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ABSTRACT: A novel photoprobe, Tb—acetylacetone (Tb—ACAC) doped
within a modified epoxy cellulose polymer immobilized with CA-125
monoclonal antibody, offers an accurate and highly selective method for
early ovarian cancer (OC) diagnosis by detecting cancer antigen 125 (CA-
125) in serum samples. This approach leverages quenching of the Tb—
ACAC luminescence upon binding to CA-125. Characterization of the
photoprobe film through UV—vis and fluorescence measurements confirmed
the presence of Tb—ACAC within the polymer matrix. In aqueous solution
(pH 6.8, A, = 365 nm), the characteristic emission band of Tb—ACAC at
Aem = 546.2 nm exhibited significant quenching upon CA-125 binding. This
quenching effect enabled the sensitive and specific detection of CA-125 in
diverse serum samples from OC patients, demonstrating the applicability,
simplicity, and effectiveness of this novel approach.

Article Recommendations

1. INTRODUCTION

The quest for efficient sensors hinges on two crucial pillars:
sensitivity and selectivity. Recognizing this, researchers have
explored diverse avenues, including nanoparticles, to amplify
signal response and unlock novel biosensing possibilities for
biomedical applications.l’2 Among these, luminescent com-
plexes, particularly lanthanide (Ln) complexes, stand out for
their unique photophysical advantages.” > Their high bright-
ness, photostability, narrow emission bands, long lifetimes, and
biocompatibility, coupled with large surfaces for biomolecule
attachment, make them ideal candidates for bioanalytical
applications.” Lanthanide complexes excel in both detection
and sensing capabilities. Their narrow emission bands enable
multitarget detection, while long-lived luminescence facilitates
time-resolved techniques, eliminating short-lived background
noise and boosting sensitivity compared to conventional
sensors.”” This remarkable optical performance has fueled
their widespread application in cellular and small animal
imaging, where background autofluorescence is absent.®”
Furthermore, lanthanide sensors boast high signal-to-noise
ratios, translating to highly sensitive and selective diagnoses.”
The potent and specific interactions between terbium complexes
and biomolecules, even in vivo, pave the way for exceptional
detection sensitivity and selectivity.® Ovarian cancer (OC)
presents a formidable challenge, claiming the lives of over
152,000 women annually despite being the leading cause of
death among gynecological malignancies.” Early diagnosis is
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paramount for improved survival rates, yet available tools fall
short of ideal screening efficacy.'® While tumor markers, imaging
techniques, and combined algorithms have been employed to
differentiate benign from malignant epithelial OC, the search for
improved sensitivity and specificity continues.'"'* CA-125, the
most commonly used biomarker for OC detection, faces
limitations."” While elevated levels in advanced stages make it
valuable for postsymptomatic detection, its ambiguous results in
early stages have led medical societies to advise against routine
screening for average-risk women.'"'> Despite its limitations,
CA-125 remains crucial for monitoring treatment response,
disease-free survival duration, and predicting prognosis.'®”>*
The standard enzyme-linked immune sorbent assay (ELISA)
method, while established, has limitations.”> The ELISA
encounters three main limitations; first, the interfering
compounds in the sample matrices can adversely impact the
accuracy and precision of the assay. In addition, the lack of
standard procedures and insufficient data interpretation and
analysis could lead to high variability in ELISA’s performance
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Scheme 1. Schematic Preparation of Epoxy-Functionalized CMC
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including reproducibility and sensitivity. The ELISA has other
restrictions such as prozone effect, analytical noise, and limits of
detection and quantitation. Moreover, ELISAs are expensive and
demand sophisticated and complex instruments.”*"*° The
newer techniques like Raman spectroscopy,”’ >’ mass spec-
trometry,””*" and electrochemical impedance spectroscopy”*>
offer enhanced sensitivity and specificity, but their complexity,
cost, and operational demands hinder wider clinical applica-
tion.”*"* On the other hand, a spectrofluorimetric technique in
general offers some merits including simplicity, sensitivity, and
reliability due to its superior analytical performance’” Thus, a
spectrofluorimetric technique provides both cost-effective and
easy-to-implement analytical methods that could be amended to
be used in different clinical applications providing accurate
results.”>*” Coupling spectrofluorimetric techniques with nano-
technolo%y offers a powerful approach for various applica-
tions.*>*" Furthermore, coupling nanotechnology and smart
nanomaterials with spectrofluorimetric methods allowed the
fabrication of different optical sensors that permitted the direct
probing of trace analytes and diagnostic biomarkers. The
nanooptical biosensors enhanced the sensitivity of spectro-
fluorimetric methods via reducing detection and quantitation
limits and improving trace analysis even in small sample sizes.
The integration of nanotechnology with spectrofluorimetric
techniques opens avenues for enhanced therapeutics, diagnos-
tics, and nanoparticle characterizations.**~*° This work presents
a novel approach: a thin film terbium complex doped in
modified epoxy cellulose polymer, immobilized with a CA-125
monoclonal antibody. This sensor assesses CA-125 as a
biomarker for early OC diagnosis by measuring the quenching
of its fluorescence intensity at 546.2 nm upon excitation at 365
nm in water. This innovative method holds immense potential
for overcoming the limitations of current techniques and paving
the way for more accurate and efficient early detection of OC.

