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Abstract
Bacterial infections impose a major clinical and economic burden, which is likely to increase further as antimicrobial 
resistance rises, reinforcing the need for early detection to accelerate and better target therapy. Conventional culture-based 
diagnostics are well established, but they are too slow to inform early therapeutic decisions. This review frames the growing 
need for rapid bacterial diagnostics in the context of acute infection, antimicrobial stewardship, and point-of-care testing. 
We focus on emerging electrochemical biosensing and Raman-based approaches and compare them with established 
laboratory methods, including culture, MALDI-TOF MS, nucleic acid amplification tests, sequencing, and antimicrobial 
susceptibility testing, emphasising where central laboratories remain essential and where near-patient testing could alter 
clinical management. We highlight clinically relevant targets, recognition strategies, signal generation, materials design, 
manufacturability, and performance in complex biological matrices. Rather than focusing only on analytical sensitivity, we 
discuss the practical factors that will determine translation, including reproducibility, workflow integration, validation in real 
samples, and regulatory readiness. Taken together, the most clinically promising rapid bacterial diagnostics are those that 
deliver reliable, actionable information within the time window in which treatment decisions can still meaningfully influence 
outcomes. In this context, the most promising point-of-care systems are not those intended to replace central laboratories, 
but those designed to complement them by enabling earlier, better-targeted, and more judicious antimicrobial therapy.

1. Clinical Need and Diagnostic Landscape
Bacterial infections still place a heavy burden on healthcare 
systems, not only because of the illness and deaths they cause, 
but also because of the cost of managing them.1 Treating these 
infections effectively depends on identifying the causative 
pathogen, and doing so early enough for the result to actually 
shape clinical decisions. That is why “rapid” is best understood 
in clinical, not just technical, terms. In sepsis and other acute 
infections, rapid may mean minutes or a few hours, since even 
modest delays in appropriate therapy can cause serious 
consequences.2–7 In less urgent situations, such as urinary or 

respiratory tract infections, a same-day response may be 
sufficient to support targeted treatment and avoid unnecessary 
empirical prescribing. Conventional culture-based diagnostics, 
however, generally take 24–72 hours to deliver definitive 
identification and susceptibility results, making them too slow 
for many early treatment decisions.2,5,6 This gap is especially 
obvious in severe infections such as sepsis, where early 
recognition and timely antimicrobial therapy are closely tied to 
patient survival.2–6 The burden is not only clinical. These 
infections often lead to longer hospital stays, intensive care 
admission, and costly management of complications.3–5 Faster 
microbiological diagnostics therefore matter at two levels: they 
can improve outcomes for individual patients and ease pressure 
on healthcare systems. Just as importantly, earlier pathogen 
identification makes it easier to move away from broad-
spectrum empirical treatment toward more targeted therapy 
that is, in most cases, more appropriate.8,9 That point matters 
even more in the context of antimicrobial resistance (AMR). 
Empirical antibiotic treatment is often unavoidable, particularly 
when a patient is critically ill, but the longer broad-spectrum 
therapy is continued without microbiological clarification, the 
greater the selective pressure it creates. That, in turn, supports 
the emergence and spread of AMR.8,9 Rapid diagnostics can 
help interrupt this pattern by shortening the time to 
identification, enabling earlier de-escalation where justified, 
and, ideally, providing at least some information on likely 
susceptibility or resistance. Seen this way, rapid bacterial 
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diagnostics are not just diagnostic tools; they are also part of 
the practical machinery of stewardship.8–11 Even so, central 
microbiology laboratories remain indispensable. Culture still 
underpins the field because it yields viable isolates for 
confirmatory identification, epidemiological work, and 
phenotypic antimicrobial susceptibility testing. Modern 
instrumental laboratory methods such as matrix-assisted laser 
desorption/ionisation time-of-flight mass spectrometry 
(MALDI-TOF MS), molecular assays, sequencing, and rapid 
phenotypic antimicrobial susceptibility testing (AST) have 
accelerated key steps in the workflow, but they have not 
eliminated the need for centralised facilities or expert 
interpretation. The point of point-of-care (POC) and near-
patient testing, then, is usually not to replace the central 
laboratory altogether. It is to bring actionable information 
closer to the clinical encounter. In the emergency department, 
intensive care unit, outpatient clinic, or field setting, an earlier 
result may influence triage, the start or narrowing of therapy, 
infection-control measures, or the decision to escalate to more 
comprehensive laboratory testing.12–14 These pressures shape 
what next-generation rapid bacterial diagnostics need to 
deliver.15 Ideally, they should work directly from clinical samples 
with little preparation, produce results within a genuinely useful 
timeframe, and remain reliable in complex biological matrices. 
They also need to balance analytical performance with practical 
concerns such as ease of use, robustness, cost, and 
compatibility with stewardship goals. Where possible, they 
should go beyond simple organism detection and provide 
resistance-related information that can guide treatment more 
precisely.16 In the end, the most useful rapid diagnostics will not 
necessarily be the fastest in purely analytical terms, but the 
ones that deliver dependable, clinically relevant information at 
the point where it can still change what happens next.

Scope of this Review. This review focuses on electrochemical 
biosensing and Raman-based optical approaches, especially 
surface-enhanced Raman scattering (SERS), as two emerging 
routes for rapid bacterial diagnostics at the point of care.17,18 
They both combine short analysis times with portable 
instrumentation, potential for miniaturisation, and 
compatibility with disposable or low-cost formats. 
Electrochemical methods provide quantitative output through 
simple electronics and readily manufacturable electrode 
platforms, whereas Raman offers molecular fingerprinting and, 
particularly in SERS, strong signal enhancement. In both cases, 
performance is governed by the chemistry of the sensing 
interface; in electrochemical platforms by receptor 
immobilisation, surface charge, electron transfer, antifouling 
layers, and matrix-tolerant electrode design, and in SERS by 
reproducible plasmonic substrates with controlled hotspot 
density, analyte access, surface functionalization, and signal 
normalisation. Other rapid diagnostic modalities, including 
nucleic-acid amplification tests (NAATs), sequencing, MALDI-
TOF MS, and broader optical screening methods, are discussed 
only as benchmarks or contextual comparators.

2. Electrochemical and Raman-Based POC 
Strategies for Rapid Bacterial Detection

2.1 Electrochemical Approaches

Electrochemical biosensing is one of the most compatible 
strategies for POC bacterial diagnostics.19,20 Electrochemical 
measurements can be performed using compact, low-power, 
and inexpensive instrumentation that can be readily integrated 
into disposable sensors and microfluidic platforms (Figure 
1A).21,22 Another key advantage is the inherently quantitative 
nature of the signal, since current, potential, charge, or 
impedance can be directly digitised and correlated with bacteria 
(or related analyte) concentration.23 These characteristics make 
electrochemical biosensors attractive for rapid testing near the 
patient, where low cost, portability, and operational simplicity 
are essential. Practical performance is shaped by the choice of 
bacterial target, the selectivity of the biorecognition layer, the 
robustness of the signal-generation mechanism, and the 
manufacturability of the electrode platform.24 Electrochemical 
sensing has evolved from proof-of-concept demonstrations 
toward more translational questions such as matrix tolerance, 
storage stability, antifouling behaviour, reproducibility, and 
compatibility with clinical workflows.25,26

2.1.1 Detection Targets

Electrochemical assays can be designed for several targets, 
including whole cells, cell lysates, secreted biomarkers, and 
nucleic acids or their amplification products (Figure 1B).27,28 
Whole-cell detection is appealing because it addresses the 
actual presence of the pathogen and may require only limited 
sample preparation.28 At the same time, it is often complicated 
by non-specific adsorption, low bacterial abundance, and the 
difficulty of distinguishing closely related organisms in complex 
samples. Lysate-based detection29 improves access to 
intracellular components and can generate stronger or more 
reproducible signals, but it adds a lysis step and may sacrifice 
information about cell viability.30 Secreted biomarkers, such as 
toxins, enzymes, metabolites, or quorum-sensing molecules, 
offer another attractive route because they are soluble and can 
often be accessed more quickly than intact cells. Their presence 
may also reflect ongoing bacterial activity. Still, these analytes 
are not always uniquely linked to viable pathogen burden, 
which limits straightforward interpretation.31 Nucleic acid 
detection generally offers the highest specificity, since it can be 
directed toward species-, strain, or resistance-associated 
sequences.32 In many cases, though, this comes with the need 
for upstream amplification, with electrochemistry functioning 
as the final readout stage. This is particularly relevant in CRISPR-
assisted formats, where sequence recognition is coupled to an 
electrochemical reporter system.33,34 In practice, the selection 
of the target should be guided by the intended clinical use of 
the assay,35  rather than solely by the lowest reported limit of 
detection.36 Whole-cell, lysate-based, and secreted-biomarker 
assays are useful for rapid detection, triage, or monitoring of 
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bacterial activity.37,38 Nucleic-acid assays provide more specific 
information by detecting species-, strain-, or resistance-
associated sequences, which is highly therapeutically relevant 
information; however, the presence of a resistance gene does 
not necessarily prove phenotypic resistance.39 Assays intended 
to support susceptibility-related decisions must therefore 
measure the bacterial response to antibiotic exposure more 
directly, for example, by assessing changes in viability, 
metabolism, impedance, or redox activity after a brief antibiotic 
exposure. Once the target and intended clinical role are clear, 
the next design question is how to build a recognition interface 
capturing the target reliably at the electrode surface.40

2.1.2 Biorecognition Strategies

Selectivity at the electrode surface is usually achieved through 
antibodies, aptamers, peptides, lectins, bacteriophages, or 
nucleic acid probes, as shown in Figure 1C.41,42 Antibody-based 
electrochemical biosensors remain widely used because they 
offer established affinity toward bacterial surface structures or 
secreted toxins. Their use in POC settings, however, is not 
without drawbacks. Orientation at the surface can be difficult 
to control, proteins may denature during storage or 
immobilisation, and cross-reactivity can reduce analytical 
specificity.43 Aptamers are often presented as an attractive 
alternative because they are produced synthetically, are 
straightforward to chemically modify, and can be integrated 
well into electrochemical signal designs.44 They are especially 
useful in redox-labelled formats. Even so, their performance in 
complex clinical matrices is often less impressive than in 
buffered model systems, which remains an important practical 
limitation.45 Peptides and lectins provide additional recognition 
options, particularly in settings where broader-spectrum 
capture, lower cost, or greater robustness is preferred over 
absolute specificity.46,47 Bacteriophages and phage-derived 
proteins are also highly interesting for whole-cell sensing, since 
they bring biologically evolved recognition and may 
preferentially bind viable bacteria.48 For molecular assays, 
nucleic acid probes still dominate, as they allow selective 
targeting of pathogen-specific genes and resistance 
determinants.49 Across all of these strategies, the central 
translational question is not simply how strongly the receptor 
binds its target, but whether the recognition layer remains 
stable, selective, and manufacturable under realistic POC 
storage and operating conditions.50 Thus, receptor performance 
is inseparable from the electrode material, because surface 
chemistry governs loading, orientation, electron transfer, 
antifouling behaviour, and stability.

