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Ultrasensitive detection of
amlodipine using plasmonic
optical fiber sensors enhanced
with graphene oxide and chitosan
nanocomposite

FidanT. Sedeeq™?, Hassan Nasiri'**, Karim Abbasian'" & Hadi Khodaei'

In this study, we introduce an innovative reflective fiber optic sensor platform for detecting amlodipine
(AML) concentrations based on surface plasmon resonance (SPR). The sensor architecture features a
reflective fiber coated with a thin layer of gold to induce SPR, while a graphene oxide/chitosan (GOCH)
composite, applied via spin-coating, serves as the selective sensing layer for AML. The incorporation of
a nanocomposite enables the generation of resonance dips in the spectral output, each demonstrating
different sensitivities to AML concentration variations. These resonance wavelength shifts allow

for accurate quantification of AML by employing Langmuir and Sips adsorption isotherm models.
Experimental analysis reveals a remarkable sensitivity of 2315.2 nm/uM for AML detection, alongside
a strong binding affinity of 60.12 pM-1. The proposed sensor also demonstrates excellent stability and
is well-suited for convenient packaging, highlighting its potential for remote and practical sensing
applications.

The potential for ultra-sensitive and rapid detection of analytes at incredibly low concentrations, even down to
nano and Atto Molar levels, presents numerous opportunities in various fields2. These applications range from
early disease diagnosis like myocardial infarction, cancer, and tuberculosis to disease prognosis®S. This advanced
detection capability also allows for analyzing analytes from small serum or plasma samples and exploring alternative
body fluids such as saliva, urine, and sweat as safer alternatives to traditional blood samples7‘1°. While lateral flow
assay (LFA) technology has shown promise in point-of-care diagnostics due to its cost-effectiveness and quick
results, it does have limitations like low sensitivity and the need for additional reader instruments, limiting its use
to semi-quantitative analysis!!~1>. We suggest utilizing fiber optic transducers to overcome these challenges and
develop highly sensitive transduction systems without complex washing and signal amplification steps'*!°. Fiber-
optic sensors based on SPR offer several advantages, including simpler optical coupling, compact design, cost-
effectiveness compared to bulk optical setups, efficient excitation of plasmonic nanostructures, and a wide dynamic
range supported by recent advancements in optoelectronics'®'8. The initial focus of SPR biosensors in the early
1980s was on gas detection, however, there has been a significant increase in publications on using SPR biosensors
for detecting chemical and biological substances'®-!. The technology and applications of SPR biosensors have
advanced remarkably, with SPR biosensing becoming the primary method for studying biomolecular interactions
since the 1990s%2-%.

The exceptional architecture and impressive electrical conductivity of the GO layer position it as a superior
two-dimensional material for biosensor applications. This allows for precise and highly sensitive detection of
a wide range of targets, including viruses, cancer cells, bacteria, Alzheimer’s biomarkers, various biological
substances, and environmental agents?*-3°. CH enhances the physical strength of biosensors and incorporates
amino functional groups®!. The incorporation of GO into surface plasmon resonance sensors has recently led
to marked enhancements in the accuracy of detecting biological compounds across different sample types*=>*.
These sensors, which utilize GO to enhance surface plasmons, have extensive applications in medicine, industry,
and agriculture due to their compact size and exceptional detection capabilities®>®. Incorporating compounds
with functional groups alongside GO in the design of surface plasmon resonance biosensors is a common
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practice. A specific type of nanocomposite based on GO is expected to detect AML [29-31] effectively. Our study
focuses on a nanocomposite composed of CH and GO for detecting AML. CH was selected for its abundant -
OH and -NH, groups, which enhance GO’s affinity towards substances, and its ability to form films that aid in
the assembly of the nanocomposite on a substrate’. By combining GO and CH, we can leverage the strengths of
each component to detect AML without the need for bio-label®8,

This research involved modifying the surface of a plasmonic optical fiber (POF) with a GOCH composite to
create a biosensor for AML detection. The biosensor was various lengths of the detection area were tested. The
surface of the composite was analyzed using FE-SEM (MIRA3 TESCAN). The biosensor was modeled using
Langmuir and Sips isotherms, with the Sips model showing better convergence. It had a sensitivity of 2315
nmpM~! and an affinity coefficient of 0.341. The sensor’s results were validated using real samples and the HPLC
method. The stability of the biosensor was tested, showing only a 2.5% decrease over 20 days, which was deemed
acceptable.

