% applied sciences

Article

Enhanced Sensitivity of 17-a-Ethinylestradiol (EE2) Detection
Using Carbon Quantum Dots-Integrated Tapered Optical Fiber

Rosyati Hamid 109, Yasmin Mustapha Kamil ?*, Ahmad Zaharin Aris 37, Muhammad Hafiz Abu Bakar {9,
Fariza Hanim Suhailin >, Mohammed Thamer Alresheedi ¢, Eng Khoon Ng 7 and Mohd Adzir Mahdi 48*

check for
updates

Academic Editor: Ephraim Suhir

Received: 11 July 2025
Revised: 27 August 2025
Accepted: 3 September 2025
Published: 9 September 2025

Citation: Hamid, R.; Mustapha
Kamil, Y.; Aris, A.Z.; Abu Bakar,
M.H.; Suhailin, FH.; Alresheedi,
M.T; Ng, EK.; Mahdi, M.A.
Enhanced Sensitivity of
17--Ethinylestradiol (EE2)
Detection Using Carbon Quantum
Dots-Integrated Tapered Optical
Fiber. Appl. Sci. 2025, 15, 9890.
https:/ /doi.org/10.3390
/app15189890

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ / creativecommons.org/
licenses /by /4.0/).

Faculty of Electrical & Electronics Engineering Technology, Universiti Malaysia Pahang Al-Sultan Abdullah,
Pekan 26600, Pahang, Malaysia; rosyati@umpsa.edu.my

Department of Microbiology, Faculty of Biotechnology and Biomolecular Sciences, Universiti Putra Malaysia,
Serdang 43400, Selangor, Malaysia

International Institute of Aquaculture and Aquatic Sciences, Universiti Putra Malaysia,

Port Dickson 71050, Negeri Sembilan, Malaysia; zaharin@upm.edu.my

Wireless and Photonics Networks Research Centre, Faculty of Engineering, Universiti Putra Malaysia,
Serdang 43400, Selangor, Malaysia; mhab@upm.edu.my

Physics Department, Faculty of Science, Universiti Teknologi Malaysia, Skudai 81310, Johor Bahru, Malaysia;
farizahanim@utm.edu.my

Department of Electrical Engineering, College of Engineering, King Saud University, P.O. Box 800,

Riyadh 11421, Saudi Arabia; malresheedi@ksu.edu.sa

Department of Engineering, University of Cambridge, Cambridge CB3 OFA, UK; ekn27@cam.ac.uk

Institute of Nanoscience and Nanotechnology (ION2), Universiti Putra Malaysia,

Serdang 43400, Selangor, Malaysia

Correspondence: yasmin_mk@upm.edu.my (Y.M.K.); mam@upm.edu.my (M.A.M.)

Abstract

In this study, we developed a tapered optical fiber sensor enhanced with carbon quan-
tum dots (CQDs) for the detection of 17-a-ethinylestradiol (EE2). The sensor operates
on the changes in refractive index induced by the interaction between EE2 and antibod-
ies on its surface. The incorporation of CQDs significantly increased the available surface
area for receptor—analyte interactions, leading to enhanced sensor performance. The sen-
sor demonstrated high sensitivity of 2.4925 nm/(ng/L) within a detection range of 1 to
10 ng/L, with a strong correlation coefficient (R?> = 0.998). A detection limit as low as
0.0426 ng/L (0.144 pM) was achieved, along with a low dissociation constant of
2.19 x 107! M as determined by the Langmuir isotherm model. These findings highlight the
potential of the CQD-functionalized optical fiber sensors as a promising tool for sensitive and
selective EE2 detection in environmental monitoring applications.

Keywords: biosensor; carbon quantum dots; ethinylestradiol; optical fiber sensor

1. Introduction

Optical fiber sensors have attracted significant interest in chemical and biosensing
applications due to their impressive performances and enormous potential in sensing
technologies. Since then, optical fiber sensors have been incorporated into diverse sens-
ing platforms, and tremendous efforts have been made to improve their performance.
One effective strategy involves tapering the optical fiber, which reduces its diameter and
strengthens the evanescent field interaction with the surrounding medium along the fiber
waist. To further improve the sensor performance, researchers have explored the use of
nanomaterials as surface modifiers. These materials range from metallic nanoparticles [1,2]
to carbon-based nanostructures [3,4]. When deposited on the fiber surface, nanomaterials
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increase the interaction area between the propagated light and the sensing elements, owing
to their high surface-to-volume ratio. Recent studies have demonstrated that integrating
nanomaterials with tapered optical fibers (TOFs) can significantly enhance sensing per-
formance by combining the optical advantages of tapering with the functional benefits of
nanomaterials [4,5].

