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Toward sustainable diagnostics for Candida
albicans: the role of artificial intelligence in
analytical chemistry from data processing to
Python-based blueness and redness evaluation
metrics

Ahmed M. Saleh, (2 *3® Rabeay Y. A. Hassan,
and Hoda M. Marzouk (2 *d

¢ Amr M. Badawey®

Candida albicans remains one of the most clinically significant fungal pathogens, contributing substantially to
morbidity and mortality among immunocompromised and hospitalized patients. In response to the growing
analytical complexity of fungal diagnostics, this review presents a unified Python-based framework structured
around three fundamental and interdependent axes of contemporary C. albicans diagnostics: (i) accurate
pathogen detection, (ii) high-throughput data processing, and (i) analytical method evaluation. Together,
these three dimensions form an integrated analytical architecture, herein conceptualized as the Candida
Diagnostic Triad. Within the detection and data-processing axes, recent advances in artificial intelligence,
particularly convolutional neural networks, transfer-learning strategies, and hybrid machine-learning
models have markedly enhanced the sensitivity, selectivity, and interpretability of analytical outputs derived
from complex biological matrices. However, the most distinctive contribution of the present framework lies
in the third axis, namely method evaluation, where Python-based open-source tools now enable fully
automated, quantitative, and reproducible assessment of diagnostic methods within the principles of Green
Analytical Chemistry (GAC) and White Analytical Chemistry (WAC). By systematically examining eighteen
advanced diagnostic methodologies applied to clinically relevant matrices, including blood, urine, and
vaginal samples, this review demonstrates how Python-driven analytical software tools such as the Blue
Applicability Grade Index (BAGI) and the Red Analytical Performance Index (RAPI) to establish
a mathematically transparent and decision-oriented workflow for comparative method assessment. This
unified framework supports evidence-based selection and optimization of diagnostic strategies that are not
only analytically robust, but also practically applicable and environmentally responsible. The resulting
Python-enabled Candida Diagnostic Triad provides an evidence-based roadmap for selecting and
optimizing diagnostic strategies that are analytically robust, practically feasible and environmentally
sustainable, thereby supporting United Nations Sustainable Development Goals 3 and 9.

occupy a prominent position as causative agents of healthcare-
associated infections, ranking as the second most common

Severe fungal infections constitute a major and persistent
global health burden, affecting more than 150 million individ-
uals annually and contributing to approximately 1.7 million
deaths worldwide.* Among fungal pathogens, Candida species
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cause of catheter-associated urinary tract infections and the
third leading cause of central line-associated bloodstream
infections.> Within this genus, Candida albicans (C. albicans)
remains the most clinically significant species owing to its
remarkable adaptability, pronounced virulence, and increasing
tolerance to conventional antifungal therapies.® The pathogenic
success of C. albicans is closely associated with its polymorphic
nature causing a broad spectrum of diseases, ranging from
superficial mucosal candidiasis to invasive systemic infections,
particularly in immunocompromised individuals. Its virulence
is largely governed by dynamic phenotypic switching between
yeast, pseudohyphal, and hyphal morphologies, together with
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its well-documented ability to form highly structured biofilms
on host tissues and indwelling medical devices.*

In the contemporary landscape of C. albicans diagnostics,
three interrelated dimensions have emerged as being central to
the development of advanced analytical strategies. The first
concerns sensitive and accurate pathogen detection through
modern analytical, biosensing, and imaging technologies. The
second involves the computational data processing of the
multidimensional datasets in order to extract diagnostically
meaningful information. The third goal to comprehensive
method evaluation, encompassing both analytical performance
and practical applicability using software metrics. Collectively,
these dimensions may be viewed as an integrated diagnostic
architecture, herein referred to as the Candida Diagnostic
Triad, in which detection, data processing, and rigorous eval-
uation converge to define the analytical value and translational
utility of modern diagnostic workflows.

The present review aims to examine these three inter-
connected dimensions through the lens of artificial intelligence
(AI), with particular emphasis on Python-based computational
ecosystems that increasingly serve as a unifying tool across the
diagnostic axis.” Beyond its established utility in automated
detection and high-throughput data handling, Python has
emerged as a particularly powerful platform for the objective
assessment of analytical methodologies.® Recent developments
in open-source Python tools have enabled quantitative, repro-
ducible, and automated sustainability-oriented evaluation in
accordance with the principles of Green Analytical Chemistry
(GAC) and White Analytical Chemistry (WAC). Through the
implementation of the Blue Applicability Grade Index (BAGI)
and the Red Analytical Performance Index (RAPI), diagnostic
methods can be compared on a standardized basis with respect
to operational feasibility, analytical quality, and broader
sustainability considerations.” Such an approach provides
a rational and evidence-based framework for the selection,
optimisation, and future design of C. albicans diagnostic plat-
forms that are not only analytically rigorous, but also practically
deployable and environmentally responsible.

