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The cross-linked chitosan is synthesized by homogeneous reaction of medium molecular weight
chitosan in aqueous acetic acid solution with glutaraldehyde as cross-linking agent. Using surface
plasmon resonance technique, the optical properties of cross-linked chitosan thin film before and
after contacting with different concentrations of copper ion in a range of 0 to 100 ppm had
been obtained by fitting. The imaginary part of refractive index increased while the thickness of
the film decreased as copper ion concentration increased from 0 (deionised water) to 100 ppm.
The resonance angle shifted to lower value as the copper ion concentration increased. By
introducing the cross-linked chitosan film, copper ion detection can be obtained for concentration
as low as 0.5 ppm using surface plasmon resonance technique.
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1. Introduction

Chitosan is a copolymer of glucosamine and N-acetylglucosamine linked by S-1, 4
glucosidic bonds. Chitosan occurs naturally in some microorganisms, yeast and fungi.
It is a non-toxic, biocompatible and biodegradable natural polymer. The commercially
available chitosan is mostly derived by alkaline N-deacetylation from chitin of crusta-
ceans because it is easily obtained from the shells of crabs, shrimps, lobsters and krill.
These two low-cost natural materials had been used for absorption of metal ions, dyes
and protein. Compared to chitin, chitosan is more efficient in absorption capacity due
to the presence of a large number of amino groups on chitosan chain. However,
chitosan is soluble in organic acid, such as acetic acid and formic acid [1].
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Cross-linking is an important step to improve the chemical stability of chitosan [2].
One cross-linking agent, glutaraldehyde, is an organic compound with the formula
CH,(CH,CHO),. Glutaraldehyde is frequently used in biochemistry applications as
an amine-reactive homobifunctional crosslinker.

In Malaysia, heavy metal pollution has grown to a dangerous level. This was
proved based on a survey by the Department of Environment Malaysia which
revealed that 4.9% of the 1705308.14 metric tonnes of schedule waste generated in
2009 contained heavy metal sludge [3]. One of the heavy metals, copper, in high doses
can cause anemia, liver and kidney damage, and stomach and intestinal irritation.
Different techniques for trace metal analysis including atomic absorption spectros-
copy [4-9], inductively coupled plasma mass spectroscopy [10-14], electrochemical
impedance spectroscopy [15, 16], voltammetry [17-20] and polarography [21, 22]
have been widely used but these methods are expensive, complicated in sample treat-
ment and mostly take a long measuring period. Optical sensor including surface
plasmon resonance spectroscopy is an alternative and cost-effective method for this
purpose [23].

Surface plasmon resonance (SPR) spectroscopy is a surface-sensitive technique [24]
that has been used to characterize the thickness and refraction index of dielectric
medium at noble metal surface [25]. For the last decade, surface plasmon resonance
sensors have been extensively studied. Surface plasmon resonance technique has
emerged as a powerful technique for a variety of chemical and biological sensor
applications [26]. The first chemical sensing based on SPR technique was reported
by LIEDBERG €t al. (1983) [27]. SPR is an optical process in which light satisfying
a resonance condition excites a charge-density wave propagating along the interface
between a metal and dielectric material by monochromatic and p-polarized light
beam [28]. The intensity of the reflected light is reduced at a specific angle of incidence
producing a sharp shadow (called surface plasmon resonance) due to the resonance
energy that occurs between the incident beam and surface plasmon wave [29]. SPR is
regarded as a simple optical technique for surface and interfacial studies and shows
great potential for investigating biomolecules [30]. SPR has been widely demonstrated
as an effective optical technique for the study of interfaces and thin films [31]. A high
specificity of the SPR optical sensor for heavy metal ions can be obtained by
developing or depositing a thin layer of suitable material on gold thin film [32-39].

