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Abstract

Chitosan films and interfaces are increasingly used in micro- and nanosensors, yet the
contribution of chitosan is often obscured by hybrid architectures. This systematic ev-
idence map and curated critical review evaluated fabrication routes, micro-/nanoscale
structures, functional roles, transduction mechanisms, analytical validation, reporting com-
pleteness, and device readiness. Searches of Scopus, PubMed, and IEEE Xplore yielded
15,058 database records. After deduplication, 8832 unique database-derived records un-
derwent rule-based evidence mapping: Core Primary Candidate (n = 2617), Contextual
Evidence (n = 3096), Manual Review (n = 1318), and Exclude (n = 1801). A separately assem-
bled curated full-text subset contained 73 unique records, including 32 unique additions
to the database-derived corpus. Full-text adjudication of this curated subset identified
26 studies meeting the strict CORE criteria, 17 boundary experimental studies, eight con-
textual experimental /material studies, 18 review /contextual sources, two methodological
sources, and two exclusions. The detailed critical synthesis and reporting-completeness
assessment were restricted to the 26 CORE studies assessed within this curated subset
and should not be interpreted as an exhaustive synthesis of all 2617 automated candidate
records. Within the 26-study curated CORE subset, reporting completeness was highest
for response definition (26/26, 100.0%) and functional-role reporting (25/26, 96.2%), but
lower for chitosan identity and selectivity/interference (17/26, 65.4% each) and stability
(13/26, 50.0%). The assessed studies indicate that strong analytical performance in hybrid
architectures generally reflected the complete sensing system rather than chitosan alone.
The proposed role-structure—transduction—evidence framework supports clearer compo-
nent attribution, within-platform comparison, validation, and device-readiness assessment
within the evidence set examined.

Keywords: chitosan films; micro- and nanosensors; functional interfaces; electrochemical
sensors; optical sensors; gravimetric sensors; humidity sensors; device readiness
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1. Introduction

Sensor systems are essential to food safety, environmental monitoring, clinical analy-
sis, industrial process control, and wearable health applications. However, many sensing
devices continue to rely on persistent polymer substrates, resource-intensive functional
modifiers, and fabrication routes whose environmental impacts are rarely evaluated system-
atically [1]. In this context, chitosan is attractive not merely as a biodegradable alternative,
but as a processable functional material capable of interacting with analytes, supporting
recognition elements, and hosting signal-generating components.

Chitosan is produced through the deacetylation of chitin and contains abundant amino
and hydroxyl groups. These functional groups enable protonation, hydrogen bonding,
metal coordination, chemical modification, and biomolecule immobilization [2-6]. Its
molecular weight and degree of deacetylation influence solution viscosity, amino-group
density, swelling behavior, adhesion, and mechanical integrity [2,6]. These properties can
directly affect film formation and sensor response. Nevertheless, molecular weight, degree
of deacetylation, and related physicochemical characteristics are frequently mentioned
without being adequately measured, controlled, or reported in sensor studies.

At the micro- and nanoscale, chitosan has been processed as thin coatings, elec-
trodeposited layers, nanofibrous mats, composite films, self-assembled interfaces, and
modifiers of patterned electrodes or resonant structures. It has been incorporated into
electrochemical and impedimetric interfaces [7-23], optical, fluorescent, and colorimetric
films [24—42], chemiresistive, electrochemical, and optical gas-sensing devices [43-50], ca-
pacitive and resistive humidity sensors [51-58], quartz crystal microbalances (QCMs) [59],
and microelectromechanical-system (MEMS) cantilevers and resonators [60-62]. These
platforms rely on different physical principles and therefore require platform-specific
definitions of sensitivity, selectivity, response time, recovery, stability, hysteresis, and
analytical performance.

A central challenge in interpreting this literature is the attribution of functional roles.
Chitosan may act as the analyte-responsive phase, a recognition or analyte-partitioning
matrix, an immobilization or binder layer, or a structural support for another active mate-
rial. Accordingly, a low detection limit obtained using an aptamer, enzyme, metal oxide,
fluorescent probe, nanocarbon, field-effect transistor, or resonator cannot be attributed
to chitosan alone without appropriate control experiments. Conversely, in humidity and
gravimetric sensing, water uptake, swelling, ionic transport, and viscoelastic loading may
make chitosan directly responsible for the measured response. Distinguishing these roles is
therefore necessary for meaningful comparison among devices.

Previous reviews have generally focused on individual application domains. Elec-
trochemical chitosan sensors have been reviewed from the perspectives of nanocom-
posites, biosensing, molecular imprinting, food safety, pharmaceuticals, and clinical
analysis [7,63-67]. Other reviews have addressed biomedical nanosensors and hydrogel-
based bioelectronic sensing [68,69], optical heavy-metal sensing [70], intelligent and col-
orimetric food packaging [71-76], flexible electronics and biodegradable or transient elec-
tronics [77,78], and mobile-phone-based biosensing [79]. However, these studies have not
applied a common framework for distinguishing the functional contribution of chitosan
from that of receptors, fillers, nanostructures, and transducer amplification.

A systematic synthesis is therefore needed to connect chitosan properties and film
architecture with functional role, transduction mechanism, analytical validation, and device
readiness. The reporting of this systematic evidence map and critical review was informed
by the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
2020 framework [80,81]. It distinguishes primary experimental device studies from review
and contextual literature and organizes the evidence according to the measured quantity,
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transduction mechanism, and dominant role of chitosan rather than by application category
alone. This approach enables comparisons across electrochemical, optical, chemiresistive,
gravimetric, humidity-sensing, resonant, and microelectromechanical platforms while
preserving the technical differences among them.

Unlike previous application-specific reviews, the present work separates material
composition from sensing mechanism and evaluates chitosan according to its dominant
functional role, transduction domain, validation evidence, and device-readiness level.

The objectives of this review are to: (i) compare fabrication routes and the resulting
micro- and nanostructures; (ii) distinguish the contribution of chitosan from those of
fillers, receptors, transducers, and environmental conditions; (iii) evaluate platform-specific
performance metrics and validation requirements; and (iv) propose actionable criteria for
reproducibility, device readiness, and defensible sustainability claims. Figure 1 summarizes
the scope and analytical framework adopted in this review.

Chitosan Films for
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Figure 1. Scope and analytical taxonomy of the review. Chitosan films are classified according to
fabrication route and architecture, dominant functional role, and transduction domain used in the
main synthesis before their performance is interpreted at the device level.

2. Materials and Methods
2.1. Review Design and Reporting Framework

This study combined a systematic evidence-mapping approach with a curated critical
qualitative review of chitosan films and interfaces used in micro- and nanoscale sensing
devices. The evidence map was designed to characterize the breadth of the database-
derived literature, identify potentially relevant experimental and contextual records, and
evaluate the distribution of sensing platforms. The detailed qualitative synthesis was
conducted separately using a curated full-text subset and was structured around fabrication
route, film architecture, the dominant functional role of chitosan, transduction mechanism,
analytical validation, and device readiness. The curated synthesis was not intended to
represent exhaustive full-text screening of all automatically classified candidate records.
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Reporting was informed by the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) 2020 statement and its explanation and elaboration docu-
ment [80,81]. Because title and abstract classification was performed through rule-based
automation and the final qualitative evidence set was curated separately, the study-selection
workflow is reported as an evidence-identification and reconciliation process rather than as
a conventional manually screened systematic-review pathway.

The core qualitative synthesis focused on primary experimental studies in which chi-
tosan or a chitosan derivative formed a film, coating, membrane, nanofibrous layer, compos-
ite layer, self-assembled interface, or functional layer on a miniaturized transducer. Eligible
platforms included electrochemical, impedimetric, optical, colorimetric, chemiresistive, con-
ductometric, gravimetric, capacitive, resistive, resonant, and field-effect-transistor devices.

2.2. Protocol and Registration

The review protocol was retrospectively registered in the Open Science Framework
Registries under DOI: 10.17605/OSEIO/YDUK®. The registration documented the re-
view scope, research questions, eligibility concepts, functional classification of chitosan,
extraction domains, and narrative-synthesis framework.