2.1.3 Electrode and Interfacial Materials

Recent advances in nanomaterials have expanded the range of 
available materials that can support immobilisation of the 
biorecognition element while maintaining sufficient 
conductivity of the electrode transducing layer.51 In this 
context, graphene-based materials, MXenes,52,53 carbon 
nanotubes,54 metallic nanoparticles,55,56 metal oxides,57,58 
conducting polymers,59,60 and hybrid composites61 (Figure 1D) 

have been explored to improve receptor binding, electron 
transfer, catalytic amplification, antifouling behaviour, or 
mechanical robustness. Graphene and its derivatives are 
particularly attractive because they combine a high accessible 
surface area, favourable electronic properties, and chemically 
tunable surfaces.62–64 Controlled functionalization further 
expands this material portfolio by enabling dual-functionalized, 
Janus-type, or doped derivatives such as nitrogen-containing 
analogues.65–68 Carboxyl- and ethynyl-functionalized derivatives 
provide a suitable platform for bioconjugation strategies, 
including carbodiimide coupling and click chemistry, which can 
be used to immobilise biorelevant systems such as antibodies, 
aptamers, or nucleic acid probes.69,70 However, graphene-based 
materials should be viewed as one option rather than a default 
solution. Printed carbon inks, carbon black, AuNP-modified 
electrodes, PEDOT:PSS or polypyrrole layers, magnetic-particle-
assisted formats, and MXene-containing composites71–73 may 
be equally or more appropriate depending on the target 
organism, sample matrix, readout mode, and intended point-of-
care workflow. From a translational perspective, the decisive 
question is therefore not whether a platform uses a particular 
nanomaterial, but whether the electrode material supports a 
stable, reproducible, matrix-tolerant, and manufacturable 
sensing interface. Actual performance remains largely 
dependent on surface chemistry, antifouling design, storage 
stability, and batch-to-batch reproducibility, variables that 
deserve more attention than they often receive in proof-of-
concept studies.74,75

2.1.4 Signal Generation and Readout Modes

Electrochemical bacterial sensors rely on several main readout 
modes, most notably voltammetric or amperometric, 
potentiometric, and impedimetric approaches. Voltammetric 
and amperometric methods are widely used because they 
provide sensitive and quantitative current-based signals while 
relying on relatively simple electronics.37 These formats are 
well-suited to redox mediators, enzyme labels, and catalytic 
amplification strategies, and they can be implemented readily 
in disposable sensor platforms.76 Potentiometric sensing is 
encountered less often, but it can be useful when bacterial 
recognition leads to measurable changes in potential through 
ion flux, pH shifts, or membrane-associated phenomena. Its low 
power demand is attractive, although in practice, issues such as 
signal drift and reference-electrode instability can limit 
robustness.37,77 Impedimetric sensing is particularly appealing 
for POC use because it often allows label-free detection.78 
When bacteria or biomolecules bind to the electrode surface, 
they alter the interfacial electrical properties, making it possible 
to monitor the event directly without additional reporters.79,80 
The drawback is that impedance signals are also highly sensitive 
to matrix effects and non-specific fouling.81 More generally, the 
choice between label-free and labelled sensing reflects a 
familiar trade-off; label-free systems simplify the workflow, 
whereas labelled or catalytic approaches provide stronger and 
more robust signals, albeit at the cost of greater assay 
complexity.
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2.1.5 Electrode Platforms and Manufacturing

Electrode fabrication becomes a critical consideration in 
translating electrochemical biosensors from laboratory 
demonstrations to manufacturable devices (Figure 1E). Screen-
printed electrodes (SPEs) constitute the most practical platform 
for POC electrochemical sensing because they are inexpensive, 
scalable, and readily adapted into disposable integrated 
devices.82 SPEs can be produced on ceramic, plastic, or flexible 
substrates and easily configured as complete three-electrode 
systems.83 Inkjet-printed electrodes offer finer digital 
patterning and more efficient use of functional materials, which 
is particularly attractive when working with advanced inks, 
including expensive nanomaterials and biocomponents.84–86 
They are well-suited to form-factor optimisation, rapid 
prototyping and customised device architectures.87 Flexible and 
wearable formats are gaining more attention, especially for 
wound-related sensing, but they bring a different set of 
requirements, including mechanical robustness, resistance to 
moisture, and stable performance under repeated 
deformation.88,89

2.1.6 Representative Case Studies and Benchmarking

The electrochemical sensing literature contains many 
encouraging examples of bacterial detection, but direct 
comparison between studies is often difficult. Differences in 
target choice, sample matrix, preparation workflow, and 

reporting standards make it hard to judge which approaches are 
genuinely closer to clinical use.37 For that reason, benchmarking 
should focus less on record-low limits of detection alone and 
more on metrics that are meaningful in practice.41 Urine is one 
of the more promising matrices for electrochemical sensing, 
partly because it is relatively accessible and urinary tract 
infections remain a major use case for rapid triage.90,91 Blood is 
far more demanding: bacterial concentrations are often low, 
while matrix interference is high, so direct detection usually 
requires enrichment, lysis, or molecular amplification.92 Swab 
and wound samples are also attractive for planar or flexible 
electrochemical devices, but their heterogeneity and often 
polymicrobial nature make interpretation more 
complicated.93,94 Across all of these sample types, the most 
informative studies are those that report time-to-result from 
sample to answer, validate performance in real matrices, and 
compare results directly against culture or PCR. Reproducibility, 
false-positive behaviour, storage stability, and workflow 
simplicity are equally important. In the end, electrochemical 
POC diagnostics are most convincing when they combine 
reliable recognition chemistry, manufacturable electrode 
platforms, matrix-tolerant interfaces, and benchmarking that is 
clinically realistic rather than merely analytically impressive.95,96

2.2 Raman-Based Optical Approaches

2.2.1 Realistic Role in POC Bacterial Workflows

Figure 1. Schematic overview of electrochemical POC strategies for bacterial pathogen detection. (A) A representative workflow is shown from the collection of clinically relevant 
samples, including urine, blood, and wound swabs, to rapid readout using a portable POC device and disposable electrode. (B) The main analytical targets include whole bacteria, 
lysate-derived cell components, secreted biomarkers, and nucleic acids. (C) Selectivity at the electrode surface is achieved through different biorecognition layers, including 
antibodies, aptamers, and peptides. (D) The figure highlights representative transducing materials used at the electrode interface, including graphene, carbon nanotubes, MXene, 
and polymers. (E) Scalable electrode fabrication approaches, including screen printing and inkjet printing, illustrate the manufacturing routes that support translation toward 
disposable electrochemical diagnostic platforms. The figure was created using BioRender.com and Adobe Illustrator.
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Optical methods offer a complementary approach to bacterial 
detection, providing spatially resolved, chemically informative 
signals without direct electrical contact with the sample. Raman 
spectroscopy, especially SERS, combines molecular specificity 
with the potential for miniaturised, portable instrumentation 
(Figure 2A). Their main value is not simply rapid readout, but 
the ability to extract biochemical fingerprints, discriminate 
bacterial phenotypes, and support multiplexed analysis when 
combined with suitable substrates and data-processing 
workflows. Moreover, optical signals are spatially resolvable. 
This spatial resolution enables integrated "lab-on-a-chip" 
architectures that simultaneously map morphology and 
chemical concentration, providing diagnostic depth previously 
reserved for centralised pathology labs.97 Among optical 
methods, Raman spectroscopy is a rapid technique that often 
eliminates the need for complex, time-consuming laboratory 
analyses.98 It also provides precise measurements, enabling 
ultrasensitive multiplexed detections required for many clinical 
applications.99,100 Additionally, Raman spectroscopy can be 
simply combined with other optical and non-optical methods to 
enable accessible sample handling and processing of clinical 
patient samples without the need for complex wiring, often 
using disposable optics or measuring kits.101 Furthermore, its 
integration with microscopy enables high spatial resolution (< 1 
μm) and hyperspectral imaging, providing one more level of 
information.

2.2.2 Fingerprints, Strengths, and Limitations

The specificity of a bacterial Raman spectrum is a function of 
stoichiometric proportions of biomolecules, including proteins, 
lipids, carbohydrates, and nucleic acids.102 The spectral region 
of interest can be divided into two discrete regions: the high-
wavenumber region and the fingerprint region, separated by a 
silent region (Figure 2B). The high-wavenumber region (2,800–
3,800 cm–1) is dominated by –CHx, –N–Hx, and –O–H stretching 
vibrations. Spectral data from this region offer remarkable 
precision in discriminating between cell wall types (Gram-
positive vs Gram-negative), with an accuracy approaching 100 
%.103 On the other hand, the fingerprint region (400–1,800 cm–

1) is where key diagnostic markers reside. The phenylalanine 
ring-breathing mode at 1,003 cm–1 serves as a stable internal 
reference for protein content. This band, together with bands 
characteristic of dipicolinate and amino acids, was used to study 
bacterial endospores.104 The DNA spectral band at 785 cm–1 
(phosphorus diester O–P–O bonds) tracks, for example, nucleic 
acid fragmentation during antibiotic exposure.105 The amide I 
band (1,650–1,670 cm–1) provides essential insight into 
secondary protein structures and overall cellular viability.106 The 
entire Raman spectrum can be used to discriminate between 
Escherichia coli strains using a combination of Raman 
microscopy and chemometric methods.107 Similar results were 
also obtained for nine clinical species of bacteria isolated from 
clinical samples,108 or 11 bacterial mutants of E. coli MDS42.109 
Despite its non-destructive nature and single-cell resolution, 
spontaneous Raman scattering is inefficient: only 
approximately 1 in 107 photons undergo the Raman effect. This 

necessitates long acquisition times and sophisticated baseline 
correction to mitigate the high autofluorescence background 
inherent in biological complex matrices. These limitations 
explain why SERS has become the more practically attractive 
Raman-based strategy for bacterial diagnostics in complex or 
low-biomass samples.

2.2.3 SERS as the Practical Raman Route for Real Samples

SERS addresses the intrinsic weakness of the Raman effect by 
utilising the localised surface plasmon resonance (LSPR) of 
noble metal nanostructures (Figure 2B). When an analyte is 
adsorbed onto or placed near the formed plasmonic "hotspots”, 
the Raman signal is amplified by factors of up to 1010. This allows 
the detection of single bacterial cells or viral particles directly 
from complex matrices, including whole blood,110 tissue 
samples,111 and even wastewater.112 The evolution of SERS 
substrates has shifted from simple stochastic colloidal systems 
to complex 3D architectures, including structured surfaces 
fabricated via electron-beam lithography or glancing-angle 
deposition.113–115 These architected models provide uniform 
hotspot distribution and precisely regulated nanogaps. 
Moreover, 3D scaffolds, such as metallic foams and vertically 
aligned nanorod arrays, present other interesting 
approaches.116–118  These hierarchical structures extend hotspot 
density into the third dimension, thereby prolonging photon 
lifetimes through multiple scattering events. When integrated 
into flexible polymer or cellulose substrates, these “swab-and-
sense” platforms enable conformal, in situ detection of bacteria 
on complex, non-planar surfaces such as wound beds or food 
products.119 Furthermore, by employing surface cell-imprinting, 
these matrices can be engineered with bio-specific cavities 
tailored for target bacterial strains, effectively mitigating matrix 
interference and enhancing selectivity.120 To move beyond 
qualitative detection, advanced calibration models are 
required. Such models are usually based on a set of Internal 
Standards (IS).121 Incorporating SERS probability models allows 
for signal normalisation and enables qualitative analysis of a 
single molecular target over a 9-order-of-magnitude 
concentration range.122 The next applicable calibration strategy 
to achieve quantitative information is Digital SERS, which is 
primarily used at ultra-low concentrations where intensity-
based metrics usually fail.123,124 Digital SERS treats detection as 
a binary "on/off" event across a pixelated substrate, deriving 
concentration from the fraction of active hotspots via a Poisson 
distribution. The last example of a quantitative approach is an 
application of a SERS Performance Factor (SPF).125 This metric 
reflects intrinsic sensitivity by comparing the slopes of 
concentration-dependent SERS and standard Raman curves.

