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Abstract

Nitric oxide (NO) is a small, highly reactive gaseous signaling molecule that plays di-
verse and context-dependent roles in microbial physiology and host–microbe interactions.
Over the past decade, increasing evidence has revealed the dual nature of NO as both
an antimicrobial effector and a signaling mediator involved in microbial stress responses,
metabolism, biofilm dynamics, quorum sensing, virulence regulation, and symbiotic in-
teractions. In microbial systems, NO influences adaptation to environmental stress and
contributes to mechanisms associated with persistence and antimicrobial resistance. In
host organisms, NO functions as a key component of innate immunity while also par-
ticipating in beneficial interactions involving rhizobia, mycorrhizal fungi, and probiotic
microorganisms. Despite its biological significance, accurate detection and quantification
of NO remain challenging because of its transient nature, high reactivity, low physiological
concentrations, and interference from related reactive oxygen and nitrogen species. Recent
advances in biosensing technologies have substantially improved NO detection capabilities
through the development of electrochemical, optical, enzyme-based, microfluidic, wearable,
and implantable sensing platforms. These innovations are complemented by analytical
techniques including electron paramagnetic resonance spectroscopy, mass spectrometry,
fluorescence-based imaging, and advanced microscopy, which enhance sensitivity, speci-
ficity, and spatiotemporal resolution in complex biological environments. Concurrently,
statistical and computational approaches—including sensor calibration models, multivari-
ate analyses, machine learning algorithms, and bioinformatics pipelines—have become
increasingly important for extracting biologically meaningful information from NO-related
datasets. Unlike previous reviews that primarily focus on either NO biology or sensing tech-
nologies, this review integrates current knowledge of NO-mediated microbial physiology
and host–microbe interactions with recent developments in biosensor engineering, analyti-
cal methodologies, statistical frameworks, and emerging artificial intelligence (AI)-driven
data interpretation. We further highlight applications of NO detection in infectious disease
diagnostics, antimicrobial screening, probiotic and biofertilizer evaluation, environmental
microbiome monitoring, and real-time studies of symbiosis and infection. Finally, future
directions including miniaturized sensing platforms, multi-omics integration, AI-assisted
analytics, and sensor standardization are discussed. By unifying molecular, analytical,
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and computational perspectives, this review provides a multidisciplinary framework and
roadmap for advancing NO-based research and translational applications across microbial,
environmental, and host-associated systems.

Keywords: nitric oxide; microbial physiology; host–microbe interactions; biosensors;
artificial intelligence; statistical analysis

1. Introduction
Nitric oxide (NO) is a small, diatomic, and highly reactive free radical that functions

as a versatile signaling molecule across biological systems. Although initially recognized
primarily as an environmental pollutant, NO is now widely acknowledged as a key reg-
ulator of physiological and pathological processes in both prokaryotic and eukaryotic
organisms [1,2]. Owing to its lipophilic nature, rapid diffusibility, and short half-life, NO
can act as a highly dynamic signaling mediator capable of regulating cellular responses
over multiple spatial and temporal scales. Over the past decade, substantial advances
have expanded our understanding of NO-mediated signaling in microbial physiology
and host–microbe interactions, revealing complex regulatory networks that are highly
dependent on environmental conditions, microbial species, and host context [3,4].

In microbial systems, NO exhibits a remarkable duality. As part of the host innate
immune response, NO is produced by activated macrophages and other phagocytic cells
through inducible NO synthase (iNOS), serving as a potent antimicrobial effector that
restricts pathogen survival through nitrosative stress [5]. Conversely, NO also functions
as an endogenous signaling molecule that regulates microbial adaptation, metabolism,
stress responses, biofilm development, quorum sensing, and virulence [6,7]. In bene-
ficial associations, NO contributes to the establishment and maintenance of symbiotic
relationships, including those involving nitrogen-fixing rhizobia, mycorrhizal fungi, and
gut-associated microbiota. These contrasting roles underscore the complexity of NO as
both a defensive and communicative molecule that shapes microbial community dynamics
and host responses.

The biological significance of NO extends beyond its direct physiological functions.
In microbial communities, NO influences biofilm architecture, population-level communi-
cation, metabolic reprogramming, and responses to environmental stressors [7,8]. Many
microorganisms have evolved sophisticated NO detoxification systems that not only confer
protection against host-derived nitrosative stress but also enable the exploitation of NO
signaling for adaptive and regulatory purposes. Similarly, in host–microbe interactions,
the concentration, localization, and duration of NO production can determine whether
interactions culminate in pathogen clearance, immune evasion, symbiotic establishment, or
homeostatic maintenance [6,9].

Despite its central role in biological systems, the study of NO remains technically
challenging. The molecule’s transient existence, rapid reactivity with oxygen and reactive
oxygen species (ROS), and low physiological concentrations complicate accurate detection
and quantification [10]. Traditional analytical methods, including the Griess assay, chemilu-
minescence, and conventional electrochemical approaches, have provided valuable insights
but are often limited by insufficient specificity, sensitivity, or temporal resolution [11,12]. To
overcome these limitations, considerable efforts have been directed toward the development
of advanced biosensing technologies, including nanomaterial-enhanced electrochemical
sensors, fluorescent probes, genetically encoded reporters, microfluidic platforms, and
wearable sensing devices [13,14]. These technologies have significantly improved the ability
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to monitor NO dynamics in complex biological systems, although challenges related to
selectivity, reproducibility, and real-time in vivo monitoring remain.

Several recent reviews have comprehensively examined either the biological functions
of NO in microorganisms or the development of NO detection technologies. However,
a critical gap remains in integrating these biological insights with advances in biosensor
engineering, analytical methodologies, quantitative data analysis, and emerging artificial
intelligence (AI)-based approaches. As NO research increasingly generates large, multidi-
mensional datasets from biosensors, imaging platforms, transcriptomics, and microbiome
studies, robust statistical and computational frameworks have become essential for extract-
ing biologically meaningful information and facilitating translational applications.