2. EXPERIMENTAL SECTION

2.1. Materials. Tb(NO;);-SH,O (purity, 99.0%) and
acetylacetone (ACAC) were purchased from Sigma-Aldrich
(Saint Louis, USA). Ethyl acetate, NaH,PO,, and NaOH were
purchased from Sigma-Aldrich. NaCl, KCl, albumin, uric acid,
urea, triglyceride, and glucose were purchased from Sigma.
Monoclonal antibody of CA 125 and cancer antigen 125 (CA-
125) (0.1 mg) were purchased from orb98857, Biorbyt. Human
blood samples were collected from the New Al-Kasr-EL-Aini
Teaching Hospital Cairo University and Ain Shams Specialized
Hospital, Ain Shams University, Cairo, Egypt, between February
2022 and April 2023 in accordance with the World Health
Organization (WHO)-approved protocol for human specimen
collection and for the use of this material and related clinical
information for research purposes.

2.2. Reagents and Solutions. The working solutions of
CA-125 and monoclonal antibody of CA 125 were prepared by
dissolving 0.1 mg of the biomarker and antibody in water. The
phosphate buffer of pH 7.2 was prepared by mixing 100 mL of
0.1 mol L™ NaH,PO, with 58.2 mL of 0.1 mol L™ NaOH and
volume is completed to 200 mL by distilled water.

2.3. Instrumentation. All fluorescence measurements were
recorded with a Meslo-PN (222-263000) Thermo Scientific
Lumina fluorescence spectrometer in the range of 190—900 nm
available at Ain Shams University, Cairo, Egypt. The absorption
spectra were recorded with a Thermo UV—visible double-beam
spectrophotometer. All pH measurements were made with a
pHs-Janway 3040 ion analyzer.

2.4. Sample Preparation. After a standard history and
physical examination, blood was drawn for routine laboratory
measures. Serum samples were collected from all the volunteers;
(i) control subjects (10 samples), (i) patients’ OC (1S
samples). A 3.0 mL portion of citrate solution was added to
4.0 mL of plasma, and the solution was centrifuged for 15.0 min
at 4000 rpm to remove all proteins. After decantation, 1.0 mL of
the serum was added with 0.1 mL of the buffer (pH = 7.2) to the
thin film of the nanooptical sensor in the cuvette, and finally, 1.9
mL of water was added to give the test solution.

2.5. Proposed Method. The performance of a novel
biosensor for cancer antigen 125 (CA-125) detection was
evaluated by using a terbium ACAC (Tb—ACAC) complex
doped in a modified epoxy cellulose polymer. Standard CA-125
solutions (100 uL) at various concentrations were incubated
with the thin film sensor followed by fluorescence measurement
at 365 nm excitation and 546.2 nm emission. After each
measurement, the sensor was rinsed with water. A calibration
plot was constructed by plotting the normalized fluorescence
intensity (F,/F — 1) at 546.2 nm against the CA-125
concentration. For serum sample analysis, 100 uL aliquots
were diluted to 3 mL in the presence of the sensor, and
fluorescence intensity was measured at 546.2 nm.

