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Abstract

This work aims to develop a surface plasmon resonance (SPR) sensor based on Chitosan/
Polyaniline/Graphene oxide-Ferrocene (CS/PANI/GOFc) composite thin film for glucose
detection. The optimum formulation of the composite has been calculated from experimen-
tal refractive index data and using the effective medium theory (EMT). Then, the optimum
composite, CS 25%/PANI 25%/GOFc 50%, has been prepared and evaluated in the design
of the glucose sensor via modification of the SPR gold chip. Results demonstrate that the
linear response of the SPR sensor is in the range of 0.5-100 uM of glucose with a sensitiv-
ity of 0.0202° pM~!. The Langmuir and Sips models have been used to analyze the binding
affinity, which represents a higher affinity constant for the composite film compared to the
bare gold chip.

Keywords Surface plasmon resonance - chitosan - Polyaniline - Graphene oxide - Glucose

1 Introduction

Diabetes as a chronic disease involves the deficiency of insulin production and the ina-
bility of cells to respond to insulin; hence, the human body can no longer regulate blood
sugar appropriately (Dabelea et al. 2014). Over 500 million cases of diabetes are esti-
mated in 2030, according to the world health organization if they wouldn’t be diagnosed
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timely (Shaw et al. 2010). So, monitoring blood glucose levels is crucial for human
health to prevent hypoglycemia. Currently, diabetes is mainly diagnosed through point-
of-care blood glucose tests, an invasive procedure requiring trained personnel. Hence,
various sensors containing nanomaterials have been described to quantify glucose levels
with improved sensitivities (Xue et al. 2022).

Among the plethora of proposed techniques, surface plasmon resonance (SPR)-based
sensors are considered sensitive optical platforms for surface analysis and evaluation of
chemical and biological species (Prabowo et al. 2018). Notwithstanding its high sen-
sitivity, SPR sensors have limitations in detecting trace concentrations of glucose, as
they measure the refractive index changes on the surface of a gold film (Gumilar et al.
2022). It is assumed that utilizing a coating thin film on a gold chip would increase
the refractive index as well as the sensitivity in measuring target analytes (Philip and
Kumar 2022). In this regard, nanocomposites provide an attractive approach for modu-
lation of the refractive index and hence, improve the sensitivity of SPR sensors (Li et al.
2022; Wang and Huang 2022), while the main limitation is the determination of optimal
nanocomposite formulation.

Polyaniline (PANI), graphene oxide (GO), and Chitosan have attracted significant
attention in recent studies of nanocomposite-based sensors due to their unique chemi-
cal or electrical characteristics. PANI, as an organic polymer, benefits from excellent
stability and high electrical conductivity as a function of Redox states and proton dop-
ing. As it responds to different molecular species, it has been successfully used in pH
monitoring, energy storage applications, and gas sensing (Beygisangchin et al. 2021).
Meanwhile, GO has also been widely used in various biosensor applications thanks to
features similar to graphene, accompanied with oxygen-based functional groups on its
structure (Perrozzi et al. 2014). Benefiting from both hydrophobic carbon rings and
hydrophilic oxygen functionalities such as hydroxyl, epoxy, carboxyl, and carbonyl
groups, these features provide interesting characteristics to graphene sheets (Erickson
et al. 2010). Moreover, oxygen functional groups behave as anchoring sites to attach
to nanoparticles for sensitivity enhancement in biosensors (Yin et al. 2015) and their
good dispersion in aquatic media (Lee et al. 2016). These functional groups also offer
active sites for immobilizing bio-receptors (Li et al. 2016). For efficient immobilization
of sensing components, it is necessary to use appropriate binders such as biocompatible
polymers. For this purpose, Chitosan displays high water permeability, film-forming
ability, biodegradability, and good adhesion on sensor substrates, which offer a variety
of applications in biomedical devices and analytical applications (Rassaei et al. 2008).
Several studies have been reported on the application of Chitosan films in the fabrica-
tion of SPR sensors (Kamaruddin et al. 2016; Sadrolhosseini et al. 2019; Azeman et al.
2022). To enhance the sensitivity via composite structures, achieving optimum structure
and formulation is a tedious and complex procedure by traditional trial and error meth-
ods; hence, simulation of multi-layered SPR sensors has been offered as an approach
to find optimal criteria via refractive index analysis. Recent studies involve theoretical
modeling and evaluation of a multi-layer gold—-MoS,~hBN-graphene for glucose detec-
tion based on Fresnel multilayer reflection theory (Mudgal et al. 2020) and mathemati-
cal modeling of a graphene-MoS, hybrid structure accompanied by TiO,-SiO, nanofilm
for formalin detection (Moznuzzaman et al. 2020). The superiority of doped polyaniline
compared to thin-film gold/silver in selective sensing of acetone has been proposed in
another theoretical study (Usman et al. 2018). Simulation and experimental evaluations
of a ZnO/polypyrrole interface for ammonia sensing have been reported in which the
thickness of ZnO and PPy have been optimized using a theoretical approach. (Gahlot
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et al. 2022), However, there is no report on optimizing composite layers for glucose
SPR sensors in the literature; so, that would be interesting to elaborate such structures
both theoretically and experimentally.