1.1 Al-driven and Python-based data processing in Candida
albicans diagnostics

The rapid expansion of high-throughput biomedical data has
rendered conventional manual microscopy and rule-based
analytical approaches increasingly inadequate for handling
the complexity of datasets generated by modern laboratory
platforms, including digital microscopy, spectroscopy, and
omics-based technologies.® Consequently, AI and machine
learning (ML) have emerged as valuable tools for the auto-
mated, rapid, and highly accurate interpretation of complex
biological information. Within this context, Python has become
one of the leading environments for scientific computing owing
to its clarity, flexibility, and extensive open-source ecosystem.
Libraries such as NumPy, pandas, and SciPy support efficient
numerical and statistical processing, whereas TensorFlow,
PyTorch, and scikit-learn provide powerful frameworks for
predictive modelling and pattern recognition Fig. 1.
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Fig. 1 Rising publication trends in chemistry incorporating Python, as
determined by a SciFinder search with the keywords “Python AND
chemistry” while excluding “snake”, and “reptiles”; late 2025).

Collectively, these resources enable the seamless integration of
data preprocessing, feature extraction, and model development
within unified analytical pipelines.’

In clinical mycology, deep learning models, particularly
convolutional neural networks (CNNs), have markedly
improved the automated identification of fungal pathogens.
Transfer-learning approaches based on established architec-
tures such as VGG16, ResNet50, and InceptionV3 have
demonstrated excellent performance on bright-field micro-
scopic images of Candida species.'” These models can reliably
distinguish yeast cells, budding forms, pseudohyphae, and true
hyphae, thereby overcoming the subjectivity, time demands,
and operator dependence associated with conventional
microscopy. Typical implementations combine TensorFlow or
Keras with OpenCV-based image preprocessing and data-
augmentation strategies, enabling objective and label-free
identification directly from microscopic images.™

Beyond image-based analysis, Python-driven computational
workflows also support spectroscopic and mass-spectrometric
identification of microbial species. Libraries including pyO-
penMS, maldi-learn, and RamanSPy enable machine-learning
analysis of MALDI-TOF, Raman, and infrared spectral data for
rapid microbial classification from complex biological matrices.
Python further supports direct integration with laboratory
instrumentation, chromatographic systems, and colourimetric
assays, thereby improving the reproducibility, scalability, and
standardisation of microbiological diagnostics. Taken together,
these developments establish Al-driven data processing as
a powerful analytical approach for enhancing the speed, accu-
racy, and reliability of C. albicans detection.

1.2 Drug discovery and predictive Python-based modelling
in clinical translation

Recent advances in Al have provided powerful computational

strategies for antifungal drug repurposing, molecular

© 2026 The Author(s). Published by the Royal Society of Chemistry
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optimisation, and predictive modelling in clinical translation.
In this context, graph-based and network-driven platforms,
including TXGNN, deepDTnet, AtomNet, and PandaOmics,
enable the integration of heterogeneous datasets such as multi-
omics profiles, electronic health records, and biomedical liter-
ature in order to identify previously unrecognised therapeutic
indications for existing antifungal agents. These data-driven
approaches are particularly valuable in antifungal develop-
ment because they facilitate the prioritisation of compounds
with already established pharmacokinetic and safety profiles,
thereby reducing experimental burden and translational risk.*®

At the molecular level, Al-assisted optimisation has further
expanded the analytical toolbox for lead refinement.
Reinforcement-learning frameworks and generative models,
commonly implemented using PyTorch, TensorFlow, and
RDKit-based cheminformatics workflows, enable the in silico
generation and rapid screening of structural analogues with
improved physicochemical and pharmacological properties.*
Such computational pipelines support the prediction of anti-
fungal potency, selectivity, and toxicity, thereby enabling the
early-stage prioritisation of candidate molecules prior to
synthesis and biological validation. In parallel, AI-driven
predictive models have become increasingly relevant to the
design and optimisation of clinical trials.*® Platforms such as
IBM Watson Clinical Trial Matching, Deep 6 Al, Unlearn.Al,
CURATE.AI, and Trial Pathfinder apply supervised and unsu-
pervised learning algorithms to clinical and genomic datasets
in order to improve patient stratification, biomarker selection,
recruitment efficiency, and treatment-response prediction.
From an analytical perspective, these frameworks enhance data
interpretability and support evidence-based decision-making by
reducing variability and improving the statistical robustness of
trial design. Collectively, these Al-enabled computational
strategies provide an integrated route towards more efficient
and data-driven antifungal therapeutic development.*®

1.3 The sustainability spectrum: evolution of GAC and WAC
Python-based tools

The paradigm of Green Analytical Chemistry (GAC), established
in the 1990s, catalyzed a fundamental shift toward minimizing
the environmental footprint of laboratory processes by reducing
toxic waste and energy consumption.'” In 2021, this framework
was expanded into White Analytical Chemistry (WAC), an inte-
grated approach that harmonizes environmental “greenness”
with practical “blueness” (operational applicability) and
analytical “redness” (performance excellence).’® The transition
from qualitative assessments to high-precision computational
tools has followed a distinct historical trajectory. Initial tools
like NEMI (2002) and the Analytical Eco-Scale (2012) introduced
structured criteria for evaluating environmental impact.* This
was followed by more sophisticated visual frameworks, such as
the Green Analytical Procedure Index (GAPI) in 2018 and AGREE
in 2020, the latter of which revolutionized the field by providing
standardized, color-coded numeric outputs.”® As the discourse
extended to specialized stages like sample preparation via
AGREEprep (2022) and SPMS (2023), the need for more

