binding properties.!*"19 As well as label-free measurement,
SPR sensors also have the advantages of a simple preparation process, cost efficiency, high
sensitivity, and fast and real-time analysis.!”'¥ However, one major drawback of these sensors
is that the metal layer alone is insufficient as a sensing layer for binding analysis.'*>> To
overcome this hindrance, active layers have been developed as the sensing element to improve
the performance of SPR optical sensors.2639  SpR optical sensors have been developed by
introducing novel materials as the sensing layer to sense various analytes including heavy
G139 1 this study, the potential of a

4-(2-pyridylazo)-resorcinol (PAR)-based material as an active layer for SPR sensors to enhance

metals in the biomedical and environment fields.

the detection of Co®" is newly reported.

PAR is a well-known chromogenic reagent, a type of reagent that produces or changes
color in a reaction.®>*® This compound is a popular reagent applied in spectrophotometric,
chelatometric, and colorimetric analyses owing to its ability to correlate with many different
metals.®7*?  The versatility of this compound may be due to its several reactive sites, such
as a pyridyl nitrogen atom, an azo group, and an o-hydroxyl group.(43) The pyridyl group is
derived from pyridine (CsHsN) by removing a hydrogen atom from a ring carbon atom. The
removal of the hydrogen atom provides room for bonding with an azo group (-N=N-) at the
second carbon. Resorcinol (CgHgO3), on the other hand, is an organic compound synthesized
from the destructive distillation of a natural resin. In its compound form, it appears as a white
crystalline compound with a weak odor and a bittersweet taste.*Y The reaction of resorcinol
with 2-pyridylazo led to the synthesis of PAR for the first time in 1959.%) Since then, PAR has
been widely used as a chromogenic reagent for the detection of mainly metal ions.#6:47) Owing
to its remarkable sensitivity towards a wide selection of metal ions, PAR has been integrated
with other materials to improve the performance of sensors. 4849

Chitosan is a semicrystalline polymer material that is derived from chitin by deacetylation
under alkaline condition. Chitosan is said to be the most important chitin derivative and much
easier to process, and it has a good mechanical and optical properties. It is used to produce
films, hydrogels, and fibers, and it is mostly used in the biomedical field because it is nontoxic,

biodegradable, and biocompatible, and has excellent film-forming ability.®”

In addition,
chitosan has favorable metal ion adsorption properties owing to the existence of amine (—NH>)

and hydroxy (—OH) groups in its chemical structure. These functional groups can serve as
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reaction sites for metal ions.®" Other than that, chitosan can be reinforced by blending it with
other novel materials such as graphene-based materials. Graphene oxide (GO) is a water-
soluble and insulating material that contains several oxygen-containing groups decorated on the
basal planes and edges of GO, which include epoxy, hydroxyl, and carboxyl groups.(sz) These
functional groups provide GO with functionalities, such as hydrophilicity, high surface activity,
and antifouling properties. GO was also reported as a “precise and ultrafast” transport medium
for ions and molecules in aqueous solutions, which makes GO a suitable candidate to be used as
part of the sensing layer for metal ion detection using SPR.®Y

Cobalt (Co), which is an element with an atomic number of 27, is located in the first
transition series of Group 9 in the periodic table. In its metallic state, Co is a hard and silvery
grey solid at room temperature with a relative molecular mass of 58.93. Co in compound
forms mainly occurs as Co”*, which is commercially and environmentally obtainable.®*® In
addition, it is the 33rd most abundant element that can be found in almost all media, including
water, air, soil, and sediment. Co’" is one of the most important transition metals, which has
been widely used in industries. For example, Co*" was used in lithium ion battery electrode
manufacturing and as a drying agent for paint industries. In the human biological system, Co*
is very important owing to its role in vitamin By,. Studies also show that Co?" deficiency can
lead to cardiovascular diseases. However, as Co®" is non-biodegradable, water pollution caused
by this metal ion can be very hazardous to humans. For instance, excess intake of Co®' can
lead to permanent disability, decreased pulmonary function, thyroid damage, nodular fibrosis,
vomiting, high blood pressure, and slowed respiration.®>>® Therefore, Co®" detection is very
crucial for health and allows the continuous monitoring of environmental water. Hence, in
this study, the performance and binding of an SPR optical sensor enhanced with a PAR-based
composite layer are explored towards contributing more information for the development of SPR
as a powerful optical sensor for Co>" detection.

