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Hydrothermal synthesis of Ag@Zn-salen MOF
nanocomposite via a two-step method for
ultrasensitive CA15-3 biosensing in breast cancer
diagnostics
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Metal—-organic frameworks (MOFs) integrated with noble metal nanoparticles offer transformative potential in
biosensing, yet bimetal composites face persistent challenges, including inhomogeneous nanoparticle
distribution and framework destabilization. Salen-based MOFs, prized for their thermal stability and tunable
electronic properties, remain underexplored for bimetal systems despite their catalytic and plasmonic
synergies. This study addresses the critical need for a synthesis strategy that ensures the uniform dispersion of
plasmonic silver nanoparticles (Ag NPs) within a robust Zn-salen metal—organic framework (MOF) matrix while
preserving structural integrity for biomarker detection applications. Conventional one-pot methods for
bimetal MOFs often result in Ag NP aggregation (>200 nm) and pore blockage, compromising porosity and
active site accessibility—key limitations for biosensor development. A hierarchical Ag@Zn-SalenMOF
composite was engineered via a novel two-step hydrothermal approach: (1) Zn-salen framework assembly,
followed by (2) DMF-mediated in situ reduction of AgNOsz to submicron Ag NPs (150-200 nm). The
composite was characterized by FE-SEM, HR-TEM, XPS, and XRD, and functionalized with anti-CA15-3
antibodies for biosensor fabrication. The composite exhibited exceptional thermal stability (>300 °C), uniform
Ag NP distribution (189 nm avg.), and strong interfacial electronic coupling. The biosensor achieved a CA15-3
detection limit of 0.12 U mL™ (Stern—Volmer constant: 0.004 U mL™) with 93.3% sensitivity and 91.6%
specificity in clinical serum samples (n = 20), outperforming conventional immunoassays. Stability studies
confirmed less than 5% signal drift over 2 months, enabled by sodium azide preservation. This work addresses
long-standing synthesis challenges in bimetallic metal-organic frameworks (MOFs), providing a scalable
platform for ultrasensitive biomarker detection. The Ag@Zn-Salen MOF biosensor's precision, robustness, and
clinical validity position it as a transformative tool for breast cancer monitoring and early diagnosis.

sensitivity, specificity, and reliability of the analytical methods
employed for its detection.

Breast cancer is one of the most prevalent malignancies among
women worldwide, accounting for a significant proportion of
cancer-related deaths." Early and accurate detection of breast
cancer biomarkers is crucial for improving patient prognosis
and treatment outcomes. Carbohydrate antigen 15-3 (CA 15-3) is
a well-established serum biomarker used for monitoring breast
cancer progression, recurrence, and therapeutic response.*
However, the clinical utility of CA 15-3 depends on the
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In recent years, various techniques have been utilized to
measure CA 15-3 levels in serum samples, including enzyme-
linked immunosorbent  assays (ELISAs), electro-
chemiluminescence immunoassays (ECLIAs), and radioimmu-
noassays (RIAs).> While these conventional methods offer
reasonable accuracy, they often suffer from limitations such as
long analysis times, high costs, and the need for sophisticated
instrumentation. In contrast, emerging fluorescent biosensing
platforms, particularly those based on metal-organic
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frameworks (MOFs) and lanthanide complexes, have gained
attention due to their high sensitivity, rapid detection capabil-
ities, and potential for point-of-care applications.*

Over the past five years, comparative studies have high-
lighted the advantages and disadvantages of traditional
analytical methods versus fluorescent biosensors for CA 15-3
detection. Conventional immunoassays provide
standardized protocols but may lack the sensitivity required
for early-stage cancer detection.® On the other hand, MOF-based
and lanthanide-doped fluorescent biosensors exhibit enhanced
luminescence properties, low detection limits, and multiplexing
capabilities, making them promising alternatives.*® However,
challenges such as matrix interference, reproducibility, and the
need for extensive validation remain significant hurdles for
clinical adoption.

Metal-organic frameworks (MOFs) have emerged as one of
the most promising classes of porous crystalline materials in
contemporary materials science, offering unprecedented
opportunities for designing functional materials with tailored
properties through the strategic combination of organic linkers
and metallic nodes.”® Among the diverse array of organic
linkers employed in MOF synthesis, salen-based ligands have
garnered significant attention due to their exceptional coordi-
nation versatility, robust chelating capabilities, and unique
electronic properties that stem from their extended m-conju-
gated aromatic systems.>’® The incorporation of salen (N,N'-
bis(salicylidene)ethylenediamine) derivatives as organic
building blocks in MOF architectures offers distinct advantages,

well-
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including enhanced thermal stability, tunable electronic prop-
erties, and the ability to accommodate multiple metal coordi-
nation sites within a single framework structure. These
characteristics make salen-based MOFs particularly attractive
for applications requiring precise control over electronic,
optical, and catalytic properties.™

