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In this study, we report a novel, eco-friendly optical fiber biosensor for tamoxifen (TAM) detection, 
featuring a single functional layer of cerium dioxide (CeO2) nanoparticles integrated with a molecularly 
imprinted polymer (MIP). The CeO2 nanoparticles were synthesized via a green chemistry route using 
oak fruit extract, yielding nanomaterials with a high refractive index and excellent charge-transfer 
properties. These unique optical features of CeO2 significantly enhance the lossy mode resonance 
(LMR) phenomenon by strengthening the fiber’s evanescent field, resulting in improved sensitivity and 
resonance stability. The MIP, synthesized through a facile, surfactant-free, one-step polymerization 
of polystyrene spheres, serves as the selective recognition layer, ensuring targeted binding of TAM 
without interfering with the LMR optical response. The MIP/CeO2 nanocomposite was uniformly 
coated onto a curved optical fiber surface, and the resulting sensor was thoroughly characterized using 
FESEM, XRD, AFM, FT-IR, and UV-Vis spectroscopy. These analyses confirmed the successful formation 
of a porous, TAM-selective MIP layer and the effective incorporation of CeO2 nanoparticles. The sensor 
demonstrated rapid adsorption/desorption kinetics and high permeability, enabling swift and sensitive 
TAM detection. Under optimal conditions, the LMR-based fiber optic sensor achieved a sensitivity 
of 12.052 nm/µM with a correlation coefficient (R2) of 0.988. The proposed biosensor shows strong 
potential for sensitive, selective, and sustainable detection of tamoxifen in pharmaceutical and clinical 
applications.
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A fiber optic sensor is a type of sensor that uses the optical fiber itself as a means of transmitting the signal from 
the remote sensor to the electronics that process the signals. A sensor based on an optical fiber converter works 
based on the evanescent wave phenomenon. A growing wave refers to a wave that exponentially decays from 
the core of an optical fiber into the surrounding medium. This occurs when the light traveling within the fiber 
undergoes total internal reflection at an angle greater than the critical angle. These changes can be detected 
and related to the concentration or presence of the analyte of interest1. Improving the evanescent wave in the 
uncoated region of the optical fiber is necessary to achieve high sensitivities and low detection limits. This can 
be done by modifying the optical properties of the fiber or by adding nanostructured layers that can enhance 
absorption or attenuation of light by the analyte2. Advances in biosensors based on LMR have been made for 
various applications such as medical diagnostics, food safety, and environmental monitoring3. Among them, 
a planar waveguide platform based on microfluidic LMR, which was investigated with the detection of anti-
immunoglobulin G (anti-IgG) using a TiO2 thin film as the sensing layer3. The change of the thickness of the 
layers and the radiation angle in the trend of the LMR peaks in the geometry of two layers (ITO + Ag) and three 
layers (ITO + Ag + ITO) have been evaluated4.

TAM is used to treat and prevent breast cancer from worsening. Different types of sensors have been 
designed to detect this drug in pharmaceutical formulations or biological samples. The advancements of 
these sensors include a membrane potentiometric sensor with a linear response to the ion pair of TAM and 
phosphomolybdate and the concentration range of this drug is 9.1 ×10−7 and 1×10−1 M, the sensitivity 
and detection limit of this sensor is 42.9 ± 0.3 mV/decade and 7.3 ± 0.4 ×10−7 M respectively5. Biosensors 
using MIP have been evaluated for sensitive and rapid detection6–8. An electrochemical MIP sensor with a 
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phenylene diamine-resorcinol mixture based on electropolymerization in the presence of template molecules 
was deposited on the electrode surface. Reduction of ferricyanide peak to TAM drug concentration (1-100 nM), 
showed linear dependence9. The cellular toxicity of TAM has been investigated using impedance biosensors to 
understand the response of HeLa cells to different doses of TAM without studying its side effects10. MIP are 
used as recognition elements in the design of sensors, because they have higher thermal stability than biological 
receptors, reusable and higher selectivity than biological receptors11,12. These polymers can mimic the function 
and structure of antibodies and biological receptors and identify target molecules with high sensitivity and 
selectivity. Some other applications of sensors based on MIP are: detection of biomarkers, drugs, hormones, 
environmental pollution and toxins in biological samples13–15, quality control and food tracking and detection 
of bacteria, viruses, fungi and allergens citeLin2018. The CeO2 nanoparticles have been synthesized by green 
chemistry method for biomedical applications (diagnostic and therapeutic)16, using Pometia pinnata17, Morinda 
tinctoria plant extract18, Gloriosa superba L leaf extract, honey and Olea Europaea leaf extract19. In addition to 
mitigating environmental pollution, the green chemistry synthesis method significantly enhances the physical 
and chemical properties20.

An electrochemical biosensor based on CeO2 has been reported as a sensitive material with high selectivity 
in a wide range of concentrations for glucose21. The use of CeO2 as a biocompatible and non-toxic material, and 
the active surface and increased reaction speed, that make it suitable for electrochemical biosensing application22. 
The CeO2 has a high refractive index and a high dielectric constant23,24. This can improve the performance and 
stability of electronic devices that use CeO2 as a dielectric layer. Biosynthesis of composite materials such 
as nanocrystalline cerium (IV) oxide or nanoceria shows new horizons in the field of medicine as a unique 
material. The combination of these nanoparticles with MIP by facilitating their bioavailability highlights the 
applications of these nanoparticles, including tissue regeneration, drug delivery and gene therapy, theranostics 
and medical imaging25.

In this research, CeO2 nanoparticles were used by green synthesis method based on molecular imprinted 
polymer for biosensor applications on optical fiber to detect TAM drug. Refractive index and dielectric constant 
of the real and imaginary parts were investigated using the transmission spectrum. Sensitivity and selectivity, 
detection limit, quantification limit and imprinting factor were evaluated in this biosensor.