Carbon quantum dots (CQDs) are one of the most promising nanoparticles that have
been used widely in optical fiber sensors [6,7]. CQDs are quasi-OD carbon-based fluorescent
nanoparticles sized around 10 nm [8]. CQDs have gained significant attention in optical
sensing owing to their remarkable properties, such as high durability, stability, ease of mod-
ification, fluorescence emission, low toxicity, biocompatibility, and eco-friendliness [9,10].
Structurally, CQDs are layers of graphite with a core-shell architecture, where the core con-
sists of sp? hybridized carbon atoms, resembling graphite [11]. This core is then surrounded
by a shell that is composed of multifunctional groups, such as carboxylates (-COOH),
hydroxyl (-OH), amino (-NH;) and carbonyl (-CO) derivatives [12]. Their abundance of
oxygen-containing functional groups play a crucial role in enabling covalent bonding and
further surface functionalization. The integration of CQDs into TOFs has been widely
explored to enhance sensor performance in various application. Hui et al. reported a
CQD-coated TOF for ferric ion (Fe3*) detection, where the formation of Fe3* chelates on the
taper surface induced measurable spectral shifts due to local refractive index changes [7].
Nazri et al. demonstrated improved sensitivity in chlorophyll detection by incorporating
a CQD-polyvinyl alcohol (PVA) composite film onto the TOEF, achieving a lower detec-
tion limit of 0.78 ppm compared to 1.02 ppm in their earlier work [13]. Polokhin et al.
enhanced the sensitivity of a TOF sensor for Rhodamine B by a factor of ten using a single-
walled carbon nanotube (SWCNT) coating [3]. Similarly, Zainuddin et al. achieved a 43%
increase in sensitivity for Leptospira DNA detection by modifying the TOF surface with
CQDs [14,15]. These advancements underscore the significant impact of nanomaterial sur-
face modification on enhancing TOF sensor sensitivity, making them increasingly attractive
for high-performance optical biosensing.

Given their enhanced performance, TOF platforms are now being explored for more
demanding applications, such as the detection of endocrine-disrupting compounds (EDCs),
which continue to pose significant detection challenges. 17-a-ethinylestradiol (EE2), a
synthetic estrogen widely used in oral contraceptives, is a potent EDC that persists in
aquatic environments even at trace concentrations. It disrupts the endocrine systems of
aquatic organisms, leading to adverse effects on reproduction and growth, and poses
significant risks to human health [16-18]. Due to its high potency, the predicted no-effect
concentration (PNEC) of EE2 in water is as low as 0.1 ng/L, compared to estrone (E1),
17-p-estradiol (E2), and estriol (E3), with PNEC of 6, 2, and 60 ng/L, respectively [19].
More stringent recommendations, such as those from Decision 495/2015/EU, set an even
lower PNEC for EE2 at 0.035 ng/L, further highlighting its potency and the associated
environmental risks [20-22]. This stringent threshold necessitates the development of
ultra-sensitive detection methods capable of identifying EE2 at sub-nanogram levels. Var-
ious methods have been developed to solve the analytical difficulties in measuring EE2
at ng/L levels, each with unique strengths. Enzyme-Linked Immunosorbent Assay (ELISA)
offers high sensitivity and specificity due to its use of antibodies that selectively bind
to EE2, enabling precise quantification even at very low concentrations [23-26]. Liquid
chromatography-mass spectrometry (LC-MS), a highly advanced technique, provides high
sensitivity and accuracy, with the ability to separate, identify, and quantify EE2 in complex
mixtures [27-29]. Meanwhile, electrochemical sensors provide rapid, on-site detection of
EE2 with high sensitivity and the potential for miniaturization and integration into portable
devices [30-32]. Despite the development of various detection methods for EE2, achieving
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a detection limit that meets the requirement of 0.035 ng/L remains challenging for most
techniques. Therefore, there are still opportunities to develop the EE2 detection sensor
using alternative approaches.

In this study, we propose a novel biosensing approach that integrates CQDs onto a
TOF (CQD-TOF), creating an optically enhanced interface for EE2 detection. The CQD-TOF
biosensor is functionalized with polyclonal antibodies (PAb) as a specific receptor to
capture the targeted analyte, EE2. To the best of our knowledge, this work presents the
first reported application of a CQD-coated TOF biosensor for EE2 detection. This platform
demonstrates significant potential for achieving high sensitivity, strong selectivity and
low detection limits, offering a promising strategy for the optical monitoring of EE2 in
environmental samples.

2. Materials and Methods
2.1. Materials

Sodium chloride (99.5%), sodium hydroxide (NaOH), 3-aminopropyltriethoxysilane
(APTES), and glutaraldehyde were obtained from Sigma Aldrich, St. Louis, MO, USA.
Phosphate-buffer saline tablets Dulbecco A (PBS, Oxoid, Wesel, Germany) were sourced
from LabMal, Selangor, Malaysia. 17-x-ethinylestradiol (EE2) was acquired from MedChem,
Monmouth Junction, NJ, USA. The EE2 polyclonal antibody (PA1 75138) was procured
from Thermo Fisher Scientific, Waltham, MA, USA. Deionized (DI) water used in the
experiments was purified using the Milli-Q water purification system (Merck Millipore,
Darmstadt, Germany).