© 2026 The Author(s). Published by the Royal Society of Chemistry
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comprehensive, automated evaluation became evident.*
Recent advancements in 2024 and 2025 have culminated in the
introduction of Python-powered software metrics: Blueness
Assessment and Grading Index (BAGI) and Red Analytical
Performance Index (RAPI).>” These tools mark the progression
from manual scoring to automated, algorithmic evaluation,
providing researchers with sophisticated methods to ensure
that modern diagnostic workflows such as those used for
Candida detection are not only scientifically robust but also
operationally efficient and environmentally sustainable. C.
albicans was selected as a representative fungal pathogen to
demonstrate the versatility of the proposed Python-based GAC/
WAC framework in optimizing biosensing platforms for clinical
diagnostics Fig. 2.

The objective of this review is to establish a unified framework
for computational decision-making by utilizing BAGI and RAPI as
standardized, open-source Python metrics to evaluate the prac-
tical applicability, analytical performance, and environmental
sustainability of modern Candida diagnostic protocols. To
establish a comprehensive decision-making framework, core 18
cutting-edge methodologies were meticulously selected to
represent the current vanguard of C. albicans diagnostics. These
techniques were chosen to facilitate a rigorous comparative
analysis using Python-based metrics, focusing on two critical
axes: Practical Applicability (Blueness) and Analytical Perfor-
mance (Redness). The selection encompasses a broad spectrum
of biological matrices including urine, vaginal swabs, and blood
ensuring the evaluation covers diverse clinical scenarios from
biofilm monitoring to the identification of drug-resistant strains.
The selection of core 18 advanced technologies reflects the
comprehensive nature of modern C. albicans diagnostics, form-
ing a robust framework for the accurate identification of this
opportunistic pathogen as illustrated in Table 1.

1.4 Methodological summaries for C. albicans detection

1.4.1 Fluorescent QD-Con A labeling (at-line). Utilizes
CdTe quantum dots conjugated with Concanavalin A for high-
affinity glycan binding. The system enables 3D biofilm recon-
struction via Imaris/Image], providing sensitive quantification
of yeast-to-hyphal transitions.*

1.4.2 UV-vis spectrophotometry (offline). A robust, cost-
effective method measuring absorbance at 540 nm. Validated
against Neubauer chamber counts, it offers a high-throughput
screening solution for vaginal candidiasis in resource-limited
settings.**

1.4.3 UV resonance Raman spectroscopy (inline). Deep-UV
excitation at 244 nm targets aromatic amino acids and nucleic
acids, enabling species differentiation. Integrated PCA/SVM
chemometrics distinguish viable cells and drug-resistant
isolates with high specificity.”

1.4.4 Aptamer-AuNP colorimetric assay (offline). Employs
gold nanoparticles functionalized with AD1 aptamers targeting
beta-1,3-D-glucan. A visible pink-to-blue shift allows for rapid
point-of-care quantification using red-channel imaging.>*

1.4.5 Magnetic NPT-SERS (offline). Integrates
particles for fungal capture from serum with AgNP-enhanced

nano-
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Fig. 2 Statistical growth of publications and roadmap timeline of GAC

tools.

Raman scattering. OPLS-DA multivariate analysis facilitates
species-level identification within minutes without prior
culture.””

1.4.6 PNA-FISH (online). Employs peptide nucleic acid
probes targeting the 26S rRNA of fungal cells. This technique
drastically reduces turnaround times compared to traditional
culturing; once a blood culture bottle flags positive, results can
be obtained within 1.5-3 hours. This rapid identification
directly from positive blood cultures offers a specific molecular
diagnostic, enabling faster transition to targeted antifungal
therapy.”®

1.4.7 PCR-DEIA (offline). A DNA Enzyme Immunoassay
that combines PCR amplification with sequence-specific
hybridization on streptavidin plates. It achieves ultra-sensitive
detection down to a single fungal cell equivalent.”

1.4.8 Photodynamic fluorescence spectroscopy (offline). A
theranostic platform using curcumin as a photosensitizer.
Fluorescence measurements assess treatment efficacy in
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biofilm-associated infections, particularly in oral and bone
candidiasis.*

1.4.9 NMR metabolomics (offline). Utilizes 2D correlation
NMR to profile metabolic signatures. Statistical classification
strategies (SCS/ORS) achieve 97% accuracy in distinguishing
Candida species with minimal sample preparation.*

1.4.10 CE-FISH (offline). A hybrid of capillary electropho-
resis and FISH that enhances sensitivity in candidemia cases.
Post-lysis labeling and electrophoretic separation improve
diagnostic accuracy and reduce time-to-result.**

1.4.11 PTR-MS (offline). Proton-transfer reaction mass
spectrometry detects volatile organic metabolites (VOMs) in
urine. This non-invasive method provides rapid, quantitative
detection of candiduria without the need for culture.*