Materials and methods
Materials and devices
The materials and reagents used in this study were carefully selected to ensure the highest quality and purity. 
Styrene (C6H5CHCH2), a key monomer for polymer synthesis, was supplied by Seebio (China). Polyethylene 
glycol (PEG, C2nH4n+2On+1) was procured from Urokom (China), serving as a stabilizer or surfactant due 
to its amphiphilic nature. Cerium nitrate hexahydrate (Ce(NO3)3 · 6H2O) was obtained from Sigma-Aldrich 
(USA), commonly used as a precursor for synthesizing cerium-based nanoparticles.

Oak fruits were collected from the Zagros mountain range in Yasuj County. The fruits, characterized by their 
multiple husks, were manually separated from their outer layers. Following separation, the fruits were exposed 
to sunlight for one month to ensure complete drying. Once dried, the fruits were ground into a fine powder and 
stored in powdered form for subsequent extraction procedures.

Solvents such as acetone (CH3COCH3), ethanol (C2H6O), and methanol (CH4O) were sourced from 
Merck KGaA, Germany. These solvents are essential for dissolving reagents and facilitating chemical reactions. 
The initiator 2,2-azobis(isobutyramide) dihydrochloride (AIBA) was also obtained from Merck KGaA, playing a 
crucial role in free radical polymerization processes. Sodium hydroxide (NaOH) from the same supplier can be 
used to adjust pH levels or facilitate hydrolysis reactions.

Tamoxifen citrate, referred to here simply as TAM, was acquired from Wockhardt Limited, England. This 
drug is primarily known for its use in breast cancer treatment but can be explored in drug delivery systems 
due to its therapeutic properties. Distilled water was utilized throughout the experiments to ensure purity and 
minimize contamination risks.

Polymer optical fibers were utilized in this study for their potential in developing advanced sensors. Their 
flexibility and biocompatibility make them suitable for integration into sensing systems, particularly those 
requiring precise light transmission and detection. The use of polymer optical fibers enables the creation of 
innovative sensor solutions that can effectively monitor various parameters by leveraging optical interactions, 
which is crucial for applications such as biosensing and chemical detection.

To analyze the surface morphology and elemental composition of the samples, a field emission scanning 
electron microscope (FESEM), model SIGMA VP-500 from ZEISS (Germany), along with an energy dispersive 
spectroscopy (EDS) and mapping detector from Oxford Instruments (England), were utilized. The crystalline 
structure and Miller indices were determined using an X-ray diffractometer (XRD), model X’Pert Pro from 
Panalytical. The presence of functional groups was assessed via a Fourier-transform infrared spectrometer 
(FTIR), model Spectrum Two from PerkinElmer. Porosity measurements were conducted using a BELSORP 
mini II porosity meter from Japan, and drug release profiles were monitored with a UV-Vis spectrophotometer 
(Perkin-Lambda 25, USA). Surface roughness was evaluated using an atomic force microscope (AFM), model 
WITec from Germany.

Optical fiber selection and surface preparation
In this study, a polymer optical fiber with a diameter of 750 µm and a refractive index of 1.49 was selected 
as the sensing platform. The polymer optical fiber was chosen due to its advantages including low cost, ease 
of portability, mechanical flexibility (non-fragility), and wide availability, making it suitable for practical 
biosensing applications. To enable the generation of LMR, the sensing region of the fiber was carefully prepared 
by etching and polishing. Specifically, the fiber surface was polished using 2000-grit sandpaper to remove surface 
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irregularities such as bumps and ridges, ensuring a smooth and uniform interface for subsequent coating. This 
surface treatment is critical to enhance the adhesion and uniformity of the nanocomposite layer and to optimize 
the evanescent field interaction necessary for LMR.

Synthesis of cerium dioxide (CeO2) Nanoparticles
To prepare the extract, 10 grams of oak fruit powder were mixed with 100 mL of deionized (DI) water. The 
mixture was subjected to agitation using a shaker for one hour at 60◦C. After agitation, the mixture was filtered 
to separate the liquid extract from solid residues. The obtained extract was stored in a refrigerator at 4◦C for 
further experimental use.

The oak fruit extract plays a dual role in the green synthesis of CeO2 nanoparticles, acting as both a reducing 
agent and a stabilizer during the co-precipitation process. The polyphenols and flavonoids present in the extract 
facilitate the reduction of cerium ions and control the nucleation and growth of the nanoparticles, resulting in 
smaller and more uniform particle sizes compared to conventional chemical synthesis. Additionally, the organic 
constituents of the extract influence the crystallization pathway, promoting the formation of high-purity cubic 
fluorite-phase CeO2, as confirmed by XRD analysis.

For the synthesis of CeO2 nanoparticles (NPs), a 0.1 M solution of cerium nitrate (Ce(NO3)2 ·6H2O) was 
prepared by dissolving it in double-distilled water. A 5 mL aliquot of the oak fruit extract was added dropwise to 
the 0.1 M cerium nitrate solution while continuously stirring at room temperature. As the reaction progressed 
and the dosage of oak fruit extract increased, the color of the precipitate changed from purple to light yellow, 
indicating the formation of CeO2 NPs.

The resulting precipitate was centrifuged and thoroughly washed several times with double-distilled water 
and acetone, then dried at 70 ◦C for 1 hour. The dried powder was subsequently calcined and annealed at 400 ◦C 
for 2 hours using a furnace to obtain the CeO2 NPs.