Therefore, this review aims to provide a comprehensive and interdisciplinary synthesis
of current knowledge regarding NO in microbial physiology and host–microbe interactions
while highlighting recent advances in biosensing technologies, analytical methods, statisti-
cal frameworks, and AI-driven applications. By integrating molecular microbiology, sensor
engineering, analytical chemistry, data science, and systems biology, this review seeks to
establish a conceptual framework that extends beyond traditional NO-centered reviews
and provides a multidisciplinary roadmap for future research, diagnostics, environmental
monitoring, and precision biological applications.

2. Role of NO in Microbial Physiology
NO is now recognized as a central regulator of microbial physiology rather than

merely a toxic reactive nitrogen species (RNS). In bacteria, fungi, and other microorgan-
isms, NO functions as a signaling molecule that coordinates cellular adaptation, stress
tolerance, metabolism, and community behavior [15]. The biological effects of NO are
highly concentration dependent; low physiological concentrations often serve regulatory
functions, whereas elevated levels induce nitrosative stress and cellular damage. This dual
functionality allows NO to act as both a signaling mediator and a defensive molecule,
making it a critical component of microbial survival strategies.

Many microorganisms possess the capacity to generate NO endogenously through bac-
terial NO synthase (bNOS) enzymes or as intermediates of denitrification pathways. Species
such as Bacillus subtilis and Staphylococcus aureus produce NO through bNOS-mediated
oxidation of L-arginine, a mechanism analogous to NOS systems in higher organisms [16].
Recent studies have demonstrated that endogenous NO production contributes to micro-
bial adaptation under fluctuating environmental conditions, including oxidative stress,
nutrient limitation, and antimicrobial exposure. These findings highlight the evolutionary
conservation of NO signaling across biological kingdoms.

One of the most extensively studied functions of NO is its involvement in oxidative
and nitrosative stress responses. As NO readily reacts with ROS, it generates secondary
RNS capable of damaging proteins, lipids, and nucleic acids. To counteract these effects,
microorganisms have evolved highly specialized detoxification systems. Flavohemoglobins,
such as Hmp in Escherichia coli, convert NO into less toxic compounds including nitrate and
nitrous oxide, thereby maintaining intracellular redox balance [17]. Similarly, regulatory
networks involving OxyR, SoxR, NsrR, and NorR coordinate transcriptional responses that
enhance resistance to oxidative and nitrosative stress [18]. Comparative analyses indicate
that pathogenic bacteria generally possess more robust NO-detoxification systems than
non-pathogenic species, reflecting adaptation to NO-rich host environments.

Beyond stress mitigation, NO serves as a regulator of metabolism and gene expression.
Through reversible interactions with metal centers and cysteine residues, NO modulates
the activity of transcription factors and metabolic enzymes involved in respiration, amino
acid metabolism, and energy production. In S. aureus, NO regulates genes associated with
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metabolic flexibility, enabling transitions between aerobic and anaerobic respiration under
changing environmental conditions [19]. Similar regulatory effects have been reported
in denitrifying bacteria and mycobacteria, suggesting that NO functions as a conserved
metabolic signal across diverse microbial taxa.

An emerging area of interest involves the role of NO in quorum sensing (QS) and
biofilm dynamics. Comparative studies demonstrate that NO signaling intersects with
cyclic di-guanosine monophosphate (c-di-GMP) pathways that regulate transitions between
planktonic and sessile lifestyles. Low nanomolar concentrations of NO stimulate biofilm
dispersal in species such as Pseudomonas aeruginosa and Vibrio cholerae, whereas higher
concentrations may trigger stress responses that promote biofilm persistence [7,20,21]. In
marine bacteria such as Vibrio harveyi, NO is sensed through heme-NO/oxygen-binding (H-
NOX) proteins that influence QS-regulated traits including bioluminescence, motility, and
virulence [22]. These findings highlight the concentration-dependent and species-specific
effects of NO signaling on microbial community behavior.

The role of NO in antimicrobial resistance has received increasing attention in re-
cent years. Endogenous NO production has been shown to protect bacteria against di-
verse antibiotic classes by reducing oxidative damage, modulating respiration, and en-
hancing stress tolerance. In B. subtilis, NO mitigates antibiotic-induced oxidative stress,
whereas in Mycobacterium tuberculosis, NO contributes to dormancy-associated persistence
mechanisms [23–25]. Importantly, recent evidence suggests that NO-mediated physiologi-
cal adaptations may indirectly promote antimicrobial tolerance and complicate treatment
outcomes, underscoring the relevance of NO signaling in the broader context of antimicro-
bial resistance.

Collectively, these studies demonstrate that NO occupies a central position at the
interface of microbial signaling, stress adaptation, biofilm regulation, and antimicrobial
resistance. Understanding these interconnected roles is essential not only for advancing
microbial ecology but also for identifying novel therapeutic strategies that target NO-
dependent pathways.

3. Nitric Oxide in Host–Microbe Interactions
NO serves as one of the most important molecular mediators governing host–microbe

interactions. Unlike many antimicrobial molecules that function solely in host defense, NO
exerts context-dependent effects that influence pathogen elimination, immune regulation,
symbiotic communication, and microbiome stability. This duality positions NO at the
center of both antagonistic and beneficial host–microbe relationships.

In mammalian hosts, NO is primarily generated by iNOS expressed in activated
macrophages, neutrophils, dendritic cells, and epithelial cells [26]. Following microbial
recognition, NO production increases dramatically as part of the innate immune response.
Elevated NO concentrations impair microbial survival through multiple mechanisms,
including DNA damage, inhibition of iron–sulfur cluster enzymes, disruption of respiratory
pathways, and formation of highly reactive nitrogen intermediates [27]. Consequently,
NO represents a major component of host antimicrobial defense against bacterial, fungal,
parasitic, and viral pathogens.