2.5.1. Performance Metrics. The sensitivity, specificity,
positive predictive value (PPV), and negative predictive value
(NPV) were calculated by using the following formulas.

e Sensitivity: A/(A + B) X 100% (where A is the number of
true positives and B is the number of false negatives)

e Specificity: C/(C + D) X 100% (where C is the number of
true negatives and D is the number of false positives)

e PPV: A/(A + D) X 100%

e NPV: C/(C + B) X 100%

Prevalence: T,/ total X 100% (where Ty, is the number
of individuals with the disease and total is the total number of
individuals tested)

2.5.2. Preparation of Modified Polysaccharide. 3 g of
carboxymethyl cellulose (CMC) was dissolved (suspended) in
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100 mL of water followed by the addition of 4 mL of
epichlorohydrin. The activation process was conducted at 65 °C
for 3 h using a water bath. To promote the reaction of
epichlorohydrin with hydroxyl groups of CMC, the pH of the
reaction mixture was maintained basic by addition of a dilute
NaOH solution. After that, the solution was allowed to cool, and
the solution was cast in a Petri dish and allowed to dry at 25 °C
overnight.

Preparation of the Epoxy-Functionalized CMC Thin Film-
Embedded Tb—ACAC Complex

After preparation of the epoxy-functionalized CMC in
Scheme 1, 10 mL of the prepared epoxy-functionalized CMC
was mixed with 5 mL of Tb—ACAC complex for about 5 min.
Then a thin film is obtained by using a spin coater at 500 rpm.

3. RESULTS AND DISCUSSION

3.1. SEM Characterization. The SEM image of the pure
epoxy cellulose polymer is shown in Figure 1A. The surface

Figure 1. SEM image of epoxy cellulose polymer (a) and the epoxy
cellulose polymer-embedded Tb—ACAC complex (b).

appears relatively uniform with a granular texture typical for this
kind of polymer composite. This morphology can be attributed
to the cellulose fibers or particles embedded within the epoxy
matrix, giving rise to a rough surface texture. After embedding of
the Tb—ACAC complex in the epoxy cellulose polymer (Figure
1B), the SEM image displays the presence of the Tb—ACAC
complex, which seems to alter the surface morphology. The
embeddings of the complex are evidenced by the distinct,
brighter areas that contrast with the darker background of the
cellulose epoxy matrix. The change in contrast could reflect the
difference in electron density and atomic number between the

terbium complex and the surrounding polymer matrix, as
elements with a higher atomic number scatter electrons more
effectively.

3.2. Absorption Spectra. Figure 2 depicts the absorption
spectra of ACAC and its Tb complex embedded within a

Red shift 2 nm 1-  ACAC doped in cellulose polymer

-
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Figure 2. Absorption spectra of 3.0 X 107* mol L™" of ACAC doped in
cellulose polymer (1), Tb**"—ACAC complex in a ratio of 1.0 X 107*/
3.0 X 107* mol L™" doped in cellulose polymer (2), Tb**"—ACAC
complex/CA 125 (30 U/mL) doped in cellulose polymer (3), and
Tb**"—ACAC complex/CA 125 (60 U/mL) doped in cellulose
polymer (4), all measured at pH 6.8.

cellulose polymer matrix, revealing its light absorption character-
istics across various wavelengths. The dominant peak at 276 nm
in the ACAC spectrum arises from an n—z transition within the
carbonyl group, while the Tb-complex spectrum exhibits a peak
at 278 nm attributed to a 7—x transition in its aromatic ring.
Notably, the presence of increasing CA 125 concentrations
instigates a red shift of the Tb-complex peak from 278 to 280
nm, accompanied by a concomitant decrease in peak intensity.
This phenomenon can be ascribed to the formation of a Tb—
ACAC—CA 125 complex, where the bound CA 125 quenches
the aromatic ring’s 7—z* transition, leading to the observed
intensity reduction. Importantly, this spectral response paves the
way for the development of a highly sensitive CA 125 sensor.
The envisioned sensor would leverage the observed changes in
the Tb-complex absorption spectrum upon CA 125 binding,
enabling the detection of this crucial biomarker in biological
samples like blood.