Synthesis of molecularly imprinted polymers (MIPs) and non-imprinted polymers (NIPs)
The synthesis of MIPs involved the polymerization of styrene monomer and TAM in a water/methanol solution 
(10:1 v/v). The reactor system comprised a 300 mL four-necked flask equipped with a magnetic stirrer, a heating 
mantle, a cooling condenser, a thermometer for temperature control, and a nitrogen gas inlet to create an inert 
atmosphere. Initially, 200 mL of double-distilled water was placed in the reactor and maintained at a constant 
temperature of 70 ◦C while stirring at 700 rpm under nitrogen to eliminate oxygen and prevent premature 
polymerization.

To remove inhibitors from styrene, the monomer was washed with a 1 M sodium hydroxide (NaOH) solution. 
Subsequently, 0.4 wt.% of styrene monomer and 0.5 g of TAM were introduced into the reactor, maintaining the 
same conditions for 15 min to ensure thorough mixing. The polymerization process was initiated by adding 
0.04 wt.% of the initiator 2,2-azobis(isobutyramidine) dihydrochloride (AIBA) to the reaction mixture at 
70 ◦C, where it was allowed to react for 24 h. After the reaction period, the resulting solution was cooled to 
room temperature and stored in a refrigerator at approximately 15 ◦C for further analysis. For the synthesis of 
the non-imprinted polymer (NIP), the same method was employed as for the MIP, but without the addition of 
TAM as the template molecule. This approach ensures that the MIP is selectively tailored to recognize TAM, 
while the non-imprinted polymer serves as a control polymer for comparative studies. The choice of solvents and 
conditions is critical in MIP synthesis since they influence the morphology and binding properties of the final 
polymer. The use of water/methanol as a solvent not only facilitates the solubility of both TAM and styrene but 
also aids in achieving optimal interaction between the functional monomers and the template molecule during 
polymerization.

Synthesis of MIPs/CeO2 and coating optical fiber
The synthesis of MIP/CeO2 nanocomposites was conducted for structural and optical studies. The MIP/CeO2 
nanocomposite consists of MIPs integrated with CeO2 nanoparticles, combining selective recognition with 
enhanced optical properties. The preparation of MIP/CeO2 nanostructures involved a two-step process. Initially, 
the synthesized CeO2 nanoparticles and MIP were placed separately in an ultrasonic bath for one hour to ensure 
thorough mixing and dispersion of the materials. Following this, the two solutions were combined, and the 
mixture was stirred on a magnetic stirrer for an additional hour to achieve a uniform blend. The immobilization of 
the MIP/CeO2 nanocomposite onto the optical fiber surface was performed as follows: First, CeO2 nanoparticles 
(20 mg) and the synthesized MIP (20 mg) were each dispersed in 10 mL deionized water and sonicated for 1 
h to ensure uniform dispersion. The two suspensions were then combined and stirred magnetically for 1 h. To 
facilitate stable coating, 20 mL of 0.01 M polyethylene glycol (PEG) solution was added dropwise as a stabilizer 
and adhesion promoter. The optical fiber was cleaned with acetone and deionized water, then immersed in 
the composite mixture and subjected to ultrasonication at 70 ◦C for 45 min to promote uniform deposition. 
After coating, the fiber was washed thoroughly with deionized water and acetone to remove any unbound 
material and dried at 80 ◦C for 4 h. This protocol is adapted from established nanocomposite immobilization 
methods on optical fibers26–28. The optical fiber itself was also thoroughly washed multiple times with deionized 
water and acetone to eliminate any loosely attached particles that could affect its optical properties. The entire 
synthesis process is illustrated in Fig. 1, which depicts both the preparation of MIP/CeO2 nanostructures and 
the subsequent coating of the optical fiber.

Methodology for evaluating sensitivity and selectivity detection
Tamoxifen solutions were prepared at concentrations ranging from 0.1 µM to 20 µM in phosphate-buffered 
saline (PBS). For each concentration, the transmission spectrum of the MIP/CeO2-coated optical fiber was 
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recorded using UV–Vis spectroscopy. The interaction of TAM with the MIP layer alters the local refractive 
index, resulting in a red-shift of the LMR peak.

To evaluate selectivity, the sensor’s response to TAM was tested in the presence of potential interfering 
species, including dopamine (DA), epinephrine (EP), and glucose (Glu). Interferents were tested at the same 
concentration as TAM (20 µM) to ensure comparable conditions. Selectivity was further assessed by comparing 
the response of the MIP/CeO2 sensor to a NIP/CeO2 control sensor. The imprinting factor (IF) is a key parameter 
used to evaluate the efficiency and selectivity of the molecular imprinting process in MIP-based sensors. It 
quantifies the enhancement in analyte recognition provided by the imprinted polymer compared to a non-

Fig. 1.  Synthesis and deposition process of MIP/CeO2 nanocomposites on optical fibers, including the steps of 
mixing, coating, ultrasonication, and subsequent washing to ensure optimal adherence and structural integrity.
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imprinted control29. The imprinting factor is calculated from IF = RMIP
RNIP

 where RMIP  and RNIP  represent the 
response ratios of the MIP/CeO2 and NIP/CeO2 sensors, respectively.

Measurement of dielectric constant
The limits of detection (LOD) and quantification (LOQ) are critical parameters for evaluating the sensitivity 
of biosensors, particularly in the context of TAM detection. In this study, the LOD and LOQ were determined 
using the equations LOD = 3.3·Sb

slope  and LOQ = 10·Sb
slope , respectively, where Sb represents the standard deviation 

of the response and “slope” refers to the sensitivity of the TAM detection curve28,30.