1.4.12 LC-MS/MS biofilm proteomics (offline). High-
resolution Q-TOF mass spectrometry provides mechanistic
insights into biofilm virulence. Comparative protein profiling
identifies specific markers associated with antifungal
resistance.*

© 2026 The Author(s). Published by the Royal Society of Chemistry
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1.4.13 GC-Orbitrap metabolomics (offline). Combines gas
chromatography with high-resolution Orbitrap MS for untar-
geted profiling. It is essential for mapping the metabolic
dynamics of complex polymicrobial infections and virulence
factors.*

1.4.14 Nanoporous oligonucleotide probe (online).
Features anodic alumina membranes functionalized with
Rhodamine B. Dye release triggered by molecular recognition
allows for sensitive fluorescence-based detection.?

1.4.15 Electrochemical impedance spectroscopy (online).
Employs gold electrodes functionalized with anti-Candida IgG.
EIS monitors real-time fungal binding via resistance changes,
offering a label-free biosensing route for urinary infections.*”

1.4.16 Respiratory activity biosensor (online). This
electrochemical platform monitors mitochondrial respiratory
chain activity by targeting cytochrome ¢ oxidase. Rather than
sensing the organelle directly, the device transduces the enzy-
matic electron transfer into an electrochemical signal via Cyclic
Voltammetry (CV). This approach allows for the indirect
assessment of C. albicans viability through its metabolic
signature, supporting rapid, early-stage diagnostic screening.*®

1.4.17 FRET-RT/PCR (inline). Dual FRET probes enable
real-time melting curve analysis to detect ERG11 mutations.
This tool is vital for antifungal stewardship, providing rapid
genotypic profiling of azole resistance.*

1.4.18 Plasma-M proteomics (offline). Utilizes SDS-PAGE
fractionation and LC-MS/MS to map the plasma membrane
proteome. Bioinformatics functional annotation helps identify
novel therapeutic targets and transport-linked virulence
proteins.* While reported sensitivities like 10 CFU mL ™"
showcase technological potential in idealized buffers, the
inherent complexity of clinical matrices (blood, urine, swabs)
introduces significant interference and signal attenuation,
marking clinical validation as the primary bottleneck for real-
world diagnostic implementation.

1.5 Benchmarking against clinical gold standards

While the 18 methodologies reviewed offer superior sensitivity,
their clinical utility must be evaluated against existing gold
standards: fungal culture (the benchmark for viability) and
MALDI-TOF MS (the routine standard for rapid identification).
Traditional culture, though slow (24-72 hours), remains the
baseline for diagnostic certainty, whereas MALDI-TOF requires
prior growth.** In contrast, most Al-driven spectroscopic and
electrochemical biosensors discussed here represent emerging
prototypes that aim to bypass the culture step entirely. While
molecular tools like PNA-FISH have successfully transitioned
into clinical use due to their turnaround from positive cultures,
other high-performance platforms currently face the ‘trans-
lational gap’ the need for rigorous validation in non-spiked,
clinical samples to prove they can realistically displace estab-
lished hospital protocols. Accordingly, this study establishes
a standardized, algorithmic framework that evaluates the clin-
ical urgency of C. albicans diagnostics across 18 diverse
analytical technologies. Moving beyond traditional qualitative
reviews, the primary novelty lies in the transition to
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Fig.3 The comparative BAGI evaluation encompassed eighteen analytical platforms, namely (A) atline Fluorescent quantum dot-Con A labeling
method, (B) offline UV-vis spectrophotometric method, (C) inline UV resonance Raman spectroscopic method, (D) offline aptamer-gold
nanoparticle colorimetric method, (E) offline SERS with magnetic NPTs method, (F) online PNA-FISH method, (G) offline PCR-DEIA method, (H)
offline fluorescence spectroscopic method, (I) offline NMR metabolomics method, (J) offline capillary electrophoresis-FISH method, (K) offline
PTR-MS method, (L) offline LC-MS/MS proteomics method, (M) offline GC-Orbitrap metabolomics method, (N) online hanoporous oligonu-
cleotide probe method, (O) online impedance spectroscopic biosensing method, (P) online mitochondrial LSV bio-electrochemical sensor, (Q)
inline FRET-RT/PCR method, and (R) offline plasma-M proteomics LC-MS method.

a quantitative decision-making pipeline that integrates WAC
model simultaneously optimizing sustainability, clinical prac-
ticality (Blueness), and analytical rigor (Redness). A critical
original contribution is the derivation of standardized BAGI and

18398 | RSC Adv, 2026, 16, 18389-18405

RAPI scores, newly calculated by the authors through a rigorous
meta-analysis of primary technical literature Fig. 3. By fusing
these metrics within a Python-based Multi-Criteria Decision-
Making (MCDM) system, this work provides the first objective,
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dynamic ranking of diagnostic platforms to identify optimum
techniques for clinical use. Furthermore, this review critically
addresses the current limitations of automated scoring such as
data heterogeneity and the subjective weighting of criteria while
proposing future directions for the integration of real-time
sensor data into evolving diagnostic algorithms.*?