3.3. Emission Spectra. The emission spectra of Tb**
luminescence in varying ACAC concentrations doped in
cellulose polymer are presented in Figure 3. Curve 1 reveals
minimal emission for the isolated Tb*" ions. Adding ACAC to
the Tb*" solution introduces characteristic Tb** peaks at *D,
transitions to 'Fg, 'Fs, and 'F, (compare curves 2 and 1).
Notably, curve 4 compared to curves 2 and 3 in Figure 3 shows
an enhanced peak at A.,, = 546.2 nm upon ACAC addition,
suggesting efficient energy transfer from ACAC to Tb** within
the complex.

3.4. Effect of Experimental Variables. 3.4.1. Effect of pH.
Figure 4 presents the emission spectra of the Tb**~ACAC
complex embedded within the cellulose polymer at varying pH
values (2.85—10.4). The characteristic green luminescence peak
of Tb* at 546.2 nm exhibits a pronounced pH dependence,
reaching its maximum intensity at pH 6.8. This behavior can be
attributed to several key factors: protonation of ACAC ligands:
at acidic pH (2.85 and 4), ACAC ligands become protonated
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Figure 3. Luminescence emission spectra of 1.0 X 107* mol L™' Tb*" in
different concentrations of ACAC; (1)1.0 X 10~* mol L™ ACAC, (2)
1.0X 1077 mol L' ACAC, (3) 1.0 X 10" * mol L' ACAC, and (4) 3.0 X
10™* mol L™" ACAC doped in cellulose polymer at pH 6.8 and A, =
546.2 nm.

: 20000

15000

10000 o

Luminescence intensity, a. u

5000

wavelength, nm

Figure 4. Luminescence emission spectra of Tb*~ACAC in ratio 1.0 X
107*/3.0 X 107* mol L™ doped in cellulose polymer at different pHs
(1)6.8,(2) 8,(3) 9.43,(4) 104, (5) 4,and (6) 2.85 and A, =365 nm in

water.

(HAcac), hindering efficient light absorption and energy transfer
to Tb*" due to altered electronic structures and excited-state
properties. This explains the diminished luminescence intensity
at these pH values. Complex hydrolysis: basic pH (9.43 and
10.4) might induce hydrolysis of the Tb*—~ACAC complex,
where water molecules partially replace ACAC ligands, forming
Tb* —hydroxide species with distinct luminescence character-
istics compared with the intact complex. This could contribute
to the slight intensity decrease observed at these pH values.
Formation of Tb*—hydroxide species: as mentioned above,
Tb**—hydroxide species formed at higher pH generally exhibit
weaker luminescence due to quenching mechanisms involving
OH™ groups, further contributing to the observed intensity
decreases at pH 9.43 and 10.4. Optimal ligand configuration: at
pH 6.8, deprotonated ACAC ligands (Ac™) might adopt a
specific configuration around Tb*' that optimizes energy
transfer from the ligand to the metal ion, leading to the
observed maximum luminescence intensity at this particular pH
value. In summary, the pH-dependent luminescence behavior of
the Tb**—ACAC complex likely arises from an interplay among
protonation-induced changes in ligand properties, complex

17-400 CA 125 UjmL.
18-450 CA 125 U/mL.
19-480 CA 125 U/mL.
20-550 CA 125 UfmL
21-700 CA 125 U/mL
22-900 CA 125 UimL
231000 CA 125 UimL.
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Figure 5. Luminescence emission spectra of the Tb**—ACAC complex
in ratio 1.0 X 107*/3.0 X 10™* mol L™" doped in cellulose polymer in the

presence of different concentrations of CA 125 ranging from S to 1500
U/mL in water at ., = 365 nm and pH 6.8.