2. Theory

Surface plasmon wave propagates at the interface of two media with dielectric constant
of opposite sign, i.e., metal and dielectric. This surface plasmon wave is a TM-polarized
wave (the electric field, E is parallel to the plane of incidence and perpendicular to
the boundary surface between two media while the magnetic field B is perpendicular
to the plane of incident and parallel to the boundary surface between two media) [40].
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Fig. 1. Reflection of a beam from a single layer. The film thickness is represented by t. The insets define
a terminology of E at the boundaries a and b. For example, E; represents the sum of all the multiple
reflected beams at interface a in the process of emerging from the film, E;, represents the sum of all
the multiple beams incident at interface b and directed towards the substrate, and so on.

The magnitudes of magnetic field B and electric field E are related by

B- L (1)
\

where the wave speed V is related to the refractive index n by
v= = @)

and the wave speed in vacuum C is a constant:

c= —L 3)

NE My

where &, and g are the permittivity and permeability of free space, respectively.
By combining Egs. (1), (2), and (3), the magnitudes of the magnetic field B and
electric field E can be related by

B=£=—:—E=n/gouoE (&)

\

Based on Fig. 1 and by using Eq. (4) and the boundary conditions, the relationship
between the magnetic and electric fields at the two interfaces can be written as follows:

Ba = No&otly (Eq+Er) = nijeuy (B +Ejp) (5)
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B, = nyJj&uy (Ep+Ep) = njeu, Ey (6)
E, = (E,—E,))cos(6,)) = (E; —E)cos(b;)) @)
E, = (Ej, —E;y)cos(6,,) = E,cos(6;,) ®)

By considering the phase change due to the light passing through different
layers, i.e.,

E, = Ee"’ (9a)
E, = E e’ (9b)
B, = B,e’ (9¢)
B, = B,e'’ (9d)

and using the Euler identities, the relationships between E;, B, and E,, B, are obtained
as follows:

E, = cos(5)Eb——i—Si—n(—@—Bb (10)
1
B, = —yisin(d)E, + cos(0)B, (11)
where

n

h = Wvgoﬂo (12)

Equations (10) and (11) may be written in matrix form as

. sin(9)

E cos(0) —i—————|[E
a —iysin(d) cos(9d) b
Thus, the transfer matrix for a single layer M, is:
cos(5) _j-sin(d)
M, = n (14)

—i7;sin(0) cos(9)

where 9 is the phase shift due to the beam passing through different layers, i.e.,

21

°7 7

tn, cos(6;,) (15)
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For the case of more than one layer, i.e., the boundary b subtrate is replaced by
the interface of another thin film, Eq. (13) is still valid. E, and B, are related to E_
and B, at the back boundary of the second film layer by a second transfer matrix. Thus,
for a multilayer film of arbitrary number N of layers,

o M)
a i=1 N

The overall transfer matrix of the entire multilayer films, M can be represented in
general by

m m
MT — 11 21 (17)
mp My

where m;;, m;,, M,; and m,, are the transfer matrix elements.
Based on Egs. (5), (6), (7), (8) and (16), we obtain

(Ey—E;;)cos(6)) _ {mn m21] Ei,cos(6,,) (18)
Noy€ My (Eg+Epp) My My mJeu, Ey
After simplifying and making use of the reflection coefficient r, defined as
E
r=—1 (19)
Eo
we obtain

m,, + M, % — M % —m
- h1 xp) 1170 1277 20)

My T My My %+ M%K%

whereby the reflectivity Ris
R=rr* 21)

Hence, a simulation and automatic fitting program have been developed using Matlab
based on the matrix method as explained above.

3. Experiment

3.1. Materials

Chitosan with medium molecular weight and degree of deacetylation 75%—-85% was
purchased from Sigma Aldrich (St. Louis, MO, USA). Acetic acid and glutaraldehyde
were also obtained from Aldrich. Standard solution of copper with concentration of
1000 ppm was purchased from Merck (Darmstadt, Germany).
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A prism with refractive index n= 1.7786 at 632.8 nm and the substrate, glass cover
slips 24x24 mm with thickness of 0.13—0.16 mm were purchased from Menzel-Glaser.

3.2. Preparation of copper ion solution

Copper ion standard solution (1000 ppm) was diluted by using dilution formula
(M,V, = M,V,) to produce copper ion solution with concentrations of 0.5, 1, 5, 10, 30,
50, 70 and 100 ppm.