Several refinements were introduced after the initial protocol was prepared. These
included broader coverage of gravimetric sensing, quartz crystal microbalances, microcan-
tilevers, resonators, microelectromechanical systems, and nanoelectromechanical systems,
as well as the implementation of rule-based automated evidence mapping. These deviations
are reported transparently and were retained in the archived review documentation.

2.3. Research Questions

The review addressed the following research questions:

RQ1. Which fabrication routes and micro- and nanoscale film architectures have been
used in chitosan-based sensing devices?

RQ2. What functional role does chitosan perform in each device, and which material
or structural variables are associated with sensor performance?

RQ3. How should performance be compared within electrochemical, optical, chemire-
sistive, gravimetric, resonant, and humidity-sensing domains?

RQ4. Which methodological weaknesses limit attribution of chitosan-specific effects,
reproducibility, comparability, and practical deployment?

RQ5. What reporting and validation pathway is required to support device readiness
and defensible sustainability claims for chitosan-based sensors?

2.4. Information Sources and Search Strategy

Systematic searches were conducted in Scopus, PubMed, and IEEE Xplore from
database inception to 4 August 2026. The database searches were supplemented by back-
ward and forward citation tracking, publisher-platform searching, and a manually curated
Mendeley Reference Manager library (Elsevier, Amsterdam, The Netherlands) compiled
during the review process.

Scopus and PubMed were each searched using two complementary query blocks. The
first block emphasized chitosan films, coatings, membranes, sensing interfaces, and estab-
lished sensor-transduction terminology. The second block targeted micro- and nanoscale
materials and device architectures, including microsensors, nanosensors, microelectrodes,
nanoelectrodes, microcantilevers, interdigitated electrodes, microelectromechanical sys-
tems (MEMS), nanoelectromechanical systems (NEMS), quartz crystal microbalances
(QCMs), resonators, field-effect transistors, nanofibers, nanorods, nanowires, nanopar-
ticles, and nanocomposites.
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IEEE Xplore was searched using the All-Metadata field. The results were restricted
to journal articles, conference publications, and early access articles, whereas books were
excluded. The final IEEE Xplore search identified 272 records before internal deduplication.

The database-specific search strategies combined three principal concept groups:

e chitosan-related terms, including chitosan, chitosan-based, chitosan film, coating,
membrane, composite, and nanocomposite;

e sensing and transduction terms, including sensor, biosensor, chemosensor, electro-
chemical, impedimetric, optical, fluorescent, colorimetric, gas sensor, humidity sen-
sor, gravimetric, QCM, microcantilever, resonator, MEMS, NEMS, and field-effect
transistor;

e interface and architecture terms, including thin film, layer, electrode, sensing interface,
microelectrode, nanofiber, nanorod, nanowire, and interdigitated electrode.

The complete database-specific search strings, searched fields, filters, search dates,
and record counts are provided in Supplementary Table S1. Searches were restricted to
English-language records, and no publication-year restriction was applied.

The two Scopus searches identified 10,765 records before cross-query deduplication,
while the two PubMed searches identified 4021 records. The filtered IEEE Xplore search
identified 272 records. The three electronic databases therefore contributed 15,058 records.
Supplementary searching and the curated Mendeley library yielded 73 references that were
reconciled separately because 41 overlapped the database-derived corpus and 32 were
unique additions. Reconciliation with the 32 unique additions therefore yielded a combined
corpus of 8864 unique records.

2.5. Eligibility Criteria
Studies were eligible for the strict CORE synthesis only when all of the following
criteria were met:

1.  the study reported original experimental research;

2. chitosan or a chitosan derivative formed a film, coating, membrane, nanofibrous layer,
composite layer, self-assembled interface, or other functional sensing layer;

3. the chitosan-containing material had a defined sensing, recognition, analyte-partitioning,
indicator, immobilization, or signal-coupling function;

4. amicro- or nanoscale material, structure, film, interface, or transducer was functionally
integral to analyte recognition, analyte—interface interaction, or signal transduction;

5.  atleast one device-relevant material, analytical, or operational outcome was reported.

Eligible outcomes included film or interface structure, electrical or optical response,
sensitivity, response equation, limit of detection, linear range, selectivity, response and
recovery time, hysteresis, repeatability or reproducibility, drift, stability, or real-sample or
field-relevant validation.

Studies were excluded from the strict CORE synthesis when chitosan was used ex-
clusively for adsorption, treatment, delivery, wound care, tissue engineering, scaffold
fabrication, antimicrobial activity, separation, or bulk material characterization without
a sensing endpoint. Macroscale intelligent-packaging films and other sensing studies
without a functionally integral micro-/nanoscale feature were retained, where relevant, as
contextual or boundary evidence rather than counted as CORE.

Patents, editorials, commentaries, retracted publications, duplicate records, and re-
ports without sufficient information to determine the sensing function or device configura-
tion were excluded. Review articles, general chitosan-property studies, methodological
references, and sustainability studies were retained as contextual or methodological sources
but were not counted as CORE primary studies.
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Operationally, a micro- or nanosensor was defined as a sensing system in which a
micro- or nanoscale material, structure, film, interface, or transducer was functionally
integral to analyte recognition, analyte-interface interaction, or signal transduction. The
mere presence of nanoparticles, nanofillers, or other nanoscale additives in an otherwise
macroscale film was not sufficient for CORE inclusion unless that feature directly partici-
pated in the sensing mechanism or device architecture.

For full-text adjudication of the curated records, the eligibility criteria were applied
sequentially. A record was classified as CORE only when all five criteria above were
satisfied: original experimental research; a functional chitosan-containing sensing film
or interface; an explicit sensing-related role for chitosan; a functionally integral micro-
/nanoscale material, structure, film, interface, or transducer; and at least one device-
relevant outcome. Records that otherwise described experimental sensing systems but did
not satisfy the strict micro-/nanoscale criterion were retained as boundary experimental or
contextual experimental /material evidence, as appropriate. Reviews and methodological
papers were classified separately, and records without qualifying chitosan sensing relevance
were excluded. Record-level classifications and adjudication rationales are provided in
Supplementary Table S4.

2.6. Record Management, Automated Evidence Mapping, and Curated Evidence Selection

Database exports were processed within a common record-management workflow.
Exact duplicates were identified using normalized digital object identifiers, PubMed iden-
tifiers, source identifiers, and normalized titles. Potential near-duplicate records were
additionally examined using title-similarity procedures.

The electronic database searches produced 15,058 records. After removal of
6226 duplicates within and across Scopus, PubMed, and IEEE Xplore, 8832 unique database-
derived records remained. The manually curated Mendeley library contained 73 unique
references after consolidation of one duplicate full-text record. Of these, 41 were already
represented in the database-derived corpus, and 32 were unique additions. Reconciliation
therefore produced a combined corpus of 8864 unique records.

The 8832 database-derived records underwent rule-based automated evidence map-
ping implemented through a predefined computational script written in Python 3.12.3
(Python Software Foundation, Wilmington, DE, USA) and executed under Ubuntu 24.04.4
LTS within Windows Subsystem for Linux (WSL; Microsoft Corporation, Redmond, WA,
USA). The script evaluated titles, abstracts, keywords, document types, database origins,
and bibliographic identifiers against prespecified signals for chitosan, sensing function,
film/interface configuration, micro-/nanoscale terminology, transduction mechanism, ex-
perimental performance, and non-sensing exclusions.

The script assigned each database-derived record to one of four mutually exclusive
evidence-mapping strata: Core Primary Candidate, Contextual Evidence, Manual Review,
or Exclude. These strata were designed for reproducible bibliographic mapping and were
not treated as final study-level eligibility decisions.

Of the 8832 database-derived records, 2617 were classified as Core Primary Candidate,
3096 as Contextual Evidence, 1318 as Manual Review, and 1801 as Exclude. The automated
classifications were retained without manual modification. The 1801 Exclude records
were reported as automated title/abstract exclusions; the other three categories remained
evidence-map strata.