2 Discussion

The diagnostic landscape for C. albicans is undergoing a dual
transformation, shifting from traditional observation to a data-
centric, sustainable paradigm. This study addresses this
evolution through a two-fold analytical approach. First, we
conducted a comprehensive evaluation of the role of Artificial
Intelligence (AI) and computational tools in enhancing the
detection accuracy of these eighteen methodologies. By
mapping the transition from manual interpretation to auto-
mated pipelines such as machine vision for image-based
methods and multivariate chemometrics for spectroscopic
data, this work identifies how Al-driven analysis minimizes
operator bias and accelerates clinical decision-making. Second,
we developed a standardized comparative framework to objec-
tively rank the 18 identified technologies. While BAGI and RAPI
are established metrics within the White Analytical Chemistry
(WAC) model, their integration here is unique; all scores were
independently derived through a rigorous meta-analysis of
primary technical data. By fusing these metrics into a novel,
Python-based multi-criteria decision-making system, we have
transformed static performance indicators into a dynamic
ranking tool. It is important to emphasize that this framework
serves as a semi-quantitative decision-support tool intended to
complement, rather than supersede, absolute ICH and CLSI
validation protocols.** This dual approach analyzing AI inte-
gration while simultaneously benchmarking sustainability and
performance provides a reproducible roadmap for selecting the
most effective and practical diagnostic platforms for modern
clinical fungal diagnostics.

2.1 Computational and Al-driven data analysis in C. albicans
detection

The detection of C. albicans across the eighteen reviewed
methodologies reflects a paradigm shift from manual observa-
tion toward automated, Al-driven data interpretation. Rather
than viewing these technologies as isolated protocols, they can
be categorized by their computational requirements, which are
increasingly addressed through Python-based ecosystems.
Digital image processing and machine vision: several platforms,
such as Methods 1, 4, and 14, rely on the quantification of
fluorescence or colorimetric intensity. While initial reports
utilized software like Image] or Imaris, these workflows are
ideally suited for automation via Python's OpenCV and scikit-
image libraries. Such integration allows for high-throughput,
three-dimensional reconstruction and real-time diagnostic
scaling, minimizing operator subjectivity in clinical settings.
Chemometrics and multivariate modeling: spectroscopic and
electrochemical techniques (Methods 3, 5, 9, 15, and 16)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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demonstrate the necessity of advanced pattern recognition.** By
employing techniques like Principal Component Analysis
(PCA), Support Vector Machines (SVM), and Orthogonal Partial
Least Squares Discriminant Analysis (OPLS-DA), these plat-
forms can resolve complex biological signatures in clinical
matrices. While proprietary tools (e.g., SIMCA, MATLAB) were
frequently cited, the transition to open-source libraries like
scikit-learn and PyChemometrics offers a more reproducible
and scriptable alternative for pathogen discrimination. Notably,
the mitochondrial-based electrochemical biosensor (Method
16) aligns effectively with these algorithmic requirements,
achieving high ranking in our framework due to its data-dense
output and compatibility with rapid digital processing. Bi-
oinformatics and omics integration: molecular and mass-
spectrometry-based strategies (Methods 6, 8, 12, 13, 17, and
18) represent the ‘Big Data’ frontier of fungal diagnostics. The
reliance on sequence alignment, proteomic mapping, and
metabolite profiling highlights a critical role for Pyteomics.
These tools allow for the seamless fusion of genomic and pro-
teomic metadata, transforming static diagnostic readouts into
predictive models for clinical mycology. Collectively, this tran-
sition toward an algorithmic diagnostic framework underscores
that the ‘whiteness’ of a modern method is determined not only
by its bench-top performance but also by its digital interoper-
ability and the efficiency of its data analysis pipeline.