3.3. Preparation of chitosan solution

To prepare chitosan solution, 0.40 g of chitosan was weighed and dissolved in 50 ml
1% acetic acid. The solution was stirred for 24 hours until all the chitosan was
dissolved in acetic acid. Then, 0.05 g of glutaraldehyde was added to the solution to
cross-link chitosan. The resulting solution was stirred for another 1 hour.

3.4. The pH measurement

The pH value of all the copper ion solutions was measured using a pH meter S20
(Mettler Toledo, Switzerland) with an attached combination pH electrode (LE428,
Mettler Toledo, Switzerland).

3.5. Preparation of films

The glass cover slips were cleaned using acetone to clean off the dirt or remove
fingerprint marks laid on the surface of glass slides. Then they were deposited with
gold layer using an SC7640 Sputter Coater controlled by Film Thickness Monitor.

Spin coating technique was used to produce a thin layer of chitosan film on the top
of the gold layer. Approximately 0.55 ml of the solution was placed on a glass
cover slip covering the majority of the surface. The glass cover slip was spun at
6000 revolutions/min for 30 s using a Spin Coating System, P-6708D.

3.6. SPR system

Figure 2 shows the experimental setup for SPR measurement. The SPR measurement
had been carried out by measuring the reflected He-Ne laser beam (632.8 nm, 5 mW)

Motion

Lock-in amplifier
. Photodiode detector EI
N

I | C — chopper
"""""""" i F — filter
Optical I | Mirror P — polarizer
table PH — pin hole
PH P C F PH

Fig. 2. Experimental setup for SPR measurement.
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Fig. 3. Structure of the cell for SPR measurement.

as a function of angle of incidence. The optical set up consists of a He-Ne laser, an op-
tical stage driven by a stepper motor with a resolution of 0.001° (Newport MM 3000),
a light attenuator, a polarizer and an optical chopper (SR 540). The reflected beam
was detected by a sensitive photodiode and then processed by the lock-in-amplifier
(SR 530).

3.7. Sample cell

A cell was constructed to hold copper ion solution and make it come into contact with
glass cover slip with thin films, as shown in Fig. 3. An open-ended brass cylindrical
cavity with O-ring seal was attached to glass cover slip, which was attached to the prism
by using index matching liquid. The copper ion solution was filled in the hollow formed
so that the laser light comes into contact with the solution. The prism and the cell were
mounted on a rotating plate to control the angle of the incident light.

4. Results and discussion

Firstly, the preliminary SPR test was carried out for gold film being in contact with
deionised water (single layer) to determine the optical properties of gold layer (the real
part of refractive of index n, the imaginary part of refractive index K, the thickness d of
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Fig. 4. Fitting experimental data to theoretical
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the thin film) and deionised water. The experimental data and the fitted data are shown
in Fig. 4. The optical properties of gold layer were obtained by using the developed
Matlab fitting program (matrix method). The values of refractive index n and k, for
gold layer are (0.190+0.005) and (3.305+0.002), respectively; the thickness d is
(46.1£0.1) nm. The refractive index for deionised water is 1.3317. This information
is important for further fitting of multilayer (gold/cross-linked chitosan) film.

The preliminary SPR test was also carried out for all concentrations (ranging from
0.5 to 1000 ppm) of copper ion solutions being in contact with gold film to determine

Table 1. The real and imaginary parts of refractive index for different concentrations of copper ion

solutions after fitting. (0 ppm represents deionised water.)

Concentration Real part of refractive index Imaginary part of refractive index
of copper ion [ppm] n (£0.0005) k (= 0.0002)
0 1.3317 0
0.5 1.3318 0.0003
1 1.3318 0.0003
5 1.3318 0.0005
10 1.3318 0.0009
30 1.3319 0.0015
50 1.3319 0.0023
70 1.3319 0.0030
100 1.3321 0.0042
500 1.3351 0.0080
700 1.3366 0.0093
1000 1.3381 0.0108

Table 2. The SPR resonance angle and shift of resonance angle for different concentrations of copper
ion solutions being in contact with gold layer. (0 ppm represents deionised water.)