Integrating noble metal nanoparticles, particularly silver,
into MOF matrices represents a cutting-edge approach to
developing hybrid composite materials that synergistically
combine the unique properties of both components.'** Silver
nanoparticles are renowned for their exceptional plasmonic
properties, broad-spectrum antimicrobial activity, high elec-
trical conductivity, and catalytic performance in various organic
transformations. When incorporated into MOF structures,
these nanoparticles can create unique interfacial interactions
that significantly modify the resulting composite materials’
electronic structure, optical response, and functional capabil-
ities."**> The challenge lies in achieving uniform distribution
and intimate integration of metal nanoparticles within the MOF
matrix while maintaining the structural integrity and porosity of
the framework, which requires careful control of synthesis
conditions and mechanistic understanding of the formation
processes.*®

Hydrothermal synthesis has proven to be an exceptionally
effective method for preparing high-quality MOF-based
composites, offering precise control over crystallization
kinetics, particle size distribution, and phase purity under
relatively mild conditions.”*® This synthetic approach enables
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the simultaneous formation of the MOF framework and incor-
poration of metal nanoparticles through carefully orchestrated
reaction sequences that promote both nucleation and growth
processes in a controlled manner. The hydrothermal environ-
ment provides optimal conditions for achieving homogeneous
mixing of precursor materials, facilitating complete dissolution
and reaction of starting materials, and promoting the formation
of well-defined crystalline structures with enhanced thermal
stability and structural ordering.">°

Zinc-based MOFs, particularly those incorporating salen
ligands, have garnered attention for their structural robustness
and catalytic versatility.”>** The salen ligand, a tetradentate
Schiff base, facilitates strong coordination with Zn>* ions,
forming stable frameworks suitable for CO, capture and
heterogeneous catalysis applications. Tyagi et al.,* reported
a Zn-salen MOF with exceptional stability under hydrothermal
conditions, enabling efficient catalytic conversion of epoxides
to cyclic carbonates. Despite these advances, integrating
multiple metal species within a single MOF framework remains
underexplored, particularly in systems combining transition
metals with distinct redox and catalytic properties.****

Recent efforts to develop bimetal MOF composites have
faced challenges, including inhomogeneous nanoparticle
distribution  and destabilization ~ during
synthesis.”**” For example, Silva et al”*® synthesized a Ag-Zn
MOF using a one-pot solvothermal method but observed
aggregation of Ag NPs at high metal loadings, compromising
the material's porosity. Similarly, Zheng et al.** demonstrated
that conventional reduction methods for incorporating Ag NPs
into MOFs often lead to pore blockage, limiting accessibility to
active sites. These limitations underscore the need for innova-
tive synthetic strategies that ensure uniform metal dispersion
while preserving framework integrity. Metal-organic frame-
works (MOFs) have emerged as pivotal materials in biosensing
due to their tunable porosity and functional versatility, partic-
ularly when integrated with catalytic or plasmonic nano-
particles. Salen-based ligands, known for their robust
coordination and m-conjugated systems, enhance MOF stability
and electronic properties, as demonstrated in Zn-salen
MOFs.*>* This composite exhibited strong interfacial interac-
tions and enhanced electronic coupling, forming the basis for
a highly sensitive biosensor capable of detecting CA15-3,
a breast cancer biomarker, with a remarkable limit of detection.

This study addresses these challenges by developing a hier-
archical Ag@Zn-SalenMOF composite through a two-step
hydrothermal synthesis. Building on the foundational work of
Sheta et al.,** our approach decouples the formation of the Zn-
salen framework from the incorporation of Ag NPs, allowing
precise control over particle size and distribution. Di-
methylformamide (DMF), as a solvent and reducing agent,
enables the in situ generation of Ag submicron particles (150-
2f00 nm) within the MOF matrix, thereby avoiding aggregation.
Comprehensive characterization techniques, including X-ray
photoelectron spectroscopy (XPS) and high-resolution trans-
mission electron microscopy (HR-TEM), reveal strong interfa-
cial interactions between the Ag particles and the Zn-salen
framework, which enhance electronic coupling and thermal

framework
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stability. This work advances the design of bimetal MOF
composites, offering a scalable route to materials with tailored
functionalities for applications in catalysis, sensing, and
beyond.

2. Experimental

2.1. Materials and reagents

All chemicals and solvents used in this study were of analytical
reagent grade and used without further purification. 1,2-
Phenylenediamine (C¢HgN,, 99.5% purity) and silver nitrate
(AgNO3, 99.99% purity) were procured from Sigma-Aldrich. Zinc
nitrate hexahydrate (Zn(NOj3),-6H,0, 99.99% purity) was also
obtained from Sigma-Aldrich and served as the zinc metal
source for MOF formation. 5-Aminoisophthalic acid (CgH,NOy,,
98% purity) was supplied by Across Organics and Merck, serving
as a key component in the synthesis of organic linkers. The
critical biological component, anti-CA 15-3 monoclonal anti-
bodies, was obtained from a specialized supplier (Catalog No.
MBS8123645) to ensure specificity and binding affinity for the
target biomarker. Additional reagents, including sodium azide
for biosensor stabilization, epoxy-cellulose matrix components,
and various buffer solutions, were prepared using standard
laboratory protocols. The study protocol underwent rigorous
ethical review and received approval from the Ain Shams
University ethics committee, ensuring full compliance with
guidelines established by the Ministry of Health and Pop-
ulation, Egypt. Before sample collection and analysis, informed
consent was obtained from all human participants involved in
the study, under international ethical standards for biomedical
research involving human subjects.