2.2 Comparative evaluation of diagnostic platforms through
Python-based tools

The BAGI evaluation of eighteen diagnostic methodologies for
C. albicans revealed marked heterogeneity in operational feasi-
bility, analytical applicability, and sustainability. The Fluores-
cent Quantum Dot-ConA Labeling Method (A, 55.0) achieved
labeling efficiencies exceeding 93% with excellent visualization
via microscopy and flow cytometry, but was constrained by high
reagent costs, moderate complexity, and low throughput. The
UV-vis Spectrophotometric Method (B, 60.0) offered a simple,
cost-effective absorbance- and nephelometry-based approach
with strong agreement to manual counts, though operator-
dependent handling compromised precision. The UV Reso-
nance Raman Method (C, 62.5) enabled rapid species differen-
tiation and resistance profiling through PCA-driven
chemometrics, yet its dependence on specialized 244 nm lasers
limits accessibility to advanced laboratories. In contrast, the
Aptameric-Gold Nanoparticle Colorimetric Method (D, 72.5)
delivered clear visual detection in just five minutes with
minimal preparation and low-cost reagents, rendering it highly
scalable for routine screening. The SERS with Magnetic Capture
Method (E, 50.0) provided near-perfect species classification via
nanoparticle-enhanced Raman scattering and preconcentra-
tion, but workflow complexity and reagent demands dimin-
ished overall feasibility. The PNA-FISH assay (F, 45.0) attained
100% diagnostic sensitivity and specificity without DNA
extraction or subculture, yet its 2.5 hours hybridization and
moderate preparation complexity reduced sustainability. Fluo-
rescence spectroscopy with PDT (G, 65.0) demonstrated strong
linear correlation with biofilm CFU counts, though limited
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throughput and validation hindered broader applicability. The
PCR-DEIA (H, 55.0) facilitated same-day, culture-independent
detection with robust sensitivity and specificity, despite
concerns over serum inhibitors and modest throughput. NMR
spectroscopy (I, 52.5) offered automated, label-free species
identification with good reproducibility via algorithmic
support, but lacked validation of trueness and recovery. The CE-
FISH method (J, 52.5) achieved excellent sensitivity and linearity
through fluorescent hybridization combined with CE-LIF
detection, although multiple preparation steps (lysis and
hybridization) reduced practicality. PTR-MS volatile finger-
printing (K, 57.5) generated rapid, semi-quantitative outputs
from urine samples with high automation, yet required further
validation of reproducibility and robustness in clinical
matrices. High-resolution omics platforms, such as LC-MS/MS
proteomic mapping (L, 55.0) and GC-Orbitrap metabolomics
(M, 55.0), provided deep, reproducible profiling of proteins and
metabolites across planktonic and biofilm states, but were
hampered by labor-intensive workflows and low throughput.
Among biosensor platforms, the NAA sensing platform (N, 70.0)
enabled rapid (<30 min), label-free detection with minimal
sample volumes, though throughput and automation remained
modest. The impedance biosensor (O, 72.5) achieved high-
sensitivity candiduria detection (down to 10 CFU mL™") using
microfluidic electrodes and minimal preparation, limited
primarily by its single-channel design. The LSV biosensor (P,
85.0) stood out as the highest-ranked platform, combining low-
cost portability, long-term stability, and user-friendliness with
the unique ability to target Candida mitochondrial complex IV,
enabling both accurate quantification/confirmation of presence
and a novel pathway for integrated diagnostic-therapeutic
applications. The FRET melting-curve PCR assay (Q, 65.0) sup-
ported high-throughput resistance genotyping via closed-tube
amplification and probe-based melting analysis, with excellent
reproducibility and low consumable costs. Finally, LC-MS/MS
with MALDI-TOF proteomics (R, 45.0) delivered comprehen-
sive, discovery-driven proteomic identification, but resource-
intensive instrumentation and lack of quantitative validation
limited its sustainability. Collectively, this BAGI assessment
underscores that while omics and advanced spectroscopic
platforms excel in mechanistic depth and discovery potential,
their clinical sustainability is often undermined by high
resource demands, complex workflows, and instrumentation
costs. Biosensor-based approaches particularly electrochemical
designs such as the mitochondrial-targeted sensor (P) achieve
the most effective balance of diagnostic accuracy, affordability,
and practical scalability.*® By incorporating Python-driven che-
mometrics with sustainable analytical metrics, this framework
offers a reproducible, data-informed strategy for selecting
diagnostic tools that address clinical urgency while advancing
environmental responsibility and alignment with the UN
Sustainable Development Goals.

2.2.1 Redness assessment. The RAPI evaluation of eighteen
analytical strategies for C. albicans detection revealed substantial
variation in analytical reliability, validation completeness, and
overall performance. The Fluorescent CdTe-Flow Cytometry
Method (A, 43.8) exhibited high trueness across diverse

18400 | RSC Adv, 2026, 16, 18389-18405
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morphological states, yet was limited by absent precision and
recovery validation. Similarly, the UV-vis Spectrophotometric
Method (B, 40.6) provided reliable calibration for cellular counts,
though manual handling introduced robustness concerns. The
UV Resonance Raman Method (C, 46.9) achieved accurate species
discrimination through PCA-SVM chemometric classification
and resonance enhancement, but reproducibility in heteroge-
neous clinical matrices requires further substantiation. The
aptameric-Gold Nanoparticle Colorimetric Method (D, 43.8)
demonstrated strong trueness and environmental robustness
(e.g., under varying pH and temperature), despite lacking formal
precision data. The SERS with Magnetic Capture Method (E, 37.5)
delivered excellent classification via OPLS-DA and high capture
efficiency, but was penalized for missing recovery studies. The
Fluorescence-ISH Method (F, 40.6) attained 100% sensitivity in
blood cultures with robust performance under hybridization
conditions, even without reported precision metrics. Several
platforms including Fluorescence spectroscopy with PDT (G,
28.1), PCR-DEIA (H, 28.1), NMR spectroscopy (I, 28.1), and CE-
FISH (J, 28.1) showed promising analytical signatures but
received lower RAPI scores due to incomplete validation of true-
ness, recovery, and related parameters. Advanced mapping
techniques, such as PTR-MS volatile fingerprinting (K, 40.0) and
LC-MS proteomics (L, 40.0), enabled reproducible biomarker
identification, though comprehensive quantitative assessment
and robustness validation remain incomplete. GC-Orbitrap
metabolomics (M, 45.0) offered high precision in metabolic
profiling, yet trueness evaluation was insufficient. In the bi-
osensing category, the NAA platform (N, 37.5) supported rapid
screening but lacked validation across large clinical cohorts. The
impedance biosensor (O, 50.0) achieved outstanding sensitivity
(10 CFU mL ") and reproducibility via microfluidic normaliza-
tion, although recovery data were unreported. The LSV biosensor
(P, 59.4) emerged as the highest-ranked platform under the RAPI
framework, providing specific detection with confirmed robust-
ness through long-term stability trials. By contrast, molecular
and discovery-oriented platforms such as FRET melting-curve
PCR (Q, 34.4) and LC-MS/MS with MALDI-TOF (R, 32.5) offered
high sensitivity and broad identification capabilities, but were
constrained by absent formal precision and recovery testing.
Collectively, this RAPI assessment highlights that while “omics”
and spectroscopic approaches excel in discovery and mechanistic
insight, their analytical performance is frequently undermined
by gaps in rigorous validation. Biosensor platforms particularly
those incorporating electrochemical transducers currently
deliver superior validated reliability and robustness.** This
emphasis on core analytical parameters, as illustrated in the
WAC Model (Fig. 4), is critical for advancing laboratory proto-
types toward robust, dependable clinical diagnostics.