2.2.4 Label-Free vs Tag-Based SERS

The choice between label-free and tag-based SERS usually 
involves a fundamental trade-off between speed, simplicity, 
and specificity. Label-free profiling measures the intrinsic 
Raman signature of the pathogen. It is rapid and low-cost, 
providing a direct readout of the cellular physiological state 
(e.g., metabolic activity or antibiotic stress).126 However, 
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because the SERS enhancement effect decays rapidly with 
distance from the surface (r-6), the signal is dominated by the 
outermost cell wall components. This similarity across strains 
usually requires a powerful machine learning or more advanced 
AI models to extract these small discriminative features.127,128 
Tag-Based SERS, including immuno and aptamer based 
techniques utilizes plasmonic cores functionalized with a 
Raman reporter and a recognition element, such as Immuno-
SERS, which employs monoclonal antibodies in sandwich 
architectures to isolate targets from complex 
backgrounds,129,130 offering unparalleled specificity, or 
aptamer-SERS, which uses synthetic DNA/RNA "chemical 
antibodies".131 Aptamers are considerably more stable and 
cheaper in production than antibodies, might be stored at room 
temperature, can be fully engineered to undergo 
conformational changes upon target binding. This change 
initiates a displacement of the Raman reporter, which results in 
a highly quantifiable "signal-on" or "signal-off" transition. While 
tag-based methods excel in multiplexing (by using reporters 
with distinct, non-overlapping peaks), they increase assay 
complexity and also preparation time. From a clinical 
perspective, label-free methods are primarily suitable for 
fingerprint identification and phenotype distinction,132 whereas 
labelled SERS is better suited for targeted pathogen 
identification or multiplex detection of selected markers.133,134 
Resistance information can be approached indirectly through 
resistance-associated spectral phenotypes, reporter panels, or 
antibiotic-induced changes in bacterial metabolism and 

viability, but these outputs should not be treated as equivalent 
to phenotypic AST unless they are benchmarked against 
susceptibility testing in clinically representative samples.135

2.2.5 Portable Raman and Data Analysis

The synergy between handheld hardware and chemometric 
processing drives the transition of Raman diagnostics to the 
field (Figure 2C). Handheld spectrometers, while rugged, often 
suffer from lower laser powers and limited integration times. 
Sophisticated data-driven tools are usually required to 
compensate for these hardware limitations, including machine 
learning methods such as support vector machines (SVMs) and 
Random Forests, as well as convolutional neural networks 
(CNNs). Recent reviews highlight the integration of SERS with 
artificial intelligence and microfluidic lab-on-chip formats as a 
practical route toward point-of-care diagnostics. AI can help 
interpret complex spectra, while microfluidics can standardise 
enrichment, mixing, washing, and sample handling in compact 
devices.136 Portable Raman systems are, at the same time, 
getting smaller and smarter, approaching pocket-sized form 
factors at decreasing cost.137,138 To address the limitations of 
the spectral intensity and interferences, Botto et al. utilised 
unsupervised Partial Least Squares Discriminant Analysis (PLS-
DA) regression coefficients, combined with accuracy score 
maximisation in stratified k-fold cross-validation, to analyse 17 
isolates belonging to the genera Pseudomonas spp., 
Stenotrophomonas spp., and Erwinia spp.139 Similarly, to utilize 

Figure 2. Schematic overview of Raman/SERS-based point-of-care strategies for bacterial pathogen detection. (A) A simplified workflow is shown from sample collection and 
preprocessing to spectral acquisition and data analysis. (B) The figure highlights the basis of bacterial Raman detection and the signal enhancement achieved by SERS, together 
with representative substrate and sampling formats. (C) Portable Raman instrumentation, field and near-patient sampling scenarios, smartphone-assisted analysis, and spectral 
discrimination of representative pathogens illustrate the potential of these approaches for rapid decentralised testing. The figure was created using BioRender.com and Adobe 
Illustrator. 
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a portable Raman system,  Thomsen et al. developed a 
procedure allowing for the analysis of antibiotic-resistant and 
susceptible phenotypes by utilizing a spectral transformer (ST) 
machine learning (ML) model.140 Interestingly, Zhao developed 
a working portable Raman system and in a combination with a 
frequently available paper- based SERS substrate (originally 
aimed for a tobacco packaging) and used them to detect 
Staphylococcus aureus and Shigella flexneri in a pork meat.141 
These examples demonstrate a trend in Raman detection of 
pathogens towards simple, field-manageable sample 
preparation, enabled by advanced signal processing and 
miniaturisation of hardware. Machine-learning-assisted Raman 
and SERS can help to reveal weak multivariate spectral 
differences that are difficult to assign peak by peak, especially 
in label-free bacterial profiling and phenotype 
discrimination.127,132,142 Its diagnostic value, however, depends 
on diverse training data and validation beyond a single 
instrument, strain set, or controlled matrix.143 Future studies 
should therefore include external test sets, cross-site testing, 
calibration transfer between instruments and substrate 
batches, standardised preprocessing, and transparent 
uncertainty reporting.143 Machine learning is best viewed as an 
interpretive layer, not a substitute for robust substrates, 
chemistry, and clinically realistic benchmarking.136,144 At 
present, Raman/SERS is most credible in controlled workflows 
using cultured or enriched material, defined matrices, or 
standardised preprocessing. Direct POC analysis of low-burden, 
heterogeneous clinical specimens remains largely preclinical 
because matrix interference, bacterial recovery, substrate 
reproducibility, and cross-site transfer still limit routine use.145

2.2.6 Complementary Optical Modalities in the Context of Raman-
based Workflows

Although this review focuses on Raman, several complementary 
optical methods help define the broader landscape of POC 
testing. Colourimetric assays, including smartphone-assisted 
platforms, are attractive for simple screening because they 
provide a visually accessible readout, but they generally offer 
lower molecular specificity.146,147 Fluorescence methods can be 
sensitive and spatially informative, although they usually 
require labelled reagents and careful background control.148 
SPR/LSPR platforms provide label-free monitoring of binding 
events, but their performance in clinical matrices can be limited 
by nonspecific adsorption and refractive index changes.149 DHM 
and related phase-imaging approaches are better suited for 
monitoring bacterial growth, segmentation, or microfluidic 
culture behaviour than for direct molecular identification.150 
These methods are therefore mentioned here as 
complementary technologies, rather than as a second major 
focus of the review.

2.3 Comparative Perspective: Electrochemical vs 
Raman POC Strategies

Electrochemical and Raman platforms both offer routes toward 
rapid POC bacterial diagnostics, but they address this goal 

through different analytical strengths, practical constraints, and 
clinical use cases. Electrochemical systems align well with low-
cost, near-patient testing because the hardware is simple, low-
power, and readily adaptable to disposable sensors. The main 
weakness is connected with real samples, where fouling, non-
specific adsorption, interference, and low bacterial counts can 
make performance less reliable, particularly in blood 
samples.151,152 Raman approaches provide richer molecular 
information useful for label-free profiling, multiplexed analysis, 
and in some cases phenotypic discrimination,153 but this added 
information depends on reproducible substrates, signal 
normalisation, spectral preprocessing, and robust data 
analysis.154,155 For this reason, electrochemical platforms are 
currently most plausible for accessible matrices such as urine, 
wound exudate, or swabs, whereas Raman is strongest when 
molecular specificity or multiplexed readout is worth the added 
complexity. In bloodstream infections, both approaches still 
face major preanalytical barriers and should be viewed as triage 
or complementary tools to culture and phenotypic AST, not as 
replacements for them.156 The intended use, therefore, has to 
be defined by the matrix and the decision context. Urine and 
wound or swab samples are the nearest-term settings for low-
cost electrochemical screening or swab-compatible SERS; 
respiratory samples require stronger preprocessing because 
mucus, viscosity, and host background complicate both 
readouts.157–159 In sepsis or bloodstream infection, especially in 
ICU or emergency-department workflows, greater device 
complexity may be acceptable if the result is rapid and 
actionable,160 whereas field settings favour simple, robust, 
reagent-stable formats. Clinical actionability also requires more 
than binary pathogen detection.156,160 For stewardship, the 
most useful platforms should identify resistance determinants, 
monitor antibiotic-induced changes in viability or metabolism,39 
or provide early susceptibility-related information. 
Electrochemical assays may do this through resistance-gene 
detection or viability/metabolite readouts, while Raman can 
capture antibiotic-response fingerprints or resistance-
associated spectral phenotypes.161 Both methods should 
therefore be benchmarked by their ability to support escalation, 
de-escalation, or earlier susceptibility-informed treatment, not 
by detection sensitivity alone. To make the practical comparison 
between the discussed technologies more explicit, Table 1 
summarises their main analytical targets, typical performance 
ranges, operational strengths, and translational limitations. A 
related cross-cutting issue is amplification, which influences 
both analytical sensitivity and practical point-of-care feasibility. 
In nucleic-acid assays, PCR and qPCR remain highly sensitive, 
whereas isothermal methods such as LAMP or RPA are better 
suited to decentralised testing because they reduce 
instrumentation requirements.162 Electrochemical platforms 
may further improve sensitivity through enzyme labels, redox 
cycling, catalytic nanoparticles, nanostructured electrodes,76 or 
CRISPR-coupled reporter cleavage,33 while Raman approaches 
rely on plasmonic signal enhancement, reporter tags, internal 
standards, and digital SERS formats.131,153,154 These strategies 
can substantially lower detection limits, but they may also 
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increase assay time, reagent complexity, washing steps, 
contamination risk, and susceptibility to matrix inhibition.163 

3. Benchmarking, Validation, and Clinical 
Translation of Rapid Bacterial Diagnostics
The value of a rapid bacterial diagnostic is not determined solely 
by how quickly it produces a signal, but by how quickly it 
provides information that is actually useful in a clinical decision-
making context relative to the existing microbiology 
workflow.164 In practice, the most meaningful benchmark is 
therefore not an idealised proof-of-concept measured in buffer, 
but the established sequence of culture, species identification, 
and antimicrobial susceptibility testing (AST) that still underpins 
most treatment decisions. A strong, rapid test should be judged 
by whether it shortens the path to meaningful action, whether 
that means targeted therapy, de-escalation, triage, or 
escalation to central laboratory testing, rather than by 
analytical sensitivity alone.165

3.1 Laboratory Gold Standards for Bacterial 
Pathogen Identification

Conventional culture remains the clinical reference standard 
because it recovers viable organisms, supports phenotypic 
identification, and enables downstream AST. Its weakness, of 
course, is time, as shown in Figure 3. Enrichment, subculture, 
and susceptibility testing usually take at least overnight, and 
often longer, while contamination, low pathogen burden, and 
prior antibiotic exposure can further reduce recovery or 
complicate interpretation.165 MALDI-TOF MS has substantially 
changed routine laboratory identification by allowing rapid and 
accurate species-level assignment once isolated colonies, 
positive blood-culture material, or otherwise enriched biomass 
are available.166,167 Even so, direct-from-sample analysis 
remains much more difficult, especially in blood and similarly 
complex matrices, where low bacterial abundance, host 
background, and mixed infections can all interfere with 

performance.168 NAATs, particularly PCR and qPCR, are now the 
most mature rapid alternatives for targeted pathogen 
detection, while isothermal amplification methods provide an 
important bridge toward simpler, lower-instrumentation 
testing closer to the patient.169,170 Sequencing and 
metagenomic approaches offer the broadest diagnostic scope 
and can reveal polymicrobial or uncultivable organisms,171 but 
in most cases, they still depend on specialised sample 
preparation, strict contamination control, and substantial 
bioinformatic support. For that reason, they currently fit more 
naturally into advanced laboratory workflows than into routine 
POC use.172 AST cuts across all of these approaches. Genotypic 
assays can rapidly identify known resistance determinants, but 
phenotypic AST remains the clinically decisive endpoint because 
it reflects expressed susceptibility rather than genetic potential 
alone, even if that usually comes at the cost of time.156

3.2 Clinical Benchmarking

Clinical benchmarking merits at least the same level of attention 
as analytical sensitivity.173,174 To make such benchmarking 
transparent, rapid bacterial diagnostic platforms should be 
compared using a common set of quantitative and operational 
descriptors, including the analytical target, the clinically 
relevant sample matrix, the reported limit of detection, the 
total sample-to-answer time, the sample preparation 
requirements, the comparator method, and the level of 
validation (Table 1).175 For bacterial diagnostics, reported limits 
of detection are difficult to compare because they may be 
expressed as CFU mL−1, genome copies, colony equivalents, or 
molecular biomarker concentrations, and because values 
obtained in buffer often differ from those obtained in urine, 
blood, wound exudate, sputum, or food-related matrices.176,177 
Therefore, representative performance ranges are more 
informative than isolated best-case values. Electrochemical 
bacterial sensors commonly report 101–104 CFU mL−1 in 
simplified or moderately complex matrices, with assay times 
ranging from minutes to 1–2 h, depending on enrichment, 