2.2. Experimental Setup and Fabrication of TOF

Figure 1a shows the experimental setup of the CQD-TOF sensor for EE2 detection.
The fabricated TOF was securely mounted on a customized acrylic sample holder, which
featured a microchannel groove capable of holding up to 100 uL of liquid sample. The
groove was deep enough to fully submerge the tapered region of the TOF. A broadband
amplified spontaneous emission (ASE) light source, operating in the 1500-1600 nm range,
was utilized as the incident light source. The ASE with the transmission power averaging
30 mW was coupled to one end of the TOF. The other end of the TOF was connected to
an optical spectrum analyzer (OSA). The OSA was linked to the computer for real-time
visualization and recording of the transmission spectrum.

The fabrication of TOF was performed using standard single-mode fiber (SMF-28,
9/125 um). The TOF was fabricated by a Vytran GPX-3000 workstation (Thorlabs, Mor-
ganville, NJ, USA) using the heat-and-pull method. This tapering process reduces the
waist diameter of the optical fiber down to micrometer scale, which induces evanes-
cent waves. The parameters were preset in the system with a filament power of 48 W
and a motorized stage speed of 1 mm/s. The fabrication process involved creating a
TOF with precise dimensions: a taper waist diameter of 12 um, a taper waist length of
15 mm, and down and up-taper lengths of 5 mm each, as depicted in Figure 1b. The
selected taper geometry was based on the optimized parameters obtained in our previous
work [33]. The parameters were chosen to balance between the sensitivity and mechanical
stability. The modal evolution in tapered fiber was investigated using simulation models
of Lumerical Mode Solutions, which demonstrated redistribution of the guided mode
into cladding and higher-order modes in the waist region, thereby enhancing the evanes-
cent field interaction [33]. These prior results provide theoretical support for the present
taper design.
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Figure 1. (a) Experimental setup of CQD-coated TOF for EE2 detection sensor, (b) the tapered fiber
dimension, and (c) the molecular structure of the CQDs.

2.3. Deposition of CQDs on TOF

The CQD solution used in this experiment was obtained from the Department of
Chemical and Environmental Engineering, Faculty of Engineering, UPM. The CQDs used
in this work were synthesized via the hydrothermal carbonization (HTC) method, using
carboxymethylcellulose derived from oil palm empty fruit bunch as the carbon source, with
the reaction carried out at 200 °C for 6 h [34]. The initial concentration of the CQD solution
was 2.3 g/L, which was then diluted with deionized water to 1.15 g/L for use throughout
this research. The CQD solution was characterized using a fluorescence spectrometer to
investigate the photoluminescence (PL). The elemental composition of the CQD solution
was obtained using Energy Dispersive X-ray Spectroscopy (EDXS). Transmission electron
microscopy (TEM) and high-resolution transmission electron microscopy (HRTEM) were
used to determine the structure and morphology of the synthesized CQDs. EDXS, TEM
and HRTEM characterization were conducted using ZEISS LEO 912 AB. Using the TEM
image, Image] (version 1.53a) was used to analyze the size of the CQDs.

The CQDs solution used in this work is an inorganic material with oxygenated func-
tional groups that allow direct attachment onto the TOF without the need for prior surface
functionalization, as shown in Figure 1c. The CQD layer was deposited onto the tapered
region using the dip-coating method. In this process, the TOF was secured on the sample
holder with the tapered region positioned within the microchannel groove. The fiber
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ends were connected to ASE at the input and OSA at the output. Under broadband ASE
illumination, approximately 50 uL of CQD solution was pipetted over the tapered region
until the region was fully immersed. After controlled incubation times (10-50 min), the
CQD solution was drained, and the region was rinsed with DI water thrice to remove any
unbound molecules. The output spectrum was recorded after the TOF was air-dried for
5 min [35].

To develop a TOF sensor for EE2 detection, the incubation time of CQDs onto tapered
optical fiber was varied to manipulate the thickness of the CQDs layer. As reported in
the previous works [35,36], modification of the active sensing layer thickness may affect
sensor sensitivity. Thus, the sensor sensitivity towards EE2 detection was examined with
the immersion time of CQDs for 10, 20, 30, 40, and 50 min. After being submerged in the
CQDs solution for the time allocated, the tapered region was washed thoroughly with
distilled water to remove any unbound molecules on the sensing surface. Then the tapered
area was air-dried for 5 min to ensure the evaporation of any excess water. Next, the output
spectrum was measured using OSA.

The CQD-TOF was characterized using Raman spectroscopy (WITec Alpha 300R) to
analyze its elemental and molecular compositions. Additionally, the elemental composition
of the CQD-TOF was assessed using EDXS. The surface morphology of the CQD-TOF
was analyzed using Atomic Force Microscopy (AFM) (Dimension Edge with Scanasyst,
Brunker Crest).