Concentration Resonance angle Shift of resonance angle
of copper ion [ppm] 6.in [degree] A@ [degree]
0 55.043 0
0.5 55.043 0
1 55.043 0
5 55.043 0
10 55.043 0
30 55.043 0
50 55.043 0
70 55.043 0
100 55.071 0.028
500 55.267 0.224
700 55.378 0.335
1000 55.490 0.447
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Fig. 5. Fitting experimental data to the theoretical data for gold layer being in contact with 50 ppm copper
ion solution. The solid line represents the theoretical curve.

the refractive index of the solutions. All the results are tabulated in Tabs. 1 and 2.
Figure 5 shows one typical graph for the experimental SPR curve fitted with theoretical
data for gold layer being in contact with a 50 ppm copper ion solution. The SPR curves
for copper ion solutions (100 to 1000 ppm) being in contact with gold layer are shown
in Figs. 6 and 7.

The results showed that the shift of resonance angle is zero for low copper ion
concentration below 100 ppm. Also, the real part of refractive index in this range of
concentration is almost similar. This is probably due to the fact of only a small number
of copper ion existing in these low concentration solutions to be adsorbed to gold
surface. For high copper ion concentration (100 ppm and above), we believe that it is
the increment in the number of ions adsorbed to gold surface that causes the SPR
parameter to change. At high concentration, the shift of resonance angle increases as
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053 Deionised water. 084 Deionised water
. N\ . \/( Cu 10 ppm
\ Cu 100 ppm ‘\__\ - Cu 30 ppm
0.6\ L% 0.6
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Angle of incidence [deg] Angle of incidence [deg]

A
Fig. 6. The SPR curves for copper ion solutions (100—1000 ppm) being in contact with gold layer.

Fig. 7. The SPR curves for copper ion solutions (10-100 ppm) being in contact with gold layer.
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the copper ion concentration increases (as shown in Tab. 2 and Fig. 6), and the refractive
indexes also increase with the copper ion concentration. Based on the above results,
we are interested in increasing the sensitivity of SPR technique in detection of low
copper ion concen-tration below 100 ppm.

Then, the SPR experiment was carried out for gold/cross-linked chitosan film being
in contact with deionised water. The purpose of this procedure is to determine
the optical properties of cross-linked chitosan layer (n, k and d). The experimental
data and the fitted data are shown in Fig. 8. Using the multilayer Matlab fitting
program, the properties of cross-linked chitosan thin film were determined, where
n=1.540+0.005, k=0.015+£0.002 and d = 14.0+£0.1 nm.

The SPR experiment was carried out for copper ion solutions (0.5 to 100 ppm),
which were injected one after another into the cell. Each injected solution was left for
10 minutes before the SPR curve was taken. All the fitting results for n, k and d are
tabulated in Tab. 3 while the resonance angle and the shift of resonance angle for all

1.0
0.8 A r"f‘
o 0.6 A L
g \
s '
2 0.4 - \
3 1
0.2 4 *.
' . i . .
0.0 4 \Jr Fig. 8. Fitting experimental data to theoretical
' data for gold/cross-linked chitosan layer being in
45 50 55 60 65 contact with deionised water. The solid line
Angle of incidence [deg] represents the theoretical curve.

Table 3. The real part and the imaginary part of refractive index, and the thickness for cross-linked
chitosan film after fitting; with different concentrations of copper ion solutions injected into the cell
(0 ppm represents deionised water).

Commnion — ReAmn I B s o
of copper ion [ppm] index N (£0.005) index k (£0.002) chitosan d (+ 0.1) [nm]
0 1.540 0.015 14.0
0.5 1.540 0.022 13.9
1.540 0.023 13.9
5 1.539 0.026 13.9
10 1.538 0.035 13.7
30 1.536 0.040 13.1
50 1.534 0.055 12.3
70 1.532 0.071 11.4

100 1.530 0.099 10.1
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Table 4. The SPR resonance angle and the shift of resonance angle with different concentrations of
copper ion solutions being in contact with gold/cross-linked chitosan layer (0 ppm represents deionised
water).