Figure 3. Overview of major diagnostic modules for bacterial pathogen identification across different time scales. NAATs provide rapid targeted detection within minutes to hours, 
MALDI-TOF MS enables fast species identification from cultured material, culture with phenotypic AST remains the clinically decisive but slower reference method, and 
sequencing/metagenomics offers the broadest scope at the cost of greater workflow complexity and longer turnaround. The timeline highlights the trade-off between speed, 
diagnostic breadth, and laboratory requirements. The figure was created using BioRender.com and Adobe Illustrator.
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labelling, or amplification.18,177 SERS can reach single-cell to 
102–105 CFU mL−1 under favourable conditions, but 
performance depends on substrate reproducibility, capture 
efficiency, acquisition time, and chemometric robustness.178,179 
These values should be read as indicative and matrix-
dependent. Reported sensitivity, accuracy, or classification 
performance is meaningful only when the experimental context 
is clear.180–182 Many electrochemical and Raman studies 
demonstrate excellent analytical performance in buffer, spiked 
samples, enriched cultures, or carefully controlled matrices, but 
these results do not necessarily translate directly to routine 
clinical specimens.152,183–185 Real-world applicability depends on 
additional factors, including bacterial recovery from the sample, 
matrix-induced fouling or optical background, operator-
dependent preprocessing, assay failure rate, and validation 
against clinically accepted comparator methods. Therefore, 
high-performance claims are most meaningful when supported 
by testing in relevant biological matrices, transparent sample-
to-answer workflows, and independent validation using 
clinically representative samples.174,175 The influential studies 
rely on prospective cohorts, or at least carefully curated 
retrospective ones, together with blinded analysis, transparent 
comparator definitions, and prevalence-aware reporting of 
sensitivity, specificity, positive predictive value, and negative 
predictive value.180 Just as importantly, they report operational 

characteristics such as time-to-result from sample to answer, 
failure rate, number of operator steps, and any measurable 
effect on treatment escalation, de-escalation, or triage.181 In 
many cases, these parameters say more about real clinical 
usefulness than an exceptionally low detection limit ever could. 
Future studies should report, at a minimum, the intended 
clinical use, the sample matrix and volume, the matrix-specific 
LOD, the total sample-to-answer time, the preprocessing and 
user steps, the comparator method, the assay failure rate, and 
the validation level.24,176 They should also state whether the 
assay is intended for pathogen detection, resistance marker 
identification, or susceptibility-related decision support.135 This 
makes it easier to separate proof-of-concept sensitivity from 
clinical actionability, and to judge detection limits alongside 
workflow complexity, matrix tolerance, and decision relevance.
For spectral and optical platforms that rely on chemometrics or 
machine learning, internal cross-validation alone is 
insufficient.182 More convincing validation should include 
independent external test sets, cross-site generalisation, 
calibration transfer between instruments or substrate batches, 
uncertainty reporting, and transparent reporting frameworks 
such as TRIPOD+AI when predictive models are involved.174 
These details may seem technical, but they are exactly what 
determine whether a platform is robust enough to move 
beyond a single well-controlled study.
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Table 1. Representative benchmarking parameters for electrochemical and Raman/SERS point-of-care bacterial diagnostics.*

Technology Analytical target Representative 
LOD range

Typical time-
to-result

Common 
sample types

Clinical 
role/Key 
strengths

Main limitations

Electrochemical 
whole-cell sensors

Intact bacteria 
captured by an 

antibody, aptamer, 
peptide, lectin, or 

phage

~101–104 CFU mL−1 ~10–60 min, 
longer if 

enrichment is 
needed

Urine, wound 
swabs, food 

samples, 
diluted blood

Quantitative 
readout, low-

cost 
electronics, 
disposable 
electrodes

Matrix fouling, non-
specific adsorption, and 
limited validation in true 

clinical cohorts

Electrochemical 
nucleic-acid 

sensors

Species or resistance 
genes, often after 

amplification

~10–103 genome 
copies or 

equivalent

~30–120 min Blood after 
extraction, 
urine, and 
respiratory 

samples

High specificity, 
resistance-

marker 
detection 
possible

Extraction/amplification 
increases complexity and 

contamination risk

Electrochemical 
secreted-

biomarker sensors

Toxins, enzymes, 
metabolites, 

quorum-sensing 
molecules

Highly analyte-
dependent; often 

nM–pM or 
equivalent 

bacterial burden

~10–60 min Urine, wound 
fluid, culture 
supernatants

Can indicate 
bacterial 
activity

Biomarker may not map 
directly to viable pathogen 

burden

Spontaneous 
Raman

Intrinsic bacterial 
biochemical 
fingerprint

Usually requires 
isolated/enriched 

cells or a high 
bacterial load

Seconds to 
minutes per 
spectrum; 

longer, 
including 

preprocessing

Colonies, 
enriched 

samples, urine 
or sputum after 

processing

Label-free, 
single-cell 

information, 
phenotypic 

insight

Weak scattering, 
fluorescence background, 
demanding data analysis

Label-free SERS Enhanced intrinsic 
bacterial surface 

signals

Single-cell to 
~102–105 CFU mL−1 

depending on 
substrate and 

matrix

~10–60 min Urine, swabs, 
food, 

environmental 
samples, 

selected blood 
workflows

Rapid spectral 
fingerprinting, 
potential strain 
discrimination

Substrate variability, 
matrix interference, and 

limited cross-site 
validation

Tag-based SERS Antibody/aptamer-
mediated pathogen 
capture with Raman 

reporters

Often ~10–103 
CFU mL−1 under 

optimized 
conditions

~30–120 min Urine, 
serum/plasma 

after 
preparation, 
swabs, food 

matrices

High specificity, 
multiplexing

More assay steps, higher 
reagent complexity, batch-

to-batch reproducibility

*Ranges are representative rather than absolute; matrix, preprocessing, target organism, assay format, enrichment, and 
comparator method strongly affect reported performance.

3.3 Matrix effects and mitigation strategies

Biological matrices shape rapid bacterial diagnostics at every 
step, from pathogen recovery and target accessibility to signal 
generation and interpretation.186 This is particularly important 
for point-of-care workflows, where extensive purification or 
specialist troubleshooting is usually unrealistic. Matrix 
interference is one reason why assays that perform well in 
buffer often lose reliability in clinical samples.187,188 The 

challenge is matrix-specific. Urine is accessible and often 
contains clinically relevant bacterial loads, but variation in pH, 
ionic strength, salts, proteins, urea, and debris can affect 
receptor binding, electrode response, nanoparticle stability, 
and optical background.189 Blood is much more 
complicated.151,190 Bacterial counts may be very low, while 
blood cells, plasma proteins, haemoglobin, coagulation factors, 
and host DNA create strong interference. Respiratory samples, 
sputum, wound exudates, and swabs add viscosity, mucus, 
tissue debris, polymicrobial content, and uneven bacterial 
distribution.191 Limit of detection should therefore be reported 
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in the matrix that matches the intended clinical use, not only in 
buffer or simplified media. In electrochemical biosensors, 
matrix effects commonly appear as electrode fouling, non-
specific adsorption, altered charge-transfer resistance, pH or 
ionic-strength shifts, inhibition of redox or enzymatic reactions, 
and reduced access to the recognition layer.152 This is 
particularly problematic for label-free impedimetric systems, 
where non-specific interfacial changes can mimic binding.183 
Mitigation usually relies on antifouling and blocking layers, PEG-
based192 or zwitterionic interfaces,193,194 dilution or washing, 
selective capture, magnetic preconcentration, filtration, or 
microfluidic separation.195–197 In Raman, matrix effects appear 
as autofluorescence, broad backgrounds, optical scattering, 
competitive adsorption, nanoparticle aggregation, and 
inconsistent contact between bacteria and hotspots.163,184 
Proteins, salts, mucus, or host debris can mask label-free SERS 
signals, while tag-based assays may suffer from reduced 
capture efficiency or non-specific reporter binding.185 Practical 
mitigation includes clarification, enrichment, immunomagnetic 
or aptamer-mediated capture, controlled washing, filtration, 
microfluidic concentration, more robust substrate 
functionalization, internal Raman standards, standardised 
preprocessing, and external validation of chemometric 
models.198–200 Matrix assessment should therefore include 
bacterial recovery, matrix-specific LOD, background signal, 
false-positive behaviour, sample volume, preprocessing, failure 
rate, and workflow compatibility.176

3.4 Manufacturing, Regulation, and Real-World 
Deployment

Ultimately, translation depends on whether a sensing concept 
can be turned into a reproducible sample-to-answer product.201 
For bacterial diagnostics, that usually means integrating lysis, 
enrichment, fluid handling, biosafety, and contamination 
control into a disposable cartridge or another tightly controlled 
workflow.202 A platform that performs well only after extensive 
manual preprocessing may still have value in a central 
laboratory, but it is unlikely to function as a true POC device. 
Manufacturing, therefore, needs to be considered early rather 
than treated as a late-stage engineering detail.203 
Electrochemical systems must demonstrate scalable electrode 
fabrication, stable interfacial chemistry, and batch-level quality 
control,204 whereas Raman/SERS and related optical methods 
must address substrate reproducibility, signal standardisation, 
and shelf-life without relying on cold-chain storage.205 Usability 
matters just as much. Low operator burden, effective error-
proofing, minimal maintenance, and secure integration into 
laboratory information systems or electronic health records 
often determine whether a device is actually suitable for use in 
the emergency department, ICU, outpatient clinic, or field 
setting.206,207 Regulatory evidence should likewise be built in 
from the start rather than assembled afterwards. In Europe, the 
IVDR requires evidence for scientific validity, analytical 

performance, and clinical performance in relation to the 
intended use.208 In parallel, manufacturing should be developed 
within an appropriate medical-device quality system, typically 
ISO 13485,209 with traceability, risk management, and post-
market surveillance embedded throughout the product 
lifecycle. Overall, the rapid bacterial diagnostics most likely to 
achieve clinical adoption will not be those that simply report the 
lowest limits of detection, but those that combine honest 
benchmarking in real samples with reproducible 
manufacturing, usable workflows, and a credible route to 
implementation.

4. Future Perspectives
Rapid bacterial diagnostics will have the greatest clinical impact 
not when they are merely fast in analytical terms, but when 
they provide information early enough to change treatment 
decisions, support triage, and improve antimicrobial 
stewardship. In that sense, the most useful point-of-care and 
near-patient tests are unlikely to replace central microbiology 
laboratories, but rather to complement them by delivering 
earlier actionable results while culture, MALDI-TOF MS, 
molecular assays, sequencing, and phenotypic AST continue to 
provide confirmation, broader characterisation, and definitive 
susceptibility data. 

Among emerging decentralised approaches, electrochemical 
biosensors remain especially attractive because they align 
naturally with the practical requirements of point-of-care use, 
including portability, low cost, straightforward electronics, and 
compatibility with disposable formats. Their future success, 
however, will depend less on achieving ever lower detection 
limits than on solving more translational problems, such as 
matrix tolerance, antifouling behaviour, storage stability, 
reproducible surface functionalization, and scalable 
manufacturing. Raman-based strategies, particularly SERS, offer 
complementary strengths through their rich molecular 
specificity and potential for multiplexed detection in complex 
samples. Also in this domain, the key challenge is not proof-of-
concept sensitivity alone, but the development of robust 
substrates, transferable calibration strategies, and data-
analysis workflows that remain reliable across instruments, 
batches, and clinical settings. Across both fields, future progress 
is also likely to be accelerated by artificial intelligence (AI), 
particularly through improved data analysis, predictive 
modelling, and agentic systems that support interpretation and 
decision-making.210,211 At the same time, AI may help lower 
practical barriers to adoption by enabling more intuitive 
handling of complex outputs, for example, through natural 
language processing-based interfaces that make advanced 
diagnostic systems easier to use in routine clinical practice.145

Across both fields, the next phase of progress will depend on 
more rigorous and clinically honest benchmarking. Studies that 
use real patient samples, report time-to-result from sample to 
answer, compare performance directly with standard-of-care 
methods, and address usability, failure rates, and workflow 
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integration will be far more valuable than demonstrations in 
simplified laboratory media. More broadly, the technologies 
most likely to succeed will be those designed around specific 
clinical decisions rather than around abstract analytical 
performance. The future of rapid bacterial diagnostics, 
therefore, lies not in a single universal platform but in well-
validated, application-focused systems that combine robust 
sensing with manufacturability, regulatory readiness, and clear 
clinical utility.