In this study, for the first time, we have employed the effective medium theory (EMT) to
find an optimal composite structure consisting of Chitosan/PANI/GOFc for glucose detec-
tion using an SPR platform. Then, the sensor response, sensitivity, and linear operation
range are evaluated and compared with a bare gold chip. The experimental results demon-
strate the successful utilization of simulation studies in developing the composite layers for
modulation of the refractive index for improving the desired features of the SPR sensor for
glucose detection.

2 Experimental and theoretical studies
2.1 Reagents and materials

Chitosan and glucose were obtained from Sigma Aldrich (St. Louis, MO, USA). Double
distilled and deionized water was used during experiments. The synthesis and characteri-
zation of GO, PANI, and GO- Fc nanohybrid nanocomposite were carried out as reported
elsewhere (Payami et al. 2020).

2.2 Preparation of glucose solution

Glucose with a concentration of 500 uM was prepared as stock solution and then, the dilu-
tion formula, M;V,=M,V,, was used for serial dilution with deionized water for subse-
quent analysis.

2.3 Preparation of PBS

A 1 M PBS solution was prepared from K,HPO, and KH,PO, and then 61.5 mL of
K,HPO, solution and 38.5 mL of KH,PO, solution were mixed to prepare a solution with
pH 7.0.

2.4 Preparation of CS/PANI/GOFc composite thin film combined with SPR

A 25 mg of Chitosan was dissolved in 1 mL of 0.2% Acetic acid in a microtube. In another
microtube, 25 mg PANI and 50 mg GOFc were dispersed in 1 mL of deionized water.
Finally, the two mixtures were mixed and dispersed for 10 min. Individual solution for
each material was also prepared in the same way. Then, approximately 100 pL of each
material solution and a composite of them was pipetted on a 50 nm gold-coated glass slip
(10x20x0.1 mm) followed by spin coating at a speed of 3000 rpm for 30 s. Afterward,
the gold/Chitosan/PANI/GOFc thin film was evaporated on the prism surface. It was then
placed on an optical stage driven by a stepper motor to carry out the SPR measurements.
Finally, 1 mL of Phosphate buffer solution (PBS, PH=7) as the reference signal was
injected into the o-ring and glucose solution with different concentrations ranging from
0.5-100 uM was injected and the SPR spectra were obtained.
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2.5 Measuring SPR angles for each component

The SPR angles for each component of nanocomposite (PANI, GOFc, CS) were
obtained separately via the SPR device (MP-SPR Navi™ 210A VASA). For this pur-
pose, 50 mg of PANI or GO was dispersed in 1 mL N-Methyl-2-pyrrolidone (NMP),
and for CS 5 mg of it was dispersed in a solution containing 0.9 mL NMP and 0.1 mL
acetic acid. Then, each mixture was coated separately on the chip surface at 3000 rpm.
The reflectance values versus the incident angle were attained for each component
experimentally to determine each component’s s (SPR angle).