Measurement of dielectric constant
The dielectric constant is a critical parameter in material characterization, particularly in optical and 
electromagnetic applications. It is closely related to the refractive index (N = n + ik), where n represents the real 
part and k the imaginary part of the refractive index31. These components are essential for understanding light-
matter interactions and are crucial for the LMR production process. The refractive index (n) can be calculated 
from the transition spectrum using the following equation:

	 n =
√

N +
√

N2 − S2,� (1)

where N is defined as:

	
N = 2S

(
TM − Tm

TM Tm

)
+ S2 + 1

2 .� (2)

Here, TM  and Tm denote the maximum and minimum values of the transmission spectrum, respectively, while 
S represents the refractive index of the optical fiber.

The imaginary part of the refractive index (k) is determined from the absorption coefficient α(λ) as follows:

	
k(λ) = α(λ)

4πλ
,� (3)

where α(λ) is expressed as:

	
α(λ) = − ln(x)

d
.� (4)

Here, d is the thickness of the coating layer on the optical fiber and the parameter x is calculated using:

	
x =

Em −
√

E2
m − (n2 − 1)3 − (n2 − S4)
(n − 1)3(n − S2) ,� (5)

and Em is given by:

	
Em = 8n2S

TM
+ (n2 − 1)(n2 − S2).� (6)

To determine the real (εr) and imaginary (εi) components of the dielectric constant, the following relationships 
are used:

	 εr = n2 − k2, � (7)

	 εi = 2nk. � (8)

These equations provide a comprehensive framework for calculating both parts of the dielectric constant, which 
are essential for evaluating a material’s optical and electromagnetic properties.

Results and discussion
FTIR spectrum analysis
Fourier-transform infrared (FTIR) spectroscopy was employed to analyze the chemical composition and 
functional groups present in cerium dioxide and non-imprinted polymer nanoparticles32,33. As illustrated in 
Fig. 2a, the FTIR spectrum for NIP exhibits characteristic peaks corresponding to various molecular vibrations. 
Notably, a peak at 2960 cm−1 is attributed to the stretching vibrations of CH bonds, indicative of alkane 
groups. Additional bands observed at 1601 cm−1 correspond to C=C stretching, while peaks at 1494 cm−1 and 
1451 cm−1 are associated with -CH3 and -CH2 bending vibrations, respectively. Furthermore, the stretching 
vibrations of C-O-(H) are identified around 1066 cm−1 and 1024 cm−1. The FTIR spectrum of the synthesized 
MIP/CeO2 nanoparticles was recorded over a range of 450–4000 cm−1, allowing for the identification of various 
chemical bonds and functional groups within the composite material. A prominent broad band at 3398 cm−1 is 
observed, corresponding to O-H stretching vibrations from hydroxyl groups, which may indicate the presence of 
moisture or surface hydroxylation on the nanoparticles. The peaks at 2911 cm−1 and 2848 cm−1 are attributed 
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to C-H stretching vibrations, further confirming the organic components within the nanocomposite. Additional 
peaks at 1729 cm−1 and 1624 cm−1 are assigned to C=O and C=C double bond absorptions, respectively. The 
absorption peaks around 1463 cm−1 and 1344 cm−1 are linked to bending vibrations of -CH3 and -CH2 groups. 
Importantly, an intense band at 583 cm−1 corresponds to Ce-O stretching vibrations, which are characteristic of 
cerium oxide materials. Moreover, bands located at approximately 1262 cm−1, 1087 cm−1, and 1051 cm−1 are 
attributed to C-O-C asymmetric stretching vibrations, while a band at 831 cm−1 is associated with CO2. The 
observed shifts in these bands provide evidence for the hybridization of imprinted polymer particles within the 
MIP matrix. The FTIR analysis not only confirms the successful synthesis of MIP/CeO2 nanocomposites but 
also highlights the interactions between the polymer matrix and cerium dioxide nanoparticles. In Figure 2a, the 
FTIR spectrum of CeO2 shows a band at 1558 cm−1 corresponding to the O–H vibration of water molecules. 
The bands at 657 cm−1 and 845 cm−1 can be attributed to characteristic CeO2 vibrations. The large absorption 
band around 420 cm−1 is due to the O–Ce–O vibration. Additionally, the broad bands observed near 1320 cm−1 
and 1048 cm−1 are associated with the formation of carbonate species on the CeO2 surface. Such interactions 
are crucial for optimizing the optical properties and stability of the nanocomposites for potential applications in 
sensors and photonic devices.

XRD analysis
X-ray diffraction (XRD) was employed to identify the crystalline phases of the synthesized materials34. The XRD 
patterns were recorded over a 2θ range of 10◦ to 80◦ using an X-Pert Pro MPD diffractometer with Cu-Kα 
radiation (λ = 1.54  Å). As shown in Figure 2b, the XRD pattern for non-imprinted polymer exhibits a broad 
reflection peak at 19.491◦, which is indicative of the amorphous structure characteristic of NIP spheres.

Following the deposition of CeO2 nanoparticles, XRD analysis was performed on the MIP/CeO2 composite 
and CeO2. The diffraction peaks corresponding to the synthesized CeO2 nanoparticles and MIP/CeO2 composite 
are prominently displayed in Fig. 2b. The observed peaks at specific 2θ values are as follows: 28.681◦ (111), 
33.280◦ (200), 47.835◦ (220), 56.783◦ (311), 59.599◦ (222), and 69.583◦ (400). These diffraction peaks align 
well with the standard reference pattern from the Joint Committee on Powder Diffraction Standards (JCPDS 
card No: 01-0800), confirming the presence of the typical face-centered cubic phase of CeO2 nanoparticles.