2.4. Surface Modification for EE2 Detection Using CQD-TOF

Surface functionalization, a process that enables the conjugation of inorganic materials
with organic biomolecules, was performed on the CQD-TOF, as shown in Figure 2. Firstly,
the tapered region was immersed in 0.1 M NaOH for 50 min to enrich the surface with
hydroxyl groups (-OH). Because CQDs have a larger surface area per volume ratio, it is
believed that a greater volume of hydroxyl group molecules may be bonded to the sensing
surface as compared to a bare TOF. Next, the hydroxylated tapered region was silanized for
45 min using 2% (v/v) of APTES diluted in deionized water. During this process, covalent
bonds were formed between the hydroxyl (-OH) groups on the hydroxylated surface and
the silanol groups in APTES. This reaction leaves the terminal amine (-NH;) exposed,
creating an aminopropyl-terminated surface. The exposed amino groups are essential for
the immobilization of organic compounds in the following steps. After silanization, the
tapered region was immersed in 2.5% (v/v) of glutaraldehyde diluted in PBS for 45 min.
The two reactive ends (-COH) in glutaraldehyde are vital to crosslink the two free terminal
amines (-NH;); one from previous APTES and the other from the EE2 antibody. Following
that, the tapered region was immobilized with 0.1 uM of EE2 antibodies for 30 min. In this
process, the free end terminal of the aldehyde group (-COH) reacts to the antibody’s amine
group (-NHy), forming a strong covalent bond. Finally, the EE2 solution was introduced
at the sensing region for 15 min. The concentrations of EE2 solution were varied in order
to determine the sensor’s performance in terms of sensitivity, limit of detection, binding
affinity, and selectivity. Between each surface modification step, the sensing region was
washed three times with distilled water to remove unbound molecules, then left to dry at
room temperature for 5 min. The output spectrum after each process was recorded using
OSA to monitor the wavelength shift.
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Figure 2. The sensing layer of EE2 detection onto the CQD-TOF using bi-functional linkers of NaOH,
APTES, Glutaraldehyde, EE2 antibody (represented as the blue y-shaped symbol), and EE2 (as the
red circle).

3. Results
3.1. Characterization of CQDs Solution

In Figure 3a, blue fluorescence was observed when the CQD solution was illuminated
with a UV lamp. The blue fluorescence indicates the presence of nanomaterials, in this
case CQDs, as the smaller-sized dots emit higher energy, which is blue light due to greater
quantum confinement [37].

Photoluminescence (PL) of the CQD solution was obtained using a fluorescence
spectrometer, which measured the emission and excitation light of CQDs across a range
from 200 to 1000 nm. The results, depicted in Figure 3b, show intense emission peaks
centered at 470 nm. The PL intensity increased with excitation wavelengths ranging from
320 to 360 nm, without a significant shift in peak wavelength. However, the PL intensity
decreased for the excitation wavelengths between 370 and 400 nm, with a slight red shift
by 8 nm in the emission peak. This observation is consistent with previous findings [38].
Additionally, the observed effect of PL at lower wavelengths suggests that the CQD particles
are relatively small, as smaller particles typically exhibit PL effects at lower wavelengths [8].
Furthermore, for excitation wavelength at 360 nm, the full width at half maximum (FWHM)
was determined at 71 nm, as shown in Figure 3c. With FWHM being less than 80 nm, these
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Figure 3. The optical properties and composition of the characterized CQDs. (a) The CQDs solution
was compared to distilled water when both were exposed to UV light. (b) The PL spectra of the
CQDs at different excitation wavelengths. (¢) FWHM of the PL intensity for CQDs under excitation
of 360 nm. (d) Elemental composition of CQD solution in EDXS.

The elemental composition of CQDs in aqueous solution was obtained using EDXS
and was determined at five different spots, as shown in Figure 3d. As seen from the table,
the CQD solution predominantly contained 39.975% oxygen (O), 26.4% carbon (C), and
17.45% silicon (Si). The presence of sodium (Na), aluminum (Al), chlorine (Cl), and other
elements contributes only a small percentage of the weight, with 6.15%, 7.925%, 1.875%,
and 0.225%, respectively. Therefore, the purity of the synthesized CQDs is validated since
there were no unexpected elements detected in the spectra [38].

Figure 4a shows the TEM image at 20 nm resolution, revealing the spherical shape
of the CQDs. Analysis of the TEM image using Image] software indicates that the CQDs
have a particle size distribution ranging from 3 to 6.5 nm, with an average diameter of
5.2 nm, as shown in the histogram of Figure 4b. The homogenous morphology and narrow
size distribution reveal the mono-dispersed behaviour of the CQDs [34]. Such uniformity
is essential for ensuring reproducibility in [40]. Additionally, the HRTEM image at a
resolution of 5 nm, presented in Figure 4c, reveals the crystalline nature of the CQD core,
with a lattice distance of 0.309 nm, as measured in Figure 4d. The interplanar spacing is
attributed to the distance between adjacent carbon atoms in the crystal lattice in the (100)
diffraction plane of graphite [41].
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Figure 4. TEM analysis: (a) TEM image of CQDs, (b) particle size distribution histogram, (c) high-
resolution TEM image of CQDs with the green box indicating the region selected for lattice fringe
analysis, and (d) corresponding intensity profile showing the interplanar spacing value of 0.309 nm.

Overall, the photoluminescent properties of the CQDs are valuable for confirming
their synthesis and quality, as they indicate well-dispersed, optically active nanoparticles
whose favorable surface chemistry supports bioconjugation. Moreover, their nanoscale
dimensions provide a high surface-to-volume ratio that is essential for effective surface
enhancement of the TOF sensor.