2. Materials and Methods

2.1 Materials and reagents

Medium-molecular-weight (MMW) chitosan with an MW of 190000-310000 and a degree
of deacetylation of 75-85%, acetic acid (assay > 99.7%), and PAR were purchased from Sigma
Aldrich (St. Louis, MO, USA). The GO (4 mg/mL) was purchased from Graphenea (Cambridge,
MA, USA). The atomic adsorption spectroscopy standard solution (1000 ppm) of Co(II) was
purchased from Merck (Darmstadt, Germany).

2.2 Preparation of chemicals

All chemicals used were of analytical grade, and deionized water was used for the
preparation of all solutions. A stock PAR solution of 1.5 x 107> g/ml was prepared by mixing
0.15 g of PAR powder into 100 ml of deionized water. A chitosan solution was prepared by
dissolving 0.4 g of MMW chitosan in 50 ml of 1% acetic acid. A cobalt standard solution with
a concentration of 1000 ppm was diluted with deionized water in accordance with the dilution
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formula M1V = M, V> to produce Co’" solutions with concentrations of 0.01, 0.1, 1, 5, 10, 20, 40,
60, 80, and 100 ppm.

2.3 Preparation of composite thin film

The preparation of the composite solution was started by mixing 50 ml of the prepared
chitosan solution with 10 ml of GO solution. Then, PAR was immobilized inside the chitosan—
GO solution by mixing 5 ml of 1.5 x 1073 g/ml PAR with the chitosan—GO solution. The
mixture was then stirred constantly and thoroughly for 24 h at room temperature.

Glass cover slips (24 x 24 x 0.1 mm?>, Menzel-Glaser, Germany) were cleaned using acetone
to remove dirt from their surface before coating. A thin gold layer was first deposited on the
slides using an SC7640 sputter coater. Then, spin coating (Specialty Coating System, P-6708D)
was used to produce a chitosan-GO—PAR composite thin film on top of the gold layer.
Approximately 0.55 ml of the chitosan—GO—PAR composite solution was placed on the gold
layer, covering most of the surface. The glass cover slip was spun at 6000 rev/min for 30 s to
produce the Au/chitosan—GO—PAR thin film.

2.4 SPR optical sensor

SPR measurements were carried out using a custom-built instrument with the setup shown
in Fig. 1. As shown in the figure, the He—Ne laser (1 = 632.8 nm) was p-polarized to give out
only the transverse magnetic (TM) mode of the laser to propagate through a prism (refractive
index n = 1.77861 at 632.8 nm). The glass cover slip was attached to one side of the prism using
a refractive index matching liquid, and a hollow cell was attached to the gold or Au/chitosan—
GO-PAR film surface to contain the Co®" solution. The prism and hollow cell were mounted
on a rotating plate to control the angle of the incident light. The He—Ne laser beam, which was
incident to the prism (refractive index of 1.77861), passed through the sample (composite thin
film), and the reflected beam was detected using a large-area photodiode. The signal was then
processed using a lock-in amplifier (SR 530).67
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Fig. 1.  (Color online) Schematic diagram of SPR spectroscopy experimental setup.
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3. Results and Discussion
3.1 SPR optical sensor

Initially, a preliminary SPR test was conducted with deionized water in contact with the gold (Au)
layer. About 2 ml of deionized water was injected into the cell in contact with the gold layer.
The SPR reflectivity curve for the Au layer in contact with the deionized water is shown in Fig. 2.
The resonance angle obtained was 54.49°.

The SPR experiment was then performed using aqueous solutions with different Co®"
concentrations, which were injected one after another into the cell attached to the gold layer
so that ions could attach to the gold layer. The SPR reflectivity curves for Co?* solutions with
concentrations ranging from 20 to 100 ppm in contact with the gold layer are shown in Fig.
3. From the SPR curves, the resonance angle was compared for all Co?* concentrations. We
can see that the resonance angle did not change with the Co”" concentration, as also shown in
Fig. 4. These results suggest that there were no changes in resonance angle for Co?* of different
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Fig.2. (Color online) SPR curve of gold layer in Fig. 3. (Color online) SPR curves for Co?"
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Fig. 4.  (Color online) Resonance angle of gold layer in contact with Co®" of different concentrations.
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concentrations in contact with the gold film. This result may be due to the small amount of
Co?* existing in the solution that was adsorbed on the gold surface. In addition, it can be due to

the similarity of the refractive index for low concentrations of metal ions.®)