Material and method

Preparation of GOCH

A revised two-stage synthesis strategy was employed to fabricate the GOCH nanocomposite, drawing on
established protocols from existing literature. Initially, a stable dispersion of graphene oxide (GO) was prepared
by dispersing 6.0 mg of GO powder into 3.0 mL of double-distilled water, followed by ultrasonication for two
hours, yielding a final GO concentration of 2 mg/mL. In parallel, chitosan (CH) was processed by dissolving
0.5 g of its powder in 100 mL of 0.05 M acetic acid, with continuous vigorous stirring maintained overnight,
ensuring the chitosan acquired a positive charge. Subsequently, equal volumes of the GO and CH dispersions
were thoroughly mixed and again exposed to ultrasonication for an additional two hours, promoting the
formation of a uniformly blended GOCH suspension. During this mixing phase, amide bonds were established
between the carboxyl functionalities present on GO and the amine groups of CHs, proceeding through a classic
nucleophilic addition reaction. This ensured successful covalent integration of both components within the
nanocomposite matrix>®,

Sensing structure

The sensor system’s structural structure is shown in Fig. 1, which also has a multimode fiber (MMF) and single-mode
fiber (SMF) sensing probe. To induce SPR, an Au coating was first deposited on the SMF using an ion sputtering
device (SAINTJS-1600). Then, using the dip coating technique, a GOCH nanocomposite layer was produced and
applied to the sensor head. The experimental setup includes an ocean spectrometer, a Y-type fiber (Ocean Optics,
BIF125-VIS-NIR), and a halogen light source (wavelength range: 380-1100 nm). Light from the source passed
through one end of the Y-fiber onto the sensing probe, which reflected the light signal to the spectrometer, and
then can be analyzed>**!. The output spectrum displayed resonance dip that varied in response to changes in AML
concentration, each with distinct sensitivities. As a result, the sensor was capable of simultaneously measuring
AML concentration.
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Fig. 1. Schematic of the experimental setup.
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Method and theory base

SPR, which normally happens at the border between a metal and a dielectric medium, is the fiber optic SPR
sensor’s base. Two electromagnetic waves will resonate if they have matching wave vectors and frequencies with
the same propagation direction*?. At the metal-medium interface, the evanescent wave produced by complete
reflection may exist through the metal layer if the metal layer is thinner than the effective depth of the evanescent
wave. An explanation of the wave vector of evanescent wave in the x-direction is as follows:

K, = %\/%sing (1)

where w and 0 represent the frequency and angle of the incident light, respectively, and ¢, is the fiber core
dielectric constant. The surface plasmon wave oscillates in the z-direction if the metal film plane is oriented in
the xy-direction®. Only p-polarized light may cause SPR in POF sensors. The intensity of the reflected light is
represented by the
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where Rp is the reflective ratio of the p-polarized light, N = -2 (with D being the fiber diameter and L being

the sensing region length), d_ represents the thickness of the metal film, r; , and r_, represent the reflection
coefficients of the fiber-metal, and metal-GOCH interfaces, respectively”.

Based on the boundary conditions for radiation-free transient electromagnetic fields in SPR and Maxwell’s
equations, the wave vector of a surface plasmon wave at a metal-dielectric interface can be expressed as,
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where ¢, is the dielectric constant of the surrounding medium and ¢ is the dielectric constant of the metal layer.
The evanescent wave vector and the real part of the surface plasmon wave vector have the same x-direction
component which helps to explain how the SPR is excited. Corresponding to k_= real (ksp), SPR can occur. Only
a part of the incoming light can couple when MMF’s propagated light reaches the SMF core in a basic MMF-SMF
system. This part of the propagated light hits the metal layer and then causes a plasmonic resonant dip, or energy
loss, in the reflected spectrum. The idea behind SPR sensors based on refractive index variation is demonstrated
by the red or blue shifting of the SPR wavelength versus the refractive index rising or falling.