3.2. Characterization of CQD-TOF

The elemental composition of CQD-TOF was determined using EDX analysis, as
shown in Figure 5a. The inset features the corresponding FESEM image and a table with
their elemental weight and atomic percentage composition. The EDX data reveal the
following atomic percentages: 26.01% carbon (C), 51.70% oxygen (O), 20.14% silicon (5i),
and 2.10% gold (Au). A small amount of Au is present due to the gold sputter coating
applied to the optical fiber for enhanced resolution imaging. Raman spectroscopy was
employed to further analyze the molecular and elemental composition of CQD-TOF. The
technique identifies chemicals by measuring the scattered light when a laser excitation
source is directed at the sample. In this work, the Raman spectrum was obtained using
WITec Alpha 300R with an excitation wavelength of 488.146 nm. Figure 5b illustrates the
spectrum of CQDs on tapered optical fiber, measured at the range of 1000-2000 cm~!. The
two prominent peaks observed in the result, at 1370 and 1583 cm ™!, represent a D- and
G-band peak, respectively. The D-band (D for defect) peak indicates defects and disorder
in the sp® carbon structure [42], whereas the band G (G for graphite) peak is related to the
E2g vibrational mode, which arises from the symmetric stretching of sp? carbon atoms [43].
The Raman spectrum obtained in this work is aligned with those reported in other research
works, confirming the successful integration of CQDs on the TOF [42-44].



Appl. Sci. 2025, 15, 9890

9 of 20

@
Si
Au
(o] Elements | Weight % | Atomic %
C 14.77 26.06
[¢] 39.03 51.70
Au Si 26.70 20.14
c Au 19.51 2.10
Au
L R I L L R I R I I I I UL UL B LN IR AR B
0 1 2 3 4 5 6 7 8 9
keV
3000 - 1583 cm™!
(b) 1370 cm™’ (G band)
(D band)
2500 4
2000 -
S
s
21500 -
2
k]
£
1000 -
500 -
0 . : ] ! )
1000 1200 1400 1600 1800 2000
Wavenumber (cm=)

Figure 5. Characterization of CQD-TOF. (a) The EDXS spectra of CQD on TOF with the insets
showed the corresponding SEM image and the elemental composition percentage, (b) The Raman
spectrum reveals the presence of D-band and G-band, with the inset showing the microscopic image
of CQD-TOF used in Raman measurement.

Characterization using AFM was performed to assess the average roughness and
thickness with different immersion times of CQD solutions. The AFM samples were
prepared by depositing the CQD solution for 10, 20, 30, 40, and 50 min, followed by
rinsing with deionized water and drying at room temperature. Figure 6a—e shows the
AFM images of CQD corresponding to each immersion time. The surface topographies of
each immersion time exhibited similar surface texture without any distinct conformational
changes. This observation indicates a homogenous distribution of CQD on the surface
area, attributed to the small size of CQD nanoparticles. The surface roughness of each
image is measured using the root mean square (RMS) of the measured surface, Ry. Besides
that, the sample thickness was measured using the height profile of lines drawn on the
corresponding 2D images by taking into account the vertical distance from the highest peak
to the lowest valley. Table 1 displays Rq and the thickness of CQD at different deposition
times, ranging from 10 to 50 min. Based on the table, Ry increases gradually from 1.25 nm
to a maximum of 1.67 nm as the deposition time increases. On another note, the thickness
increases from 46.340 nm to a maximum of 84.329 nm.
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Figure 6. Surface topography of AFM images (1 um x 1 um) of CQD with different deposition times:
(a) 10 min, (b) 20 min, (c) 30 min, (d) 40 min, and (e) 50 min. The figure displays the topographic scan
in 3D on the left, in 2D in the center, and the height profiles along the corresponding line on the right.

Table 1. Roughness and thickness of CQDs-coated sensing surface with different time depositions.

Deposition Time (min)

Roughness (nm)

Thickness (nm)

10 1.25 46.340
20 1.43 60.395
30 1.55 62.592
40 1.64 72.156
50 1.67 84.329
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3.3. EE2 Detection Using CQD-TOF

Figure 7 shows the output spectrum of TOF before any surface modification and
after incubation with CQD, NaOH, APTES, glutaraldehyde, the EE2 antibody, and the
target analyte of EE2. Spectra were taken when the TOF had been completely dried. The
observed consistent red shift indicates the increment of refractive index at the surface
area, resulting from the formation of layers by bi-functional linkers between molecules.
This confirms the successful development of a sensing layer for EE2 detection using
bio-functionalized CQD-TOF.
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Figure 7. Optical spectrum of the CQD-TOF after each sensing layer process. The arrow indicates the
progressive red shift of the wavelength corresponding to the sequential functionalization steps on the
fiber surface.