The curated Mendeley library was assembled during the review process from supple-
mentary searching, backward and forward citation tracking, publisher-platform searching,
and records previously collected for this topic. It was used as a supplementary, purposively
curated full-text subset for detailed mechanistic and reporting-level assessment rather than
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as a substitute for the reproducible database searches. The 73 curated records were not
selected through exhaustive full-text screening of all 2617 records classified automatically
as Core Primary Candidate.

All 73 unique curated records underwent structured full-text adjudication against the
strict operational criteria described in Section 2.5. The final inventory comprised 26 studies
meeting the CORE criteria, 17 boundary experimental studies, eight contextual experi-
mental/material studies, 18 review /contextual sources, two methodological sources, and
two exclusions. Accordingly, the 26 CORE studies represent studies meeting the strict
criteria within the curated subset and should not be interpreted as the complete set of all
potentially eligible studies in the broader automated evidence map. Only these 26 assessed
CORE studies contributed to the reporting-completeness matrix and detailed critical per-
formance synthesis; boundary and contextual records were used only where explicitly
identified as supporting interpretation.

Complete database exports, deduplication outputs, automated classification rules, the
73-record final adjudication inventory, and the 26-study extraction matrix with evidence-
line provenance were retained as Supplementary Materials.

2.7. Data Extraction and Functional Classification

A standardized study-level extraction matrix was completed for the 26 CORE studies.
It recorded bibliographic information; chitosan source and specification; molecular weight
and degree of deacetylation where reported; derivative or crosslinker; formulation and
deposition conditions; film/interface structure; substrate and transducer geometry; filler
or recognition element; analyte and sample matrix; transduction mechanism; response
definition; operating conditions; analytical range and sensitivity; limit of detection; dynamic
response; selectivity /interference; repeatability or reproducibility; stability; and real-sample
or field-relevant validation. Information not explicitly reported in the original full text
was recorded as not reported and was not inferred from related studies, manufacturer
specifications, or secondary sources.

The functional contribution of chitosan was classified into four non-exclusive roles:
active analyte- or environmentally responsive phase, recognition or analyte-partitioning
matrix, immobilization or binder layer, and structural or composite support. The dominant
signal-generating component was recorded separately to avoid assigning performance
arising from receptors, fillers, nanostructures, transducer geometry, or amplification mech-
anisms to chitosan alone. Throughout the review, film/interface is used as the generic
umbrella term; coating, layer, membrane, and related terms are retained only when they
describe the architecture reported in the original study.

The reporting of a functional role was distinguished from experimental demonstration
of a causal contribution. A study was considered to report the role of chitosan when the
stated function of chitosan was differentiated from that of the receptor, filler, catalytic
material, transducer, or amplification mechanism. Stronger causal evidence required a
matched control or controlled comparison capable of isolating the effect of chitosan, such as
a chitosan-free interface, an alternative matrix, systematic variation in chitosan composition,
or an equivalent control architecture.

2.8. Data Synthesis

A quantitative meta-analysis was not performed because the 26 CORE studies dif-
fered substantially in analytes, concentration units, response definitions, operating con-
ditions, relative-humidity ranges, device geometries, film/interface architectures, and
validation procedures. Structured narrative synthesis was conducted across electrochemi-
cal/impedimetric, optical / colorimetric/fiber-optic, gas/gravimetric, and humidity-sensing

https:/ /doi.org/10.3390 /micro6040076


https://doi.org/10.3390/micro6040076

Micro 2026, 6, 76

8 0f 30

domains. Evidence from boundary and contextual records was not pooled with CORE
performance results.

Cross-platform interpretation followed the proposed role-structure-transduction—
evidence framework. Numerical comparisons were made only when the original stud-
ies reported sufficiently comparable response definitions, units, operating conditions,
and calibration procedures. Results obtained using incompatible definitions or ex-
perimental conditions were classified as not directly comparable. Qualitative descrip-
tions such as “high sensitivity”, “rapid response”, or “good stability” were not treated
as equivalent evidence unless they were supported by clearly defined metrics and

appropriate comparators.

2.9. Descriptive Assessment of Reporting Completeness

Because no single validated risk-of-bias or quality-assessment instrument was con-
sidered suitable for the heterogeneous combination of materials-science experiments,
analytical-chemistry studies, and sensor-device investigations, reporting completeness
was assessed descriptively across ten prespecified domains. These domains covered chi-
tosan identity, fabrication reproducibility, film or interface characterization, functional-role
reporting, response definition, operating conditions, selectivity or interference testing,
repeatability or reproducibility, stability, and application validation.

The domains were used as a narrative interpretive checklist and were not combined
into a numerical quality score or formal risk-of-bias classification. Table 1 presents the
minimum information considered necessary for adequate reporting within each domain.

Table 1. Reporting-completeness domains used to assess the 26-study curated CORE subset.

Domain Criterion for Adequate Reporting

Chitosan identity

The source and at least one relevant specification, such as
molecular weight, degree of deacetylation, or material grade,
were reported

Fabrication reproducibility

Chitosan concentration, solvent, deposition parameters, and
drying or post-treatment conditions were reported

Film/interface characterization

Film thickness, morphology, porosity, or another relevant
structural property was measured using an appropriate method

Functional-role reporting

The stated functional role of chitosan was distinguished from that
of the receptor, filler, transducer, or amplification mechanism; this
reporting criterion did not by itself require experimental
demonstration of causality

Response definition

The response equation or an unambiguous signal definition
was provided

Operating conditions

Analyte concentration, temperature, relative humidity, and other
relevant operating parameters were reported

Selectivity /interference

Relevant competing analytes, environmental interferents, or
mixed-condition tests were examined

Repeatability /reproducibility

Repeated cycles, replicate preparations, or measurements across
multiple devices were reported

Stability

Drift, shelf life, long-term operation, storage stability, or
mechanical stability was assessed

Application validation

Real samples, realistic exposure conditions, or a field-relevant
demonstration was included
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For each CORE study, every reporting domain was coded as 1 (criterion satisfied) or
0 (criterion not satisfied), with NA reserved for genuinely non-applicable domains and
excluded from the denominator. Platform relevance was considered when interpreting
operating conditions; for example, relative humidity was not required for an aqueous
electrochemical assay when it was not mechanistically relevant. No NA assignments were
required in the final 26-study matrix. Supporting full-text line references and adjudication
notes were retained for every decision. Frequencies and percentages were calculated using
the 26 CORE studies assessed within the curated full-text subset as the denominator.

2.10. Scope and Methodological Boundaries

The review was restricted to English-language reports involving chitosan sensing
films or interfaces. Citation tracking, publisher-platform searching, and the curated Mende-
ley library were supplementary identification methods. The strict CORE synthesis was
intentionally narrower than the broader contextual literature: macroscale smart-packaging
indicators, nanoscale additives that were incidental to sensing, and devices lacking a
functionally integral micro-/nanoscale feature were not counted as CORE.

The evidence base included heterogeneous proof-of-concept devices with different
architectures, response equations, analytical units, environmental conditions, and levels
of validation. The review therefore emphasized component-specific attribution, within-
platform comparability, reporting completeness, and device-readiness gaps rather than
ranking all devices using a single performance measure.

The rule-based evidence map enabled reproducible processing of the large biblio-
graphic corpus, whereas the curated full-text audit established the final study-level scope.
Neither the automated mapping nor the 73-record full-text adjudication was independently
duplicated by a second reviewer; this limitation is considered in Section 4.6.

The protocol was registered retrospectively, and the curated library was not produced
by full-text screening of all 2617 automated Core Primary Candidate records. All selection
rules, final record classifications, extraction decisions, and provenance were therefore
retained to make the scope and reviewer judgment auditable.