Microorganisms have evolved diverse mechanisms to survive NO-mediated host
defenses. Comparative genomic studies reveal that pathogens frequently possess expanded
repertoires of NO-detoxification genes, including flavohemoglobins, NO reductases, and
repair systems targeting nitrosative damage. For example, Acinetobacter baumannii expresses
specialized hemoglobins capable of NO detoxification through dioxygenase and reductase
activities [28]. Similar adaptations have been reported in Salmonella enterica, M. tuberculosis,
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and Candida albicans, illustrating the evolutionary arms race between host NO production
and microbial countermeasures [29,30].

NO also plays critical roles in beneficial host-associated interactions. In plant–microbe
symbioses, NO participates in signaling pathways that regulate root colonization, nodule
formation, and nitrogen fixation. During legume–rhizobium interactions, tightly regulated
NO production coordinates communication between plant and bacterial partners and
influences genes involved in nodule development and symbiotic efficiency [3,31]. Similar
signaling functions have been observed in mycorrhizal associations, where NO contributes
to root development and nutrient exchange.

Beyond direct antimicrobial activity, NO functions as a key immunomodulatory
molecule. Physiological levels of NO contribute to immune homeostasis by regulating cy-
tokine production, leukocyte recruitment, and inflammatory signaling pathways. However,
excessive NO production can promote tissue damage and chronic inflammation. Recent
evidence suggests that NO influences immunometabolic pathways through regulation of
metabolites such as citrate and succinate, thereby linking cellular metabolism to inflamma-
tory responses [32]. This balance between protective and pathological effects underscores
the importance of tightly regulated NO signaling.

The influence of NO extends to microbiome composition and stability. Elevated NO
concentrations have been associated with alterations in microbial community structure,
particularly within the gastrointestinal tract. Studies have reported reductions in beneficial
butyrate-producing bacteria accompanied by increased abundance of opportunistic species
including E. coli and Enterococcus faecalis under inflammatory conditions characterized
by enhanced NO production [33,34]. Such changes can further amplify inflammatory
responses, creating feedback loops that contribute to disease progression.

Overall, NO functions as a multidimensional regulator of host–microbe interactions
by integrating antimicrobial defense, immune signaling, symbiotic communication, and
microbiome dynamics [3,35]. These diverse and interconnected biological functions are
summarized in Figure 1, which illustrates the central role of NO in microbial physiol-
ogy, host immune responses, and beneficial host–microbe interactions, as well as their
collective contributions to microbial adaptation, host protection, and ecosystem health.
Understanding these interconnected processes is increasingly important for develop-
ing therapeutic approaches that manipulate NO signaling while preserving beneficial
microbial relationships.

Figure 1. Conceptual overview of the multifaceted roles of nitric oxide (NO) in microbial physiology,
host immune responses, and beneficial host–microbe interactions. NO functions as a central signaling
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molecule and antimicrobial mediator that regulates biofilm dynamics, quorum sensing, stress re-
sponses, microbial virulence, immune defense, symbiotic communication, microbiome homeostasis,
and ecosystem balance. The biological effects of NO are concentration- and context-dependent,
integrating microbial adaptation, host protection, and environmental health.

4. Challenges in Nitric Oxide Detection in Microbial Systems
NO detection remains one of the most challenging aspects of microbial and host–

microbe research because of the molecule’s unique physicochemical characteristics and the
complexity of biological matrices. Unlike many signaling molecules, NO is highly reactive,
freely diffusible, and exhibits an extremely short half-life, often ranging from milliseconds
to seconds depending on local oxygen concentrations and redox conditions [15,36]. These
properties make direct quantification difficult and frequently result in underestimation
of biologically relevant NO fluctuations. Consequently, many conventional analytical
approaches rely on the measurement of stable oxidation products such as nitrite and nitrate
as indirect indicators of NO production [37]. While useful, these measurements provide
only endpoint information and fail to capture the real-time spatial and temporal dynamics
that often determine the biological functions of NO.

A second major challenge is analytical selectivity. Within microbial environments,
NO coexists with numerous ROS and RNS, including superoxide (O2

−), peroxyni-
trite (ONOO−), nitrogen dioxide (NO2), hydrogen peroxide (H2O2), and hydrogen sul-
fide (H2S). Many fluorescence- and chemiluminescence-based methods exhibit cross-
reactivity with these molecules, generating overlapping signals that complicate accurate
interpretation [38,39]. Such interference becomes particularly problematic in infection mod-
els, biofilms, and inflammatory microenvironments where multiple reactive species are
simultaneously produced.

The complexity of biological matrices further limits detection accuracy. Proteins, lipids,
extracellular polymeric substances, and cellular metabolites can interfere with sensor per-
formance through adsorption, signal quenching, or nonspecific reactions [40]. For example,
although the Griess assay remains one of the most widely used methods for NO determi-
nation, its reliance on nitrite detection makes it vulnerable to matrix effects and indirect
estimation errors. Similarly, electrochemical sensors may experience electrode fouling,
while fluorescent probes can suffer from photobleaching and background fluorescence.

Another frequently overlooked limitation is the introduction of sampling artifacts
during specimen collection and processing. Factors such as oxygen exposure, temperature
fluctuations, prolonged storage, freeze–thaw cycles, and delayed sample preparation
can alter NO chemistry and promote interconversion among different nitrogen oxide
species [41]. These procedural variables often contribute substantially to experimental
variability and may explain inconsistencies reported across studies.

Importantly, no single analytical platform currently satisfies all requirements for NO
measurement. Techniques with excellent sensitivity may lack temporal resolution, whereas
methods capable of real-time monitoring may suffer from limited selectivity or long-term
stability. Consequently, the choice of detection platform should be guided by the biological
question being addressed. For example, electrochemical sensors are particularly valuable
for continuous monitoring, whereas EPR spectroscopy offers superior molecular specificity,
and fluorescence imaging provides spatial information at the cellular level.

Recent advances have focused on overcoming these limitations through nanomaterial-
enhanced sensors, near-infrared fluorescent probes, microfluidic integration, and AI-
assisted signal processing [42]. These developments are shifting the field from simple NO
detection toward comprehensive NO monitoring platforms capable of integrating molec-
ular sensing, real-time analytics, and predictive modeling. Such integration represents a
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major distinction between recent biosensing strategies and earlier detection methodolo-
gies, providing new opportunities for studying NO dynamics in complex microbial and
host-associated ecosystems.