2.6 Simulation studies

For theoretical studies, the obtained fs via the SPR instrument were used for the cal-
culation of corresponding refractive indices using the following relations (Nguyen and
Voronine 2020):

o) .
k,= 1 /€ prism * SIN(O) (D)

5152(52141 - 51/42)

Q) . )
c V gPrlbm * SIH( ) c * (62 _ 81) (62 + 81) ( )
0 = arcsin 82(62#1 — 51#2) 3)

(62 - El) (62 + El)gprism

where € and €, are permittivity values corresponding to the gold and prism, the
angle 0 is also obtained from the experiments. ¢, is also related to the component/compos-
ite, which is unknown and is calculated from Eq. (3). The reflectance as a function of the
angle for each component was calculated using the finite-difference time-domain (FDTD)
method, and the simulated results were compared with experimental data.

Then, using the EMT approach (Markel 2016), the effect of each material on the
final refractive index of the composite was calculated as:

ER—€&, . & &
er+2¢, e, +2¢, @)

where f, represents the volume percentage of the component, &, depicts the permit-
tivity value for the host, and e and g, depict the permittivity values for the other two
components.

The refractive index values were obtained for various ratios of constituents to find
the optimum composition in the nanocomposite, and then, the plasmonic structure was
simulated using the FDTD method. Finally, the optimal structure of the nanocomposite
was obtained and synthesized experimentally for the SPR sensor development.
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2.7 Performance parameters of SPR sensor

The sensitivity (S), full-width half maximum (FWHM), quality factor (QF), and signal-
to-noise ratio (SNR) were used as parameters for the evaluation of sensor performance.
The high values for S, QF, and DA accompanied by a low value of FWHM are suit-
able for a desired sensor (Mohanty et al. 2016). Sensitivity is defined as the ratio of the
deviation in the SPR angle (AO,,,) and the deviation in the sensing medium’s RI (An). It
is mathematically expressed as:

S = A#f,,/An (in degree/RIU) (3)

The full-width half maxima (FWHM) gives information about the width and sharp-
ness of the reflectance curve and is mathematically expressed as:

FWHM = 0, — 0,(in degree) (6)

Also, the quality factor provides information about the resolution of the proposed
SPR sensor. It is mathematically expressed with the relation:

QF = S/FWHM (inRIU™") N

Finally, the signal-to-noise ratio (SNR) is the inverse of FWHM. This factor is deter-
mined using the SPR curve and mathematically expressed as:

SNR = 1/FWHM (in degree_l) (8)

The linear response range is another important factor that shows the linearity of the
sensor in a range of target concentration. All of these parameters have been calculated
for developed sensors and compared with previous works.

3 Results and discussion
3.1 Setup consideration of the proposed SPR sensor

The proposed structure of the glucose SPR sensor has been illustrated in Fig. 1, which
consists of three layers. The thin gold layer is modified as the main component with
optimum CS/PANI/GOFc composite thin film. As the basis of SPR, glucose detection
is according to the interaction of p-polarized light with surface plasmons of the thin
gold layer, followed by excitation in the Kretschmann arrangement. At the interface of
prism-gold, an evanescent field is generated that penetrates the medium with the lower
refractive index (at a depth of ~ 150 nm) (Daniyal et al. 2018) and serves as the sensing
component because of its high sensitivity to changes in the refractive index. The refrac-
tive index changes by the glucose concentration, which influences the coupling of the
evanescent wave to the surface plasmons and results in the shift of the SPR reflectance
curve (Omar et al. 2019).
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Fig. 1 Schematic of the SPR setup for glucose detection

3.2 Optimization of CS/PANI/GOFc composite layer

Higher frequencies could yield improved optical nonlinearity, and in contrast, improved
sensitivity can be achieved with minimum Kerr effect at low frequencies (Maurya
et al. 2015). Therefore, the refractive index (RI) for each material was measured at the
operating wavelength of 670 nm. In this configuration, the most used component is
a prism (BK7 glass) with a refractive index of 1.513 +)3.432e-9. The second region
is the gold layer with a complex refractive index of 0.111+4j3.999 and a thickness of
50 nm. The next part, as an adherence layer, is the composite layer of CS/PANI/GO.