5. Conclusions
This review highlights the clinical rationale for rapid bacterial 
diagnostics and examines two technically mature routes toward 
decentralised implementation: electrochemical biosensing and 
Raman-based detection, particularly SERS. Both approaches 
offer genuine advantages for POC use. Electrochemical 
platforms excel in their portability, low cost, and quantitative 
signal output. Raman/SERS offer their rich molecular specificity 
and multiplexing capability. However, neither field has yet 
produced devices that consistently meet the standards required 
for clinical adoption, namely robust performance in complex 
biological matrices, validated clinical utility, and regulatory 
approval. Progress will require a shift in focus from proof-of-
concept demonstrations toward honest, clinically grounded 
benchmarking. The most impactful future diagnostics will not 
be those with the lowest detection limits in buffered model 
systems, but those that deliver reliable, actionable results in 
real patient samples, integrate seamlessly into existing clinical 
workflows, and provide information specific enough to guide 
treatment. In that context, electrochemical biosensors and 
Raman-based platforms are best understood not as 
replacements for central laboratory diagnostics, but as 
complementary tools that can provide earlier, more targeted 
information at the point of clinical decision-making. Their 
success will ultimately be measured not by analytical 
performance alone, but by their ability to improve patient 
outcomes and also support the responsible use of antibiotics.

Author contributions
P.J. contributed to conceptualisation, writing of the original 
draft, review and editing, visualisation, and funding acquisition. 
V.R., M.K., O.Z., D.P., and M.O. contributed to the writing of the 
original draft and to the review of the manuscript. M.O. 
contributed to conceptualisation, manuscript review and 
editing, and funding acquisition.

Conflicts of interest
M.O. discloses his share in InSiliBio (France), focused on 
biosimulations, and ATOMIVER (Czechia), focused on 
supercapacitor electrode materials, companies.

Data availability
No new primary research data were generated or included as 
part of this review article.

Declaration of Generative AI in Scientific Writing
During the preparation of this manuscript, the authors used 
ChatGPT 5.5 to assist with language editing and improving 
readability. All content was subsequently reviewed and revised 
by the authors, who take full responsibility for the accuracy and 
integrity of the work.

Acknowledgements
The work was supported from ERDF/ESF project TECHSCALE 
(No. CZ.02.01.01/00/22_008/0004587), project SALVAGE (no. 
CZ.02.01.01/00/22_008/0004644), and ERDF/ESF project 
‘Interdisciplinary Approaches to the Prevention and Diagnosis 
of Viral Diseases‘ (CZ.02.01.01/00/23_021/0008856). The 
authors also acknowledge financial support of the European 
Union under the REFRESH – Research Excellence For REgion 
Sustainability and High-tech Industries 
(CZ.10.03.01/00/22_003/0000048) via the Operational 
Programme Just Transition, project National Institute for Cancer 
Research (Programme EXCELES, ID Project No. LX22NPO5102)—
Funded by the European Union—Next Generation EU, and 
project IGA_LF_2026_021. 

References
1 J. A. Homer, R. M. Johnson, R. A. Koelln, A. D. Moorhouse and 

J. E. Moses, Nat. Rev. Bioeng., 2024, 3, 213–229.
2 M. Singer, C. S. Deutschman, C. W. Seymour, M. Shankar-Hari, 

D. Annane, M. Bauer, R. Bellomo, G. R. Bernard, J.-D. Chiche, 
C. M. Coopersmith, R. S. Hotchkiss, M. M. Levy, J. C. Marshall, 
G. S. Martin, S. M. Opal, G. D. Rubenfeld, T. Van Der Poll, J.-L. 
Vincent and D. C. Angus, JAMA, 2016, 315, 801.

3 K. E. Rudd, S. C. Johnson, K. M. Agesa, K. A. Shackelford, D. 
Tsoi, D. R. Kievlan, D. V. Colombara, K. S. Ikuta, N. Kissoon, S. 
Finfer, C. Fleischmann-Struzek, F. R. Machado, K. K. Reinhart, 
K. Rowan, C. W. Seymour, R. S. Watson, T. E. West, F. Marinho, 
S. I. Hay, R. Lozano, A. D. Lopez, D. C. Angus, C. J. L. Murray 
and M. Naghavi, Lancet, 2020, 395, 200–211.

4 M. Van Den Berg, F. E. Van Beuningen, J. C. Ter Maaten and H. 
R. Bouma, J. Crit. Care, 2022, 71, 154096.

5 Global Report on the Epidemiology and Burden of Sepsis: 
Current Evidence, Identifying Gaps and Future Directions, 
World Health Organization, Geneva, 1st ed., 2020.

6 L. Evans, A. Rhodes, W. Alhazzani, M. Antonelli, C. M. 
Coopersmith, C. French, F. R. Machado, L. Mcintyre, M. 
Ostermann, H. C. Prescott, C. Schorr, S. Simpson, W. J. 
Wiersinga, F. Alshamsi, D. C. Angus, Y. Arabi, L. Azevedo, R. 
Beale, G. Beilman, E. Belley-Cote, L. Burry, M. Cecconi, J. 
Centofanti, A. Coz Yataco, J. De Waele, R. P. Dellinger, K. Doi, 
B. Du, E. Estenssoro, R. Ferrer, C. Gomersall, C. Hodgson, M. 
H. Møller, T. Iwashyna, S. Jacob, R. Kleinpell, M. Klompas, Y. 
Koh, A. Kumar, A. Kwizera, S. Lobo, H. Masur, S. McGloughlin, 
S. Mehta, Y. Mehta, M. Mer, M. Nunnally, S. Oczkowski, T. 
Osborn, E. Papathanassoglou, A. Perner, M. Puskarich, J. 
Roberts, W. Schweickert, M. Seckel, J. Sevransky, C. L. Sprung, 

Page 12 of 17ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/6
/2

02
6 

2:
11

:2
6 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6CC01897A

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6cc01897a


Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 13

Please do not adjust margins

Please do not adjust margins

T. Welte, J. Zimmerman and M. Levy, Intensive Care Med., 
2021, 47, 1181–1247.

7 B. Reddy, U. Hassan, C. Seymour, D. C. Angus, T. S. Isbell, K. 
White, W. Weir, L. Yeh, A. Vincent and R. Bashir, Nat. Biomed. 
Eng., 2018, 2, 640–648.

8 O. J. Dyar, B. Huttner, J. Schouten and C. Pulcini, Clin. 
Microbiol. Infect., 2017, 23, 793–798.

9 M. Kolar, M. Htoutou Sedlakova, K. Urbanek, P. Mlynarcik, M. 
Roderova, K. Hricova, K. Mezerova, P. Kucova, J. Zapletalova, 
K. Fiserova and P. Kurfurst, Antibiotics, 2021, 10, 93.

10 S. A. Dunbar, M. Benavides and C. Gardner, Front. Cell. Infect. 
Microbiol., 2025, 15, 1725920.

11 R. Banerjee and R. Patel, JAC-Antimicrob. Resist., 2022, 5, 
dlad018.

12 P. K. Dabla and A. Dabas, World J. Crit. Care Med., 2025, 14, 
1–6.

13 I. Michael, D. Kim, O. Gulenko, S. Kumar, S. Kumar, J. Clara, D. 
Y. Ki, J. Park, H. Y. Jeong, T. S. Kim, S. Kwon and Y.-K. Cho, Nat. 
Biomed. Eng., 2020, 4, 591–600.

14 F. Mazur, A. D. Tjandra, Y. Zhou, Y. Gao and R. Chandrawati, 
Nat. Rev. Bioeng., 2023, 1, 180–192.

15 G.-R. Han, A. Goncharov, M. Eryilmaz, S. Ye, B. Palanisamy, R. 
Ghosh, F. Lisi, E. Rogers, D. Guzman, D. Yigci, S. Tasoglu, D. Di 
Carlo, K. Goda, R. A. McKendry and A. Ozcan, Nat. Commun., 
2025, 16, 3165.

16 S. Singh, A. Numan and S. Cinti, Anal. Chem., 2022, 94, 26–40.
17 J.-W. Tang, X.-R. Wen, Y.-W. Liao and L. Wang, Nanomedicine, 

2025, 20, 701–706.
18 E. Koçak, C. Ozkul, B. Bozal-Palabiyik, İ. Süslü and B. Uslu, 

Electroanalysis, 2023, 35, e202300106.
19 A. Parihar, S. Yadav, M. A. Sadique, P. Ranjan, N. Kumar, A. 

Singhal, V. Khare, R. Khan, S. Natarajan and A. K. Srivastava, 
Transl. Med., 2023, 8, e10481.

20 S. Li, X. Zuo, M. D. Carpenter, R. Verduzco and C. M. Ajo-
Franklin, Nat. Rev. Bioeng., 2024, 3, 30–49.

21 F. Mariani, I. Gualandi, W. Schuhmann and E. Scavetta, 
Microchim. Acta, 2022, 189, 459.

22 F. Kurul, D. Aydogan, D. Topcu, F. Kocer, Ü. Akar, A. Koşar, A. 
E. Cetin and S. N. Topkaya, npj Biosens., 2026, 3, 18.

23 J. Wang, Analytical Electochemistry, Wiley, 1st edn., 2000.
24 N. Docherty, D. Macdonald, A. Gordon, A. Dobrea, V. Mani, Y. 

Fu, S. Pang, M. Jimenez and D. K. Corrigan, Chem. Commun., 
2025, 61, 13359–13377.

25 P. Rivera, F. Della Pelle, J. Stonyte, W. D. C. Martins Antunes 
De Melo, A. Abouhagger and R. Pauliukaite, ACS Sens., 2025, 
10, 9183–9202.

26 R. K. Talreja, H. Sable, V. Chaudhary, S. Kadian, M. Singh, M. 
Kumar, J. Kishore, V. Chaudhary and A. Khosla, ECS Sens. Plus, 
2024, 3, 041602.

27 S. Ahuja, M. S. Kumar, R. Nandeshwar, K. Kondabagil and S. 
Tallur, Sci. Rep., 2022, 12, 8814.

28 A. Ahmed, J. V. Rushworth, N. A. Hirst and P. A. Millner, Clin. 
Microbiol. Rev., 2014, 27, 631–646.

29 H. M. Man, C. Omar, M. Freisa, D. Bouville, T. Baptiste, A.-M. 
Haghiri-Gosnet, H. Jacquier, I. Le Potier and J. Gamby, ACS 
Electrochem., 2025, 1, 886–896.

30 J. Lee, B. Chua and A. Son, Microchem. J., 2024, 207, 111865.
31 S. Ahmadi, F. R. Sedaghat, M. Y. Memar and M. Yekani, Clin. 

Chim. Acta, 2025, 565, 120020.
32 R. R. Singh, J. G. Tigga, S. Kosma and M. K. Patel, Microchem. 

J., 2026, 220, 116435.
33 D. A. Thai and Y. Liu, Microsyst. Nanoeng., 2025, 11, 155.
34 J. Cui, X. Cheng, X. Guo, D. Li, Z. Xu, W. Qian, Z. Wang and Z. 

Dai, TrAC Trends Anal. Chem., 2026, 196, 118638.
35 W. Zieliński and I. Grabowska, Talanta, 2026, 301, 129323.
36 E. Cesewski and B. N. Johnson, Biosens. Bioelectron., 2020, 

159, 112214.

37 S. Ding, X. Chen, B. Yu and Z. Liu, Chem. Commun., 2024, 60, 
9513–9525.

38 A. Khoshroo, M. Mavaei, M. Rostami, B. Valinezhad-Saghezi 
and A. Fattahi, BioImpacts, 2022, 12, 567–588.

39 D. Kim and S. Yoo, Chemosensors, 2022, 10, 53.
40 D. C. Spencer, T. F. Paton, K. T. Mulroney, T. J. J. Inglis, J. M. 

Sutton and H. Morgan, Nat. Commun., 2020, 11, 5328.
41 Y. Zhou, Q. Wang, T. Xiang and X. Chen, Nano TransMed, 2025, 

4, 100078.
42 M.-J. Kim, J. A. Lasalde-Ramírez, W. Heng and W. Gao, Nat. 

Biotechnol., DOI:10.1038/s41587-026-03050-2.
43 S. Gao, J. M. Guisán and J. Rocha-Martin, Anal. Chim. Acta, 

2022, 1189, 338907.
44 M. Al Mamun, Y. A. Wahab, M. A. M. Hossain, A. Hashem and 

M. R. Johan, TrAC Trends Anal. Chem., 2021, 145, 116458.
45 X. Li, S. Liu, X. Huang, C. Yao, J. Chen, L. Gao, C. Zhou, Y. Wu, J. 