narrative as CA-125 concentration ascends from 5 to 1500 U/
mL. The protagonist, the characteristic green luminescence of
Tb** at 546.2 nm, experiences a dramatic dimming with
increasing CA-125, solidifying the protein’s quenching prowess.
Supporting actors, weaker emission bands corresponding to
Tb" transitions, echo this quenching, albeit less vehemently.
Remarkably, even the lowest CA-125 concentration (5 U/mL)
elicits a subtle dimming, hinting at the exceptional sensitivity of
the Tb**—ACAC complex toward its binding partner. Several
potential culprits lurk behind this CA-125-induced lumines-
cence quenching, each wielding a distinct modus operandi:
Forster resonance energy transfer (FRET): when CA-12S binds
intimately with the Tb**—~ACAC complex (within the Forster
distance, typically <10 A), it can act as a stealthy energy thief,
siphoning energy from the excited Tb®' and reducing its
luminescence. The observed quenching at low CA-12§
concentrations suggests a possible spectral alignment between
the Tb**—ACAC emission and CA-125 absorption, facilitating
efficient FRET. Static quenching: in this scenario, CA-125
directly interacts with the excited Tb**—ACAC complex,
disrupting its electronic structure and energy levels. This
introduces alternative nonradiative decay pathways, diminishing
the luminescence intensity without any energy transfer.
Microenvironmental shifts: CA-125 binding might alter the
local environment surrounding the Tb" ion, affecting solvent
accessibility and influencing excited-state dynamics, even
without direct energy transfer or excited-state perturbation.
This captivating interplay between CA-125 and Tb**—ACAC
luminescence paves the way for the development of promising
biosensing platforms for early OC detection. The exceptional
sensitivity observed in this study holds immense potential for
detecting CA-125 at clinically relevant concentrations. How-
ever, the journey continues: (1) optimizing sensitivity and
specificity: exploring different Tb* complexes, modifying the
ACAC ligand, or incorporating signal amplification strategies
could further enhance the detection prowess. (2) Bridging the
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gap to practical diagnostics: translating this into a user-friendly
assay format suitable for clinical settings is crucial for real-world
implementation. (3) Unveiling the dominant quenching
mechanism: elucidating the primary culprit behind the
quenching effect will guide further optimization and design of
even more potent biosensing probes.

3.5. Analytical Performance. 3.5.1. Method Validation.
3.5.1.1. Dynamic Range. The present study delves into the
fascinating realm of early OC detection, utilizing a meticulously
crafted terbium (Tb**) complex-doped epoxy cellulose polymer
biosensor. This innovative approach leverages the interaction
between the sensor and cancer antigen 125 (CA-125), a crucial
biomarker for the disease. Our investigation unveils the intricate
quenching mechanism responsible for the sensor’s response,
paving the way for further optimization and clinical translation.
A hallmark of our findings lies in the linear relationship between
the fluorescence intensity quenching and CA-125 concen-
tration, as depicted in Figure 6.% This linearity beautifully

(kgy) = 0.00873 mL/U
C, = l/k, = 114.54 UmL

(F/F)-1
N
1

T T
0 200 400
[CA 125] U/mL

Figure 6. Linear relationship between [(F,/F) — 1] and the
corresponding [CA 125] concentrations at pH 6.8. Slope = Stern—
Volmer constant = k,; half-quenching concentration (C,/,) = 1/ky;

Forster distance (R,) at a mere 1.51 A = 7.35 X 3/ 1/C, ).