5. Biosensors for Nitric Oxide Detection
The development of biosensors for NO detection has progressed rapidly during the

last decade, driven by the need for sensitive, selective, and real-time monitoring of NO
in complex biological environments [43]. Unlike traditional analytical approaches that
primarily provide endpoint measurements, biosensors enable continuous monitoring of
NO dynamics and have become essential tools for investigating microbial physiology,
host–microbe interactions, inflammation, and environmental microbiology. Furthermore,
advances in materials science, nanotechnology, and microfabrication have significantly
improved sensor performance, enabling NO detection at physiologically relevant concen-
trations and under increasingly complex biological conditions.

Among currently available technologies, electrochemical sensors remain the most
extensively utilized platforms due to their rapid response times, high sensitivity, and com-
patibility with miniaturized devices. These sensors typically operate through amperometric
or voltammetric detection of NO oxidation or reduction at electrode surfaces. Recent
incorporation of nanomaterials, including gold nanoparticles, graphene derivatives, and
carbon nanotubes, has substantially enhanced electron transfer efficiency and increased
effective surface area, resulting in nanomolar or even sub-nanomolar detection limits [44].
Their capability for real-time monitoring makes them particularly suitable for studying
dynamic NO production in microbial cultures and host tissues.

Optical biosensors provide complementary advantages through fluorescence- and
chemiluminescence-based detection mechanisms [45]. Modern fluorescent probes, particu-
larly near-infrared and ratiometric systems, have improved quantification accuracy while
reducing background interference. Unlike electrochemical sensors, optical platforms offer
high spatial resolution and enable visualization of NO distribution within cells, tissues,
and biofilms. These characteristics make them especially valuable for mechanistic stud-
ies of NO signaling pathways and host–microbe communication. However, issues such
as photobleaching, probe stability, and potential interference from other reactive species
remain important considerations when selecting optical approaches.

Enzyme- and protein-based biosensors have also been developed, utilizing NO-
sensitive proteins or enzymes as recognition elements. For instance, cytochrome c and
other heme proteins exhibit conformational changes upon binding NO, which can be
transduced into measurable signals [46]. These biosensors offer high specificity due to the
selective binding properties of the biological recognition elements, making them valuable
for applications where discrimination between NO and other RNS is critical.

The integration of microfluidics into NO sensing has led to the development of lab-on-
a-chip platforms capable of analyzing small sample volumes with high precision [47]. These
systems facilitate the study of NO production and consumption in controlled microenviron-
ments, enabling the replication of physiological conditions and the investigation of NO’s
role in microbial communities. Moreover, microfluidic platforms support high-throughput
analyses and reduce reagent consumption, making them attractive for both research and
diagnostic applications.

Wearable and implantable NO sensors have emerged for in vivo monitoring, par-
ticularly in host studies. Flexible, skin-integrated devices can non-invasively measure
NO levels in sweat, providing insights into systemic inflammation and other physiolog-
ical processes [48,49]. Implantable sensors offer the potential for continuous monitoring
within specific tissues, aiding in the assessment of localized NO production during in-
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fections or in response to therapeutic interventions. These technologies represent an
important step toward personalized monitoring and real-time assessment of NO-related
physiological processes.

When evaluating NO biosensors, several performance parameters must be considered
beyond sensitivity alone. Important performance indicators include the limit of detection
(LOD), linear dynamic range, response time, selectivity toward common interfering species,
operational stability, and compatibility with different biological matrices [50]. Because these
characteristics vary considerably among sensing platforms, representative quantitative
performance metrics can provide practical guidance for selecting appropriate technologies
for specific research and clinical applications.

In summary, the past decade has witnessed substantial progress in the development of
NO biosensors tailored for microbial and host systems. These advancements have enhanced
our ability to detect and quantify NO with greater accuracy, sensitivity, and specificity,
thereby deepening our understanding of NO physiology and host–microbe interactions. To
facilitate technology selection, Table 1 compares the principal NO biosensor platforms using
representative analytical performance metrics reported in the literature, including typical
detection limits, linear dynamic ranges, response times, selectivity, operational stability,
sample matrices, and representative references. Although these values may vary depending
on sensor design and experimental conditions, they provide a practical benchmark for
selecting suitable NO detection technologies for future applications.

Table 1. Representative analytical performance of major biosensor platforms for nitric oxide detection
in microbial and host systems.

Biosensor Type Detection Mechanism Advantages Representative Analytical
Performance Typical Sample Matrix References

Electrochemical sensors
Amperometric/voltammetric
detection of NO oxidation or

reduction

High sensitivity, rapid
response, suitable for
miniaturized devices

LOD: 40 nM; Linear range:
0.39–2.34 µM and

2.34–104.7 µM; rapid
response; negligible

interference from NO2
−

Cell cultures, tissues,
physiological fluids [44]

Optical biosensors Fluorescence (e.g., DAF probes)
or chemiluminescence

Non-invasive, real-time
imaging with high

spatial and temporal
resolution

Performance depends on
probe chemistry; suitable for
real-time imaging and spatial

localization of NO

Living cells, tissues,
biofilms [45]

Enzyme/protein-based
sensors

Conformational change in
NO-binding proteins (e.g.,

cytochrome c, heme proteins)

High molecular
specificity

LOD: 0.3 µM; Linear range:
0.7–10 µM

Biological fluids,
microbial cultures, cell

lysates
[51]

Microfluidic platforms

Integrated lab-on-a-chip
systems combining sample

handling with electrochemical
or optical sensing

High precision, low
sample volume,

high-throughput
capability

Miniaturized analysis with
low reagent consumption;

analytical performance
depends on integrated

sensing platform

Microbial cultures,
organ-on-chip devices,
environmental samples

[52]

Wearable sensors Flexible skin-integrated
electrochemical devices

Non-invasive,
continuous monitoring

Real-time monitoring;
performance depends on

integrated sensing chemistry

Sweat, skin surface,
exhaled breath

condensate
[53]