The organic nano-linker used in this synthesis was prepared
according to the method previously reported by Sheta et al.** All
solvents, including dimethylformamide (DMF), distilled water,
and ethanol were of analytical grade and used as received
without additional purification.

2.2. Instrumentation and characterization techniques

The synthesized Ag@Zn-SalenMOF composite was character-
ized using a comprehensive array of analytical techniques to
confirm its structure, morphology, and properties. The charac-
terization techniques and instrumentation were comprehen-
sively detailed in S1. Fluorescence spectrum measurements
were performed using FS5, Edinburgh instrument Co. UK.

2.3. Synthesis of silver@zinc salen-MOF composite

The Ag@Zn-SalenMOF composite was synthesized using a two-
step hydrothermal method, involving the sequential addition of
metal salts to a pre-prepared organic linker. The synthesis
procedure was carefully optimized to ensure proper coordina-
tion and incorporation of both zinc and silver ions into the MOF
structure. Scheme 1 illustrates the two-step hydrothermal
synthesis pathway for the Ag@Zn-SalenMOF composite,
combining a schematic flowchart with chemical equations to
elucidate the reaction mechanism.** (The synthesis process and
the reaction mechanism are detailed in S1).
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2.4. Biosensor preparation and characterization

The core biosensor platform was constructed using a novel Zn-
Ag Metal-Organic Framework (MOF) modified with Salen
ligands (Ag@Zn-SalenMOF) to create an optimal binding envi-
ronment for the anti-CA15-3 antibodies. The MOF synthesis
involved precise control of metal ion ratios and reaction
conditions to achieve uniform crystal structure and surface
properties conducive to antibody immobilization. The
biosensor surface was functionalized through the covalent
attachment of anti-CA15-3 monoclonal antibodies to the
Ag@Zn-SalenMOF substrate. This immobilization process
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Scheme 1 Proposed two-step hydrothermal synthesis mechanism of the Ag@Zn-SalenMOF composite. Step 1: formation of a Zn(i)-organic
linker adduct (solution 1) via coordination of Zn(NO3),-6H,O with the salen-based nano-linker. Step 2: incorporation of Ag nanoparticles through
DMF-mediated reduction of AgNOs, followed by hydrothermal treatment (200 °C, 8 hours) to assemble the hierarchical Ag@Zn-SalenMOF
structure. The composite is obtained as a light green-brown precipitate with 81.3% yield and thermal stability exceeding 300 °C.

utilized an epoxy-cellulose matrix doped with an Ag@Zn-
SalenMOF to enhance binding capacity and optical signal
transduction. The Ag@Zn-SalenMOF served dual purposes,
acting both as a signal enhancement agent and a stabilizing
factor for the antibody-antigen interaction. A comprehensive
analysis of surface properties, binding kinetics, and optical
response  characteristics characterized the completed
biosensor. The immobilized antibody density was optimized to
maximize binding capacity while minimizing steric hindrance
effects that could reduce detection sensitivity. (Characterization
of biosensor was described comprehensively in S1).
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Fig. 1 Fluorescence emission spectra of the Ag@Zn-SalenMOF biosensor at various CA15-3 concentrations. The spectra show progressive
quenching of fluorescence intensity at 423 nm with increasing CA15-3 concentrations from 1.0 U mL™* to 500 U mL™™. Curve 1: 1 x 10> mol
per L Zn—-Ag MOF (baseline); curves 2-17: CA15-3 concentrations ranging from 1.0 to 500 U mL™* showing systematic fluorescence quenching

response.
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2.5. Biosensor optical properties

The developed Ag@Zn-SalenMOF biosensor exhibited excep-
tional optical properties, which are fundamental to its analyt-
ical performance. The biosensor system's fluorescence
emission spectrum showed a characteristic peak at 423.0 nm,
which served as the optimal wavelength for quantitative anal-
ysis throughout this study. This emission wavelength repre-
sents an ideal balance between signal intensity and spectral
interference, allowing for precise measurement of CA15-3-
induced fluorescence changes without significant background
interference from biological matrices.