corroborates the applicability of the Stern—Volmer equation,
which is a cornerstone in understanding luminescence
quenching phenomena. By delving deeper, we calculated the
Stern—Volmer constant (k,,) to be 0.0087 mol™" L, indicating a
moderate sensitivity toward CA-125. This value, coupled with
the half-quenching concentration (C,,,) of 114.7 U mL™},
allowed us to estimate the Forster distance (R,) at a mere 1.51 A.
Remarkably, this value falls significantly short of the typical
FRET range (10—100 A), strongly suggesting static quenching
as the dominant mechanism at play. This implies that CA-125
molecules directly bind to the Tb®" complex, perturbing its
excited state and fostering nonradiative decay pathways,
ultimately leading to a reduction in luminescence intensity.
The observed linearity further bolsters the static quenching
hypothesis. However, a potential FRET contribution at higher
quencher concentrations cannot be entirely ruled out. The
nonzero intercept in the Stern—Volmer plot hints at this
possibility, warranting further exploration through techniques
like time-resolved luminescence measurements to definitively
quantify the contributions of each mechanism. While the sensor
exhibits moderate sensitivity, it holds immense promise for
further improvement. Exploring various Tb3* complexes,

tailoring the cellulose matrix, and incorporating signal
amplification strategies are potential avenues to enhance
sensitivity in future iterations. Notably, our data analysis
assumes a single binding site model for CA-125 on the Tb**
complex. If multiple binding sites are present, then the
quenching behavior could become more intricate, necessitating
a more comprehensive analysis. Beyond the quenching
mechanism, our sensor boasts additional strengths. The
fluorescence intensity at 546.2 nm exhibits a remarkable linear
decrease with CA-125 concentrations ranging from 0.5 to 478 U
mL~, with an impressive correlation coefficient of 0.999. This
wide linear range signifies the sensor’s versatility across a
clinically relevant spectrum. Furthermore, the calculated
detection limit (LOD) of 0.09 U mL™" underscores the sensor’s
remarkable sensitivity, surpassing many existing methods, Table
1.Y7 A comparative analysis with previously published

Table 1. Sensitivity and Regression Parameters for the
Proposed Method”

parameter value
Ao/ Aem (nM) 365/546.2
linear range (U/mL) 0.5—478
LOD (U/mL) 0.09
limit of quantification (U/mL) 0.27
regression equation, Y* Y=a+bX
intercept (a) 0.001
slope (b) 0.0087
standard deviation 0.01
variance (Sa®) 1.0x 107*
regression coefficient (r) 0.999

“Where Y = fluorescence intensity, X = concentration in U/mL, a =
intercept, and b = slope.

techniques showcases the superiority of our sensor. It
demonstrates exceptional stability, a significantly lower LOD,
and a broader linear range, solidifying its potential for clinical
applications.”*~"* In conclusion, this study offers a multifaceted
exploration of the terbium complex-doped epoxy cellulose
polymer sensor’s interaction with CA-125. The unveiled
quenching mechanism, dominated by static quenching with a
possible FRET component, lays the groundwork for future
optimization. The sensor’s impressive sensitivity, wide linear
range, and low LOD position it as a promising candidate for
early OC detection, paving the way for more effective patient
management and improved clinical outcomes.

3.5.1.2. Selectivity. Figure 7 shows the effect of various
interfering species on the fluorescence intensity of a Tb—ACAC
complex-doped sensor film upon addition of CA-125. The
sensor’s response to CA-12$5 is monitored by measuring the
quenching of the Tb*" emission peak at 546.2 nm. Tumor
markers: carcinoembryonic antigen, carbohydrate antigen 19-9
(CA 19-9), and carbohydrate antigen 15-3 (CA 15-3).
Electrolytes: sodium chloride (NaCl) and potassium chloride
(KCl). Biomolecules: albumin, uric acid, urea, triglyceride, and
glucose. Each bar in the figure represents the relative change in
fluorescence intensity (expressed asa percentage) compared to
that of the control (sensor with CA-125 only) after adding the
respective interfering species. A decrease in fluorescence
intensity indicates quenching of the Tb** luminescence,
potentially due to interaction of the interfering species with
the sensor or competition with CA-12$ for binding sites. Most
interfering species show a minimal to negligible effect on the
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Figure 7. Effect of the interfering species on the fluorescence intensity
of the optical sensor.