Implantable sensors Embedded electrochemical
devices for in vivo NO detection

Continuous, localized
monitoring

Continuous tissue-specific
monitoring; analytical

performance depends on
sensor design and
implantation site

Brain, vascular tissue,
inflamed tissues [54]

Cross-cutting
considerations —

Platform selection
depends on analytical

requirements

Consider LOD, linear range,
response time, selectivity,
operational stability, and

compatibility with the
biological matrix when
selecting NO biosensors

— [55]

6. Analytical Tools and Techniques for NO Quantification
Quantifying NO in biological systems is essential for understanding its diverse physi-

ological and pathological functions. Because NO is highly reactive, diffusible, and short-
lived, its accurate measurement remains technically challenging. Over the past decade,
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several analytical approaches have been developed and refined to improve detection
sensitivity, specificity, and temporal resolution. These methods include spectrophotomet-
ric and fluorometric assays, electron paramagnetic resonance (EPR) spectroscopy, mass
spectrometry, NO-sensitive dyes and fluorescent probes, and imaging-based detection
techniques [56,57]. Each technique offers distinct advantages and limitations, making
method selection highly dependent on the biological system under investigation, the
desired analytical sensitivity, and the temporal and spatial information required.

Spectrophotometric assays, particularly the Griess reaction, remain among the most
widely used methods for NO quantification because of their simplicity, affordability, and
ease of implementation [58]. These assays indirectly estimate NO production by measuring
its stable oxidation products, nitrite and nitrate. Although suitable for routine laboratory
analyses and large-scale screening studies, they generally lack the sensitivity required
for trace-level measurements and cannot provide real-time information regarding NO
dynamics. Furthermore, interference from other RNS and matrix components may affect
measurement accuracy, requiring careful experimental design and data interpretation.

Among direct detection methods, EPR spectroscopy is considered one of the most
specific techniques because it exploits the unpaired electron present in NO molecules [59].
EPR enables direct identification and quantification of NO in complex biological matrices
and has been widely applied in mechanistic studies investigating NO-mediated signaling
pathways. However, the requirement for specialized instrumentation, extensive technical
expertise, and relatively low sensitivity at physiologically relevant NO concentrations
limits its widespread application. In addition, the transient nature of NO often necessitates
the use of spin-trapping agents to stabilize detectable intermediates.

Mass spectrometry-based techniques, including gas chromatography–mass spectrome-
try (GC-MS) and liquid chromatography–tandem mass spectrometry (LC-MS/MS), provide
exceptional sensitivity and molecular specificity for the analysis of NO and its related
metabolites [60]. These approaches allow quantitative characterization of multiple NO-
derived compounds simultaneously and are particularly valuable for metabolomic and
biochemical investigations. Nevertheless, complex sample preparation procedures, high
operational costs, and the inability to perform continuous real-time monitoring restrict
their routine use in dynamic biological studies.

The development of NO-sensitive dyes and fluorescent probes has transformed NO re-
search by enabling real-time detection and visualization in living systems [10]. Fluorescent
probes, including diaminofluoresceins and metal-complex-based sensors, generate measur-
able optical signals upon interaction with NO, facilitating spatial and temporal analysis of
NO production at cellular and subcellular levels. Recent advances in probe chemistry have
improved sensitivity, selectivity, and resistance to background interference. Consequently,
these probes have become indispensable tools for investigating NO-mediated signaling in
microbial communities, host tissues, and host–microbe interactions.

Imaging-based detection techniques, including confocal microscopy and in vivo imag-
ing platforms, further extend the capabilities of fluorescent NO detection by providing
spatially resolved information on NO distribution within biological systems [61]. These
approaches allow researchers to monitor NO dynamics in real time and to correlate NO
production with specific physiological or pathological processes. However, challenges
associated with photobleaching, probe cytotoxicity, signal attenuation, and limited tissue
penetration continue to constrain their broader application, particularly in deep-tissue
imaging studies.

A comparative assessment of currently available analytical tools reveals that no single
technique is universally optimal for all applications. Traditional assays such as the Griess
reaction remain valuable for routine quantification, whereas EPR and mass spectrometry
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provide greater specificity and analytical rigor. In contrast, fluorescent probes and imaging-
based methods offer superior temporal and spatial resolution for studying dynamic NO
signaling events. Consequently, the selection of an appropriate analytical strategy should
be guided by the specific biological question, required sensitivity, sample complexity, and
whether real-time monitoring is necessary. Increasingly, these analytical approaches are
being integrated with advanced biosensor technologies and computational tools, creating
opportunities for more comprehensive characterization of NO dynamics across microbial,
environmental, and host-associated systems.

In summary, significant progress has been made in the analytical quantification of
NO, with each technique contributing unique capabilities to the study of NO biology.
Future developments will likely focus on combining high analytical sensitivity with real-
time monitoring, improved selectivity, and integration with biosensing and data-driven
analytical platforms to provide a more complete understanding of NO-mediated processes.

7. Statistical Approaches in NO Research
The increasing complexity of NO research, particularly in microbial communities and

host–microbe systems, has generated large and multidimensional datasets that require
advanced statistical and computational approaches for accurate interpretation [62]. Beyond
traditional data analysis, modern statistical frameworks now play a central role in biosensor
validation, signal processing, biomarker discovery, predictive modeling, and multi-omics
integration. The combination of NO biosensing technologies with statistical and AI-assisted
analytical tools represents one of the emerging directions in this field, enabling more reliable
quantification and biological interpretation of NO dynamics. The principal statistical and
computational approaches currently applied in NO research are summarized in Table 2.

7.1. Sensor Calibration: Linear Regression and Curve Fitting

Accurate calibration is fundamental for converting sensor outputs into reliable NO con-
centration measurements. Linear regression remains the most commonly used approach for
establishing calibration curves between sensor responses and known NO standards [63,64].
These calibration models facilitate quantitative interpretation of sensor signals and provide
essential parameters for evaluating sensor performance. However, many modern biosen-
sors exhibit non-linear behavior at very low or high analyte concentrations. In such cases,
polynomial, exponential, or logistic curve-fitting approaches are employed to improve
calibration accuracy across broader dynamic ranges. Careful calibration is particularly
important for nanomaterial-based and miniaturized biosensors, where small deviations
can substantially affect NO quantification.