2.11. Generative Al-Assisted Figure Preparation

The scientific content, structure, terminology, numerical values, and logical relation-
ships presented in Figures 1-5 were developed manually by the authors in Microsoft
PowerPoint (Microsoft Corporation, Redmond, WA, USA). Google Gemini (Google LLC,
Mountain View, CA, USA) was subsequently used to assist with graphical refinement and
the addition of scientific illustrative elements. Initial graphical refinement was performed
using Gemini 3.5, followed by Gemini 3.6 Reasoning during subsequent refinement of
the figures. The Al-assisted tasks were limited to improvements in layout, typography,
iconography, spacing, alignment, proportions, scientific illustrations, and overall visual
presentation. The prompts instructed the Al tool to preserve the author-prepared scien-
tific content and not to introduce new scientific claims or modify the underlying data,
numerical values, methodology, interpretations, or conclusions. All Al-assisted outputs
were reviewed and verified by the authors for scientific accuracy, and the authors take full
responsibility for the final figures.
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(4) Final full-text adjudication was performed only for the 73 curated records; the strict critical synthesis was restricted to the 26 CORE studies.

Strict critical synthesis = 26 CORE studies

Figure 2. Evidence identification, automated mapping, curated-library reconciliation, and final full-
text adjudication. Electronic searches yielded 15,058 records; 6226 duplicates were removed, leaving
8832 unique database-derived records for rule-based mapping. The 73 curated references were
reconciled separately: 41 overlapped the database corpus, and 32 were unique additions, producing
8864 unique records after reconciliation. Full-text audit of the curated subset identified 26 studies
meeting the CORE criteria, 17 boundary experimental studies, eight contextual experimental/material
studies, 18 review /contextual sources, two methodological sources, and two exclusions. The detailed
critical synthesis used the 26 CORE studies assessed within this curated subset; this subset was not
intended as an exhaustive full-text screening of all automated candidate records.
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Figure 3. Role-structure-transduction—-evidence framework used to interpret the contribution of
chitosan films and interfaces in micro- and nanosensor architectures.
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Figure 4. Proposed device-readiness pathway and evidence gates for chitosan-film micro- and
nanosensors. Progression from material proof of concept to a deployable system requires increasingly
rigorous evidence for material identity, fabrication reproducibility, analytical validation, realistic
application testing, manufacturing tolerance, stability, cost, safety, and end-of-life management.
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son is appropriate only when response equations, measurement units, environmental conditions,
calibration procedures, and device geometries are sufficiently comparable.
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3. Results
3.1. Evidence Identification, Mapping, and Curated Evidence Base

Electronic database searches identified 15,058 records. After 6226 within- and cross-
database duplicates were removed, 8832 unique database-derived records remained. The
73 unique curated references were reconciled separately rather than simply added to the
identification count: 41 overlapped the database corpus, and 32 were unique additions.
The combined unique corpus therefore contained 8864 records.

Rule-based mapping of the 8832 database-derived records classified 2617 as Core
Primary Candidate, 3096 as Contextual Evidence, 1318 as Manual Review, and 1801 as
Exclude. These categories accounted for all database-derived records and were retained as
automated evidence-mapping strata.

The automated categories did not constitute final full-text inclusion decisions. In
particular, a Core Primary Candidate label indicated bibliographic evidence of potential
relevance, whereas the final CORE designation required full-text confirmation that a func-
tionally integral micro-/nanoscale feature participated in recognition, analyte-interface
interaction, or transduction.

Full-text adjudication of the 73 unique curated records produced 26 CORE pri-
mary studies, 17 boundary experimental studies, eight contextual experimental /material
studies, 18 review /contextual sources, two methodological sources, and two exclusions.
One duplicate source file representing the same study was consolidated before the 73-record
count was finalized.

The detailed critical synthesis and reporting-completeness analysis were based on the
26 CORE studies identified within the curated full-text subset. These 26 studies do not
constitute an exhaustive set of all potentially eligible studies among the 2617 automated
Core Primary Candidate records. Boundary experimental and contextual material studies
were retained only for clearly labeled interpretive context and did not contribute to the
reporting-completeness frequencies or Table S5 coding.

The CORE set covered electrochemical and impedimetric interfaces; optical, colori-
metric, and fiber-optic sensors; quartz-crystal-microbalance gas sensing; and capacitive,
resistive, and field-effect-transistor humidity sensors. MEMS/microcantilever reports
and several macroscale packaging or gas-sensing studies remained useful contextual evi-
dence but did not enter the strict 26-study synthesis. Figure 2 summarizes the evidence-
identification, automated-mapping, reconciliation, and full-text-adjudication workflow.

3.2. Functional Roles and Analytical Taxonomy

Within the 26 CORE studies assessed in the curated subset, the functional roles of
chitosan followed the four categories defined in Section 2.7. Individual studies could
assign more than one role, and the measured response depended on the complete
sensing architecture.

Accordingly, the presence of chitosan was not treated as evidence that sensor per-
formance was chitosan-driven. When selectivity or amplification arose mainly from an
aptamer, enzyme, molecular imprint, metal oxide, nanocarbon, nanoparticle, optical probe,
patterned electrode, or transistor, performance was attributed to the complete sensing
interface rather than to the polymer alone.

Across the assessed curated evidence, the principal interpretive sequence was: fabrication
route — micro-/nanostructure — interfacial property — analyte interaction — transducer
response. Figure 3 summarizes this role-structure—transduction—evidence relationship.

Material descriptors such as molecular weight and degree of deacetylation were
not reported consistently enough to establish transferable cross-study relationships. By
contrast, within-study comparisons more often linked film/interface thickness, porosity,
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filler distribution, accessible surface area, and transducer geometry to response magnitude,
response time, hysteresis, or recovery.

3.3. Fabrication Routes and Micro-/Nanoscale Architectures
3.3.1. Large-Area and Localized Solution Processing

Large-area solution casting was common in the broader contextual literature on optical
and freshness-indicator films. These studies remain useful for understanding formulation,
dye migration, swelling, and packaging constraints, but macroscale indicator films were
not automatically classified as CORE unless a functionally integral micro-/nanoscale
architecture was demonstrated.

Within the CORE set, localized drop, dip, and cast deposition were used on micro-
electrodes, interdigitated electrodes, optical fibers, quartz crystal microbalances, and other
miniaturized transducers. Reproducibility depended on deposited volume, wetting, layer
number, dry-film thickness, and post-treatment, making incomplete fabrication reporting a
direct source of device-to-device uncertainty [8,14,31,51,52,56,59].

Spin coating and related controlled thin-film deposition offered improved thickness
control where reported. The chitosan/Au and chitosan/Ag optical waveguide sensor,
for example, used an approximately 150 nm film containing sub—10 nm metal nanoparti-
cles [48]. Such measurements provide stronger structural evidence than nominal solution
concentration alone.

3.3.2. Patterned and Electrically Directed Deposition

Electrodeposition provided localized control of chitosan-containing interfaces in
CORE electrochemical platforms, including molecularly imprinted glyphosate sensors
and polypyrrole-chitosan—iron-oxide composites [8,17,23]. Applied potential, deposition
time, template composition, and post-treatment were therefore considered part of the
sensing architecture rather than incidental processing details.

Printing was represented in the CORE set by the PVA /chitosan/nanocarbon humidity
platform coupled to a field-effect transistor [53]. Its amplified output illustrated why
printed geometry and transistor gain must be separated from intrinsic film sensitivity.
Printed chitosan humidity devices that lacked a functionally integral micro-/nanoscale
sensing feature were retained only as boundary evidence.

3.3.3. High-Surface-Area and Hierarchical Interfaces

High-surface-area architectures included electrospun quaternized-chitosan nanofibers [34],
a nanofiber-coated QCM with chitosan overlay [59], submicron chitosan particles on
ZnO/Pt [82], metal-oxide and nanocarbon electrochemical composites [9,11,14,15,17-23],
and plasmonic chitosan nanocomposite films [48]. These architectures increased acces-
sible interface area but also made component-specific attribution more dependent on
appropriate controls.