Characteristic parameters of the sensor
To study how the GOCH sensor detects AML, we analyzed its performance based on three key parameters: full

width at half maximum (FWHM [nm]) =\ Ao spp> Sensitivity S = % [nm/pM], and data accuracy D.
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Results

Optimization sensing region

The interaction of light with metal is a key factor in determining the quality of SPR response. To expand the sensing
region, we varied the height of the gold-coated region to 3, 8, and 15mm. Fig. 2a illustrates that as the height of
the sensing area increases, the depth of the reflection diagram also increases, without any noticeable change in the
wavelength of the SPR dip. The optimal scenario is achieved with a sensing region height of 15mm. Additionally,
we examined the impact of a composite thin layer of gold and graphene on the SPR diagram post-coating, and
compared it to the optimized Au thin film diagram in Fig. 2b, revealing a wavelength shift of approximately 6.5

==3mm e=Smm e=—15mm (b) e==Au thin filn e=Composite

620 660 700 580 620 660 700
wavelength[nm] wavelength[nm]

Fig. 2. The reflected spectrum, (a) versus height of sensing region, and (b) with Au thin film and the
composite.
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nm. Previous studies have explored the surface resonance mode of the composite thin, which shifts the focus of the
research to investigate the composite material’s behavior®.

Characterization of sensing surface

Figure 3a shows the FE-SEM micrographs of the bare plasmonic optical fiber (POF) and the GOCH-modified
POF illustrated in Fig. 3b and c. Fig 3b and c illustrate the uneven structure of the heterogeneous GOCH
nanocomposite distributed uniformly on the surface of the POE. CH was integrated into the layers of GO
nanosheets, resulting in enlarged distances between layers and increased wrinkle width when viewed at higher
magnification. This process effectively increased the surface area of the sensing medium. Additionally, the EDS
spectrum in Fig. 3d demonstrates characteristic peaks of C, O, and N elements, confirming the presence of GO
and CH in the modified Au layer and indicating the success of the modification process. Also, FT-IR analysis
related to GOCH composite has been investigated in detail in a previous study.>®

Measurement of AML
A solution of Amlodipine with a concentration of 500uM was initially prepared and then, using the formula
M,V,=M,V,, at room temperature, solutions with concentrations of 250, 100 to InM were diluted. Subsequently,
a measurement test was conducted using a designed sensor by injecting 100puL of the diluted solution. The
sensor demonstrated consistent behavior within the range of 0.025-250uM after conducting multiple tests and
replicating the experiment 5 times. Increasing the concentration beyond 100uM resulted in the SPR diagram
departing from linearity, leading to a decrease in the slope of the wavelength changes. Non-linear Langmuir and
Sips isotherm methods were employed for modeling purposes*. Plasmon resonance diagrams (Fig. 4a and b) on
the sensor’s surface exhibited a red shift due to the heightened refractive index of the analyte environment with
increasing concentration. This change in refractive index allows for greater light penetration in environments
with higher concentrations, a phenomenon rooted in fundamental physics. Furthermore, Fig. 4c illustrates the
relationship between concentration changes and wavelength shifts to provide insight into the sensor’s behavior.
Additionally, Fig. 4d showcases the sensor’s sensitivity, a crucial parameter in sensor development.

The outlined parameters in Sect. “Characteristic parameters of the sensor” are presented in Table 1.
Performance evaluation of the sensor by comparing its behavior with the previous research is in Table 2.