7.2. Limit of Detection and Limit of Quantification: Statistical Computation and Interpretation

Determination of the LOD and LOQ is essential for assessing the analytical sensi-
tivity of NO detection platforms [65,66]. The LOD represents the lowest concentration
distinguishable from background noise and is commonly calculated as three times the stan-
dard deviation of the blank signal divided by the slope of the calibration curve. Similarly,
the LOQ is generally estimated as ten times the standard deviation of the blank signal
divided by the calibration slope and defines the lowest concentration that can be mea-
sured with acceptable accuracy and precision. These parameters are particularly important
when comparing biosensor platforms and selecting technologies for low-abundance NO
measurements in microbial or clinical samples.

7.3. Comparing Treatment Effects: t-Tests and ANOVA

Statistical hypothesis testing remains a fundamental component of experimental NO
research. Student’s t-tests are commonly used to compare NO levels between two experi-
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mental groups, whereas analysis of variance (ANOVA) enables simultaneous comparison
among multiple treatments or environmental conditions [4,67]. These approaches are
frequently applied to evaluate the effects of antimicrobial compounds, host immune re-
sponses, microbial stress conditions, or environmental perturbations on NO production.
Appropriate post hoc analyses and corrections for multiple testing further improve the
reliability of biological interpretations.

7.4. Multivariate Analysis: Principal Component Analysis and Partial Least Squares Discriminant
Analysis for Microbial NO Profiling

Microbial NO datasets often involve multiple variables measured simultaneously,
including metabolite concentrations, sensor outputs, gene expression profiles, and en-
vironmental parameters. Multivariate techniques such as principal component analysis
(PCA) and partial least squares discriminant analysis (PLS-DA) provide powerful tools for
extracting biologically meaningful patterns from such datasets [4,68]. PCA reduces data
dimensionality and identifies dominant sources of variation, whereas PLS-DA enables su-
pervised classification of predefined experimental groups. These approaches have become
increasingly valuable for microbial NO profiling, biomarker discovery, and characterization
of host–microbe interactions.

7.5. Receiver Operating Characteristic Curves in Evaluating Sensor Diagnostic Accuracy

Receiver operating characteristics (ROC) curve analysis is widely used to assess the
diagnostic performance of NO biosensors and biomarker-based detection systems [69].
ROC curves evaluate the trade-off between sensitivity and specificity across different deci-
sion thresholds, while the area under the curve (AUC) provides a quantitative measure
of overall diagnostic accuracy. In NO research, ROC analysis is particularly useful for
validating biosensors intended for clinical diagnostics, infection monitoring, and environ-
mental surveillance applications, where accurate discrimination between biological states
is critical.

7.6. Machine Learning and Predictive Modeling in NO Signal Processing

Recent advances in biosensing technologies have generated increasingly large and com-
plex datasets, creating opportunities for machine learning-assisted analysis. Algorithms
such as artificial neural networks (ANNs), support vector machines (SVMs), and random
forests (RF) have been applied to sensor calibration, signal denoising, NO concentration
prediction, and identification of factors influencing NO production and consumption [70].
Compared with conventional statistical methods, machine learning approaches can capture
complex non-linear relationships and interactions among variables. Their integration with
NO biosensors represents a promising direction for real-time monitoring systems and
automated interpretation of biological signals.

7.7. Bioinformatics Pipelines Integrating NO Data with Transcriptomics or Microbiome Studies

The growing availability of transcriptomic, metagenomic, metabolomic, and micro-
biome datasets has created opportunities to investigate NO biology within a systems-level
framework [4,71,72]. Bioinformatics pipelines facilitate the integration of NO measurements
with gene expression profiles, metabolic pathways, and microbial community composition.
These approaches enable researchers to identify molecular determinants of NO produc-
tion, characterize microbial responses to NO signaling, and uncover regulatory networks
linking NO dynamics to host physiology and environmental processes. Such multi-omics
integration is becoming increasingly important for understanding the complex roles of NO
in microbial ecology, host–microbe interactions, and disease progression.
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In summary, statistical and computational approaches have become indispensable
components of modern NO research. Beyond conventional hypothesis testing, advanced
analytical frameworks now support biosensor validation, multidimensional data explo-
ration, machine learning-assisted prediction, and multi-omics integration. The convergence
of NO biosensing technologies with statistical modeling and AI-driven analytics provides
a distinctive and emerging direction that enhances the interpretation of complex biological
datasets and strengthens the translational potential of NO research.

Table 2. Key statistical and computational techniques applied to NO detection and analysis.

Statistical/Computational Method Purpose Application in NO Research References

Linear regression and curve fitting Calibration Establish relationship between sensor
signal and NO concentration [73]

Limit of detection and limit of
quantification Sensitivity assessment Define detection thresholds and

quantification limits [74,75]

t-tests and ANOVA Statistical comparison Evaluate treatment effects on NO levels [67]

Principal component analysis Data reduction Identify patterns in microbial NO profiles [76]

Partial least squares discriminant
analysis Group classification Discriminate microbial groups based on

NO response [77]

Receiver operating characteristic
analysis Diagnostic evaluation Assess sensor accuracy and threshold

optimization [78]

Machine learning (ANNs, SVMs, RF) Predictive modeling Model NO production, calibrate sensors,
identify influencing factors [70]

Bioinformatics pipelines Multi-omics integration Correlate NO data with gene expression or
microbiome profiles [79]

8. Application of NO Detection in Microbial and Host Systems
The ability to accurately detect and quantify NO has expanded its applications across

diverse biological systems, ranging from clinical diagnostics and antimicrobial discovery
to agriculture and environmental monitoring. Advances in biosensor technologies, an-
alytical platforms, and computational tools have transformed NO from a fundamental
signaling molecule into a practical biomarker and monitoring target. Importantly, the
integration of sensitive NO detection systems with statistical and predictive analytical
frameworks has enhanced the interpretation of NO dynamics in complex microbial and
host-associated environments.