However, hierarchical architectures also complicated functional attribution. Their
measured responses resulted from the combined effects of chitosan affinity, nanostructure
surface area, porosity, filler hydrophilicity, diffusion pathways, mechanical properties, and
transducer amplification. Comparisons with both chitosan-free and nanostructure-free
controls were therefore needed to isolate the contribution of each component.

3.3.4. Crosslinking Trade-Offs

Crosslinking improved water resistance, mechanical integrity, and dimensional stabil-
ity, but it could also restrict polymer-chain mobility and consume or hinder amino groups
involved in chelation, proton transport, analyte partitioning, and biomolecule immobiliza-
tion. The relevant design objective was therefore not maximum crosslink density, but the
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minimum degree of crosslinking required to maintain film stability under the intended

sample, temperature, and humidity conditions. These trade-offs were particularly relevant

to imprinted, fluorescent, ion-binding, and humidity-responsive films [6,13,15,23,30,39,65].

3.4. Electrochemical and Impedimetric Sensors

Within the strict CORE set, electrochemical and impedimetric interfaces addressed
glyphosate [8,23], glucose [9,17,82], lactose [11], nitrite [10], cadmium [14], PbZ*t/ Hg2+ [15],
5-fluorouracil [18], paracetamol [19], botulinum neurotoxin A [21], and 4-nitrophenol [22].

Chitosan usually functioned as a film-forming, immobilization, imprinting, analyte-

partitioning, or composite-support phase rather than as the principal electrocatalyst. Repre-

sentative CORE electrochemical and impedimetric sensors are summarized in Table 2.

Table 2. Representative CORE electrochemical and impedimetric sensors with explicitly reported

performance.

Architecture Target Dominant Chitosan Reported Critical Interpretation Ref.
Role Performance
. . 0.31 pg mL~1-50 ng Non-imprinted controls
Lr:ilfrzzic:iggteosan/Au Glyphosate Recognition matrix mL~1; LOD 0.001 pg isolate imprinting from [8]
mL~! nonspecific adsorption
Cu-cysteamine supplies
Cu- Immobilization /binder 2.7 uM-1.3 mM and the dominant
cysteamine/chitosan Glucose matrix 1.3-7.7 mM; LOD electrocatalytic response; [9]
electrode 0.28 uM chitosan immobilizes the
active phase
Enzyme and g-C3N4
dominate
g-C3N4/magnetic Composite and LOD 0.3 mM; recognition/electron
. Lactose 0.9-100 mM; 5's; S [11]
chitosan/enzyme enzyme support 7 transfer; chitosan
44 A mM— * - .
stabilizes particles and
immobilizes enzyme
Aptamer Selectivity arises from the
AuNP/MWCNT/ chitosan Cd** in}:mobilization 1075-10"" M; LOD ~  aptamer; [14]
aptasensor matrix 20x%x 107 ¥ M AuNP/MWCNTs amplify
charge transfer
Chitosan/aptamer LOD 0.0025 ug mL~! Performance arises from
P Pb?* and Recognition and Pb%* and 0.0064 g the combined
MIP-TDNs/AuNPs/ Hg2* imprinting matrix mL~1 He?+: seafood MIP /aptamer /nanocarbon [15]
MWCNTs/GCE 8 printmg e /ap
validation architecture
NiO nanorods provide
Cs-Cur-A/NiO Modified chitosan 0.1-150 uM; LOD major electrocatalytic
nanorods on GCE 5-fluorouracil ~ film/composite 21.75 nM; serum and contribution; modified [18]
matrix urine validation chitosan supports the
interface
AuNP/graphene- . Biocompatible 0.27-268 pg mL~1; Antibody recognition and
. Botulinum . S 1 AuNP/graphene
chitosan . immobilization LOD 0.11 pgmL™F; o . [21]
) . neurotoxin A ) . o amplification dominate
immunointerface matrix milk/serum validation e s . .
specificity and signal gain
GOx immobiliza- 0.05-1 mM; 88.36 pA Sllllbn:)lf:: :nczhlfr?zigadin ;
ZnO/Pt/GCSPs/GOx  Glucose mM~! cm~2; LOD pp y & 82

tion/supporting layer

0.03 mM; RSD 3.2%

Pt/ZnO and GOx govern
catalysis and recognition

* The source article reports 40.8 LA mM~! in its Abstract, whereas its calibration equation,
Results section, and Conclusion section report 4.4 pA mM~!; the latter value was used here.
AuNP: gold nanoparticle;, MWCNT: multi-walled carbon nanotube; MIP: molecularly imprinted
polymer; TDN: tetrahedral DNA nanostructure; GCE: glassy carbon electrode; RSD: relative
standard deviation.
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Evidence supporting a chitosan-specific contribution was strongest when matched
controls separated polymer, receptor, filler, and transducer effects. Molecularly imprinted
glyphosate devices used non-imprinted controls [8,23]; aptamer and nanocarbon architectures
isolated recognition and amplification contributions [14,15]; and composite glucose or drug
sensors compared bare, chitosan-containing, and catalytic-material electrodes [9,18,19,21,82].

Several studies that were previously discussed alongside these devices did not remain in
the strict CORE set. Chitosan-coated graphite for flubendiamide [12], a chitosan MIP screen-
printed p-aminophenol sensor [13], and a polypyrrole-doped chitosan sulfite sensor [20] were
retained as boundary evidence because the available full text did not establish a functionally
integral micro-/nanoscale feature strongly enough under the final operational definition.

Consequently, limits of detection, sensitivities, and analytical ranges were interpreted
as properties of the complete sensing architecture. Claims about an intrinsic chitosan
contribution were considered strongest when a control architecture isolated the polymer
from receptor activity, catalytic enhancement, nanocarbon conductivity, or transducer gain.

Direct numerical ranking among these devices was not appropriate because they
differed in analyte, sample matrix, response mechanism, calibration model, concentration
unit, and validation procedure. The more defensible comparison concerned whether each
study used appropriate controls to establish the contribution of chitosan.

3.5. Optical, Fluorescent, and Colorimetric Sensors

The strict CORE optical/colorimetric set was narrower than the broader chitosan
packaging and fluorescence literature. It included chitosan-coated Mn-doped ZnS micro-
materials for ampicillin [25], a chitosan-coated plastic optical fiber for Cd?* [31], electro-
spun quaternized-chitosan nanofibers used as a pH-responsive freshness interface [34], a
CS/PAA fiber-optic Ni%* sensor [42], chitosan/Au and chitosan/Ag optical H,S waveg-
uides [48], and a micrometer-scale chitosan/Nessler ammonia film [49].

These studies also illustrate different functional roles. Chitosan can provide the
analyte-binding or partitioning interface, host an optical or enzymatic element, or form
the micro-/nanoscale structure that controls transport to the active probe. Accordingly,
fluorescence quenching, plasmonic response, or color generation was not attributed to
chitosan when the dominant signal arose from a nanoparticle, pigment, enzyme, or reagent.

Macroscale anthocyanin smart-packaging films [27-29,32,35-37] and several solution-
phase fluorescent chitosan derivatives [24,26,30,39] remained useful contextual or boundary
evidence, but they were not pooled with CORE sensor performance. Their inclusion as
context preserves information on formulation and application while maintaining the stricter
micro-/nanosensor boundary requested for the critical synthesis. Representative CORE
optical, colorimetric, and fiber-optic sensing interfaces are summarized in Table 3.

Table 3. Representative CORE optical, colorimetric, and fiber-optic chitosan sensing interfaces.