The sharpness and intensity of these peaks suggest a well-defined crystalline structure, indicating that 
the CeO2 nanoparticles were successfully synthesized and deposited onto the MIP matrix. Such structural 

Fig. 2.  (a) FTIR spectrum of NIP and MIP/CeO2 nanocomposites, highlighting characteristic functional 
groups and bonding interactions. (b) XRD patterns of NIP and MIP/CeO2, showing the crystalline phases of 
the materials, including the broad peak indicative of the amorphous structure of NIP and distinct diffraction 
peaks corresponding to the face-centered cubic phase of CeO2 nanoparticles.
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characterization is crucial for understanding the material properties and potential applications in various fields, 
including catalysis and photonics.

FESEM-mapping analysis
Field emission scanning electron microscopy (FESEM) was utilized to investigate the morphology and elemental 
composition of the synthesized nanoparticles, as well as to perform elemental mapping on their surfaces. The 
results are presented in Fig.  3. Figure  3a displays the morphology of the MIP surface at a scale of 100  nm, 
revealing that all non-imprinted polymer nanoparticles are spherical in shape, with an average diameter of 
approximately 120 nm. This uniformity in size is crucial for ensuring consistent performance in applications 
such as drug delivery and sensor technology.

Figure  3b illustrates the morphology of the MIP/CeO2 composite at a scale of 200  nm. Here, CeO2 
nanoparticles, averaging about 30 nm in size, are observed to be well-dispersed on the MIP surface. The effective 

Fig. 3.  Field emission scanning electron microscopy (FESEM) images showcasing the morphology and 
elemental analysis of the synthesized nanocomposites: (a) molecular imprinted polymer (MIP), (b) molecular 
imprinted polymer MIP/CeO2, and (c) molecular imprinted polymer MIP/CeO2-TAM, highlighting the 
spherical shape and size distribution of nanoparticles. (d) Energy-dispersive X-ray spectroscopy (EDX) 
analysis indicating the elemental composition of MIP/CeO2, with approximate percentages of cerium (Ce), 
oxygen (O), and carbon (C). (e) Elemental mapping of MIP/CeO2 demonstrating the uniform distribution 
of elements across the nanostructure. (f) Cross-sectional view of the MIP/CeO2 layer on the optical fiber, 
showing a thickness of approximately 590 nm. (g) Measurement of the optical fiber diameter in the sensing 
area, approximately 550µm, where the MIP/CeO2 nanostructured layer is applied, and (h) Cross-section of 
optical fiber before coating.
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attachment of CeO2 nanoparticles enhances the composite’s properties, potentially improving its catalytic 
activity and stability.

In Figure 3c, the MIP/CeO2-TAM surface is shown at a scale of 200 nm. The TAM drug is seen to coat the 
surface of the MIP/CeO2 nanostructure, indicating successful drug loading. This stable surface adsorption is 
essential for achieving controlled release profiles in therapeutic applications.

Figure 3d presents the elemental composition of the MIP/CeO2 nanostructure as determined by energy-
dispersive X-ray spectroscopy (EDX). The analysis reveals that the composite contains carbon (C), oxygen (O), 
and cerium (Ce) as its primary elements. The quantitative EDX results are summarized in Table 1, showing both 
weight and atomic percentages for each element. This elemental distribution confirms the successful integration 
of CeO2 nanoparticles within the polymer matrix and is critical for understanding the material’s functionality 
and reactivity.

Elemental mapping results are depicted in Fig. 3e, showcasing the spatial distribution of elements within the 
MIP/CeO2 nanostructure. The distinct color compositions indicate that both oxygen and cerium are uniformly 
dispersed across the surface of the MIP, which is advantageous for enhancing the material’s catalytic properties.

Figure  3f illustrates the thickness of the MIP/CeO2 nanostructure layer on the optical fiber within the 
sensing area. The cross-sectional view obtained through FESEM at a magnification of 1 µm and 100 mum shows 
that this layer is approximately 590 nm thick. This thickness is significant as it influences both sensitivity and 
response time in sensor applications.

Additionally, Fig.  3g provides measurements of the optical fiber’s diameter in the sensing region, which 
is approximately 550 µm where the MIP/CeO2 nanostructured layer has been applied. Understanding these 
dimensions is vital for optimizing sensor design and ensuring compatibility with existing systems.

The cross-sectional image of the 550  µm etched optical fiber before coating (Fig.  3h) reveals a precisely 
modified surface that enhances light interaction, thereby improving sensing performance. The etching process 
removes the cladding, exposing the core to external influences, optimizing LMR sensitivity. This structural 
refinement ensures efficient optical transmission and facilitates uniform nanocomposite adhesion.

TEM analysis
Transmission electron microscopy (TEM) was utilized to investigate the size and morphology of CeO2 
nanoparticles synthesized using oak fruit extract. The TEM images, presented in Fig. 4, reveal the structural 
characteristics of the nanoparticles at two distinct scales of 30 nm and 80 nm, corresponding to panels (a) and 
(b), respectively. In Fig. 4c, the particle count based on size for the synthesized CeO2 nanoparticles is analyzed. 
According to the graph and experimental results, the particle sizes range and standard deviation between 12.18 
± 1 nm and 95.07 ± 1 nm, with the highest size frequency observed at approximately 19.01 ± 1 nm. The zeta 
potential measurements for the CeO2 nanoparticle solution are presented in Fig.  4d, which shows a peak zeta 
potential value of − 13.6 mV. The CeO2 nanoparticles predominantly exhibit a spherical morphology, with an 
average diameter of approximately 30 nm. This size is critical as it influences the nanoparticles’ surface area-to-
volume ratio, which is essential for enhancing catalytic activity and reactivity in various applications, including 
environmental remediation and drug delivery. The uniformity in size distribution observed in the TEM images 
indicates effective synthesis conditions, minimizing agglomeration and ensuring that the nanoparticles retain 
their individual properties. Such characteristics are vital for applications where consistent particle size can affect 
performance, such as in catalysis or as additives in polymer matrices.