3.2 SPR optical studies of Au/chitosan—GO—PAR exposed to Co**

The SPR experiment on the detection of Co®" in solution was continued by replacing the
gold thin film with a Au/chitosan—GO—-PAR thin film. The SPR experiment was first repeated
with deionized water. The deposition of chitosan—GO—-PAR on the gold thin film increased
the resonance angle. The resonance angle for Au/chitosan—-GO—-PAR in contact with deionized
water was 56.40°, compared with 54.49° for only the gold film. This may be due to the increase
in refractive index when the chitosan—GO—PAR thin film was deposited on top of the gold film.
The SPR curve for Au/chitosan-GO—PAR in contact with deionized water is shown in Fig. 5
and was used to compare the results for different Co”" concentrations to obtain the detection
limit.

The SPR experiment was then carried out for solutions with Co”" concentrations ranging
from 0.01 to 100 pm, which were injected one after another into the cell. The SPR curves
for the Co®" solutions in contact with the immobilized PAR in the chitosan—GO thin film are
shown in Fig. 6(a) for concentrations of 0.01 to 10 ppm and in Fig. 6(b) for concentrations of 10
to 100 ppm. The resonance angles determined from the SPR curves are 56.458, 56.514, 56.652,
56.652, 56.652, 56.652, 56.652, 56.708, 56.722, 56.722, and 56.792° for deionized water and Co**
concentrations of 0.01, 0.1, 1, 5, 10, 20, 40, 60, 80, and 100 ppm, respectively. There is a slight
increase in resonance angle with increasing Co*" concentration.

Surprisingly, there was no shift in resonance angle between 0.1 and 20 ppm. This may due
to the small number of Co?" ions present and adsorbed on the thin film. However, there was a
significant positive correlation between concentrations of 20 and 100 ppm as the angle shifted.
It is believed that the immobilization of PAR plays an important role in the detection of Co?*. It
is difficult to explain this result, but it might be related to the H of the ortho-OH group of PAR
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Fig. 5. (Color online) SPR curve for Au/chitosan—GO—PAR thin film in contact with deionized water.
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Fig. 6. (Color online) SPR reflectivity curves for Au/chitosan—GO—PAR thin film in contact with Co®" of different

concentrations: (a) 0.01 to 10 ppm; (b) 10 to 100 ppm.

being replaced by Co®" after the rupture of hydrogen bonds with the formation of the metal to
pyridine N and azo N.#?)

Furthermore, Co*" may interact with the Au/chitosan-GO—PAR thin film, leading to the
formation of a pair of shared electrons between the positive charge from Co’" and the negative
charge from the amine functional group in chitosan. In addition, graphene oxide increased the
optical absorption in both the visible and infrared ranges. Thus, the sensitivity is enhanced in
the presence of the chitosan-GO-PAR film as compared with the gold film only.

We believe that the Au/chitosan—-GO—PAR thin film plays an important role in the detection
of Co*". The shift in resonance angle (Af) has been introduced as a parameter to measure the
sensitivity of a sensor.') A can be determined by taking the difference between the resonance
angles for the sample and deionized water as a reference. The resonance angle and its shift for
Co*" of different concentrations in contact with the Au/chitosan—GO—PAR thin film are shown
in Table 1.

There are no changes in resonance angle (A0 = 0) for Co”" of different concentrations in
contact with a bare gold film as shown in Fig. 4. However, when the chitosan—-GO—PAR thin
film was deposited on the gold layer, the resonance angle increased. The calculated resonance
angle shift is plotted against the Co®" concentration in the range of 0 to 100 ppm in Fig. 7.
Linear regression analyses were carried out to determine the sensitivity of this sensor, which can
be obtained from the gradient of the linear regression line. The linear regression equation for
concentrations of 0 to 1 ppm is Afspr = 0.2370 (Co*"), which produces a slope of 0.2370° ppm
with R? of 0.6403, and at higher concentrations of 10 to 100 ppm, the linear regression equation
is Abspr = 0.00069 (Co®") + 0.2351, where a slope of 0.00069° ppm ™' with R of 0.9699 was
obtained. Overall, the chitosan-GO—PAR active layer demonstrates high sensitivity towards
Co”" at lower concentrations, although the sensitivity is lower at high concentrations. Therefore,
it can be concluded that this optical sensor for Co*" based on a Au/chitosan-GO—PAR thin film
is highly sensitive, with higher sensitivity at lower concentrations.
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Table 1
SPR resonance angle and shift in resonance angle for Co®" solution with different concentrations in contact with
Au/chitosan—GO—-PAR thin film (0 ppm represents deionized water).