Liu, M. Li, N. Zhao, H. Chen, S. Huang and X. Xie, Microsyst. 
Nanoeng., 2025, 11, 241.

46 V. E. Abrantes-Coutinho, A. O. Santos, R. B. Moura, F. N. 
Pereira-Junior, L. H. Mascaro, S. Morais and T. M. B. F. 
Oliveira, Colloids Surf. B Biointerfaces, 2021, 208, 112148.

47 M. O. Sabry, D. Li and L. C. Z. Chan, Sens. Bio-Sens. Res., 2025, 
48, 100794.

48 F. Li, X. Jiang, Y. Zhang, R. Yao, H. Zhu, L. Fan and G. Li, Trends 
Food Sci. Technol., 2026, 168, 105492.

49 X. Meng, D. O’Hare and S. Ladame, Biosens. Bioelectron., 
2023, 237, 115440.

50 X. Wang, J. Zhou and H. Wang, Cell Rep. Phys. Sci., 2024, 5, 
101801.

51 N. Kalita, S. Gogoi, S. D. Minteer and P. Goswami, ACS Meas. 
Sci. Au, 2023, 3, 404–433.

52 M. Ali, S. C. Barman, I. Steer, A. H. Alshareef and D. 
Alsulaiman, Adv. Mater. Technol., n/a, e02120.

53 S. C. Barman, Y. Jin, J. K. El-Demellawi, S. Thomas, N. Wehbe, 
Y. Lei, M. K. Hota, X. Xu, E. A. Hasan, O. F. Mohammed, O. M. 
Bakr, D. Alsulaiman and H. N. Alshareef, Commun. Mater., 
2025, 6, 31.

54 G. A. Rivas, M. D. Rubianes, M. C. Rodríguez, N. F. Ferreyra, G. 
L. Luque, M. L. Pedano, S. A. Miscoria and C. Parrado, Talanta, 
2007, 74, 291–307.

55 P. Sivasubramanian, M. Kumar, C.-L. Chen, V. S. Kiran-kumar, 
M. S. Samuel and J.-H. Chang, Environ. Nanotechnol. Monit. 
Manag., 2024, 22, 101023.

56 A. A. Saei, J. E. N. Dolatabadi, P. Najafi-Marandi, A. Abhari and 
M. de la Guardia, TrAC Trends Anal. Chem., 2013, 42, 216–
227.

57 M. Ye and H. Huang, Talanta, 2026, 298, 128994.
58 S. Kumar, S. D. Bukkitgar, S. Singh, Pratibha, V. Singh, K. R. 

Reddy, N. P. Shetti, Ch. Venkata Reddy, V. Sadhu and S. 
Naveen, ChemistrySelect, 2019, 4, 5322–5337.

59 A. Dube, S. J. Malode, A. N. Alodhayb, K. Mondal and N. P. 
Shetti, Talanta Open, 2025, 11, 100395.

60 N. Aydemir, J. Malmström and J. Travas-Sejdic, Phys. Chem. 
Chem. Phys., 2016, 18, 8264–8277.

61 H. Zeng, Y. Xie, T. Liu, Z. Chu, E. Dempsey and W. Jin, Sens. 
Diagn., 2024, 3, 165–180.

62 P. Jakubec, D. Panáček, M. Nalepa, M. Rossetti, R. 
Álvarez-Diduk, A. Merkoçi, M. Vasjari, L. Kulla and M. Otyepka, 
ChemElectroChem, 2025, 12, e202400660.

63 X. Yu, H. Cheng, M. Zhang, Y. Zhao, L. Qu and G. Shi, Nat. Rev. 
Mater., 2017, 2, 17046.

64 Z. Jiang, B. Feng, J. Xu, T. Qing, P. Zhang and Z. Qing, Biosens. 
Bioelectron., 2020, 166, 112471.

65 H. Barès, A. Bakandritsos, M. Medveď, J. Ugolotti, P. Jakubec, 
O. Tomanec, S. Kalytchuk, R. Zbořil and M. Otyepka, Carbon, 
2019, 145, 251–258.

Page 13 of 17 ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/6
/2

02
6 

2:
11

:2
6 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6CC01897A

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6cc01897a


ARTICLE Journal Name

14 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

66 D. D. Chronopoulos, M. Medveď, G. Potsi, O. Tomanec, M. 
Scheibe and M. Otyepka, Chem. Commun., 2020, 56, 1936–
1939.

67 A. Kouloumpis, D. D. Chronopoulos, G. Potsi, M. Pykal, J. Vlček, 
M. Scheibe and M. Otyepka, Chem. Eur. J., 2020, 26, 6518–
6524.

68 D. Zaoralová, V. Hrubý, V. Šedajová, R. Mach, V. Kupka, J. 
Ugolotti, A. Bakandritsos, M. Medved’ and M. Otyepka, ACS 
Sustainable Chem. Eng., 2020, 8, 4764–4772.

69 J. Janek, Z. Fohlerova, I. Dědek, V. Hrubý, D. Panáček, J. 
Hubalek, R. Havlík, R. Zbořil, M. Otyepka and P. Jakubec, 
Microchim. Acta, 2025, 192, 823.

70 J. M. R. Flauzino, M. Nalepa, D. D. Chronopoulos, V. Šedajová, 
D. Panáček, P. Jakubec, P. Kührová, M. Pykal, P. Banáš, A. 
Panáček, A. Bakandritsos and M. Otyepka, Small, 2023, 19, 
2207216.

71 Y. Hu, F. Wang, H. Ye, J. Jiang, S. Li, B. Dai, J. Li, J. Yang, X. Song, 
J. Zhang, Y. Xie, L. Gao and D. Yang, npj Flex. Electron., 2024, 
8, 30.

72 N. Gupta, D. Kumar, A. Das, S. Sood and B. D. Malhotra, New 
J. Chem., 2023, 47, 10930–10941.

73 E. Frantz, D. Han and A. Steckl, ECS Meet. Abstr., 2021, 
MA2021-01, 1416.

74 M. J. Russo, M. Han, P. E. Desroches, C. S. Manasa, J. 
Dennaoui, A. F. Quigley, R. M. I. Kapsa, S. E. Moulton, R. M. 
Guijt, G. W. Greene and S. M. Silva, ACS Sens., 2021, 6, 1482–
1507.

75 A. Dhaffouli, Microchem. J., 2026, 220, 116637.
76 J. Wu, H. Liu, W. Chen, B. Ma and H. Ju, Nat. Rev. Bioeng., 

2023, 1, 346–360.
77 H. Karimi-Maleh, Y. Orooji, F. Karimi, M. Alizadeh, M. 

Baghayeri, J. Rouhi, S. Tajik, H. Beitollahi, S. Agarwal, V. K. 
Gupta, S. Rajendran, A. Ayati, L. Fu, A. L. Sanati, B. Tanhaei, F. 
Sen, M. Shabani-Nooshabadi, P. N. Asrami and A. Al-Othman, 
Biosens. Bioelectron., 2021, 184, 113252.

78 N. Radha Shanmugam, J. Rainbow, J. Lee, P. Jolly and D. E. 
Ingber, Small Sci., 2025, 5, e202500380.

79 Z. Yousefniayejahromi, L. Sembranti, F. Vivaldi, A. Bonini, N. 
Poma, A. Tavanti and F. Di Francesco, Microchem. J., 2025, 
208, 112595.

80 L. C. T. Shoute, G. N. Abdelrasoul, Y. Ma, P. A. Duarte, C. 
Edwards, R. Zhuo, J. Zeng, Y. Feng, C. L. Charlton, J. N. Kanji, S. 
Babiuk and J. Chen, Microsyst. Nanoeng., 2023, 9, 3.

81 G. Rosati, M. Urban, L. Zhao, Q. Yang, C. De Carvalho Castro E 
Silva, S. Bonaldo, C. Parolo, E. P. Nguyen, G. Ortega, P. 
Fornasiero, A. Paccagnella and A. Merkoçi, Biosens. 
Bioelectron., 2022, 196, 113737.

82 P. Lakhera, V. Chaudhary, A. Jha, R. Singh, P. Kush and P. 
Kumar, Mater. Today Chem., 2022, 26, 101129.

83 P. M. Kalligosfyri, A. Miglione and S. Cinti, ECS Sens. Plus, 2025, 
4, 010601.

84 M. Nalepa, L. Kulla, P. Jakubec, V. Hrubý, D. Panáček, I. Dědek, 
M. Vasjari and M. Otyepka, Adv. Mater. Technol., 2026, 11, 
e01765.

85 D. Panáček, V. Kupka, M.-A. Nalepa, I. Dědek, R. Álvarez-
Diduk, S. Olenik, J. Flauzino, J. Zdražil, P. Jakubec, L. Zdražil, L. 
Spíchal, K. K. Sonigara, R. Zbořil, M. Pumera, A. Merkoçi, J. 
Wang, N. De Diego, F. Güder and M. Otyepka, Nat. Commun., 
2026, 17, 2009.

86 D. Panáček, M. Urban, A. Silvestri, I. Dědek, M. Nalepa, A. 
Merkoçi, M. Prato and M. Otyepka, Small, 2026, 22, e13028.

87 M.-A. Nalepa, D. Panáček, I. Dědek, P. Jakubec, V. Kupka, V. 
Hrubý, M. Petr and M. Otyepka, Biosens. Bioelectron., 2024, 
256, 116277.

88 M. Jose, M. T. Vijjapu, L. Neumaier, L. Rauter, A. H. Chakkunny, 
D. Corzo, R. Thoelen, A. Picard, J. Kosel and W. Deferme, npj 
Flex. Electron., 2025, 9, 46.

89 D. Kireev, S. Kutagulla, J. Hong, M. N. Wilson, M. Ramezani, D. 
Kuzum, J.-H. Ahn and D. Akinwande, Nat. Rev. Mater., 2024, 
9, 906–922.

90 S. Yang, F. G. Berto, J. Denstedt, H. Tang and J. Zhang, Adv. 
Sens. Res., 2024, 3, 2400051.

91 A. Sharma, A. Agrawal, K. K. Awasthi, K. Awasthi and A. 
Awasthi, Mater. Lett. X, 2021, 10, 100077.

92 V. Templier, T. Livache, S. Boisset, M. Maurin, S. Slimani, R. 
Mathey and Y. Roupioz, Sci. Rep., 2017, 7, 9457.

93 Q. Zeng, G. Shi and M. Zhang, Adv. Sens. Res., 2024, 3, 
2200018.

94 H. Meng, W. Zhong, K. Ma, J. Su, L. Ma, Y. Hao, Y. Jiang, X. Liu, 
X. Fu and C. Zhang, Eng. Regen., 2024, 5, 186–198.

95 M. Pan, Y. Zhao, J. Qiao and X. Meng, Folia Microbiol., 2024, 
69, 283–304.

96 S. Menon, M. R. Mathew, S. Sam, K. Keerthi and K. G. Kumar, 
J. Electroanal. Chem., 2020, 878, 114596.

97 T. Jiang, X. He, X. Du, S. Xiang, H. He, C. Ge, X. Zhang and Y. Xu, 
Microchem. J., 2025, 213, 113833.

98 R. R. Jones, D. C. Hooper, L. Zhang, D. Wolverson and V. K. 
Valev, Nanoscale Res. Lett., 2019, 14, 231.

99 L. M. Moreira, L. Silveira Jr., F. V. Santos, J. P. Lyon, R. Rocha, 
R. A. Zângaro, A. B. Villaverde and M. T. T. Pacheco, 
Spectroscopy, 2008, 22, 1–19.

100 T. Dai, Z. Xiao, D. Shan, A. Moreno, H. Li, M. Prakash, N. 
Banaei and J. Rao, ACS Sens., 2023, 8, 3264–3271.

101 Z. Han, H. Liu, J. Meng, L. Yang, J. Liu and J. Liu, Anal. 
Chem., 2015, 87, 9500–9506.

102 L. Wang, W. Liu, J.-W. Tang, J.-J. Wang, Q.-H. Liu, P.-B. 
Wen, M.-M. Wang, Y.-C. Pan, B. Gu and X. Zhang, Front. 
Microbiol., 2021, 12, 683580.