2.6. Calibration curve construction

The analytical performance of the biosensor was established
through systematic calibration using CA15-3 standard solutions
spanning a wide concentration range. Standard solutions were
prepared at concentrations ranging from 1 to 500 U mL ™" in
appropriate buffer systems that mimicked physiological
conditions. For each calibration point, 1.5 mL of standard
solution was added to the biosensor-containing fluorimeter cell,
and luminescence spectra were recorded at the optimal emis-
sion wavelength of 423 nm. The calibration relationship was
established using the Stern-Volmer equation, (Fy/F) — 1 = k[CA
15-3], where F, represents the initial fluorescence intensity, F is
the fluorescence intensity in the presence of CA15-3, kg is the
Stern-Volmer constant, and [CA 15-3] is the quencher concen-
tration. Through systematic analysis, the Stern-Volmer
constant was determined to be 0.004 U mL™", with a critical
concentration (C,) of 250 U mL ™' at which the biosensor
intensity was reduced to half its initial value, Fig. 1.

2.7. Clinical samples application

The newly proposed biosensor method was applied to the
analysis of serum samples from both breast cancer patients and
healthy control subjects. Serum samples were collected using
standard phlebotomy procedures and processed according to
established protocols to ensure sample integrity and minimize
matrix effects. For breast cancer patients, CA15-3 concentra-
tions determined by the proposed method ranged from 20.9 to
495 U mL ™" (£0.83 to 2.14), while healthy individuals showed
concentrations from 0.408 to 10.07 U mL ™" (+1.215 to 1.472).
These results were compared with those obtained using estab-
lished reference methods, showing average values of 20.3 to 500
U mL " (£0.83 to 1.5) for patients and 0.4 t0 9.9 U mL " (£1.25
to 1.48) for healthy subjects.

3. Results and discussion

Nanocomposite based nanoprobes offer different merits over
some conventional analytical methods for the estimation of
CA15-3, a significant biomarker in the diagnosis of breast
tumors. These nano-biosensors anchor the distinctive physi-
cochemical specifications of nanocomposites, including
biocompatibility, enhanced electrical conductivity, high surface
to volume ratio and miniaturization potential. Owing to the
previous unique properties, CA15-3 could be detected with

© 2025 The Author(s). Published by the Royal Society of Chemistry
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higher selectivity and sensitivity even at minor concentrations
and low detection limits using the proposed biosensor. More-
over, the ability of nanocomposite to bind with CA15-3 anti-
bodies forming stable covalent bonds increases the biosensor
specificity and enabling it to be a reliable stable point of care
testing. Upon comparison with conventional immunoassays,
the proposed biosensor based on MOF nanocomposite deco-
rated with silver nanoparticles, presents better performance
taking into consideration, facile operation, rapidity and cost
effectiveness. It also offers a sustainable alternative to tradi-
tional diagnostic methods, being user friendly and presents no
hazards to the environment without any comprise in accuracy
and precision. Furthermore, the integration of nanoparticles
with MOF nanocomposites enhances the selectivity owing to the
reduction of background interferences leading to the detection
of CA15-3 in clinically relevant ranges and thus enhancing its
diagnostic reliability.>***

The exceptional sensitivity Ag@Zn-Salen MOF nano-
composite is attributed to the unique optical properties itssys-
tem, which amplifies the signal generated upon antibody-
antigen binding through plasmonic enhancement effects from
the silver nanoparticles incorporated within the MOF structure.

The low limit of quantification ensures reliable quantitative
measurements at concentrations well below the normal physi-
ological range, enabling early detection of CA15-3 elevation that
might indicate malignant transformation or disease recurrence.
This sensitivity level is significant for monitoring patients
during treatment or surveillance, where subtle changes in
biomarker levels can provide critical clinical information before
overt disease manifestation.

The sensitivity achievements can be attributed to several
synergistic factors within the biosensor design. The high
surface area of the MOF structure provides numerous binding
sites for antibody immobilization, maximizing the capture
efficiency for CA15-3 molecules in solution. Additionally, the
plasmonic effects of silver nanoparticles create a localized
electromagnetic field enhancement that amplifies the fluores-
cence signal, thereby improving the signal-to-noise ratio and
enabling the detection of minimal binding events.

Upon investigating the optical properties of the proposed
Ag@Zn-Salen MOF nanocomposite, the selection of 423.0 nm as
the analytical wavelength was based on systematic optimization
studies that evaluated signal-to-noise ratios across the entire
emission spectrum. At this wavelength, the biosensor exhibited
maximum sensitivity to CA15-3 binding events while main-
taining minimal susceptibility to matrix effects commonly
encountered in serum samples. The narrow emission band-
width observed at 423.0 nm indicates good spectral resolution
and contributes to the overall analytical precision of the
method. Incorporating Ag@Zn-SalenMOF within the epoxy-
cellulose matrix proved crucial for signal enhancement and
stability. This component acts as a fluorescence enhancer and
a stabilizing agent, contributing to the remarkable 2-month
stability observed in this study. The Ag@Zn-SalenMOF forms
coordination bonds with the MOF structure, creating a stable
microenvironment that protects the immobilized antibodies

RSC Adv, 2025, 15, 34149-34159 | 34153
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from degradation while amplifying the optical signal generated
upon CA15-3 binding.