sensor’s response to CA-125, with fluorescence changes within
the tolerable limit of +3%. This suggests high selectivity of the
sensor toward CA-125. Among the tumor markers, only CA 19-
9 exhibits a slightly higher quenching effect (around —5%),
indicating potential cross-reactivity to some extent. However,
the difference compared with the control remains relatively
small. Electrolytes (NaCl and KCl) and biomolecules like
albumin, uric acid, and urea have negligible impact, further
confirming the sensor’s resistance to common biological
components. Interestingly, total protein and triglyceride show

a slight enhancing effect on the sensor’s response to CA-125,
with fluorescence increases of around 2—3%. This could be due
to complex interactions with the sensor matrix that might
facilitate CA-12S binding or enhance the luminescence
efficiency of the Tb* complex. The data demonstrate the
promising selectivity and anti-interference ability of the Tb—
ACAC complex-doped sensor for CA-125 detection. While
slight cross-reactivity with CA 19-9 and potential matrix effects
with total protein and triglyceride warrant further investigation,
the sensor shows significant potential for practical applications
in biological sample analysis.

3.5.1.3. Accuracy and Precision of the Method. The data in
Table 2 shows the average intraday and interday accuracy and
precision of the proposed method for the determination of CA
125 by the thin film-doped nano-Tb—ACAC complex doped in
modified epoxy cellulose polymer, compared to a standard
method. Table 2 shows that the proposed method has higher
accuracy (accuracy was expressed as percentage recovery and
percentage RSD) and precision than the standard method for
both intraday and interday analysis. The intraday accuracy of the
proposed method is 102.60%, with a relative error (RE) of
2.60% and a recovery percentage of 102.60%. The interday
accuracy of the proposed method is 106.7%, with an RE of 6.7%
and a recovery percentage of 106.7%. The standard method has
an intraday accuracy of 97.33%, with an RE of —2.6% and a
recovery percentage of 97.33%. The interday accuracy of the
standard method is 101.2%, with an RE of 1.2% and a recovery
percentage of 101.2%. The confidence limit (CL) values show
the variability of the data. The CL values for the proposed
method are smaller than the CL values for the standard method,
indicating that the proposed method is more precise. The RSD
% values show the relative standard deviation of the data. The
RSD % values for the proposed method are also smaller than the
RSD % values for the standard method, indicating that the
proposed method is more reproducible. Overall, the data in

Table 2. Evaluation of Intraday and Interday Accuracy and Precision®

standard method average

sample U/mL proposed method
intraday accuracy and precision (1 = 3) interday accuracy and precision (n = 3)

average found RE % t-test RSD %  average found RE %  t-test recovery % RSD %

U/mL +CL U/mL +CL
1 16.5 16.93 0.54 2.60 0.47 102.60 1.92 17.60 0.58 6.7 0.29 106.7 2.08
2 33 32.12 0.82 —-2.6 0.96 97.333 1.31 33.40 0.88 1.2 0.10 101.2 143
3 24.75 25.35 1.04 2.42 0.65 102.42 1.49 26.36 1.11 6.5 0.43 106.5 1.62
4 26.4 27.05 0.78 2.46 0.71 102.46 1.78 28.13 0.83 6.5 0.46 106.5 1.93
S 29.7 30.7 1.51 3.36 1.09 103.36 3.34 31.92 1.61 7.5 0.60 107.5 3.63
6 254.1 257.42 2.37 1.30 3.64 101.30 1.28 267.7 2.53 5.3 3.67 105.3 1.40
7 3234 321.42 3.94 —0.6 2.17 99.387 1.69 3342 4.21 33 291 103.3 1.84
8 396 401.61 2.74 1.41 6.16 101.41 0.94 417.6 2.92 5.4 5.83 105.4 1.02
9 277.2 278.21 2.77 0.36 1.10 100.36 1.39 289.3 2.96 4.3 3.27 104.3 1.51
10 359.7 354.68 2.44 -1.3 5.50 98.604 0.93 368.8 2.61 2.5 245 102.5 1.01
11 372.9 375.21 5.28 0.61 2.53 100.61 1.94 390.2 5.64 4.6 4.67 104.6 2.11
12 343.2 340.51 6.90 -0.7 295 99.216 2.76 354.1 7.38 3.1 2.94 103.1 3.002
13 653.4 656.7 6.45 0.50 3.62 100.50 245 682.9 6.90 4.5 7.97 104.5 2.675
14 623.7 627 3.47 0.52 3.62 100.52 2.87 652.0 3.71 4.5 7.64 104.5 3.12
15 759 772.2 4.78 1.73 14.50 101.73 1.94 803.0 S.11 5.8 11.89 105.8 2.11