()
9]

(@) (b)

—

o
%

ol

%

Reflectance(a.u.)
S 9
- =)
Reflectance (a.u)
=3
=

o
'S

—FDTD =D

o
~

e

~

——Experimental ——Experimental

>
=

62 64 66 68 70 62 64 66 68 70
Incident angle (degree) incident angle (degree)

1.2

| (©

=)

=3
=
=]

e
%

o
N

e
'S

~==FDTD

Reflectance (a.u.)

wExperimental

L
o

C]

T T T T

62 64 66 68 70
Incident angle (degree)

o
S

Fig.2 The FDTD simulation and experimental SPR graphs for gold chip modified by a GO, b Chitosan,
and ¢ PANI
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For the calculation of the RI, first, the permittivity and RI values for each component
of the composite were calculated from the experimental SPR graph, as shown in Fig. 2.
The RI values for CS, PANI, and GOFc were obtained using Eq. (3) as 1.627+j0.131,
1.608 +j0.158, and 1.615+j0.156, respectively. In addition, as seen in Fig. 2a, a good
agreement was obtained between the experimental data and simulation results for GO
and PANTI using the FDTD method. In the case of Chitosan, a shift to upper angles is
observed for experimental data compared to simulation results (Fig. 2b).

On the other hand, as seen in Fig. 3a, when the GOFc serves as host, the RI reduces and
Oy, shifts to lower values by increasing the percentage of PANI. Considering the value of
the FWHM along with the shift in angle, the optimum percentages of PANI and CS are
25 and 25%, respectively. While for PANI as a host, the RI reduces in intensity accom-
panied by a shift to larger angles by enhancing the percentage of GOFc and the optimal
ratios for GOFc and CS are 25% and 25%, respectively. Comparing the FWHM and shift
in angle, the optimum composition for nanocomposite was considered as 50% GOFc and
25% of each PANI and CS (optimal GOFc/PANI/Cs). After that, using the EMT approach,
a refractive index of 1.617+4j0.141 was obtained before adsorptions of glucose, and the RI
was varied according to the target concentration. Finally, the FDTD simulation and experi-
mental SPR graphs for gold/25% CS/25% PANI/50% GOFc, and experimental SPR graphs
for gold chip and gold/25% CS/25% PANI/50% GOFc are given in Fig. 4. As seen, the
simulation result approximately matches with experimental SPR graph for the nanocom-
posite, while the experimental results show that by immobilization of nanocomposite on
the surface of the gold chip, the incident angle was increased in charge of a bit reduction in
reflectance intensity.

After experimental evaluation, to check the integrity of the optimized nanocomposite
film, the surface morphology on the gold chip was examined via the SEM imaging and
the result is represented in Fig. 5 at different magnifications. The fragmented sheets of

Fig.3 Optimization of composite 1
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Fig.5 SEM images of CS/PANI/GOFc thin film on the gold chip at different magnifications of a 1 um, b
500 nm, ¢ 200 nm

GOFc are attached to the chip surface with enlarged diameters of around 67 nm, which
could ascribe to the immobilization of PANI and CS and their efficient integration
within the composite film.
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3.3 Evanescent fields and SPR reflectance curves for gold chip and gold/CS/PANI/
GOFc thin film

Surface plasmon resonance (SPR) sensors use an electromagnetic field called the eva-
nescent field, which is localized at the boundary between a metal layer and a dielectric
material like a liquid or glass. The evanescent field doesn’t travel far from the metal
surface, and it diminishes exponentially as it penetrates only a few hundred nanom-
eters into the dielectric material. It is sensitive to changes in the refractive index of the
dielectric material, which enables it to detect analytes on the sensor surface.