8.1. NO as a Biomarker in Infectious Disease Diagnostics

NO serves as important biomarker for assessing inflammatory and infectious pro-
cesses in humans. One of the most established clinical applications is the measurement
of fractional exhaled NO (FeNO), which provides a non-invasive indicator of airway
inflammation. Elevated FeNO levels are strongly associated with Th2-mediated inflamma-
tory responses and are routinely used for asthma diagnosis, phenotyping, and treatment
monitoring [80]. Beyond respiratory disorders, alterations in exhaled NO profiles have also
been associated with infectious diseases, including COVID-19, highlighting the potential of
NO-based diagnostics for disease detection and monitoring [81]. As biosensor technologies
continue to improve, real-time NO monitoring may further support precision medicine
approaches and early disease detection.

8.2. Monitoring NO in Probiotics and Biofertilizer Performance

In agricultural systems, NO functions as a critical signaling molecule mediating plant–
microbe interactions. Plant growth-promoting rhizobacteria (PGPR)-based biofertilizers
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stimulate plant growth, nutrient acquisition, and stress tolerance, partly through NO-
dependent signaling pathways [82]. Consequently, monitoring NO production can provide
valuable information regarding biofertilizer performance and microbial activity within
the rhizosphere. Furthermore, increasing use of engineered nanomaterials in agriculture
has raised concerns regarding their potential impacts on beneficial microbial communities
and NO-mediated signaling processes [83]. Quantitative NO monitoring therefore offers
an important tool for evaluating both biofertilizer efficacy and environmental safety. Key
applications of NO detection across microbial and host systems are summarized in Table 3.

8.3. Screening of Antimicrobial Compounds Using NO Biosensors

The broad-spectrum antimicrobial properties of NO have stimulated significant inter-
est in NO-releasing therapeutics and antimicrobial delivery systems. Biosensors capable of
real-time NO detection provide valuable platforms for evaluating release kinetics, dosage
optimization, and biological efficacy of candidate antimicrobial compounds [84]. Com-
pared with conventional endpoint assays, NO biosensors enable continuous monitoring of
antimicrobial performance, facilitating rapid screening of novel therapeutics and improving
understanding of NO-mediated antimicrobial mechanisms.

8.4. Real-Time Monitoring of NO During Symbiosis and Infection

Real-time monitoring of NO dynamics is essential for understanding both beneficial
and pathogenic host–microbe interactions [3,85]. In symbiotic systems such as the inter-
action between Medicago truncatula and Sinorhizobium meliloti, tightly regulated NO
production contributes to successful establishment and maintenance of symbiosis [86].
Similarly, NO plays important roles during infection processes by influencing microbial
virulence, host defense responses, and immune signaling. Advanced sensing technologies,
including graphene–heme-based field-effect transistor sensors, have enabled highly sensi-
tive real-time measurements of NO, providing unprecedented insights into the temporal
dynamics of these biological interactions.

8.5. Environmental NO Monitoring in Soil and Water Microbiomes

NO is an important intermediate in microbial nitrogen cycling and contributes sig-
nificantly to atmospheric nitrogen fluxes. Microbial processes such as nitrification and
denitrification generate NO, with production rates influenced by nutrient availability,
oxygen levels, soil moisture, and microbial community composition [87]. Continuous
monitoring of NO emissions in soil and aquatic ecosystems provides valuable information
regarding nutrient cycling, ecosystem health, and greenhouse gas dynamics. Recent ad-
vances in sensor technology have enabled long-term field measurements, improving our
understanding of microbial contributions to environmental NO fluxes.

8.6. Integration of Sensor Data with Ecological/Biological Models

The increasing availability of high-resolution NO datasets has created opportuni-
ties to integrate sensor-derived measurements with ecological and biological modeling
approaches. Combining NO monitoring data with microbiome profiles, environmental
variables, and ecosystem parameters can reveal complex relationships between micro-
bial activity, community structure, and biogeochemical processes [88]. Such integrative
frameworks support predictive modeling of ecosystem responses to environmental change
and demonstrate how NO biosensing can contribute to broader systems-level analyses.
This integration of biosensing technologies with statistical and computational approaches
represents one of the emerging directions that distinguishes current NO research from
earlier descriptive studies.
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In summary, NO detection technologies have evolved beyond simple measurement
tools and now serve as essential components of clinical diagnostics, agricultural man-
agement, antimicrobial development, symbiosis research, and environmental monitoring.
The combination of advanced biosensors with statistical, computational, and ecological
modeling approaches continues to expand the scope and impact of NO research across
microbial and host systems.

Table 3. Representative applications of NO detection across microbial and host systems.

Application Area Use of NO Detection Biological System or Context References

Biomarker in infectious disease
diagnostics

Assess airway inflammation (e.g.,
FeNO levels); identify viral infections

Human respiratory system; asthma;
COVID-19 [80]

Monitoring
probiotic/biofertilizer

performance

Evaluate NO signaling in PGPR-based
biofertilizers

Plant-microbe interactions; soil
microbiota [89,90]

Screening of antimicrobial
compounds

Detection NO release to assess
antimicrobial efficacy In vitro and animal infection models [84]

Real-time monitoring during
symbiosis/infection

Track NO dynamics during symbiotic
or pathogenic interactions

Legume-rhizobia symbiosis;
engineered sensor systems [91]

Environmental monitoring
(soil/water)

Measures microbial NO emissions from
nitrification/denitrification Soil and aquatic microbiomes [92]

Integration with
ecological/biological models

Model NO flux in relation to microbial
diversity and soil conditions

Ecosystem-scale analyses; greenhouse
gas prediction [93]

9. Future Perspectives
The future of NO detection is moving beyond improvements in analytical sensitivity

alone toward the development of integrated sensing and data-analysis platforms capable
of providing biologically meaningful information in real time. Advances in biosensor
engineering, microfabrication, AI, and multi-omics technologies are expected to transform
how NO is measured, interpreted, and applied across microbial, environmental, and clinical
systems. Several emerging directions are likely to shape the next generation of NO research
and applications.