AFM analysis
Atomic force microscopy (AFM) was employed to assess the surface roughness of the optical fiber after etching, 
which is critical for optimizing the performance of fiber optic sensors. The roughness of the fiber surface 
significantly influences the intensity of transmitted light, as it affects the attenuation of the evanescent wave in 
the sensor region. In this study, approximately 27% of the optical fiber was etched using a mechanical device in 
conjunction with 2000-grit sandpaper to achieve a controlled surface profile.

Figure 5 presents the roughness measurements for the etched area, displayed in both 2D and 3D formats with 
dimensions of 800 nm × 800 nm. The AFM analysis revealed that the surface roughness in the etched regions 
varies from 0 to 4.637 nm. This variation is crucial as it directly impacts the output light intensity and sensitivity 
response of the optical fiber sensor. A smoother surface typically enhances light transmission efficiency, while 
increased roughness can lead to scattering losses.

The AFM images provide detailed insights into the topographical features of the etched fiber surface, 
allowing for quantitative assessment of roughness parameters such as root mean square roughness (Rq) and 
average roughness (Ra). These metrics are essential for evaluating how surface characteristics influence sensor 
performance. The precise measurement capabilities of AFM enable accurate profiling of surface irregularities at 
the nanoscale, which is vital for applications requiring high sensitivity and specificity. The Ra was determined 
to be 0.7673 nm, and the root mean Rq was measured as 1.062 nm. These param eters were evaluated over the 

Element Weight (%)

C 21.6

O 26.2

Ce 52.2

Table 1.  Elemental composition of the MIP/CeO2 layer by EDX (corresponding to Fig.  3d).
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etched area of the optical fiber to quantify the surface texture that influences the evanescent wave interaction 
and overall sensor performance.

In conclusion, AFM analysis not only confirms the effectiveness of the etching process in modifying the 
optical fiber’s surface but also provides critical data on surface roughness that is essential for optimizing sensor 
performance. Unde

Sensor characterization
Lossy-mode response of MIP/CeO2  nanostructure
Figure 6 illustrates the transmission spectrum of the MIP/CeO2 nanostructure, which has been coated as a 
thin layer on the surface of an optical fiber with a diameter of 550 µm and a refractive index of 1.49. Panels (a) 
and (b) depict the optical transmission spectrum alongside the dielectric constants, including both the real and 
imaginary components, of the MIP/CeO2 nanostructure acting as the sensing region.

Analysis of the transmitted light spectrum reveals significant changes in both the real part (n) and imaginary 
part (k) of the refractive index. The dielectric constant can be expressed as ε = εr + iεi, where εr  represents 
the real part and εi denotes the imaginary part. The positivity of εr  and the condition |εi| < |εr| indicate the 
presence of lossy modes in the system.

Notably, the rate of reduction in refractive index for the MIP/CeO2 nanostructure between 475 nm and 
575  nm is greater than that observed from 575  nm to 700  nm. This behavior correlates with an increasing 
trend in the imaginary part within this wavelength range. Consequently, electromagnetic waves exhibit stronger 

Fig.  4.  Transmission electron microscopy (TEM) images of CeO2 nanoparticles, illustrating their 
morphology at two distinct scales: (a) 30 nm and (b) 80 nm. The nanoparticles predominantly exhibit a 
spherical shape, with an average diameter of approximately 30 nm, indicating effective synthesis and uniform 
size distribution. (c) Dynamic light scattering (DLS) and (d) zeta potential.
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interactions with TAM, leading to shifts in the resonance wavelength associated with LMR. Specifically, within 
the wavelength range of 620  nm to 650  nm, a decreasing trend in the real part of the dielectric function is 
observed, accompanied by an increase in the imaginary part. This decrease signifies a reduced capacity for 
energy storage within the material and suggests a lower propagation speed for electromagnetic waves through it.

As a result, confined waves can interact more intensely with their surrounding environment, enhancing 
LMR resonance. Simultaneously, an increase in εi denotes heightened energy absorption and dissipation within 
the material. This increased absorption contributes to greater energy loss and enhances damping of resonance 
modes, resulting in a broader and more pronounced resonance peak observed in the LMR spectrum.

MIP/CeO2  nanostructure coated optical fiber sensing performance
The detection of TAM molecules using the LMR optical fiber method based on MPIs represents a highly 
sensitive and selective approach. MIPs are engineered receptors with specific binding sites designed to capture 

Fig. 6.  Optical transmission characteristics of the MIP/CeO2 nanostructure coated on an optical fiber. (a) 
Transmission spectra demonstrating the light transmission properties across a range of wavelengths. (b) 
Dielectric constants showing both the real and imaginary parts, indicating how changes in these properties 
affect the lossy-mode resonance (LMR) response in the sensing region.

 

Fig. 5.  Atomic force microscopy (AFM) analysis of the optical fiber surface after etching, showing the 
roughness characteristics. The images illustrate the surface topology of the bare optical fiber polished with 
a mechanical device and 2000-grit sandpaper. The measured roughness in the etched areas ranges from 0 to 
4.637 nm, which is critical for optimizing light transmission and sensitivity in fiber optic sensors.
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TAM molecules with high affinity. By integrating MIPs onto the surface of the optical fiber, a sensor is created 
that selectively interacts with TAM, resulting in spectral changes in the LMR.

In this sensing mechanism, the optical fiber coated with MIP acts as the sensing element. When TAM 
molecules in the surrounding environment bind to the MIPs, they induce changes in the local refractive index, 
leading to a shift in the LMR resonance wavelengths of the optical fiber. These shifts are directly proportional to 
the concentration of TAM and can be quantitatively measured35.