In SPR sensors, the evanescent field helps to examine the characteristics of a thin
layer of analyte molecules that attach to the metal surface. As analyte molecules bind
to the surface, alter the refractive index of the layer, leading to a change in the angle of
the reflected light. This change in angle provides information on the amount of analyte
attached to the surface and the kinetics of the binding interaction (Maier 2007).

The FDTD Simulations of evanescent fields for bare gold chip and gold/CS/PANI/
GOFc thin film are given in Fig. 6. As seen, an improvement has been attained suc-
cessfully in penetration of the evanescent field into the composite layer from 100 nm
for bare gold to 300 nm for composite, which is due to the efficient interaction of the
wave with the CS/PANI/GOFc dielectric layer. Such a media can provide an efficient
sensitive layer for monitoring the interaction of target glucose molecules with the com-
posite layer.

The SPR reflectance curve of the thin gold layer contacted with PBS for 10 min
is given in Fig. 7a. The obtained resonance angle was 63.211°. Then, glucose solu-
tions with different concentrations ranging from 0.5 to 500.0 pM were added and the
detection was performed. From the inset of Fig. 7, the resonance angles for all glu-
cose concentrations and PBS showed negligible differences as there is no or negligible
change in the refractive index of the glucose solutions. Therefore, the gold thin film-
based SPR sensor could not detect and differentiate in measuring minor changes in
the refractive index of PBS and low concentration of glucose solution (Zainudin et al.
2018).

The surface of the gold film was then modified with the optimal CS/PANI/GOFc com-
posite layer to enhance the SPR sensor’s sensitivity. The curves for the SPR reflectance of
the gold/CS/PANI/GOFc thin film contacted with PBS are illustrated in Fig. 7b, which rep-
resents a resonance angle of 65.110°, a value slightly higher than the previous resonance
angle for the thin gold layer. A 1.899° rise in the resonance angle is owing to the variation
in the refractive index of the chip surface resulting from the immobilization of the CS/
PANI/GOFc layer that disturbs the resonance state (Fen et al. 2015).

Glucose solutions with different concentrations ranging from 0.5 to 500.0 pM were
then injected into the device containing the gold chip modified by optimal CS/PANI/
GOFc surface. As shown in Fig. 7b, an increase in the resonance angle is obtained
which shifts to larger resonance angles with increasing the solution concentration.
Table 1 presents the resonance angle shift at different concentrations of the glucose
solution where the increasing shift in the resonance angle with the refractive index
demonstrates the effective binding and interaction of glucose molecules to the surface
of gold/CS/PANI/GOFc thin film (Anas et al. 2020). Such interactions will be evalu-
ated in the following section. It is noteworthy that the gold/CS/PANI/GOFc thin film
shows a substantial variation in resonance angle while sensing even the glucose con-
centrations as low as 0.5 pM.
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Fig.6 The FDTD simulation of evanescent fields for a bare gold chip and b gold/CS/PANI/GOFc chip

3.4 Sensitivity evaluation and binding affinity estimation

To measure the sensitivity of the sensor, a linear correlation of SPR response and glu-
cose concentration in solution was established using the linear fit tool in Origin 9 soft-
ware. Figure 8 depicts the linear fit for the bare gold chip and gold chip modified by
optimalCS/ PANI/GOFc thin film. The slope of the line obtained from the linear regres-
sion analysis for the former as the sensor sensitivity was 0° pM~!, where there was no
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Fig.7 SPR reflectance curves of a bare gold chip, b gold chip modified by optimal CS/PANI/GOFc thin
film contacted with various concentrations of glucose solution ranged from 0.5-500 pM

Table 1 Properties of the SPR glucose biosensor

Concentration Resonance Shift of resonance ~ Sensitivity FWHM FOM SNR
[uM] angle (0) angle (AO)

0 65.11 0 1.2269 - 0.6066
0.5 65.148 0.038 64.40678 1.2444 52.757 0.6029
5 65.222 0.112 172.093 1.4440 119.175 0.69225
25 65.469 0.359 320.779 1.64543 194.954 0.8150
50 65.48 0.37 153.521 1.6584 92.5711 0.8035
250 65.84 0.73 110.084 1.7698 62.153 0.5641
500 66.013 0.903 103.0387 2.04329 50.427 0.4814
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Fig.8 The shift of resonance angle for gold thin film and gold/25% CS/25% PANI/50% GOFc thin film