Cobalt ion concentration (ppm)  Resonance angle ¢ (deg) Shift in resonance angle AQ (deg)

56.427 0.000

0.01 56.479 0.052
0.1 56.586 0.159
1 56.650 0.223
5 56.659 0.232
10 56.689 0.262
20 56.696 0.269
40 56.707 0.279
60 56.721 0.294
80 56.730 0.303
100 56.755 0.328
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Fig. 7. (Color online) Shift of the resonance angle for Co®" of different concentrations in contact with Au/
chitosan—-GO—-PAR thin film.

3.3 Performance parameter of the SPR optical signal

By analyzing the SPR curve and data, some important parameters including the full width
at half maximum (FWHM), detection accuracy (DA), and signal-to-noise ratio (SNR) were
determined. The DA of the resonance angle depends on the width of the SPR curve: the
narrower the SPR curve, the higher the DA. The DA is inversely proportional to the FWHM of
the SPR reflectivity, where the FWHM can be defined as the angular width for the half value of
the maximum SPR reflectivity curve.5>® The FWHM can be determined by measuring the
width of the reflectivity curve corresponding to the half value of the maximum reflectance as
shown in Fig. 8. The obtained FWHM and DA of the Au/chitosan—-GO—-PAR SPR sensor upon
the adsorption of Co?" are shown in Table 2.

From Table 2, the FWHM decreases as the Co®" concentration increases. The SPR curve
of deionized water in contact with the active layer produced the largest FWHM of 4.29°, which
decreased to 3.50° as the concentration increased to 100 ppm. The DA increased rapidly until
the concentration reached 10 ppm, then increased steadily from 10 to 100 ppm. In contrast to
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064 Table 2
FWHM and DA values of Au/chitosan-GO-
05 PAR active layer in contact with Co®" of different
concentrations.
3 FWHM Co?" concentration (ppm) FWHM (°) DA (/°)
g M 0 42902 0.2331
ﬁ 0.01 4.1398 0.2416
03] 0.1 3.9808 0.2512
1 3.9375 0.2540
oz 5 3.7984 0.2633
’ 10 3.7935 0.2636
- - o - - o 20 3.7643 0.2657
Incidence angle (deg) 40 3.7347 0.2678
60 3.7052 0.2700
Fig. 8. (Color online) FWHM of SPR curve 80 3.6289 0.2756
100 3.4975 0.2859

corresponding to half its maximum value.

the FWHM, the DA increased with the concentration. This result supports the statement by
Sharma et al. that a narrower FWHM gives a better DA.®D The SNR of the Au/chitosan—GO—
PAR SPR sensor in contact with Co®" of different concentrations is shown in Fig. 10. The SNR
also increases with the Co>" concentration. Thus, we also conclude that the SNR also indicates
the binding affinity owing to the concentration dependence of Afspr. In addition, the SNR
plots in Fig. 10 are similar to the shifts in SPR angle in Fig. 7. This shows that Afspg is more
effective than the DA in determining the SNR.(!?

3.4 Binding affinity via association equilibrium constant

Equilibrium isotherm models were used to calculate the experimental sorption data.(?
These equilibrium models may give some insight into the sorption mechanism and surface
properties, and also the affinity of the sorbent. Langmuir and Freundlich isotherms are two of
the most widely used analytical isotherms in adsorption studies to obtain the binding model of
a metal ion with a sensor layer.(63) The Freundlich isotherm was the earliest reported sorption
isotherm equation, which was presented by Freundlich in 1906.¢¥ This isotherm was derived
by assuming an exponentially decaying sorption site energy distribution. The Freundlich
equation used to describe a heterogeneous surface energy can be expressed as

AG,, :KfC" , (1)

where K is the Freundlich constant, which is an affinity constant, C is the Co®" concentration,
and n is the heterogeneity index.®

The Langmuir model, on the other hand, is based on the assumption of greater adsorption
energy for the first layer of adsorbed molecules in a homogeneous system without interaction
between adsorbed molecules.*? According to the Langmuir theory, the saturated monolayer

isotherm for metal ion adsorption on a sensor surface can be expressed as
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where A, is the maximum resonance angle shift, K; is the Langmuir constant, which is an
affinity constant, C is the Co?" concentration, and  is the heterogeneity index.'®