In evanescent wave-based sensors using TOFs, light propagation undergoes significant
changes due to the tapering of the fiber. Initially, in the untapered region, light remains
confined within the core of the single-mode fiber, allowing only the fundamental mode
to propagate through total internal reflection. As the core diameter of the TOF reduces,
the V-number decreases, which dictates the number of modes that can propagate. At a
certain point in the tapered region, the core becomes too small to confine the light entirely,
leading to the excitation of higher-order modes. These higher-order modes propagate in
the cladding instead of the core, and the light begins to extend beyond the core into the
cladding, thus promoting the interaction between the evanescent wave and the external
environment. At the up-taper region, the coupling effect between fundamental and higher-
order modes generates an interferometric pattern output spectrum. The transmission
spectrum is described as [15]:

I=11+L+2LI cos (Ag) 1)

where I; and I, indicate the intensities of the fundamental and higher-order modes, re-
spectively, and A¢ is the phase shift between these modes. The phase difference is given

by [14]:
. ZnAngffLw ’
T @

where Ly, is the tapered waist length, A is the incident light wavelength, and An, ¢/ is the

A¢

difference between the effective refractive index of the core/cladding, ng £ and the effective

refractive index of the external surrounding, nij‘[} As surface modification increases the
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refractive index of the external environment, An, ff between the core/cladding and the
external medium decreases. This reduction in An, ¢ alters the phase of the propagating
light, leading to a shift in the interference pattern.

The surface morphologies of the CQD-TOF after the introduction of antibody and
EE2 were observed using FESEM under 10k magnification, as shown in Figure 8. In
conjunction with the FESEM, EDXS analysis was performed to identify the elemental
composition of each TOF sample. Figure 8a shows that the surface morphology after
antibody immobilization exhibited large strand-like structures dispersed across the surface,
likely due to the relatively large size of antibodies. In contrast, Figure 8b illustrates a
smoother surface texture after the introduction of EE2, suggesting conformational changes
and indicating the successful binding of EE2 to the bound antibodies. Meanwhile, both
EDXS spectra indicate similar elemental trends, with O being the most abundant element,
followed by Si and C. However, after EE2 exposure, a reduction in C and an increase
in Si and O content were observed. These significant variations in the atomic weight of
molecules before and after EE2 detection suggest the successful formation of a new bond
between antibodies and EE2 [45].

Spectrum 1

Elements | Weight % | Atomic %
C 8.76 12.70

[¢) 65.59 71.39

Si 25.65 15.91
Total 100.00
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Spectrum 2

Elements Weight % | Atomic %
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O 67.72 74.33
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Figure 8. FESEM images and EDXS spectra of the CQD-TOF after introduction of (a) antibody, and
(b) EE2.

Raman spectroscopy analysis on CQD-TOF was performed to identify molecular
changes after the introduction of EE2 polyclonal antibody (PAb) and EE2. Figure 9 displays
the Raman spectra of PAb and the target analyte EE2 from 200 to 1600 cm~!. The bending
vibration and symmetric stretching of the Si-O-5i linkage is associated with band peaks
at 450, 485, 600, and 800 cm ! [46—48]. The vibrational mode of C-H bonds was observed
at the 800 cm~! band peak [49], while the C-O stretching was identified at 1050 cm ™!
peak [50]. Lastly, the N-H bending associated with C-N stretch deformation in the Amide
II bond was detected at 1600 cm ™! [50]. The inset of Figure 8 shows an enlarged section of
the spectra, highlighting the D- and G-bands from the earlier CQD deposition. Notably,
the D-band peak shifted from 1368 to 1333 cm ! and the G-band peak shifted from 1606 to
1611 cm—1, indicating a difference in the spectra before and after EE2 detection. Specifically,
the D-band shifted to a shorter wavelength, while the G-band shifted to a longer wavelength.



Appl. Sci. 2025, 15, 9890

13 of 20

These shifts can be a result of chemical modifications, such as the increment of oxygen-

containing functional groups on the sensing surface layer, which alter the carbon structure
and its vibrational properties [51].
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Figure 9. Raman spectra of CQD-TOF after immersing in PAb and EE2, with inset showing the
presence of D-band and G-band peaks.

3.4. Selectivity of CQD-TOF

A selectivity test was conducted to evaluate the ability of the CQD-TOF sensor to
selectively detect the target analyte, EE2, while disregarding other estrogen hormones.
Figure 10 shows the wavelength shift differences for estrone (E1) and EE2, at 1 ng/L.
For comparison, the wavelength shift in a methanol solution diluted in deionized water
(MeOH + DI), which served as a blank for both E1 and EE2, was also measured. The results
demonstrated that E1 exhibited a slight wavelength shift, comparable to that of the blank
solution, suggesting the responses were due to non-specific binding. In contrast, the sensor
response to EE2 showed the largest and most significant wavelength shift, indicating strong
selectivity towards EE2. This high selectivity can be attributed to the strong affinity between
EE2 and the immobilized antibodies on the sensing surface. Furthermore, the integration of
CQDs provides more active sites, enhancing the interaction between antibodies and EE2.