2.3 ntegrating NQS evaluation with sustainable
development goals for fungal detection

In the framework of sustainability, the Need, Quality, and
Sustainability (NQS) Index provides a percentage-based metric
to evaluate analytical methods, integrating necessity (Need),
methodological performance (Quality), and environmental-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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The RAPI main attributes

1. Repeatability

2. Intermediate precision
3. Reproducibility

4. Trueness

5. Recovery, matrix effect
6. LOQ

7. Working range

8. Linearity

9. Ruggedness/robustness
10. Selectivity

[A]

U ‘

G [H]

Fig. 4 The comparative RAPI evaluation encompassed eighteen analytical platforms, namely (A) atline fluorescent quantum dot-Con A labeling
method, (B) offline UV-vis spectrophotometric method, (C) inline UV resonance Raman spectroscopic method, (D) offline aptamer-gold
nanoparticle colorimetric method, (E) offline SERS with magnetic NPTs method, (F) online PNA-FISH method, (G) offline PCR-DEIA method, (H)
offline fluorescence spectroscopic method, (I) offline NMR metabolomics method, (J) offline capillary electrophoresis-FISH method, (K) offline
PTR-MS method, (L) offline LC-MS/MS proteomics method, (M) offline GC-Orbitrap metabolomics method, (N) online nanoporous oligonu-
cleotide probe method, (O) online impedance spectroscopic biosensing method, (P) online mitochondrial LSV bio-electrochemical sensor, (Q)
inline FRET-RT/PCR Method, and (R) offline plasma-M proteomics LC-MS method.
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operational responsibility (Sustainability).*” In the framework of
sustainability, the NQS index provides a comprehensive,
percentage-based metric that has evolved significantly. Initially
rooted in traditional analytical methodologies,*** its scope has
progressively extended through environmental, agricultural,
and industrial applications.*® Today, it culminates in the eval-
uation of modern, high-tech diagnostic platforms, ensuring
that contemporary analytical practices are fully aligned with the
United Nations Sustainable Development Goals (SDGs) by
balancing methodological excellence with global environmental
responsibility. The NQS index serves as a transformative
benchmarking tool, providing a standardized framework to
evaluate the evolution of analytical chemistry from founda-
tional methods to cutting-edge diagnostic platforms.

The Need dimension quantifies the indispensability of
a method using Koel's pyramid, the Quality percentage is
determined by assessing the individual elements of the WAC
framework where the %Quality is calculated by taking the
average of the summed percentages of redness (R), greenness
(G), and blueness (B), as follows:

% Quality = (in+§:Gf+§:Bi>/3
=1 = =

As summarized in Table S1, the application of this frame-
work to diagnostic innovations for C. albicans illustrates direct
contributions to SDG 3 (Good Health and Well-Being) through
rapid interventions, SDG 9 (Industry, Innovation, and Infra-
structure) via advanced platforms, SDG 12 (Responsible
Consumption and Production) through rational antifungal
stewardship, and SDG 17 (Partnerships for the Goals) by
fostering multidisciplinary and international collaborations.
The resulting single score enables holistic, sustainability-driven
method selection as follow:

NQS index (%) = (% Need + % Quality + % Sustainability)/3.

Together, the NQS index and SDG mapping as shown in
Fig. S1 ensure that diagnostic advances are not only analytically
rigorous but also societally and environmentally sustainable.