The Langmuir—Freundlich isotherm, also known as the Sips equation, is a versatile isotherm
expression that can simulate both Langmuir and Freundlich behaviors.®® The Sips isotherm is
a combination of both the Langmuir and Freundlich expressions that can be used to predict the
behavior of a heterogeneous adsorption system and overcome the limitation of the Freundlich
isotherm model at a higher adsorbate concentration. Generally, the equation parameters are
affected mainly by the operating conditions, such as the concentration, pH, and temperature.
By combining both the Langmuir and Freundlich equations in Eqgs. (1) and (2), the Sips equation
can be expressed as

86, = 2o O ®
1+(K,C)

where Kj is the Sips or affinity constant, C is the Co”" concentration, and 7 is the heterogeneity
index.®® By using the Sips isotherm model, one can vary the density function for a
heterogeneous system by varying the heterogeneity index » from 0 to 1. For a homogeneous
material, z is 1, and for a heterogeneous material, 7 is less than 1.

In this study on the association of Au/chitosan—GO—-PAR, the angle shift data plot was
fitted with Freundlich, Langmuir, and Langmuir—Freundlich (Sips) models using the Origin
program to obtain the binding model of Co”" ions with a Au/chitosan-GO—PAR composite thin
film. The fitting shown in Fig. 11 shows that the Sips equation most accurately fit the data plot
compared with the Freundlich and Langmuir models.

The comparison of fitted values of the Freundlich, Langmuir, and Sips parameters for Co®"
ion adsorption on a Au/chitosan—GO—PAR composite layer is shown in Table 3. All three
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0.354 Table 3

{| = » Fitted values of Freundlich, Langmuir, and Sips parameters for the
o e adsorption of Co®" ions on a Au/chitosan-GO—-PAR active layer.
0.25 Fitting model AbOpax °) K (ppm’l) n R?
o Freundlich — 0.187 0.119 0.94636

| Langmuir 0.27845  12.531 — 0.93000

= | L 1
- Sips 033446 1649 0400 096716
o =~ Freundiich (Langmuir—Freundlich)
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Fig. 11. (Color online) Freundlich, Sips, and
Langmuir models of Co?" in contact with chitosan—
GO—PAR active layer.

models fitted the data well with high values of the correlation coefficient R, where the Sips
fitting has the highest R? value of 0.96716, followed by the Freundlich fitting (0.94636) and
Langmuir fitting (0.93). From the table, the maximum resonance angle shift of the Sips model
fitting is closest to the experimental value of 0.33446°, and the maximum resonance angle shift
of the Langmuir model fitting of 0.27845° is much lower than the experimental value. This
proves that the Sips model fitted the experimental data best, reducing errors of the parameters.(63)
From the Sips model, the affinity constant or binding affinity of Co?* towards the Au/chitosan—
GO-PAR active layer was 1.649 ppm '. Overall, the results obtained from the binding model
fitting also shows that the Sips model has the highest R? value among the models used and is the
most accurate in determining the binding affinity of Co”" ions with the composite sensor layer.

4. Conclusions

In this work, the sensing ability and binding analysis of an enhanced SPR optical sensor
towards Co®" were described. The enhancement of the SPR sensor was proven by comparing
the angle shifts of the gold layer only and the PAR-based composite layer. There were no
changes in the SPR angle of the gold layer only in contact with Co?" of different concentrations,
whereas the PAR-based composite layer produced a maximum SPR angle shift of 0.328°. The
sensitivity of the PAR-based composite layer towards Co*" was calculated to be 0.2370° ppm !
for Co?" concentrations of 0 to 1 ppm, 0.0044° ppm_1 for Co?" concentrations of 1 to 10 ppm,
and 0.00069° ppm ! for Co®" concentrations of 10 to 100 ppm from the slope of the data plot.
This shows that the PAR-based composite layer had a high sensitivity towards Co”, especially
at lower concentrations. Further analysis showed that the FWHM of the SPR data decreased
from 4.29 to 3.50° as the Co?* concentration increased from 0 to 100 ppm. As a result, the DA
of the data increased with the Co®" concentration. Finally, the SNR was calculated and plotted.
The SNR plot was similar to that of the SPR angle shift against the Co®" concentration. In the
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binding analysis, the data were fitted using Langmuir, Freundlich, and Sips model equations.
All models fitted the data well with the Sips model having the highest R? 0f 0.96716 and giving
a binding affinity of 1.649 ppm .
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