The binding affinities of SPR sensors towards AML molecules were calculated for both bare gold chip and
GOCH thin film surfaces using non-linear fitting with the Langmuir isotherm model®2. Refer to Fig. 5 for the
results. The equation for the Langmuir isotherm model is provided below:

Admaz.C

AX= =2
iic

(5)

In this context, C represents the concentration of AML, A\ denotes the change in resonance wavelength, and K
signifies the binding affinity. The binding affinity constant for AML to the POF is calculated to be 8. 07 pM~},
whereas it is 60.12 uM ™! for GOCH/ POE. It is important to highlight that the thin film displays a large affinity
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Fig. 3. FE-SEM (a): fiber optic, (b): surface of GOCH (5 pum), (c): GOCH layer(500 nm) and (d): EDS of
GOCH.
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Fig. 4. Light reflection versus AML concentrations (a, b), SPR wavelength shifting as sensor behavior (c), and
GOCH sensor sensitivity changes versus AML concentration for injection of 0-250 uM (d).

Concentration [uM] | Wavelength shift [nm] | Sensitivity [nm/uM] | FWHM [nm] | D.A
Bare 0 0 - -

0.025 2 1568 17.3 0.11
0.05 4.5 1756 17.5 0.25
0.5 7.5 1879 259 0.28
5 12 2019.8 18.9 0.63
25 22 2150.7 20.4 1.13
50 27.49 2174.8 22.3 1.23
100 34 2276.4 27.4 1.24
150 37.31 2290.1 27.9 1.33
200 38.12 2301.5 28.2 1.35
250 40 2315.2 293 1.36

Table 1. Specifications of the GOCH sensor.

Sensing layer Method LOD [nM] | Linear range[uM] | References
GOCH/Au/fiber optic | Plasmonic fiber optic 25 0.025-250 This work
Poly (Gly)/GCE Electrochemical (DPV) | 80 0.5-255 49
C70/PCL Photochemical 68 0.73-2.6 0
Go-Cs/Au SPR 50 0.05-150 3
CuO-NiO/IL/CPE Electrochemical (DPV) | 60 0.1-100 sl
MCeO,-HS/GCE Electrochemical 7.9 0.01-400 52

Table 2. Performance evaluation of the SPR sensor in comparison with previously reported sensors.

constant compared to the uncoated POF, suggesting a more robust interaction with AML molecules. The Sips
isotherm model was utilized to estimate the heterogeneous surface of the electrode.

A)\’rmzz (ks C)n

AN =G0

(6)

In Eq. (2), the Sips affinity value is represented by Ks, while the AML concentration is denoted by C. The
heterogeneity constant, n, varies from 0 to 1. The data in Fig. 4b shows that the Sips model (R?=0.964) fits better
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Fig. 5. The binding affinity of AML solution with bare POF and GOCH/Au composite was estimated using
Langmuir (green) and Sips isotherm (red for composite and blue for POF) models at different concentrations.
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Fig. 6. (a) Selectivity of GOCH/Au for amlodipine and other interfering drugs[nm] and (b) Structure of
Aspirin, Ibuprofen, Amlodipine, and Promethazine.

than the Langmuir model (R?=0.951). A heterogeneity constant of 0.341 suggests a surface phenomenon with
varying properties?®.

Selectivity of GOCH/POF
To assess the specificity of the GOCH/POF-based SPR biosensor toward amlodipine (AML), comparative
analyses were conducted with other drugs of analogous physicochemical features, namely azithromycin,
promethazine, and aspirin, each tested at a concentration of 25 uM (in 200 pL volumes). As depicted in
Fig. 6a, the interaction of amlodipine with the sensor produced a wavelength shift nearly threefold greater than
that resulting from the other reference compounds. Figure 6b presents the molecular structures considered
during selectivity evaluation. This heightened response is attributed to the simultaneous interactions between
amlodipine and the COOH and NH2 functional groups present on the surface of the GO/CH nanocomposite.
Such multivalent binding, referenced in previous studies***® endows the sensor with pronounced selectivity for
AML: the unique alignment of functional groups on AML and the nanocomposite provides multiple anchoring
sites, enhancing molecular recognition. When compared with molecules of similar concentration and molarity
in the SPR system, amlodipine’s higher molecular weight further intensified the sensor’s response, generating a
more substantial wavelength change. This indicates both enhanced adsorption and specificity for AML detection.