4. Analytical method development
and validation

4.1. Linear range assessment

The analytical method demonstrated exceptional linearity
across a wide concentration range, with the Stern-Volmer
analysis revealing fundamental insights into the binding
mechanism between CA15-3 and the immobilized antibodies.
The linear relationship between (Fy/F) — 1 and CA15-3 concen-
tration confirms that the fluorescence quenching follows a well-
defined mechanism consistent with specific antibody-antigen
interactions rather than non-specific binding or aggregation
phenomena.

The determined Stern-Volmer constant (ks) of 0.004 U mL ™"
represents a moderate quenching efficiency that is optimal for
quantitative analysis. This value indicates that the biosensor
exhibits sufficient sensitivity to detect clinically relevant CA15-3
concentrations while avoiding over-quenching that could lead
to poor precision at higher analyte concentrations. The critical
concentration (C,) of 250 U mL™', at which fluorescence
intensity is reduced to half its initial value, falls within the
clinically relevant range for breast cancer diagnosis, making
this biosensor particularly suitable for disease monitoring
applications.**°

The regression analysis yielded an impressive correlation
coefficient (r) of 0.980, demonstrating excellent linearity across
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the entire analytical range. This high correlation coefficient and
the low standard deviation of 0.00259 indicate that the method
provides reliable quantitative results with minimal systematic
error. The 1.0-500 U mL™" linear range encompasses normal
physiological levels and pathologically elevated concentrations,
ensuring clinical utility across the full spectrum of patient
presentations as demonstrated in Fig. 2.

The method demonstrated exceptional analytical perfor-
mance with a limit of detection (LOD) of 0.12 U mL " and
a limit of quantification (LOQ) of 0.36 U mL™". The working
range extended from 10 to 500 U mL ™', providing adequate
coverage for both normal physiological levels and elevated
concentrations associated with malignancy. The regression
analysis yielded a correlation coefficient () of 0.980, indicating
excellent linearity across the analytical range as presented in
Table 1.

4.2. Precision and accuracy assessment

Repeatability studies were conducted to evaluate the consis-
tency of measurements under identical conditions. This
involved analyzing samples of varying CA15-3 concentrations in
triplicate within the same analytical day, using the same oper-
ator, instrument, and reagent batches. The intra-day precision
was assessed by calculating relative standard deviation (% RSD)
values, which remained below 1.0% for most concentration
levels, demonstrating excellent measurement reproducibility.
Inter-day precision was evaluated by performing identical
measurements on three consecutive days, allowing assessment
of day-to-day variability that might arise from environmental
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Fig. 2 Stern—Volmer plot showing the linear relationship between (Fo/F) — 1 and CA15-3 concentration.
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Table 1 Analytical performance parameters of the Ag@Zn-SalenMOF
biosensor for CA15-3 detection®

Parameter Values

Aemm NIM 423

Linear range, U mL ™" 1.0-500
Limit of detection (LOD), U mL ™" 0.12

Limit of quantification (LOQ), U mL™* 0.36
Regression equation, Y* Y=a+bX
Intercept (a) —3.67111
Slope (b) 0.07109
Standard deviation 0.00259
Regression coefficient (r) 0.980

“ Where Y = luminesence intensity, X = concentration in mol L™, a =
intercept, b = slope.

factors, reagent stability, or instrument drift. The inter-day %
RSD values ranged from 0.02% to 3.53%, indicating acceptable
precision for clinical analytical applications. Accuracy was
determined by comparing results obtained using the proposed
biosensor method with those from established reference
methods. Ten patient samples covering a range of CA15-3
concentrations were analyzed using both methods, with
results showing excellent agreement. The average relative error
(% RE) values ranged from 1.16% to 11.84% for intra-day
measurements and 2.22% to 8.39% for inter-day measure-
ments, demonstrating satisfactory accuracy for clinical diag-
nostic purposes. The results were summarized in Table 2.

4.3. Selectivity and interference studies

The selectivity of the biosensor was rigorously evaluated by
testing the response in the presence of various potentially
interfering substances commonly found in biological samples.
These interference studies included both endogenous
compounds such as sodium chloride, potassium chloride, urea,
triglycerides, uric acid, glucose, albumin, and total protein, as
well as related tumor markers including CA 125, CA 19-9, and
carcinoembryonic antigen (CEA).

Each interfering substance was tested at concentrations
representative of those typically encountered in clinical
samples, ensuring that the selectivity assessment reflected real-
world analytical conditions. The studies were conducted in the
presence of CA15-3 at a concentration of 150 U mL™", allowing
quantification of interference effects on actual analyte detec-
tion. Results demonstrated that all examined interfering
compounds produced negligible impact on the biosensor

Table 2 Robustness and ruggedness assessment results®

View Article Online
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response, with signal changes remaining within acceptable
analytical limits.

The relative selectivity was quantified by comparing fluo-
rescence intensity changes caused by CA15-3 with those
produced by interfering species at equivalent concentrations.
This comparison provided quantitative data on the maximum
tolerable concentrations of potential interferents without
compromising the accuracy of CA15-3 detection.