9.1. Miniaturized, Real-Time, In Vivo NO Detection

Recent progress in nanotechnology and microfabrication has enabled the development
of highly miniaturized sensors capable of real-time, in vivo NO monitoring. These devices
offer improved spatial and temporal resolution, allowing researchers to investigate localized
NO dynamics within tissues, microbial biofilms, and host–microbe interfaces. Future
developments are expected to focus on improving sensitivity at physiologically relevant
concentrations while minimizing invasiveness and signal interference. Such technologies
will facilitate a deeper understanding of NO-mediated processes in health, disease, and
microbial ecology.

9.2. Integration of NO Sensors in Wearable and Implantable Platforms

Wearable and implantable sensing technologies represent an important frontier in
continuous NO monitoring. Wearable devices capable of measuring NO in breath, sweat,
or skin-associated fluids may provide non-invasive indicators of inflammatory, respiratory,
and cardiovascular conditions. Implantable sensors could enable continuous monitoring of
tissue-specific NO dynamics during infection, wound healing, or therapeutic interventions.
Future research should focus on improving biocompatibility, long-term stability, antifouling
performance, and wireless communication capabilities to facilitate clinical translation and
personalized healthcare applications.
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9.3. Combining NO Biosensing with Multi-Omics and Imaging

The integration of NO biosensing with transcriptomics, proteomics, metabolomics,
and microbiome profiling offers exciting opportunities for systems-level investigations of
NO biology. Coupling real-time NO measurements with fluorescence imaging, confocal mi-
croscopy, and advanced molecular analyses can reveal how NO influences cellular signaling
networks, microbial community interactions, and host responses. Such multi-dimensional
datasets will enable a more comprehensive understanding of NO-mediated biological
processes and may facilitate the discovery of novel biomarkers and therapeutic targets.

9.4. AI-Driven NO Interpretation for Complex Host–Microbe Systems

As NO sensing technologies generate increasingly large and complex datasets, AI
and machine-learning approaches are expected to play an increasingly important role
in data interpretation. Advanced computational models can identify hidden patterns,
classify biological states, predict NO fluctuations, and integrate information from multiple
sensing modalities. In host–microbe systems, AI-driven analyses may reveal previously
unrecognized relationships between microbial communities, immune responses, and NO
signaling networks. The convergence of biosensing, machine learning, and predictive
analytics therefore represents one of the most promising directions for future NO research.

9.5. Development of NO Sensor Standards and Reproducibility Benchmarks

Despite substantial technological progress, the lack of standardized protocols remains
a major challenge in the NO sensing field. Differences in calibration procedures, sam-
ple preparation methods, sensor architectures, and reporting metrics often complicate
comparisons among studies. Establishing reproducibility benchmarks and standardized
performance criteria, including sensitivity, specificity, response time, operational stability,
and selectivity against common interferents, will be essential for advancing both research
and practical applications. Such standardization efforts will facilitate regulatory approval,
improve data comparability, and accelerate the adoption of NO sensing technologies across
clinical, environmental, and agricultural sectors.

In summary, the future of NO detection lies in the convergence of advanced biosen-
sors, multi-omics technologies, imaging platforms, AI-assisted analytics, and standardized
validation frameworks. These developments will not only improve measurement accu-
racy but also enhance our ability to interpret NO dynamics within increasingly complex
biological systems.

10. Conclusions
NO has emerged as a multifunctional signaling molecule that plays fundamental

roles in microbial physiology, host defense, and host–microbe interactions. In microbial
systems, NO regulates diverse biological processes including metabolism, stress adaptation,
biofilm development, QS, and virulence. Within host organisms, NO contributes to innate
immunity, inflammatory regulation, microbiome homeostasis, and beneficial symbiotic
interactions. Despite its biological importance, accurate NO quantification remains chal-
lenging because of its short half-life, high diffusibility, and susceptibility to interference
from other reactive oxygen and nitrogen species.

Substantial advances in analytical methodologies and biosensor technologies have
significantly improved the ability to detect and monitor NO in complex biological environ-
ments. Electrochemical, optical, enzyme-based, microfluidic, wearable, and implantable
sensing platforms now provide opportunities for real-time and highly sensitive NO mea-
surements across diverse applications. These technological developments have expanded
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the utility of NO detection beyond fundamental research to include clinical diagnostics,
environmental monitoring, antimicrobial screening, and agricultural management.

A central theme emerging from this review is that advances in NO sensing technolo-
gies are increasingly linked with developments in statistical analysis, machine learning,
and systems biology. Modern NO research extends beyond measurement alone and in-
creasingly relies on computational frameworks for sensor validation, signal processing,
biomarker discovery, predictive modeling, and integration with transcriptomic and mi-
crobiome datasets. The combination of biosensing platforms with advanced analytical
and AI-driven approaches provides new opportunities for interpreting complex biological
information and represents an important evolution in the field.

Importantly, this review highlights how the integration of NO biosensing technolo-
gies with statistical and computational methodologies can bridge traditionally separate
disciplines, including microbiology, analytical chemistry, bioengineering, and data science.
Such interdisciplinary approaches are becoming essential for understanding NO dynamics
within increasingly complex microbial and host-associated systems.

Looking forward, continued progress in miniaturized sensors, wearable and im-
plantable devices, multi-omics integration, advanced imaging, and AI-assisted data in-
terpretation is expected to further transform NO research. Equally important will be the
establishment of standardized performance benchmarks and reproducibility guidelines
that facilitate comparison among technologies and accelerate practical implementation.

In conclusion, NO research is entering a new era characterized by the convergence
of biosensor engineering, analytical innovation, and computational intelligence. By in-
tegrating these complementary approaches, future studies will be better positioned to
elucidate the multifaceted roles of NO in microbial ecology, infectious disease, environmen-
tal processes, and human health, ultimately expanding its value as a biomarker, signaling
molecule, and therapeutic target.
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