Architecture Target Dominant Chitosan Reported Critical Interpretation Ref.
Role Performance
Luminescent particle and
Chitosan-coated Particle/enzyme 13.1-72.2 pM; LOD enzymatic reaction
Mn-doped ZnS + Ampicillin immobilization 8.24 pM; water and generate the signal; [25]
-lactamase matrix milk matrices chitosan supports
the interface
Etched core ~ 498 um; Micro-scale optical
Chitosan-coated plastic . Chel.atmg optical-intensity transdu.cer is integral;
A Cd coating/analyte response and competing-metal and [31]
optical fiber L2 e . 1
partitioning sensitivity /resolution  real-water validation were

reported

not reported
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Table 3. Cont.
Architecture Target Dominant Chitosan Reported Critical Interpretation Ref.
Role Performance
Pigments generate color
PVA/PCL/QCS Nanofibrous Fibers ~ 100-229 nm; while nanofiber/QCS
pH/beet . ) .
electrospun freshness structural and AE response; pH 2-12;  architecture controls [34]
nanofiber film transport interface beef validation transport and
film behavior
Chelating recogni- 0.05537 nm pM~1; Chitosan/PAA binding
gg.{iiéiaéer by-layer NiZ* tion/ partitioning LOD 0.1671 uM; five layer is separated from the  [42]
layer regeneration cycles interferometric transducer
N _ Metal-particle sulfidation
Chitosan/Au and Nanoparticle host ~150 nm film; <10 nm drives the optical
. NPs; 0.1-100 ppm Ag
chitosan/Ag H,S and gas-permeable response; RH and gas [48]
2 .2 and 5-300 ppm e
waveguide films thin film A cross-sensitivity
u ranges
were tested
15 £+ 3 um film; 28 ug ~ Nessler reagent provides
Chitosan/Nessler Ammonia Micrometer-scale L-1-28 g Lk ammonia-specific color [49]
microdiffusion film reagent-support film serum/artificial urine  chemistry; chitosan forms
validation the sensing layer

CS, chitosan; LOD, limit of detection; PAA, poly(acrylic acid); PCL, polycaprolactone; PVA, poly(vinyl
alcohol); QCS, quaternized chitosan; RH, relative humidity.

3.6. Gas, Volatile Organic Compound, and Gravimetric Sensors
3.6.1. Chemiresistive, Electrochemical, Optical, and Voltage-Based Gas Responses

Under the final operational definition, most conventional chitosan gas and VOC
films were classified as boundary rather than CORE because their available full texts
did not establish a functionally integral micro-/nanoscale sensing feature. This applied
to chitosan/SnO, acetone films [43], electrodeposited hexanal films [44], chitosan/TiO,
ammonia films [45], cadmium-loaded chitosan for H,S [46], optical-fiber ammonia coatings
without reported micro-/nanoscale coating dimensions [47], and direct chitosan ammonia
films [50]. These records remain informative for mechanism and humidity-confounding
discussion but do not contribute to CORE performance frequencies.

The strict CORE gas evidence comprised two optical/colorimetric systems and one
gravimetric system. Chitosan/Au and chitosan/Ag nanocomposite waveguides detected
HjS using approximately 150 nm chitosan films containing sub—10 nm metal nanoparticles
and explicitly examined humidity and gas cross-sensitivity [48]. A chitosan/Nessler film
used a 15 £ 3 pm sensing layer for ammonia detection in microdiffusion devices and was
validated in serum and artificial urine [49].

These examples reinforce the need to distinguish chitosan’s transport or support role
from the component that supplies analyte-specific chemistry. In the HyS waveguide, the
metal nanoparticles provide the dominant sulfide-responsive plasmonic change; in the
ammonia film, the Nessler reagent supplies the color reaction while chitosan forms the
supporting sensing layer.

3.6.2. QCM Gravimetric Sensing

The CORE gravimetric example was a poly(vinyl acetate) nanofiber QCM with a
chitosan overlay for ammonia. Adding 0.7 wt% chitosan increased sensitivity from
0.076 to 3.012 Hz ppm~!; the reported LOD was 0.526 ppm, with response and recov-
ery times of 9 and 35 s [59]. The study also tested competing gases, quantified humidity
effects, reported repeatability, and followed stability for up to 75 days with an additional
three-month storage check.
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Microcantilever and MEMS reports [60-62] remain relevant to the broader field and
to the device-readiness framework, but they were not part of the final 26-study CORE set
after the curated full-text audit. They are therefore treated as contextual examples rather
than as contributors to the strict quantitative reporting-completeness results.

3.6.3. Humidity as a Confounder

Humidity is a major confounder in gas and VOC sensing because water adsorption
alters chitosan mass, dielectric properties, ionic transport, swelling, and mechanical stress.
The QCM ammonia study [59] and the H,S optical-waveguide study [48] explicitly evalu-
ated humidity effects; this level of control was not consistently present in the boundary gas
literature [43-47,50].

A minimum informative protocol should report target-gas response at defined RH,
humidity-only response, and, where feasible, mixed gas/RH exposure. Repeated exposure
and regeneration should be used to evaluate reversibility, recovery, hysteresis, and drift.

3.6.4. Attribution of the Active Phase

Across gas and gravimetric architectures, chitosan may function as the principal sorp-
tion layer, an analyte-partitioning overlay, or a support for a more selective optical or
catalytic phase. These configurations were kept analytically distinct rather than grouped
under a single generic label of ‘chitosan gas sensor’. Representative CORE gas and gravi-
metric sensing interfaces are summarized in Table 4.

Table 4. Representative CORE gas and gravimetric chitosan sensing interfaces.

Platform Analyte/RH Response 1'\/[.etr1C and Dynaml.c SIS.t ability/ Attribution Issue Ref.
Conditions Validation
. . Metal nanoparticle
Chitosan/Au or fels;g}grgc optical iljszicelriaifivi ty sulfidation dominates the
chltosan. /Ag optical H,S room-temperature gas  evaluated; two-month optical signal; chitosan [48]
waveguide exposure optical stabilit hosts and
p p y transports analyte
. Colorimetric ARGB Triplicate measurements; Nessler ‘reagen.t prOV{des
Chitosan/Nessler . . serum and recognition; chitosan is the
. . . . Ammonia response in A . . [49]
microdiffusion film . ir . artificial-urine micrometer-scale
microdiffusion device o .
validation support/interface
Response combines
PVAcnanofiber + 3012 Hzppm 510D S BETERIY nteraction with nanofiber [59]
chitosan QCM 3 0.526 ppm y !

75-day stability

surface area and QCM
mass loading

LOD, limit of detection; PVAc, poly(vinyl acetate); QCM, quartz crystal microbalance; RH,
relative humidity.

Optical color/intensity response and QCM frequency sensitivity represent different

physical quantities and were not combined into a single numerical ranking.

3.7. Humidity Sensors

Humidity sensing provided the clearest CORE examples in which chitosan itself
acted as a primary responsive material. Water uptake at amino and hydroxyl groups
changes dielectric polarization, polymer swelling, protonic/ionic transport, resistance,
and impedance. The same hydration processes can also produce hysteresis, baseline drift,
delayed recovery, or structural damage when the exposure protocol is severe [51-56,82].

The six CORE humidity platforms used different transduction and amplification
schemes: chitosan-NaCl capacitive sensing [51], flexible capacitive respiratory monitor-
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ing [52], a PVA/chitosan/nanocarbon resistor coupled to a field-effect transistor [53], dual
capacitive/resistive sensing controlled by electrode geometry [54], a pristine chitosan re-
sistive device for respiration and non-contact skin monitoring [56], and a CS/GO/SnO,
impedance film [83]. Their reported response magnitudes are therefore not interchange-
able measures of intrinsic chitosan sensitivity. Representative CORE humidity-sensing
platforms are summarized in Table 5.

Table 5. Representative CORE capacitive, resistive, field-effect-transistor, and impedance humid-

ity sensors.