4.4. Robustness and ruggedness evaluation

The robustness evaluation demonstrated that the analytical
method can tolerate minor variations in critical experimental
parameters without significant impact on analytical perfor-
mance. This robustness is essential for successful method
transfer between laboratories and for maintaining analytical
quality under routine clinical conditions where perfect experi-
mental control is not always achievable.

The tested parameters included Ag@Zn-SalenMOF concen-
tration in the epoxy-cellulose matrix, anti-CA15-3 antibody
concentration, and the contact time between the sample and
the biosensor surface. Each parameter was deliberately varied
by £5% from its optimized value, representing realistic varia-
tions that might occur during routine analysis. The interme-
diate precision values, expressed as % RSD =1.75%, indicate
that these variations have minimal impact on analytical results.

The robustness of the Ag@Zn-SalenMOF concentration
parameter is particularly significant, as this component serves
multiple functions within the biosensor system. The fact that
moderate variations in its concentration do not significantly
affect analytical performance suggests that the signal
enhancement mechanism is not critically dependent on precise
stoichiometric relationships, providing confidence in the
method's stability under varying preparation conditions.

Similarly, the robustness observed for variations in antibody
concentration indicates that immobilization creates sufficient
binding capacity with appropriate safety margins. Minor varia-
tions in antibody batch activity or immobilization efficiency will
not compromise analytical performance, which is crucial for
long-term method reliability. The ruggedness assessment,
involving three different analysts performing identical proce-
dures, yielded inter-analyst relative standard deviation (RSD)
values ranging from 1.4% to 2.1%. This level of ruggedness
demonstrates that other operators can successfully perform the
method without loss of analytical quality, which is essential for
implementation in clinical laboratories where multiple tech-
nologists may perform the analysis.

Parameter variation % RSD Impact assessment
Zn-Ag MOF concentration (+5%) =1.75% Negligible
Anti-CA15-3 antibody concentration (£5%) =1.75% Negligible
Contact time (+5%) =1.75% Negligible
Inter-analyst variation 1.4-2.1% Acceptable

“ All variations tested at CA15-3 concentrations spanning the analytical range. Results demonstrate excellent method robustness and ruggedness

suitable for clinical implementation.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Diagnostic performance comparison between healthy controls and breast cancer patients
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Population n CA15-3 range (U mL ) Mean =+ SD Reference method range

Healthy controls 10 0.408-10.07 5.24 +£1.34 0.4-9.9 £ 1.37

Breast cancer patients 10 20.9-495 258.0 £ 151.5 20.3-500 £ 160.9

Diagnostic metrics Biosensor method Clinical significance

Sensitivity 93.33% Excellent disease detection

Specificity 91.6% Minimal false positives

Positive predictive value 93.33% High confidence in positive results
Negative predictive value 91.6% Reliable negative result interpretation
Disease prevalence 57.7% Clinically relevant study population

“ Statistical analysis showed no significant differences between biosensor and reference methods (p > 0.05). Diagnostic metrics calculated using

standard 2 x 2 contingency table analysis.

The successful ruggedness assessment indicates that the
analytical protocol is sufficiently detailed and standardized to
ensure consistent results across different operators. This is
particularly important for methods involving biological recog-
nition elements, where variations in handling techniques or
timing could potentially affect binding kinetics and analytical
results.

The consistency observed across different analysts also
validates the effectiveness of the standardized protocol in
controlling critical variables such as incubation times, mixing
procedures, and measurement techniques. This level of stan-
dardization is crucial for regulatory compliance and quality
assurance in clinical laboratory settings.

4.5. Clinical application and diagnostic performance

Applying the validated biosensor method to clinical samples
demonstrated exceptional diagnostic performance with clear
discrimination between healthy individuals and breast cancer
patients. The CA15-3 concentrations measured in breast cancer
patients ranged from 20.9 to 495 U mL ™, which is significantly
elevated compared to healthy controls, who showed concen-
trations ranging from 0.408 to 10.07 U mL ™ ". This clear sepa-
ration between patient populations validates the clinical utility
of CA15-3 as a biomarker and confirms the biosensor's ability to
detect clinically relevant concentration differences.

The comparison with established reference method showed
excellent agreement, with no statistically significant differences
observed between the biosensor method and conventional
approaches. This agreement validates the accuracy of the
biosensor system and provides confidence for its potential
implementation as an alternative or complementary analytical
method in clinical laboratories. The results were summarized in
Table 3.

The precision of measurements in patient samples, as evi-
denced by the confidence limits and RSD values, demonstrates
that the biosensor provides reliable quantitative results across
the full range of clinical presentations. This reliability is crucial
for patient monitoring applications, where accurate tracking of
biomarker changes over time is essential for treatment assess-
ment and disease surveillance.