103 A. B. Walter, E. Haugen, A. S. Rourke-Funderburg and A. K. 
Locke, Anal. Chem., 2025, 97, 28270–28280.

104 J. De Gelder, P. Scheldeman, K. Leus, M. Heyndrickx, P. 
Vandenabeele, L. Moens and P. De Vos, Anal. Bioanal. Chem., 
2007, 389, 2143–2151.

105 P. R. Carey, G. R. Whitmer, M. J. Yoon, M. N. Lombardo, 
M. Pusztai-Carey, H. Heidari-Torkabadi and T. Che, J. Phys. 
Chem. B, 2018, 122, 6377–6385.

106 R. Li, D. Dhankhar, J. Chen, A. Krishnamoorthi, T. C. Cesario 
and P. M. Rentzepis, IEEE Access, 2019, 7, 23549–23559.

107 S. Sil, R. Mukherjee, N. S. Kumar, A. S., J. Kingston and U. 
K. Singh, Def. Life Sci. J., 2017, 2, 435.

108 F. S. De Siqueira E Oliveira, A. M. Da Silva, M. T. T. Pacheco, 
H. E. Giana and L. Silveira, Lasers Med. Sci., 2021, 36, 289–302.

109 J. Zahn, A. Germond, A. Y. Lundgren and M. T. Cicerone, J. 
Biophotonics, 2022, 15, e202100274.

110 O. Vaculík, S. Bernatová, K. Rebrošová, O. Samek, L. Šilhan, 
F. Růžička, M. Šerý, M. Šiler, J. Ježek and P. Zemánek, Biomed. 
Opt. Express, 2023, 14, 6410.

111 Q. Gao, R. Liu, Y. Wu, F. Wang and X. Wu, Acta Biomater., 
2024, 189, 559–573.

112 L. K. Herndon, Y. Zhang, F. Safir, B. Ogunlade, H. B. Balch, 
A. B. Boehm and J. A. Dionne, Nano Lett., 2025, 25, 1250–
1259.

113 J. Wei, Z. Liu, J. Huang, X. Zhong, Q. Zhang, Y. Sun, Y. Wan, 
Y. Chen, P. Duan and C. Han, Opt. Mater., 2023, 145, 114463.

114 X. Zhang, X. Cui, H. Ge, J. Luo and M. Li, SSRN, 2025, 
preprint, DOI: 10.2139/ssrn.5788669.

115 S. Das, K. Saxena, J.-C. Tinguely, A. Pal, N. L. 
Wickramasinghe, A. Khezri, V. Dubey, A. Ahmad, V. Perumal, 
R. Ahmad, D. N. Wadduwage, B. S. Ahluwalia and D. S. Mehta, 
ACS Appl. Mater. Interfaces, 2023, 15, 24047–24058.

116 S. Wang, F. Li, Z. Luan, L. Li, S. Xi, Z. Du and X. Zhang, ACS 
Sens., 2024, 9, 2402–2412.

117 C. Qu, Y. Li, G. Li, X. Wang, M. Su and H. Liu, ACS Appl. 
Mater. Interfaces, 2024, 16, 32824–32835.

Page 14 of 17ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/6
/2

02
6 

2:
11

:2
6 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6CC01897A

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6cc01897a


Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 15

Please do not adjust margins

Please do not adjust margins

118 K. Li, Y. Yang, C. Xu, Y. Ye, L. Huang, L. Sun, Y. Cai, W. Zhou, 
Y. Ge, Y. Li, Q. Zhang, Y. Wang and X. Liu, Sens. Actuators B 
Chem., 2023, 380, 133381.

119 Y. Zhou, W. Zhang, S. Cheng, Y. Xing, J. Wang, F. Yu and R. 
Wang, Talanta, 2025, 293, 128089.

120 Y. Yang, C. Zeng, J. Huang, M. Wang, W. Qi, H. Wang and 
Z. He, Biosens. Bioelectron., 2022, 215, 114524.

121 X. Li, J. Hu, D. Zhang, X. Zhang, Z. Wang, Y. Wang, Q. Chen 
and P. Liang, Talanta, 2024, 271, 125650.

122 H. Zhang, L. Yang, M. Zhang, H. Wei, L. Tong, H. Xu and Z. 
Li, Nano Lett., 2024, 24, 11116–11123.

123 P. Wen, F. Yang, H. Zhao, S. Li, Y. Xu and L. Chen, ACS Sens., 
2024, 9, 6167–6173.

124 P. Wen, F. Yang, H. Zhao, Y. Xu, S. Li and L. Chen, Anal. 
Chem., 2024, 96, 1454–1461.

125 X. Yue, S. Yan, T. Gao, S. Pu, H. Tang, X. Pei, Z. Tian, X. 
Wang, B. Ren and G. Liu, Anal. Chem., 2024, 96, 17517–17525.

126 A. Pistiki, O. Ryabchykov, A. Wagenhaus, T. W. Bocklitz, S. 
Deinhardt-Emmer, B. Löffler, P. Rösch and J. Popp, Anal. 
Chem., 2026, 98, 6523–6531.

127 W. Liu, J.-W. Tang, J.-Y. Mou, J.-W. Lyu, Y.-W. Di, Y.-L. Liao, 
Y.-F. Luo, Z.-K. Li, X. Wu and L. Wang, Front. Microbiol., 2023, 
14, 1101357.

128 F. Li, Y.-T. Si, J.-W. Tang, Z. Umar, X.-S. Xiong, J.-T. Wang, 
Q. Yuan, A. C. Y. Tay, E. G. Chua, L. Zhang, B. J. Marshall, W.-X. 
Yang, B. Gu and L. Wang, Comput. Struct. Biotechnol. J., 2024, 
23, 3379–3390.

129 M. Benešová, S. Bernatová, F. Mika, Z. Pokorná, J. Ježek, 
M. Šiler, O. Samek, F. Růžička, K. Rebrošová, P. Zemánek and 
Z. Pilát, Biosensors, 2023, 13, 182.

130 A. D. Vasilyeva, L. V. Yurina, E. G. Evtushenko, E. S. 
Gavrilina, V. B. Krylov, N. E. Nifantiev and I. N. Kurochkin, 
Sensors, 2025, 25, 4376.

131 L. Jin, S. Wang, Q. Shao and Y. Cheng, Spectrochim. Acta A 
Mol. Biomol. Spectrosc., 2022, 267, 120625.

132 C.-S. Ho, N. Jean, C. A. Hogan, L. Blackmon, S. S. Jeffrey, M. 
Holodniy, N. Banaei, A. A. E. Saleh, S. Ermon and J. Dionne, 
Nat. Commun., 2019, 10, 4927.

133 Y. Pang, N. Wan, L. Shi, C. Wang, Z. Sun, R. Xiao and S. 
Wang, Anal. Chim. Acta, 2019, 1077, 288–296.

134 L. Jin, X. Cai, F. Ren and J. Yang, Sens. Actuators B Chem., 
2024, 405, 135356.

135 N. E. Dina, M. A. Tahir, S. Z. Bajwa, I. Amin, V. K. Valev and 
L. Zhang, Biosens. Bioelectron., 2023, 219, 114843.

136 Z. Tas, F. Ciftci, K. Icoz and M. Unal, Spectrochim. Acta A 
Mol. Biomol. Spectrosc., 2025, 339, 126285.

137 F. Zeng, W. Duan, B. Zhu, T. Mu, L. Zhu, J. Guo and X. Ma, 
Anal. Chem., 2019, 91, 1064–1070.

138 T. Mu, S. Li, H. Feng, C. Zhang, B. Wang, X. Ma, J. Guo, B. 
Huang and L. Zhu, IEEE J. Sel. Top. Quantum Electron., 2019, 
25, 1–6.

139 C. Sacco Botto, C. Orecchio, C. D’Errico, E. Alladio, E. Noris 
and M. Vincenti, Spectrochim. Acta A Mol. Biomol. Spectrosc., 
2026, 344, 126701.

140 B. L. Thomsen, J. B. Christensen, O. Rodenko, I. Usenov, R. 
B. Grønnemose, T. E. Andersen and M. Lassen, Sci. Rep., 2022, 
12, 16436.

141 H. Zhao, D. Zheng, H. Wang, T. Lin, W. Liu, X. Wang, W. Lu, 
M. Liu, W. Liu, Y. Zhang, M. Liu and P. Zhang, Int. J. Mol. Sci., 
2022, 23, 7340.

142 J.-W. Tang, Q.-H. Liu, X.-C. Yin, Y.-C. Pan, P.-B. Wen, X. Liu, 
X.-X. Kang, B. Gu, Z.-B. Zhu and L. Wang, Front. Microbiol., 
DOI:10.3389/fmicb.2021.696921.

143 S. Guo, J. Popp and T. Bocklitz, Nat. Protoc., 2021, 16, 
5426–5459.

144 S. Sloan-Dennison, G. Q. Wallace, W. A. Hassanain, S. 
Laing, K. Faulds and D. Graham, Nano Converg., 2024, 11, 33.

145 Y. Li, J. Xu, X. Yi, X. Li, Y. Luo, A. Glidle, P. Summersgill, S. 
Allen, T. Ryan, X. Liu, W. Yu, X. Chu, S. Chen, Q. Zhang, X. Xu, 
X. Hua, Q. Yang, J. Reboud, Y. Yu, W. E. Huang, J. M. Cooper 
and H. Yin, Nat. Commun., 2025, 17, 283.

146 J. Ki, I. H. Kwon, J. Lee, J. Lim, S. Jang, S. U. Son, S. B. Seo, 
S. Y. Oh, T. Kang, J. Jung, K. G. Lee, J. Hwang and E.-K. Lim, J. 
Hazard. Mater., 2023, 460, 132398.

147 L. Zheng, C. Zheng, W. Wang, F. Huang, Y. Jiang, J. Lu and 
Y. Lou, Colloids Surf. B Biointerfaces, 2025, 250, 114541.

148 S. Kaushal, S. Shrivastava, Y.-R. Yun, Y. Park, T. Thanh-Qui 
Nguyen, M. Meeseepong, E. Lee, B. Jeon, M. B. Gu, S. Yang 
and N.-E. Lee, ACS Sens., 2022, 7, 2188–2197.

149 X. Huang, L. Chen, W. Zhi, R. Zeng, G. Ji, H. Cai, J. Xu, J. 
Wang, S. Chen, Y. Tang, J. Zhang, H. Zhou and P. Sun, Anal. 
Chem., 2023, 95, 13101–13112.

150 H. Kamel, J. Schmid, M. R. Nizami, I. Alekseenko, F. 
Hausladen, D. Claus, R. Wittig and D. P. Kelly, in Optics and 
Photonics for Advanced Dimensional Metrology III, eds. P. J. 
De Groot, P. Picart and F. Guzman, SPIE, Strasbourg, France, 
2024, p. 51.

151 E. C. Wilkirson, K. L. Singampalli, J. Li, D. D. Dixit, X. Jiang, 
D. H. Gonzalez and P. B. Lillehoj, Anal. Bioanal. Chem., 2023, 
415, 3983–4002.

152 E. Jarosińska, Z. Zambrowska and E. Witkowska Nery, ACS 
Omega, 2024, 9, 4572–4580.

153 B. Zhu, J. Chen, B. Wang, H. Zhou, R. Xiao, Z. Gao and Y. 
Wang, Anal. Chem., 2025, 97, 20834–20842.

154 C. Yan, iScience, 2025, 28, 112759.
155 H. Wei, W. Leng, J. Song, M. R. Willner, L. C. Marr, W. Zhou 

and P. J. Vikesland, Anal. Chem., 2018, 90, 3227–3237.
156 G. Reszetnik, K. Hammond, S. Mahshid, T. AbdElFatah, D. 

Nguyen, R. Corsini, C. Caya, J. Papenburg, M. P. Cheng and C. 
P. Yansouni, Nat. Commun., 2024, 15, 9719.