. RH Reported Response P
Architecture Range/Use or Sensitivity Response/Recovery Key Limitation Ref.
CS-50 wt% NaCl film on 86,492.84% response  Composite slower Slizgc:tgrziz}til(}:n??rzlslﬁsrslse
? 6-92% RH at ~92% RH; 1017.2 than pure CS; 30 h - POt [51]
Pt IDE F/%RH durability reported but increases hysteresis
pE/Te yrep and slows transport
Flexible chitosan 43-97% RH; 359 pF/%RH 07/2 s during Dynamics depend
. S o breathing; 68/42 s for ~ strongly on [52]
capacitor respiration (56-97% RH)
RH step exposure protocol
Low hysteresis; T
Printed PVA/CS/NCP o oo o 174resistor; 627 FET  multiple devieesand | | 2 Pification is not -
resistor + FET ’ at 98% RH up to 100 repetitions; sensitivit
15-day stability Y
Dual o . . . Electrode geometry
capacitance/resistance 6-92% RH 5382.29% c.apac1tance, <10/<30 s; repeated changes electric field and [54]
- 99.99% resistance cycles .
chitosan sensor ion-transport pathways
11-95% RH;
respiration Average sensitivity 21/25 s; maximum Pristine chitosan is the
Drop-cast chitosan on and 2.58 MOQ%RH!; . o responsive phase; rigid
. . hysteresis ~ 9.3%; L [56]
Ti/AuIDE non-contact maximum ~ 60-dav stabilit substrate limits
skin 5.8 MO%RH ! y y mechanical generalization
monitoring
1(1:1(1);};(;::2 response Repeated adsorp- GO and SnO; add
CS /GO/ San 15-95% RH exceeded CS, CS/GO, tion/ desorpt.lon; adso?ptlon sites; chitosan 3]
impedance film and CS/SnO 30-day stability at remains the
controls 85% RH hydrophilic matrix

CS, chitosan; FET, field-effect transistor; GO, graphene oxide; NCP, nanocarbon powder;
PVA, poly(vinyl alcohol); RH, relative humidity; SnO;, tin oxide.

Dynamic performance also depended on the test protocol. The flexible capacitive
sensor, for example, responded within approximately 0.7/2 s during breathing but required
approximately 68/42 s for a large controlled RH step [52]. This difference illustrates why
respiratory-cycle response should not be equated with equilibrium response time under
sustained humidity changes.

Boundary humidity studies using chitosan/PEO [57], mealworm-derived CS/PVA [55],
printed chitosan films on flexible substrates [58], and related macroscale platforms were
retained as supporting context but excluded from strict CORE performance synthesis. This
separation reduces the risk of interpreting flexible-device demonstrations or nanoparticle-
containing inks as micro-/nanosensors solely because a nanoscale material was present.

Within CORE, reporting was strongest when studies combined defined RH and tem-
perature conditions with structural characterization, repeated cycles, long-term stability,
and application demonstrations. Cross-platform comparison nevertheless remains ap-
propriate only when RH protocol, response definition, operating frequency or potential,
film/interface geometry, and amplification mechanism are sufficiently comparable.
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3.8. Recurrent Reporting Gaps and Evidence Strength

The final reporting-completeness assessment was based exclusively on the 26 CORE
studies assessed within the curated full-text subset. Chitosan identity was adequately re-
ported in 17/26 studies (65.4%); fabrication reproducibility in 23/26 (88.5%); film/interface
characterization in 23/26 (88.5%); functional-role reporting in 25/26 (96.2%); and response
definition in 26/26 (100.0%). Operating conditions were adequate in 21/26 studies (80.8%).

Selectivity /interference testing was reported in 17/26 studies (65.4%), repeatabil-
ity /reproducibility in 23/26 (88.5%), stability in 13/26 (50.0%), and application validation
in20/26 (76.9%). These frequencies describe reporting completeness within the assessed cu-
rated CORE subset and should not be interpreted as prevalence estimates for all potentially
eligible studies in the broader evidence map.

These frequencies describe reporting completeness rather than methodological quality
or risk of bias. A study could report a well-defined response yet provide limited evi-
dence on long-term stability or interference. Conversely, absence of a reporting criterion
does not prove that the underlying device is invalid; it indicates that the correspond-
ing evidence could not be verified from the published full text. Likewise, satisfaction of
the functional-role reporting criterion indicates that the stated role of chitosan was dis-
tinguished from other device components; it does not necessarily demonstrate a causal
contribution experimentally.

The strongest evidence chains linked chitosan identity and formulation to fabrica-
tion parameters, measured film/interface structure, functional-role controls, transducer
response, operating conditions, selectivity, repeated measurements, stability, and appli-
cation validation. The recurrent gaps identified by the 26-study matrix therefore sup-
port the review’s emphasis on reproducibility, causal attribution, realistic validation, and
device readiness.

4. Discussion
4.1. A Unified Interpretation of Chitosan Sensor Performance

Within the assessed curated CORE subset, the term “chitosan-based sensor” described
material composition but did not by itself identify the causal source of performance. The
functional-role categories defined in Section 2.7 were therefore used to distinguish the stated
role of chitosan from the contributions of receptors, fillers, catalytic materials, transducer
geometry, and amplification mechanisms.

Functional-role reporting was adequate in 25/26 assessed CORE studies (96.2%), but
this reporting criterion should not be equated with experimental proof of causality. Causal
attribution was stronger when matched controls or controlled comparisons isolated the
effect of chitosan. Where such controls were absent, sensitivity, limit of detection, and
related performance metrics were interpreted as properties of the complete hybrid interface
rather than of chitosan alone.

The same framework explains why a common cross-platform ranking is inappropriate.
Current, impedance, optical intensity, wavelength shift, QCM frequency, capacitance, resis-
tance, and FET response are different physical quantities. Even within one transduction
class, comparison is defensible only when analyte or RH range, response definition, operat-
ing conditions, calibration procedure, and device geometry are sufficiently comparable.

The practical objective is therefore not to identify a universally superior chitosan
sensor, but to establish whether the polymer’s role is causally supported and whether
the complete device has been validated using controls and conditions appropriate to its
transduction mechanism.
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4.2. Material Identity, Molecular Weight, Degree of Deacetylation, and Chemical Modification

Among the 26 CORE studies assessed within the curated subset, 17/26 (65.4%) met the
prespecified chitosan-identity criterion, which required a source plus at least one relevant
specification. This incomplete reporting limits interpretation because molecular weight,
degree of deacetylation, purity or grade, biological source, and chemical derivatization can
all affect solution behavior and sensing-interface properties [2-6].

Molecular weight influences viscosity, chain entanglement, coating uniformity, film
cohesion, adhesion, and diffusion. Higher molecular weight can improve mechanical
integrity but may increase thickness or aggregation; lower molecular weight may facilitate
processing and mass transport while reducing cohesion. The direction of the effect therefore
depends on deposition route, thickness, porosity, crosslinking, and transducer geometry.

Degree of deacetylation controls the abundance of protonatable amino groups and can
influence chelation, hydrogen bonding, hydration, ionic transport, analyte partitioning,
biomolecule immobilization, and crosslinking [3-6]. A higher value may increase available
amino groups, but the resulting changes in crystallinity, swelling, nonspecific adsorption,
and mechanics make a universal monotonic relationship with sensor performance unlikely.

Chemical modification introduces an additional source of heterogeneity that should
not be conflated with unmodified chitosan. The CORE set included, for example, quat-
ernized chitosan in electrospun pH-responsive nanofibers [34] and a chitosan—curcumin
Schiff-base matrix combined with NiO nanorods [18]. Such modifications change charge
density, solubility, binding chemistry, hydration, and interfacial organization. Their perfor-
mance should therefore be compared with an appropriate unmodified or equivalent-matrix
control before being generalized as a property of chitosan itself.

Future factorial studies should vary molecular weight, degree of deacetylation, modi-
fication state, film/interface thickness, and crosslinking independently while controlling
concentration, solvent, substrate, filler/receptor loading, environmental conditions, and re-
sponse definition. Until such data are available, these variables are best treated as essential
material descriptors rather than universal design rules.

4.3. Gas—-Humidity Discrimination as a Minimum Validity Test

The most consequential platform-specific validity issue remains gas-humidity con-
founding. Water vapor directly changes chitosan sorption, swelling, proton mobility,
dielectric behavior, mass loading, and mechanical stress. Within the strict CORE gas evi-
dence, the QCM ammonia sensor explicitly corrected for humidity and tested competing
gases [59], while the chitosan/Au and chitosan/Ag H,S waveguides evaluated relative-
humidity influence and gas cross-sensitivity [48]. This level of control was not consistently
present in the broader boundary gas literature [43-47,50].