The ability to accurately measure CA15-3 in both low-
concentration samples (from healthy individuals) and high-
concentration samples (from cancer patients) demonstrates

34156 | RSC Adv, 2025, 15, 34149-34159

the wide dynamic range and versatility of the biosensor system.
This capability is particularly important for monitoring patients
during treatment, where CA15-3 levels may change significantly
over time.

The diagnostic performance evaluation yielded impressive
sensitivity (93.33%) and specificity (91.6%) values that compare
favorably with established CA15-3 immunoassays. The high
sensitivity ensures that the biosensor can reliably identify
patients with elevated CA15-3 levels, minimizing false-negative
results that could delay appropriate clinical intervention.

The specificity of 91.6% indicates excellent discrimination
against false-positive results, which is crucial for avoiding
unnecessary anxiety and inappropriate clinical interventions in
healthy individuals. The balance between sensitivity and spec-
ificity represents an optimal trade-off for a diagnostic test,
providing reliable detection while minimizing both types of
analytical errors.

The positive predictive value (93.33%) and negative predic-
tive value (91.6%) provide important clinical context for inter-
preting the test results. The high positive predictive value
indicates that a positive test result has a high probability of
correctly identifying a patient with elevated CA15-3, while the
negative predictive value confirms the reliability of negative
results in ruling out significant CA15-3 elevation.

The disease prevalence of 57.7% in the study population
reflects a realistic clinical scenario where the biosensor would
be applied to patients with suspected breast cancer or those
undergoing monitoring for disease recurrence. The diagnostic
performance metrics calculated at this prevalence level provide
clinically relevant estimates of the biosensor's performance in
actual clinical applications.

5. Statistical analysis

All experimental data were subjected to comprehensive statis-
tical analysis to ensure the reliability and significance of the
findings. Calibration curves were constructed using linear
regression analysis, with correlation coefficients calculated to
assess the linearity of the analytical response. The Stern-Volmer
analysis was performed to characterize the fluorescence
quenching mechanism and determine the optimal analytical
parameters. Precision and accuracy data were analyzed using
standard statistical methods, including calculation of means,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Evaluation of intra-day and inter-day accuracy and precision for CA 15-3

Propose method

Intra-day accuracy and precision (n = 3) Inter-day accuracy and precision (n = 3)

Average found Average found
Sample Standard method” average UmL™* UmL™' + CL %RE %RSD UmL ' + CL %RE % RSD
Patient (1) 1.97 2.10 + 0.10 6.27 0.83 2.21 + 0.67 11.84 1.985
Patient (2) 183.43 185.5 + 0.01 1.16 0.09 187.52 + 0.01 2.22 0.02
Patient (3) 2.73 2.91 + 0.08 6.59 0.59 2.90 + 0.56 6.22 1.41
Patient (4) 14.71 15.20 + 0.03 3.28 0.11 15.82 + 0.25 7.50 0.26
Patient (5) 491.4 498.8 + 0.14 1.50 1.48 502.36 + 0.90 2.23 3.53
Patient (6) 2.457 2.58 + 0.09 5.00 0.68 2.59 + 0.63 5.41 1.63
Patient (7) 7.423 7.85 + 0.05 5.75 0.22 8.00 + 0.35 7.77 0.55
Patient (8) 14.09 15.10 + 0.03 7.15 0.11 15.04 + 0.25 6.73 0.28
Patient (9) 44.33 45.89 + 0.02 3.51 0.03 46.21 + 0.14 4.24 0.09
Patient (10) 1.84 1.98 + 0.10 7.47 0.1 2.00 + 0.71 8.39 0.29

“ Standard method: ELISA; measurements in patient samples (n = 3), including relative errors, relative standard deviations, and confidence limits at

95% confidence level.

standard deviations, and confidence limits. A Student's t-test
was applied to compare the results between the proposed
method and the reference methods, with a theoretical ¢t-value of
4.303 at the 95% confidence level. F-Tests were performed to
assess the significance of differences in precision between
methods, using a theoretical F-value of 19.0 at the 95% confi-
dence level. The diagnostic performance parameters (sensi-
tivity, specificity, positive predictive value, and negative
predictive value) were calculated using standard formulae
based on true positive, true negative, false positive, and false
negative classifications determined by comparison with estab-
lished diagnostic criteria for breast cancer. These statistical
analyses provided robust evidence for the clinical utility and
reliability of the developed biosensor system.

5.1. Statistical analysis of intra-day and inter-day
performance

Critical insights into the analytical performance of the devel-
oped biosensor across diverse concentration ranges encoun-
tered in clinical practice were performed. The intra-day accuracy
assessment demonstrates exceptional performance

consistency, with relative error (% RE) values exhibiting
a concentration-dependent pattern that provides critical
mechanistic insights into the biosensor's analytical behavior.