Concentration Resonance angle Shift of resonance angle
of copper ion [ppm] G nin [degree] A@[degree]
0 57.248 0
0.5 57.236 0.012
1 57.228 0.020
5 57.200 0.048
10 57.158 0.090
30 57.053 0.195
50 56.924 0.324
70 56.780 0.468
100 56.601 0.647
1.0
0.8 4
0.6 4

Reflectance
o
N
L

0.2 -
Fig. 9. Fitting experimental data to the theoretical
0.0 - . . .
data for gold/cross-linked chitosan layer being in
45 50 55 60 65 contact with 50 ppm copper ion solution. The solid
Angle of incidence [deg] line represents the theoretical curve.

different concentrations of copper ion solution are shown in Tab. 4. Figure 9
shows one typical graph for the experimental SPR curve fitted with theoretical data
for gold/cross-linked chitosan layer being in contact with a 50 ppm copper ion
solution. The SPR curves for copper ion solutions (0.5 to 100 ppm) being in contact
with gold/cross-linked chitosan layer are shown in Figs. 10 and 11.

The results show that the value of K for cross-linked chitosan layer increased as
the concentration of copper ion increased. The thickness of the cross-linked chitosan
layer decreased as the concentration of copper ion increased, most probably due to
the shrinking of the sensor system.

The pH measurement showed that the values of pH of all copper ion solutions
(0.5-100 ppm) were in the range between 5.9 to 6.5, i.e., near to neutral pH value. This
pH value was chosen and kept constant for all the SPR experiments as the adsorption
of copper ion is optimum at this value [41]. This can be explained by the fact that at
low pH (pH < 5), amine groups of chitosan are protonated, which induces an electro-
static repulsion of copper ion. As a result, the adsorption capacity is decreased. On
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Fig. 10. The SPR curves for copper ion solutions (10-100 ppm) being in contact with gold/cross-linked
chitosan layer.

Fig. 11. The SPR curves for copper ion solutions (0.5-10 ppm) being in contact with gold/cross-linked
chitosan layer.
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0.0 4 - - = S Fig. 12. Comparison of the shift of resonance
angle for different concentrations of copper ions
0 20 40 60 80 100 being in contact with gold film and gold/cross-
Concentration of copper ion [ppm] -linked chitosan film.

the other hand, at higher pH values (basic solution), precipitation of copper hydroxide
occurs simultaneously with the adsorption of copper ion. The formation of copper
hydroxide affects the adsorption by the cross-linked chitosan film.

In this study, we also proved that the cross-linked chitosan thin film had an impor-
tant role in detection of copper ion. There were no changes in resonance angle for
copper ion concentration below 100 ppm being in contact with gold only film. As
the cross-linked chitosan thin film was introduced above gold layer, the resonance
angle changed obviously and the detection limit determined was as low as 0.5 ppm.
The difference is probably due to the fact of more copper ions interacting with cross-
-linked chitosan layer compared to gold only layer. A comparison of the shift of
resonance angle for both gold film and gold/cross-linked chitosan film being in contact
with different concentrations of copper ions is shown in Fig. 12.
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5. Conclusions

In this work, the optical properties of cross-linked chitosan thin film with
glutaraldehyde, before and after coming into contact with different concentrations of
copper ions ranging from 0 to 100 ppm had been obtained using surface plasmon
resonance technique. As the concentration increased from 0 (deionised water) to
100 ppm, the value of k increased while the thickness of the cross-linked chitosan film
decreased. This led to the resonance angle shift to lower value as the copper ion
concentration increased. Besides, the refractive index for different concentrations of
copper ion solution were determined by making the solution to get into contact with
gold only film. The results showed that there were no changes in resonance angle for
copper ion concentration below 100 ppm. The cross-linked chitosan film had increased
the sensitivity of the copper ion detection. The change in resonance angle was obtained
for the copper ion concentration as low as 0.5 ppm.
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