2.4 Limitations and decision-making in multi-parameter
assessment

Decision-making for selecting analytical methods in C. albicans
detection benefits substantially from integrated multi-parameter
evaluation frameworks, such as those combining greenness,
blueness (practicality), and redness (performance) within the
White Analytical Chemistry model. When Python-based scoring
software identifies sustainability gaps, targeted interventions such
as substituting conventional solvents with eco-friendly alterna-
tives or incorporating green surfactants can improve environ-
mental performance without compromising diagnostic
accuracy.” This approach empowers clinical settings to adopt
high-quality assays that align with green analytical principles
while supporting reliable biomarker detection. The selection of

18402 | RSC Adv, 2026, 16, 18389-18405
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the eighteen core techniques prioritized widespread adoption and
diverse operational modes (online, offline, inline, and at-line).
However, this review focuses predominantly on established
conventional approaches, currently excluding emerging AI-
assisted strategies such as capacitance spectroscopy and
machine learning-driven automated image analysis.* This omis-
sion underscores a persistent divide between traditional diag-
nostics and next-generation intelligent methodologies. To bridge
this gap, we recommend incorporating a novel factorial metric
into assessment frameworks to quantify the extent of machine
learning integration in biomarker decision processes, effectively
linking conventional assays with advanced automated platforms.
In high-stakes clinical scenarios, such as the management of
immunocompromised patients, sustainability metrics must be
judiciously balanced against diagnostic priorities. Parameters of
clinical applicability, sensitivity, and specificity take precedence
over environmental considerations in these contexts. For
instance, resource-intensive techniques like LC-MS remain
essential due to their superior specificity in identifying fungal
biomarkers, despite lower greenness scores.> Finally, even the
most optimized platforms within this framework are subject to
technical trade-offs. While the mitochondrial-based biosensor
exhibits an optimum balance of sustainability and performance,
its clinical implementation remains subject to specific
constraints. These include the long-term stability of biological
recognition elements and potential matrix interference from
complex clinical samples (e.g., blood or serum).*® The multi-
parameter evaluation serves as a realistic guide for method
selection, ensuring that analytical precision supports real-time
therapeutic decisions where diagnostic imperatives are
paramount.

2.5 Strategic scope and computational boundaries of
Python's tools

While Python's dominance in analytical chemistry is driven by
its ecosystem, it is essential to acknowledge its inherent
computational limitations in standard builds as shown in
Fig. S2. Unlike natively compiled languages such as C++ or Julia,
Python's execution speed in the classic CPython interpreter is
often hindered by the Global Interpreter Lock (GIL), which
prevents true multi-threaded execution of Python bytecodes.>
This remains a significant bottleneck in extreme High-
Performance Computing (HPC) scenarios, such as large-scale
molecular dynamics or real-time high-frequency signal pro-
cessing. However, the analytical chemistry community effec-
tively bypasses these constraints through libraries like NumPy
and SciPy (implemented in C/Fortran), achieving near-native
speeds for most numerical tasks. Recent advancements partic-
ularly free-threaded (no-GIL) builds in Python enable genuine
multi-threading parallelism in many CPU-bound workloads,
with single-threaded overhead typically reduced to 5-10% and
ongoing ecosystem maturation lowering adoption barriers.
Integration with high-level parallel computing interfaces (e.g.,
Dask or PySpark) further scales data workflows, while hybrid
approaches (Python wrappers around Julia/C++/Fortran
kernels) erode strict boundaries.*® This makes Python a highly

© 2026 The Author(s). Published by the Royal Society of Chemistry
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pragmatic choice for the diverse analytical chemistry applica-
tions (Table S2), from sustainability assessment to point-of-care
diagnostics. Ultimately, this computational flexibility has
facilitated the development of open-source, Python-based tools
such as BAGI and RAPI. By making these methodologies
accessible, the framework ensures a standardized and unbiased
platform for multi-criteria decision-making.>” This open-access
approach is critical when comparing diverse analytical meth-
odologies, as it allows researchers to evaluate the trade-offs
between performance and sustainability through a verifiable,
reproducible lens, ensuring that the selection of the optimal
diagnostic method is driven strictly by objective data rather
than proprietary constraints.

3 Conclusion

This WAC-driven meta-analysis and Python-MCDM framework
objectively ranks 18 analytical methods for C. albicans detection in
clinical matrices. By fusing recalculated BAGI (blueness: practi-
cality, portability, speed, minimal prep) and RAPI (redness:
sensitivity, selectivity, validation strength) scores, electrochemical
biosensors consistently outperform alternatives including spec-
troscopic, molecular, and chromatographic techniques in overall
balance of performance, clinical feasibility, and sustainability.
These designs deliver rapid, point-of-care-capable detection with
low reagent/waste footprint, aligning strongly with UN SDGs 3
(health access & timely therapy) and 9 (sustainable innovation).
They surpass traditional culture methods in speed and practicality
while rivaling or exceeding advanced techniques in WAC compli-
ance. The open-source Python workflow offers a reproducible,
extensible tool for future pathogen diagnostics. Electrochemical
biosensors stand out as the preferred choice for sustainable, high-
performance Candida diagnostics in resource-variable settings.
Prospective clinical validation and cost-integration studies will
further strengthen adoption, accelerating greener infectious
disease management. Future directions will emphasize Al-based
diagnostics, critical transition toward sustainable reagents,
waste-minimized workflows, and renewable energy-powered
instrumentation, in addition to advanced smart materials
enabling precise and eco-friendly detection of C. albicans.
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