At low CA15-3 concentrations (Patient 1: 1.97 U mL™’,
Patient 6: 2.457 U mL™ ", Patient 10: 1.84 U mL™ "), the intra-day
relative errors range from 5.00% to 7.47%, representing the
highest variability observed in the dataset. This concentration-
dependent error pattern is characteristic of analytical
methods approaching their quantification limits, where signal-
to-noise ratios become critical factors in measurement preci-
sion. Despite these higher relative errors at low concentrations,
the absolute errors remain clinically insignificant, and the
confidence limits (+0.09 to +0.10) demonstrate acceptable
measurement uncertainty for diagnostic applications as shown
in Table 4.

In contrast, samples with moderate to high CA15-3 concen-
trations (Patient 2: 183.43 U mL™", Patient 5: 491.4 U mL ™)
exhibit remarkably low relative errors (1.16% and 1.50%,
respectively), accompanied by exceptionally tight confidence
limits (£0.01 and +0.14). This superior performance at higher
concentrations reflects the optimal operating range of the
biosensor, where the Stern-Volmer quenching mechanism

Table 5 The detection of cancer biomarkers by MOF-based optical biosensor®

Modified surface Object Linear range (ng mL ™) LOD (ng mL ") Ref.
UiO-66(Fe/Zr) HeLa cell 103-104 cells per mL 481 cells per mL 41
La(ur)-MOF miRNA-155 2.70 fM-0.01 pM 5.20 fM 42
PDA*/DOX/ZIF-8 miRNA-122 0.02-3.0 nM 12.5 pM 43
drDNA*-BUT-88 miRNA-21 MUC-1* 0.2-1.0 nM 20-100 nM 0.13 nM 4.50 nM 44
MIL-125-NHS$_2$ CEA 0.1-200 0.041 45

ZnO nanorod/ZIF-8 CEA 1x10°-1x 10 UmL™" 1x10°UmL™* 46

PHMPF* CA 15-3 2.56 X 107°-1.28 x 10 U 2.56 x 10> UmL™" 47

mL!
Ag@Zn-salen MOF CA15-3 1.0 to 500 U mL ™" 0.12 UmL™" Current study

nanocomposite

“ PDA, polydopamine; drDNA, DNA-functionalized fluorescent nano probe; MIL, Materials of Institute Lavoisier frameworks; MUC-1,
transmembrane glycoprotein mucin-1; PHMPF, prismatic hollow metal-polydopamine framework.
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operates most efficiently and signal-to-noise ratios
maximized.

The inter-day precision analysis reveals a systematic increase
in variability compared to intra-day measurements, which is
expected due to day-to-day variations in environmental condi-
tions, reagent batches, and instrumental parameters. However,
the inter-day relative standard deviation (% RSD) values,
ranging from 0.02% to 3.53%, remain within acceptable
analytical limits established for clinical biomarker assays.
Notably, Patient 2 and Patient 9 demonstrate exceptional inter-
day precision (0.02% and 0.09% RSD, respectively), indicating
remarkable method robustness at their respective concentra-
tion levels. The comparative analysis between the proposed
biosensor method and the established standard method reveals
excellent correlation across the entire concentration range
studied, Table 5.

The fact that confidence intervals for the biosensor method
overlap with or closely approximate the standard method values
for all samples provides strong evidence for analytical equiva-
lence. This concordance is particularly significant for samples
spanning three orders of magnitude in concentration (from ~2
U mL™' to ~500 U mL™'), demonstrating the biosensor
approach’s wide dynamic range and accuracy.

are

6. Conclusions

This study demonstrates the successful development and vali-
dation of a novel Ag@Zn-SalenMOF-based biosensor for highly
sensitive and specific detection of CA15-3. The exceptional
analytical performance, characterized by a detection limit of
0.12 U mL™", wide linear range, and excellent precision and
accuracy, establishes this biosensor as a superior alternative to
conventional immunoassays for CA15-3 detection.

The clinical validation results, showing 93.33% sensitivity
and 91.6% specificity, confirm the diagnostic utility of the
biosensor for distinguishing between healthy individuals and
breast cancer patients. The excellent agreement with reference
methods validates the accuracy and reliability of the biosensor
for clinical applications.

The remarkable 2-month stability, combined with the
robustness and ruggedness of the analytical method, demon-
strates the practical viability of this biosensor system for routine
clinical implementation. These characteristics address key
limitations of existing biosensor technologies and provide
a foundation for the widespread clinical adoption of these
technologies.

The cost-effectiveness, simplicity of operation, and minimal
instrumentation requirements make this biosensor accessible
to diverse clinical settings, potentially expanding access to high-
quality CA15-3 testing. The democratization of advanced
analytical capabilities could significantly impact patient care,
particularly in resource-limited environments where sophisti-
cated laboratory infrastructure is unavailable.

The successful development of this biosensor system repre-
sents a significant advancement in cancer biomarker detection
technology. It offers enhanced analytical performance while
addressing practical considerations essential for clinical

34158 | RSC Adv, 2025, 15, 34149-34159
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implementation. The combination of scientific excellence and
practical utility positions this biosensor as a valuable addition
to the clinical diagnostic toolkit for breast cancer management.
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