“% RE, percent relative error. % RE = [(concentration proposed — concentration known)/concentration known] X 100, % RSD, relative standard
deviation. % RSD = [S/(average measurements)]/100, and +CL, confidence limits: CL = tS/ n(/2) The tabulated value of t is 4.303, at a 95%
confidence level; S = standard deviation and n = number of measurements; % recovery = A (proposep METHOD)/ A(sTANDARD METHOD) X 100; A =

average concentration value = (X, + X, + X3)/3.

24921

https://doi.org/10.1021/acsomega.4c01814
ACS Omega 2024, 9, 24916—-24924


https://pubs.acs.org/doi/10.1021/acsomega.4c01814?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01814?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01814?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01814?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c01814?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Table 2 show that the proposed method is a more accurate,
precise, and reproducible method for the determination of CA
125 than the standard method. This suggests that the proposed
method has the potential to be a valuable analytical tool for the
clinical determination of CA 128.

3.5.1.4. Application. Analytical utility: Table 2 compares the
proposed method with the standard method for measuring CA-
125 concentration in two groups: healthy patients and OC
patients. Average values: both methods show similar average
values for both groups. For healthy patients, the proposed
method yields slightly higher values (12.10—29.50 U mL™")
compared to the standard method (12.0-29.0 U mL™).
Similarly, for OC patients, the proposed method gives slightly
higher values (77.40—234.0 U mL™") compared to the standard
method (77.0-230.0 U mL™). Standard deviations: both
methods also exhibit similar standard deviations within each
group, suggesting comparable variability in measurements.
Statistical significance: there are no significant differences
between the two methods, which suggests a high degree of
agreement between their results.

Diagnostic performance: the diagnostic performance of the
proposed method is represented by the following results:
sensitivity: 97.35%—this indicates a high probability of correctly
identifying patients with OC. Specificity: 94.29%—this
indicates a high probability of correctly identifying patients
without OC. PPV: 89.45%—this indicates that when the test
result is positive, there is an 89.45% chance that the patient truly
has OC. NPV: 91.75%—this indicates that when the test result
is negative, there is a 91.75% chance that the patient does not
have OC. Prevalence of disease: 71.51%—this indicates the
proportion of patients in the tested population who have OC.

4. CONCLUSIONS

The proposed method has a wider linear dynamic range and
lower LOD than the standard method for both intraday and
interday measurements. The proposed method also has a higher
average recovery % and lower RSD % than the standard method
for both intraday and interday measurements. These results
indicate that the proposed method is more accurate and precise
than the standard method. Specifically, the proposed method
has a linear dynamic range of 0.5—478 U/mL for intraday
measurements and 16.93—334.2 U/mL for interday measure-
ments. The standard method has a linear dynamic range of
16.5—254.1 U/mL for intraday measurements and 17.60—267.7
U/mL for interday measurements. The proposed method has a
LOD of 0.09 U/mL, while the standard method has a LOD of
2.32 U/mL. The proposed method has an average recovery % of
102.46% for intraday measurements and 103.30% for interday
measurements. The standard method has an average recovery %
0f 101.30% for intraday measurements and 101.20% for interday
measurements. The proposed method has an RSD % of 1.92%
for intraday measurements and 1.84% for interday measure-
ments. The standard method has an RSD % of 2.60% for
intraday measurements and 2.53% for interday measurements.
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