Figure 7a and b display the logarithmic transmission spectrum and normalized transmission spectrum in 
terms of wavelength, respectively. The performance of the optical fiber biosensor, enhanced by the MIP/CeO2 
coating, demonstrates a pronounced LMR phenomenon characterized by a shift in the resonant wavelength 
(λres) towards longer wavelengths. The resonant wavelength is defined as the central wavelength corresponding 
to the slope of the optical transmission spectrum.

The sensitivity of the sensor is quantified as the ratio of the change in resonant wavelength to changes in TAM 
concentration. The observed shifts in λres are attributed to variations in refractive index differences between 
guided modes in the optical fiber core and leaky evanescent waves interacting with the surrounding coated 
nanoparticles. Specifically, an increase in TAM concentration leads to alterations in both refractive indices 
within the optical fiber and evanescent waves present in the MIP/CeO2 nanostructure.

The response of sensitivity concerning transmission spectra was evaluated over time relative to TAM 
concentrations. Notably, a shift of 25  nm in λres was observed corresponding to varying concentrations of 
TAM. Figure 7c illustrates these changes in λres plotted against the logarithm of TAM concentration, allowing 
for an expression of biosensor sensitivity based on the slope of this relationship28,36. The calculated sensitivity 
(slope) and correlation coefficient (R2) for concentrations ranging from 0.1 to 20 µM were determined to be 
12.052 nm/µM and 0.988, respectively.

These findings underscore the effectiveness of MIP/CeO2 nanostructured coatings for enhancing optical 
fiber sensor performance, particularly for low-concentration analyte detection such as TAM. The integration of 

Fig. 7.  Optical sensing performance of the MIP/CeO2 nanostructure coated optical fiber. (a) Logarithmic 
transmittance spectrum illustrating the relationship between transmittance and wavelength. (b) Normalized 
transmittance spectrum, providing a clearer view of spectral changes. (c) Variation of resonance wavelength 
(λres) as a function of the logarithm of TAM drug concentration, demonstrating the sensor’s sensitivity and 
response to varying TAM levels. The observed shifts in λres indicate strong interactions between TAM and the 
MIP/CeO2 sensing layer, which enhance detection capabilities.
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MIPs into optical fiber sensors not only improves selectivity but also significantly enhances sensitivity, making 
this approach promising for applications in biomedical diagnostics and environmental monitoring.

Detection selectivity
The selective permeability of optical fiber sensors is crucial for accurately controlling which substances interact 
with the sensor, thereby enabling precise measurements and sensitive detection. Figure 8a illustrates the selectivity 
of the MIP/CeO2 nanostructure under experimental conditions, specifically at a TAM concentration of 20 µM, 
alongside potential interfering substances such as Ep, DA, and Glu. The experimental results demonstrate that 
the MIP/CeO2 sensor exhibits exceptional capabilities in selectively identifying TAM even in the presence of 
these interferents.

This high selectivity can be attributed to the presence of imprinted cavities on the surface of the MIP/CeO2 
nanostructure, which are tailored to match the shape, size, and functional groups of TAM molecules. The 
interference factor for analytes in the presence of TAM was evaluated, confirming that the MIP/CeO2 sensor 
functions effectively as a probe for the quantitative detection of TAM.

Figure 8b compares the response selectivity of both MIP/CeO2 and NIP/CeO2 nanostructures as sensing 
areas on an optical fiber based on LMR towards TAM and interfering drugs (DA, Glu, and Ep) at a concentration 
of 20 µM. The selectivity was quantified using the imprinting factor (IF), defined as IF = RMIP

RNIP
, where RMIP  

and RNIP  are the response ratios of the target sensor MIP to non-imprinted polymer. The obtained IF value for 
TAM was found to be 4.1, indicating a strong selective response compared to other interfering drugs. Typically, 
an IF above 2 is considered acceptable, while values above 4 or 5 indicate strong imprinting efficiency and high 
selectivity. The IF values above 4 are generally considered highly selective, reinforcing the effectiveness of our 
sensor, that indicating that the MIP has a significantly stronger affinity for the target molecule than the NIP. 

Fig. 8.  Selectivity responses of the MIP/CeO2 nanocomposite sensor. (a) Response to various interfering 
substances at a TAM concentration of 20 µM. (b) Selectivity towards different analytes, including TAM and 
potential interferents such as dopamine (DA), glucose (Glu), and epinephrine (Ep). (c) Assessment of the 
repeatability of the sensor’s response over multiple trials. (d) Stability and reusability plot demonstrating the 
long-term performance of the sensor probe. The high imprinting factor (IF = 4.1) indicates strong selectivity 
for TAM, confirming the sensor’s effectiveness in distinguishing TAM from other substances.
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This high IF value demonstrates that the MIP/CeO2 biosensor possesses excellent selectivity and sensitivity for 
quantitative detection of TAM.

To further assess the stability of the optical fiber sensor, the intensity spectrum was measured over a duration 
of 250 seconds. Measurements were conducted with a sample both without analyte and with a 20 µM analyte 
placed near the probe during each measurement cycle. This process was repeated six times, with results shown 
in Fig. 8c indicating consistent stability of the MIP/CeO2 biosensor over time.

Additionally, Fig. 8d illustrates the long-term performance of the MIP/CeO2 sensor within the specified 
timeframe. To validate its practicality, we measured output intensity with and without analyte presence. The 
repeatability of the sensor for detecting TAM was examined over five separate trials conducted within a 24-h 
period. The device demonstrated reliable performance over a testing duration of up to 120 h, showing only a 
minimal decrease in sensitivity (5 nm shift) compared to its initial response.