Table 2 provides a comparison between the performance of this biosensor and that of other reported sensing
strategies, underlining its superior detection efficacy and application potential.

From a molecular perspective, amlodipine, a calcium channel blocker, is characterized by the presence
of amine functionalities and fused heterocyclic rings. These features facilitate robust interactions with the
hydroxyl, carbonyl, and epoxy groups of graphene oxide. In contrast, simpler structures such as aspirin and
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Sample HPLC concentration (uM) | Biosensor detected (uM) | RSD (%)
Amlodipine tablet | 10.03 10.61 4.92
Urine 10 10.17 4.28

Table 3. A comparison between HPLC analysis and the GOCH biosensor.
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Fig. 7. Stability of the developed biosensor at 5 and 25 uM AML concentrations after 20 days.

ibuprofen—classified as NSAIDs—comprise mainly benzene rings and carboxylic acid groups, which leads to
weaker, less extensive adsorption on the GO surface?”. While promethazine presents aromaticity, its structure
is considerably more resistant to oxidation relative to amlodipine®. The distinctive electronic and structural
properties of amlodipine thus result in superior adsorption and more facile electrochemical interactions with the
sensor surface, explaining its enhanced detection by the developed SPR platform as opposed to other examined
pharmaceuticals.

Real sample test

The developed biosensor based on GOCH/POF was employed to quantify Amlodipine in various real-
world samples, including urine and commercially available tablets. As detailed in Table 3, a comparison
of these results with those obtained from the HPLC method demonstrated the biosensor’s promising
potential for practical applications. To evaluate the reproducibility of the modified electrode for Amlodipine
detection, five independent tests were conducted. The consistently low relative standard deviation (RSD)

RSD % = [W * 100] values obtained confirm the reliability and precision of the biosensor,

underlining its suitability for this purpose. Additionally, the average spectral response is presented in Fig. 1Sa,
while all individual measurements are illustrated in Fig. 1Sb.

Stability and reproducibility

Two, ten days, and 20 days of testing at 5 and 25 uM were used to evaluate the biosensor design’s stability
and repeatability. The temperature of the biosensor’s storage chamber was maintained at 4 °C. The suggested
biosensor has stability and repeatability, with measured variations of less than 2.5%. Given that graphene oxide
and chitosan are known to be stable at ambient temperature, this degree of stability was anticipated®. The
outcomes are displayed in Fig. 7.

Conclusion

In this study, we devised an innovative biosensor for the detection of amlodipine (AML) by integrating graphene
oxide—chitosan hybrid (GOCH) and a plasmonic optical fiber (POF), both subjected to targeted surface
modifications. We conducted an extensive review of prior studies related to the composite materials used, ensuring
a well-informed approach to sensor fabrication. Characterization techniques, specifically scanning electron
microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS), confirmed the successful surface engineering
and homogeneous morphology of the composite, providing confidence in the platforms structural integrity. The
sensor’s analytical performance toward AML detection was comprehensively evaluated through adsorption studies
modeled by both Langmuir and Sips isotherms. Our findings demonstrated that the Sips isotherm provided a
superior fit for the adsorption data compared to the Langmuir model. Within this framework, the affinity constant
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was calculated at 0.341, reflecting robust target interaction. The biosensor exhibited a broad linear detection range
from 0.025 to 250 uM and achieved an impressive limit of detection of 25 nM. To validate the sensor’s applicability in
real-world scenarios, its performance was benchmarked against high-performance liquid chromatography (HPLC)
analysis of both urine samples and commercial AML tablets. The results showed an excellent agreement between
methods, with a relative standard deviation (RSD) consistently below 5%, confirming the sensor’s reliability and
reproducibility.

Data availability
Data will be made available upon reasonable request by the corresponding Authors (Hassan Nasiri: h.nasiri@
tabrizu.ac.ir, karim Abbasian : k_abbasian@tabrizu.ac.ir).
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