1.8

1.6
14 1
(=

Wavelength shift (
o
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1

MeOH+DI E1 EE2

Figure 10. The sensor selectivity toward EE2 compared to other types of analytes.
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3.5. Sensitivity of and Limit of Detection of CQD-TOF Sensor

The sensitivity of the CQD-TOF sensor was evaluated by measuring the wavelength
shift in the output spectrum when exposed to varying concentrations of EE2, ranging
from 1 to 10 ng/L. Each concentration was tested on a newly fabricated CQD-TOF
with different CQD layer thicknesses, controlled by immersion times of 10, 20, 30, 40,
and 50 min. The wavelength shift for each concentration were measured for each incuba-
tion time. Sensitivity was determined by the gradient of the linear calibration curves reveal
sensitivity of 1.2151 nm/(ng/L), 1.3503 nm/(ng/L), 2.4925 nm/(ng/L), 1.464 nm/(ng/L),
and 1.2371 nm/(ng/L) for the immersion of 10, 20, 30, 40, and 50 min, respectively.

Figure 11a shows the relationship between the sensitivity of the CQD-TOF toward
different immersion times. The figure reveals that the sensitivity was increased with im-
mersion times of 10, 20, and 30 min, peaking at 2.4925 nm/(ng/L). However, sensitivity
declined to 1.4640 and 1.2371 nm/(ng/L) after 40 and 50 min of immersion, respectively.
This observation is consistent with previous studies, which have shown that increased
surface roughness initially enhances sensitivity. However, excessive roughness and thick-
ness may impede light interaction in the sensing zone, potentially reducing the sensor
sensitivity [52-54].

(a) 30 (b)
25 +
2.4925 )
_ 25 e
g 2 §'°
< E y
g 5
S 15 20 ®.- y = 2.4925x
z E S R?=0.9945
5 1
5 12151 13503 1464 42371 s
® 05 §
0 0@
0 10 20 30 40 50 60 0 2 10 12

4 6 8
EE2 concentration (ng/L)

Incubation time (minutes)

o o
EY @

Normalized power (a.u)

o
IS

EE2 Concentration (ng/L)
Normalized Transmission

o
N

()]
1.0 - 1.0
10
08 f \ A
\ \ \ -
\ \ 8
\ \
0.6 V[
G
0.4
‘ \ / X 4 .
0.2 \ /
/ .
2
0.0 T T T T 1
1525 1530 1535 1540 1545 1550

Wavelength (nm) 1525 1530 1535 1540 1545 1550
—— 1 ng/L—— 2 nglL—— 4 ng/L —— 6 ng/lL—— 8 ng/L —— 10 ng/L Wavelength (nm)
Figure 11. (a) The sensitivity of CQD-TOF under different incubation time shows the optimized
sensitivity at 30 min where (b) the wavelength shift towards different EE2 concentration shows good
linearity which corresponds to (c) optical spectrum attained for EE2 at concentrations 1-10 ng/L and
its heatmap transmission (d) that indicates the dips (dark blue) and peaks (light green) of respective
optical spectrum.

Therefore, the 30-min incubation time was identified as the optimal incubation period,
resulting the highest sensitivity at 2.4925 nm/(ng/L). To verify reproducibility under
this optimized condition, triplicate measurements were performed using independently
prepared samples. The resulting spectra showed consistent wavelength shifts, and the
averaged values with standard deviations +-2.51 (Figure 11b). As shown in the figure, the
wavelength shift increases linearly with the EE2 concentration in the range of 1-10 ng/L,
with an excellent correlation coefficient (R? = 0.9945). Figure 11c displays the overlaid



Appl. Sci. 2025, 15, 9890

15 of 20

normalized transmission spectra at different EE2 concentrations, qualitatively illustrating
the interference fringes caused by refractive index changes from antibody—-EE2 binding.
However, the wavelength shift obtained to determine the sensor sensitivity were extracted
from individual dips or peaks rather than directly from the overlapping curves. To provide
a clearer visualization of this spectral evolution, Figure 11d shows the same data in a
heatmap format (1525-1550 nm), where the spectra dips indicated by the darker intensity;,
and the peaks indicated by the lighter intensity.

Compared to our previous work using a non-coated TOF sensor [55], the integration of
CQDs resulted in a significant enhancement in sensitivity. The CQD-TOF sensor exhibited a
sensitivity of 2.4925 nm/(ng/L), approximately two-fold higher than the 1.0877 nm/(ng/L)
achieved with the non-coated TOF configuration. This improvement can be attributed to
the unique physicochemical properties of CQDs, which include a high surface-to-volume
ratio and abundant surface functional groups. These characteristics facilitate more effective
immobilization of antibodies and enhance the interaction between the target analyte (EE2)
and the sensing surface.