These findings highlight not only the high selectivity and sensitivity of the MIP/CeO2 biosensor for TAM 
detection but also its robustness and reliability for practical applications in biomedical diagnostics.

Detection and quantification limits
In analytical chemistry, LOD values vary depending on the method, butvalues below 1 µM are often considered 
highly sensitive for biosensors. A higher LOQ ensures reliable quantification, reducing measurement uncertainty. 
LOQ values below 5 µM are generally considered ideal for biosensors detecting pharmaceutical compounds. For 
the MIP/CeO2 nanostructured probes prepared on an optical fiber with a diameter of 550 µm, the calculated 
LOD was found to be 0.0942 µM, while the LOQ was determined to be 0.2853 µM. These values indicate that 
the sensor is capable of detecting very low concentrations of TAM, making it suitable for applications in clinical 
settings where precise drug measurement is essential.

The ability to detect TAM at such low concentrations is particularly advantageous in clinical medicine, where 
accurate quantification of drug levels in patients is crucial for therapeutic monitoring. The innovative use of 
polymer optical fiber technology combined with LMR provides a robust solution for TAM detection.

Table 2 presents a comprehensive overview of various technologies employed for TAM detection, highlighting 
the advantages of POF sensors over traditional methods. These advantages include improved linearity, enhanced 
stability, lower LODs, cost-effectiveness, increased surface sensitivity, and faster assay times.

The high selectivity and sensitivity of the MIP/CeO2 biosensor for TAM not only demonstrate its potential for 
practical applications but also underscore its role in advancing analytical techniques in biomedical diagnostics. 
By utilizing these advanced sensing technologies, clinicians can achieve more reliable and efficient monitoring 
of therapeutic drug levels, ultimately leading to better patient outcomes.

Real sample testing
The effectiveness of the LMR-based optical fiber sensor for detecting tamoxifen was evaluated through its 
application to real samples, including pharmaceutical tablets and serum. The optical sensor’s performance 
demonstrated a promising recovery rate for TAM, ranging from 102.20% to 96.01%, as detailed in Table 3. These 
recovery rates indicate that the MIP/CeO2 nanostructure effectively maintains its ability to identify TAM in 
complex matrices.

The high recovery percentages suggest that the sensor can accurately quantify TAM even in the presence 
of other components typically found in pharmaceutical formulations. This capability is particularly significant 
in clinical settings where precise drug monitoring is essential for effective treatment regimens. A low Relative 
Standard Deviation (RSD) signifies excellent repeatability and minimal variation across multiple measurements. 
In biosensor applications, an RSD below 2% is generally regarded as highly stable, ensuring consistent 
performance. According to international biosensor validation guidelines, an RSD under 1% is ideal for analytical 
methods, confirming the robustness of the developed sensor.

Technique Transducer
Bio-recognition
element LOD

Detection
range

Validation
solution Reference

Fluorimetry Coumarin MIP - - - 37

Chemiluminescence Mn(IV) with
formaldehyde MIP 40 ng/mL 100 ng/mL - 1 µg/mL Pretreated human

urine
38

Electrical impedance
photolithography Ti/Au film Electrode - 12.5 - 37.5 µM Cervical cancer

cells
10

Electrochemical N-CQD/Fe3O4 Electrode - 0.04 - 320 µM Phosphate buffer
solution

39

Electrochemical GO-CuO Modified pencil
graphite electrode 39.65 µmol/L 40 µmol/L Pharmaceutical serum 40

Electrochemical Al2O3@C/V2O5
Modified
electrode 0.025 mM 0.1 - 200 µM Drug

samples
41

Electrochemical SiO2  nanoparticles Modified
electrode - - Buffer

solution
42

Optical Fiber Sensor Ag/Yb2O3  nanostructures MIP 0.0987 µM 0.1 - 20 µM Water/
Methanol mixture

30

Optical Fiber Sensor CeO2  nanoparticles MIP/CeO2  nanostructure 0.0942 µM 0.1 - 20 µM Water/
Methanol mixture This Work

Table 2.  Comparison of detection techniques for TAM with the findings of this study.
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Furthermore, the results underscore the potential of the LMR-based sensor for practical applications in TAM 
detection, highlighting its robustness and reliability when applied to real-world samples. The integration of MIPs 
into the sensor design not only enhances selectivity but also improves sensitivity, making it a valuable tool for 
therapeutic drug monitoring.

Conclusion
In summary, we successfully developed a LMR-based optical fiber sensor for the sensitive detection of TAM 
using a MIP combined with CeO2 nanostructures. This innovative sensor was experimentally fabricated, 
demonstrating significant advancements in the field of drug detection. The optimization of the transmissivity of 
the thin layer and surrounding materials facilitated the generation of LMR, resulting in a notable shift of 25 nm 
in the resonance wavelength observed in the transmission spectrum. The sensitivity of the proposed sensor was 
quantified at 12.052 nm/µM, enabling the detection of TAM at concentrations as low as 0.1 µM. Furthermore, 
we established LOD and LOQ at 0.09416 µM and 0.28533 µM, respectively, with a high correlation coefficient 
(R2) of 0.988 and an imprinting factor of 4.10. These metrics highlight the sensor’s exceptional performance 
and reliability. The findings indicate that the MIP/CeO2 biosensor is not only effective for rapid and accurate 
determination of TAM but also holds considerable promise for practical applications in clinical settings where 
precise drug monitoring is crucial. Future work may explore the integration of this sensor into point-of-care 
testing devices, enhancing its applicability in real-world scenarios.

Data availability
All data generated or analysed during this study are included in this published article.
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