157 H. Çelik, B. B. Caf and G. Çebi, Indian J. Microbiol., 2024, 
64, 894–909.

158 S.-W. Huang, Y.-F. Wu, T. Ahmed, S.-C. Pan and C.-M. 
Cheng, Trends Biotechnol., 2024, 42, 74–90.

159 H.-J. Park, A. Woo, J. M. Cha, K.-S. Lee and M.-Y. Lee, Sci. 
Rep., 2018, 8, 16508.

160 A. M. Peri, M. D. Chatfield, W. Ling, L. Furuya-Kanamori, P. 
N. A. Harris and D. L. Paterson, Clin. Infect. Dis., 2024, 79, 502–
515.

161 Y.-Y. Han, Y.-C. Lin, W.-C. Cheng, Y.-T. Lin, L.-J. Teng, J.-K. 
Wang and Y.-L. Wang, Sci. Rep., 2020, 10, 12538.

162 Q. Bi, M. Liu, L. Yan, J. Cheng, Q. Sun, Y. Dai and L. Zou, 
Front. Microbiol., DOI:10.3389/fmicb.2025.1601644.

163 M. Xie, Y. Zhu, Z. Li, Y. Yan, Y. Liu, W. Wu, T. Zhang, Z. Li 
and H. Wang, Talanta, 2024, 268, 125281.

164 A. M. Peri, A. Stewart, A. Hume, A. Irwin and P. N. A. Harris, 
Curr. Infect. Dis. Rep., 2021, 23, 12.

165 S. S. Arbefeville, T. T. Timbrook and C. D. Garner, J. 
Antimicrob. Chemother., 2024, 79, i2–i8.

166 P. Lasch, W. Beyer, A. Bosch, R. Borriss, M. Drevinek, S. 
Dupke, M. Ehling-Schulz, X. Gao, R. Grunow, D. Jacob, S. R. 
Klee, A. Paauw, J. Rau, A. Schneider, H. C. Scholz, M. 
Stämmler, L. T. Thanh Tam, H. Tomaso, G. Werner and J. 
Doellinger, Sci. Data, 2025, 12, 187.

167 A. Cuénod, M. Aerni, C. Bagutti, B. Bayraktar, E. S. Boz, C. 
B. Carneiro, C. Casanova, A. T. Coste, P. Damborg, D. W. Van 
Dam, M. Demirci, P. Drevinek, O. Dubuis, J. Fernandez, G. 
Greub, J. Hrabak, G. Hürkal Yiğitler, J. Hurych, T. G. Jensen, G. 
Jost, G. A. Kampinga, S. Kittl, C. Lammens, C. Lang, R. Lienhard, 
J. Logan, C. Maffioli, I. Mareković, M. Marschal, J. Moran-
Gilad, O. Nolte, M. Oberle, M. Pedersen, V. Pflüger, S. 
Pranghofer, J. Reichl, R. J. Rentenaar, A. Riat, B. Rodríguez-
Sánchez, C. Schilt, A.-K. Schlotterbeck, J. Schrenzel, S. Troib, E. 
Willems, M. Wootton, D. Ziegler and A. Egli, Clin. Microbiol. 
Infect., 2023, 29, 190–199.

Page 15 of 17 ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/6
/2

02
6 

2:
11

:2
6 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6CC01897A

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6cc01897a


ARTICLE Journal Name

16 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

168 A. Cuénod, F. Foucault, V. Pflüger and A. Egli, Front. Cell. 
Infect. Microbiol., 2021, 11, 646648.

169 S. Kundu, R. Varshney and S. Sulabh, Gene Genome Ed., 
2024, 7, 100032.

170 P. Srivastava and D. Prasad, 3 Biotech, 2023, 13, 200.
171 W. Gu, X. Deng, M. Lee, Y. D. Sucu, S. Arevalo, D. Stryke, S. 

Federman, A. Gopez, K. Reyes, K. Zorn, H. Sample, G. Yu, G. 
Ishpuniani, B. Briggs, E. D. Chow, A. Berger, M. R. Wilson, C. 
Wang, E. Hsu, S. Miller, J. L. DeRisi and C. Y. Chiu, Nat. Med., 
2021, 27, 115–124.

172 A. Elbehiry and A. Abalkhail, Diagnostics, 2025, 15, 1991.
173 R. D. Riley, L. Archer, K. I. E. Snell, J. Ensor, P. Dhiman, G. 

P. Martin, L. J. Bonnett and G. S. Collins, BMJ, 2024, 384, 
e074820.

174 G. S. Collins, K. G. M. Moons, P. Dhiman, R. D. Riley, A. L. 
Beam, B. Van Calster, M. Ghassemi, X. Liu, J. B. Reitsma, M. 
Van Smeden, A.-L. Boulesteix, J. C. Camaradou, L. A. Celi, S. 
Denaxas, A. K. Denniston, B. Glocker, R. M. Golub, H. Harvey, 
G. Heinze, M. M. Hoffman, A. P. Kengne, E. Lam, N. Lee, E. W. 
Loder, L. Maier-Hein, B. A. Mateen, M. D. McCradden, L. 
Oakden-Rayner, J. Ordish, R. Parnell, S. Rose, K. Singh, L. 
Wynants and P. Logullo, BMJ, 2024, 385, e078378.

175 P. M. Bossuyt, J. B. Reitsma, D. E. Bruns, C. A. Gatsonis, P. 
P. Glasziou, L. Irwig, J. G. Lijmer, D. Moher, D. Rennie, H. C. W. 
de Vet, H. Y. Kressel, N. Rifai, R. M. Golub, D. G. Altman, L. 
Hooft, D. A. Korevaar, J. F. Cohen, and for the STARD Group, 
Clin. Chem., 2015, 61, 1446–1452.

176 J.-F. Masson, ACS Sens., 2020, 5, 3290–3292.
177 K. Karagianni, T. Leontidou, M. Constantinou and C. 

Andreou, Analyst, 2025, 150, 3762–3787.
178 Z. Nie, Z. Huang, Z. Wu, Y. Xing, F. Yu and R. Wang, 

Spectrochim. Acta A Mol. Biomol. Spectrosc., 2025, 336, 
126051.

179 L. Rodriguez, Z. Zhang and D. Wang, Anal. Sci. Adv., 2023, 
4, 81–95.

180 T. F. Monaghan, S. N. Rahman, C. W. Agudelo, A. J. Wein, 
J. M. Lazar, K. Everaert and R. R. Dmochowski, Medicina, 2021, 
57, 503.

181 L. P. Murray and C. R. Mace, Anal. Chim. Acta, 2020, 1140, 
236–249.

182 J. J. Workman, Appl. Spectrosc., 2018, 72, 340–365.
183 G. L. Goh, M. F. Tay, J. M. Lee, J. S. Ho, L. N. Sim, W. Y. 

Yeong and T. H. Chong, Adv. Electron. Mater., 2021, 7, 
2100043.

184 D. Cialla-May, A. Bonifacio, T. Bocklitz, A. Markin, N. 
Markina, S. Fornasaro, A. Dwivedi, T. Dib, E. Farnesi, C. Liu, A. 
Ghosh and J. Popp, Chem. Soc. Rev., 2024, 53, 8957–8979.

185 M. E. Berry, H. Kearns, D. Graham and K. Faulds, Analyst, 
2021, 146, 6084–6101.

186 M. L. Chiu, W. Lawi, S. T. Snyder, P. K. Wong, J. C. Liao and 
V. Gau, SLAS Technol., 2010, 15, 233–242.

187 P. L. Voyvodic, I. Conejero, K. Mesmoudi, E. Renard, P. 
Courtet, D. I. Cattoni and J. Bonnet, Sci. Rep., 2022, 12, 13785.

188 M. Parihar, N. W. N, Sahana, R. Biswas, B. Dehury and N. 
Mazumder, RSC Adv., 2025, 15, 29267–29283.

189 C. Hwang, W.-J. Lee, S. D. Kim, S. Park and J. H. Kim, 
Biosensors, 2022, 12, 1020.

190 S. Li, H. Zhang, M. Zhu, Z. Kuang, X. Li, F. Xu, S. Miao, Z. 
Zhang, X. Lou, H. Li and F. Xia, Chem. Rev., 2023, 123, 7953–
8039.

191 S. L. Taylor, C. R. Brooks, L. Elms, S. K. Manning, A. Richard, 
J. Burmanje, J. Douwes and G. B. Rogers, Respir. Res., 2025, 
26, 209.

192 O. Y. F. Henry, J. L. A. Sanchez and C. K. O’Sullivan, Biosens. 
Bioelectron., 2010, 26, 1500–1506.

193 Z. Xu, R. Han, N. Liu, F. Gao and X. Luo, Sens. Actuators B 
Chem., 2020, 319, 128253.

194 T. Feng, W. Ji, Y. Zhang, F. Wu, Q. Tang, H. Wei, L. Mao and 
M. Zhang, Angew. Chem. Int. Ed., 2020, 59, 23445–23449.

195 Y. L. Wu, J. Jia, J. Das, K. T. Riordan, C. D. Flynn, Y. Wang, 
S. O. Kelley and T. W. Odom, J. Am. Chem. Soc., 2025, 147, 
7868–7874.

196 P.-H. Lin and B.-R. Li, Analyst, 2020, 145, 1110–1120.
197 C. Muñoz-San Martín, M. Gamella, M. Pedrero, A. 

Montero-Calle, R. Barderas, S. Campuzano and J. M. 
Pingarrón, Sens. Actuators B Chem., 2020, 307, 127623.

198 W. R. Premasiri, Y. Chen, P. M. Williamson, D. C. 
Bandarage, C. Pyles and L. D. Ziegler, Anal. Bioanal. Chem., 
2017, 409, 3043–3054.

199 R. Hunter, A. N. Sohi, Z. Khatoon, V. R. Berthiaume, E. I. 
Alarcon, M. Godin and H. Anis, Sens. Actuators B Chem., 2019, 
300, 126907.

200 Y. Wang, Q. Li, R. Zhang, K. Tang, C. Ding and S. Yu, 
Microchim. Acta, 2020, 187, 290.

201 J. Loo, H. C. Kwok, C. C. H. Leung, S. Y. Wu, I. L. G. Law, Y. 
K. Cheung, Y. Y. Cheung, M. L. Chin, P. Kwan, M. Hui, S. K. Kong 
and H. P. Ho, Biosens. Bioelectron., 2017, 93, 212–219.

202 M. L. Sin, K. E. Mach, P. K. Wong and J. C. Liao, Expert Rev. 
Mol. Diagn., 2014, 14, 225–244.

203 A. A. Akhlaghi, H. Kaur, B. R. Adhikari and L. Soleymani, ECS 
Sens. Plus, 2024, 3, 011601.

204 G. Zhou and H. Liu, Biosensors, 2026, 16, 112.
205 Y. Zhao, A. Kumar and Y. Yang, Chem. Soc. Rev., 2024, 53, 

1004–1057.
206 P. J. Garcia, P. You, G. Fridley, D. Mabey and R. Peeling, 

Lancet Glob. Health, 2015, 3, e257–e258.
207 M. D. M. Castro, H. M. Ismail, C. A. Montenegro-Quiñonez, 

E. I. Reipold, S. Shilton, C. Denkinger and S. Yerlikaya, BMJ 
Open, 2025, 15, e092774.

208 European Parliament and Council of the European Union, 
Regulation (EU) 2017/746 of the European Parliament and of 
the Council of 5 April 2017 on in Vitro Diagnostic Medical 
Devices and Repealing Directive 98/79/EC and Commission 
Decision 2010/227/EU, 2017.

209 ISO 13485 Medical Devices, 
https://www.iso.org/standard/59752.html, (accessed 25 May 
2026).

210 M. Otyepka, M. Pykal and M. Otyepka, Appl. Mater. 
Today, 2025, 47, 102981.

211 M. M. Li, B. Y. Reis, A. Rodman, T. Cai, N. Dagan, R. D. 
Balicer, J. Loscalzo, I. S. Kohane and M. Zitnik, Nat. Med., 2026, 
32, 439–448.

Page 16 of 17ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/6
/2

02
6 

2:
11

:2
6 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6CC01897A

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6cc01897a


Data availability
No new primary research data were generated or included as part of this review article.

Page 17 of 17 ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/6
/2

02
6 

2:
11

:2
6 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6CC01897A

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6cc01897a