The limit of detection (LOD) was calculated to determine the minimum measurable
concentration of EE2 by the sensor. The LOD was obtained using the standard 30/S
method [56], where o is the standard deviation of the blank solution wavelength shift
(o0 =0.0354), and S is the sensitivity of the sensor (S = 2.4925 nm/(ng/L)). This CQD-TOF
sensor shows an LOD of 0.0426 ng/L, equivalent to 0.144 pM. This value is a significant
improvement over our previous work using a standard TOF sensor, which exhibited an
LOD of 1 ng/L [55]. The LOD obtained in this study is also comparable to other established
research methods utilizing nanomaterials for EE2 detection. Table 2 presents a comparative
overview of various nanomaterial-modified biosensors reported for EE2 detection. While
the LOD achieved in this work is 0.0426 ng/L, it is not the lowest among reported methods.
However, this value is highly competitive and comparable to other advanced sensing
strategies using the electrochemical method. For instance, although one study reports
an exceptionally low LOD of 0.07 pg/L using an EIS method with GO [31], most other
methods report LODs in the ng/L to pug/L range, demonstrating that our sensor performs
comparably with the majority of existing approaches. Moreover, the proposed CQD-TOF
sensor achieves an LOD that meets the PNEC threshold of 0.1 ng/L, which is widely
considered a benchmark for environmentally relevant EE2 detection. Although it does not
surpass the more stringent Decision 2015/495/EU threshold of 0.035 ng/L, the current
result represents a substantial step forward in the development of optical biosensors for
EDC monitoring. The combination of competitive sensitivity, specificity, and the simplicity
of the TOF design underscores the potential of this method for practical environmental
monitoring applications.

Table 2. Comparison between various nanoparticle-modified EE2 biosensors with the proposed method.

Recognition

Method NPs Modifier . LOD LDR Ref.
Mechanism

EIS Au/rGO Antibody binding 1.5ng/L 0-120 ng/L [30]

EIS GO Antibody binding 0.07 pg/L 0.075-200 ng/L [31]
Electrochemical DPV Au/CNT Direct oxidation 0.987 ug/L 0.00296-35.568 mg/L [57]
Electrochemical DPV rGO Direct oxidation 2.0126 pg/L 0.0118-2.454 mg/L [58]
Electrochemical DPV rGO MIP rebinding 79.44 pug/L 0.0474-4.446 mg/L [59]
Electrochemical DPV CNT/CQDs Enzymatic oxidation 1.1856 pg/L 0.0474-4.446 mg/L [60]
Electrochemical SWV rGO Antibody binding 0.1ng/L 0.5-120 ng/L [61]
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Table 2. Cont.
Method NPs Modifier Recognition LOD LDR Ref.
Mechanism
Electrochemical . C
rGO Enzymatic oxidation 0.044 ng/L 0.0741-5.928 ng/L [32]
amperometry
TOF CQDs Antibody binding 0.0426 ng/L 0-10ng/L This work

NPs—Nanoparticles, LOD—Limit of Detection, LDR—Linear Detection Range, EIS—Electrochemical impedance
spectroscopy, DPV—Differential Pulse Voltammetry, SWV—Square Wave Voltammetry, TOF—Tapered Opti-
cal Fiber, rGO—reduced Graphene Oxide, GO—Graphene Oxide, CNT—Carbon Nanotubes, CQDs—Carbon
Quantum Dots, MIP—Molecular Imprinted Polymer.

3.6. Binding Affinity of CQD-TOF Sensor

Using the optimized thickness of CQD-TOF, the relationship between output spectrum
wavelength shift and EE2 concentrations ranging from 0.3374 pM to 3.374 uM (0.1 ng/L to
1.0 mg/L) was conducted to determine the binding affinity, as depicted in Figure 12. To
determine the binding affinity between receptor and analyte, the data were fitted into the
Langmuir adsorption isotherm equation as represented by [62]:

C
A= )\max (W) (3)

where A denotes the wavelength shift caused by EE2 adsorption onto the CQD-TOF sensor,
C is the EE2 concentration, A,y signifies the maximum wavelength shift, and K} is the equi-
librium binding dissociation constant. The calculated K; was found to be 2.19 x 10~!1 M,
with R? = 0.9847. The lower K, value revealed that the CQD-TOF has a higher affinity
towards EE2 compared to what was achieved without the integration of CQDs in [55]. The
improvement is most likely due to the increment of surface area relative to the volume
of CQDs, leading to a rise in the number of interaction sites and, consequently stronger
binding affinity. This finding validates that integrating the CQDs on the TOF as an active
sensing layer onto the TOF sensor is essential for improving EE2 detection.
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Figure 12. Wavelength shift toward EE2 concentrations from 0.3374 pM to 3.374 uM using CQD-TOF
to determine binding affinity.

4. Conclusions

In this study, a highly sensitive TOF sensor was developed by integrating CQDs to
enhance EE2 detection. The incorporation of CQDs provided a larger surface sensing
area, resulting in enhanced analyte interaction and improved sensor performance. With
an optimized thickness CQDs layer obtained through a 30-min immersion process, the
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sensor achieved a sensitivity of 2.4925 nm/(ng/L) and a binding affinity of 2.19 x 107! M.
The sensor also exhibited excellent selectivity toward EE2, producing a distinct optical
response compared to the negative control, E1. Furthermore, the sensor demonstrated
a validated detection limit of 0.0426 ng/L, confirming its capability for trace-level EE2
monitoring. Overall, the CQDs modification significantly improved the TOF sensor’s
sensitivity, selectivity, affinity, and detection limit, validating its potential for environmental
biosensing application.
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