Table 2 Comparison of the characteristics of the proposed biosensor with other structures

Active layer Detection range  Detection limit ~ QF Reference
Gold/Silver/SiO, 3.9-5.6 mM 3.9 mM 56.5 (Omidniaee et al. 2021)
Ag/ZnSe 0.835-560mM  0.835 mM 66.41 (El-assar et al. 2023)
Gold-MoS,-hBN-graphene ~ 0.835-560 mM 0.835 mM 16.04 (Mudgal et al. 2020)
Gold/CS/PANI/ GOFc 0.5-100 pM 0.5 pM 194.954  This work

change in the refractive index of the gold chip for all concentrations of the target. In
contrast, for linear regression analysis of gold/composite thin film, the slope line was
divided into three parts, exposing the sensitivities of 0.0131° uM~! and 0.0011° pM~!
for the concentrations of 0.5 to 25 pM and 25-500 pM, respectively. Thus, this SPR
sensor can detect glucose down to 0.5 uM and exhibits a sensitivity of 0.0131° uM~",
Lastly, the operation characteristics of the introduced sensor compared with recent
glucose detection studies using SPR sensors as presented in Table 2. Results demon-
strate that the introduced sensor has a comparable detection limit and sensitivity with
improved response range, signifying that the composite layer boosts the performance of
the SPR sensor.

To estimate the binding affinities of SPR sensors based on bare gold chip and gold/
CS/ PANI/ GOFc thin film towards glucose molecules, the non-linear fitting according
to the Langmuir isotherm model was utilized (Fig. 9a). The Langmuir isotherm model is
as follows [53]:

AG,, C

Al = ‘max
1 9)
X +C
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Fig.9 The estimation of binding affinity according to a Langmuir and b Sips isotherm models for various
concentrations of glucose solution contacted with bare gold chip and gold/CS/ PANI/ GOFc composite

Here, C is glucose concentration, AB denotes the shift in resonance angle, and K
depicts the binding affinity. The estimated value for the affinity constant of the glucose
to gold film is 0.9018 pM~", while for gold/ CS/ PANI/GOFc thin film is 157.143 pM~..
It is noteworthy to mention that the thin film has a higher affinity constant and hence,
stronger interaction with glucose molecules compared with the bare gold chip (Daniyal
et al. 2019). To estimate the heterogenous surface of the electrode, the experimental
data for gold/25% CS/25% PANI/50% GOFc thin film was also fitted to the Sips iso-
therm model:

DG (KSO)

1+ (KsC)* (10)

Ks in Eq. (6) denotes the Sips affinity value, C represents the glucose concentration,
and n is the heterogeneity constant in the range of 0 to 1 (Saleviter et al. 2019). As seen
in Fig. 9b, the data is in close-fitting to the Sips model (R?>=0.9978) compared to the
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Langmuir model (R?=0.9917), and an n-value of 0.38 is obtained representing a heter-
ogenous surface phenomenon.

4 Conclusions

In this study, a composite of CS, PANI, and GOFc was first optimized via theoretical stud-
ies involving experimental refractive index data and the EMT approach. Simulation results
showed better behavior of the composite with constituents of 25% CS/25% PANI/50%
GOFc. The SPR sensor with the optimal composite thin film was then prepared and experi-
mentally evaluated for glucose detection. The designed SPR sensor presented enhanced
refractive index variations when interacting with glucose solution compared to the unmodi-
fied gold chip. More importantly, the introduced SPR sensor has higher sensitivity (0.0202°
puM~!) with a detectable glucose concentration of 0.5 pM. Also, the affinity of the sensor
to glucose was evaluated using the Sips model which showed a value of 6.39 pM~!. The
obtained findings signify that this novel composite thin film based on CS, GOFc, and PANI
could be a considerable candidate as a gold chip modifier for glucose sensing.
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