A gas sensor that performs under dry or narrowly fixed carrier-gas conditions may
show baseline shifts, reduced selectivity, slower recovery, or saturation at realistic humid-
ity. Conversely, a humidity-driven change in resistance, capacitance, resonant frequency,
optical response, or stress may be misinterpreted as target-gas response when RH is not
measured independently.

Gas-sensing studies should therefore report baseline definition, temperature, RH,
flow rate where relevant, analyte concentration, exposure duration, response/recovery
definitions, regeneration, and drift. At minimum, target-gas exposure at defined RH should
be complemented by humidity-only testing; mixed gas/RH experiments are preferable
when the intended application is environmental or breath-related.

Quantitative humidity-interference analysis is more informative than qualitative state-
ments of selectivity. Calibration at multiple fixed RH values, comparison of RH-only
and analyte responses, and repeated mixed-condition exposure can determine whether
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apparent selectivity arises from target-specific chemistry or from the general hydrophilic
response of chitosan.

The same controls clarify functional attribution. Chitosan may be the primary sorption-
responsive layer, a partitioning coating that concentrates analyte near a transducer, or a
support for a more selective nanoparticle, reagent, or catalytic phase. These configura-
tions should not be interpreted as mechanistically equivalent forms of a generic ‘chitosan
gas sensor’.

4.4. Sustainability and Commercialization Trade-Offs

Chitosan offers several potential sustainability advantages, including renewable sourc-
ing, aqueous processability, chemical versatility, and partial biodegradability [1,3-5,63,69,77].
However, the incorporation of a bio-derived sensing layer does not, by itself, demonstrate
that the complete device is biodegradable, environmentally preferable, or compatible with
circular-material strategies. Many reported platforms also contain petroleum-derived
substrates, poly(vinyl alcohol), polyethylene terephthalate, noble metals, synthetic dyes,
metal oxides, carbon nanomaterials, and other persistent electronic or structural compo-
nents [14,17-22,27-29,32-34,41,53,58,71-76].

Sustainability claims should therefore distinguish among renewable material content,
biodegradability of the sensing layer, biodegradability of the complete device, energy
and solvent requirements during fabrication, operational lifetime, reusability, toxicity,
recyclability, and end-of-life management. The presence of chitosan alone is insufficient
evidence of a lower environmental burden. Comparative process-level information or
life-cycle assessment is needed to determine whether a chitosan-containing architecture
offers a meaningful environmental advantage over an established synthetic polymer or
commercial sensing platform.

Commercialization is constrained by several properties that also enable chitosan sens-
ing. Hydrophilicity enhances water-vapor uptake and can improve humidity, gravimetric,
and volatile-compound responses, but it may also cause swelling, hysteresis, baseline drift,
delayed recovery, and loss of dimensional stability. Chemical reactivity facilitates receptor
immobilization, crosslinking, and composite formation, but may increase sensitivity to
formulation conditions and batch-to-batch variation. Biodegradability may reduce material
persistence after disposal, but it can conflict with shelf life, storage stability, sterilization,
packaging requirements, and long-term operation.

These trade-offs indicate that complete biodegradability should not necessarily be
treated as the only or most appropriate design objective. A more practical architecture may
separate disposable or degradable sensing components from durable electronic compo-
nents, an approach consistent with broader developments in biodegradable and transient
electronics [78]. For chitosan-based sensors, for example, a replaceable sensing element
could be integrated with a reusable electronic reader, optical interrogation unit, or resonant
transducer [1,58,79]. Such a modular design could reduce material consumption while
preserving calibration stability, signal-processing capability, and device reliability.

Commercial readiness also requires attention to raw-material consistency, manufactur-
ing tolerance, coating uniformity, storage conditions, quality control, cost, and regulatory
or safety requirements. Chitosan source, molecular weight, degree of deacetylation, purity,
and residual contaminants may vary among suppliers and production batches, poten-
tially affecting film formation and sensing performance. Scalable manufacturing therefore
requires material specifications and process controls that are more rigorous than those
typically reported in proof-of-concept studies.

Overall, defensible sustainability and commercialization claims should be based on
the complete sensing system rather than on the origin of a single material component. The
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most credible development pathway is likely to combine renewable or replaceable chi-
tosan sensing layers with durable, reusable readout components, standardized fabrication,
demonstrated operational stability, and an explicit end-of-life strategy. This framing is
consistent with the manuscript’s broader distinction between material-level promise and
device-level readiness.

4.5. Device-Readiness Pathway and Actionable Research Agenda

The assessed curated evidence was dominated by material demonstrations and proof-
of-concept sensors. To distinguish exploratory studies from devices approaching practical
deployment, this review proposes a four-stage device-readiness pathway comprising mate-
rial proof of concept, validated prototype, application validation, and deployable system.
Progression through these stages requires increasingly rigorous evidence concerning ma-
terial identity, fabrication reproducibility, analytical validity, performance under realistic
operating conditions, and system-level feasibility. This distinction is particularly important
because much of the evidence assessed in the curated subset remains at the proof-of-
concept or early-prototype stage [8-62]. Figure 4 summarizes the four-stage pathway and
the evidence gates required for progression.

At the material proof-of-concept stage, a study should establish whether the proposed
chitosan film or interface produces a measurable response that is consistent with the
intended sensing mechanism. Minimum material reporting should include the chitosan
source or commercial grade, molecular weight, degree of deacetylation, concentration,
solvent composition, solution pH, derivative or crosslinker, filler type and loading, and
any receptor or recognition element. Fabrication reporting should include the deposition
method, process parameters, substrate, drying or post-treatment conditions, film thickness,
morphology, and transducer geometry. Initial sensitivity, selectivity, or response behavior
may be demonstrated at this stage, but conclusions should remain limited to technical
feasibility and should not imply application or commercial readiness.

A validated prototype should demonstrate that the observed response is analytically
interpretable, reproducible, and attributable to the proposed sensing architecture. Studies
should provide an explicit response equation, baseline definition, calibration range, sensi-
tivity, limit of detection and limit of quantification where analytically meaningful, response
and recovery times, selectivity, repeatability, hysteresis, baseline drift, and operational or
storage stability. The number of independently fabricated devices and material batches
should also be reported. Appropriate controls should distinguish the contribution of chi-
tosan from those of fillers, receptors, nanostructures, additives, electrode geometry, and
transducer amplification. Depending on the architecture, relevant controls may include
chitosan-free, filler-free, receptor-free, non-imprinted, or equivalent-matrix devices.

Application validation requires testing under realistic sample matrices or exposure
conditions rather than exclusively under idealized laboratory conditions. The required
validation should be matched to the transduction mechanism, analyte, sample matrix,
environmental conditions, and intended use. Such validation should determine whether
calibration, selectivity, response dynamics, and stability are retained when the device is
exposed to realistic interferents, temperature and humidity variations, mechanical defor-
mation, complex matrices, or prolonged operation.

A deployable system requires evidence beyond analytical performance. Relevant
requirements include defined manufacturing tolerances, quality-control criteria, batch con-
sistency, shelf life, packaging stability, calibration transfer, safety, cost, power consumption,
signal processing, data interpretation, and a regeneration or replacement strategy. Inte-
gration with readout electronics, optical interrogation systems, wireless communication,
smartphone interfaces, or Internet-of-Things platforms may also become relevant at this
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stage. Application-specific regulatory requirements should be considered where the device
is intended for food monitoring, environmental analysis, clinical use, wearable operation,
or direct contact with biological materials.

Sustainability assessment should also become more comprehensive as the device
progresses toward deployment. Claims should address the complete sensing system rather
than only the bio-derived origin of the chitosan layer. Relevant considerations include
material sourcing, solvent and energy requirements, reusable and disposable components,
operational lifetime, recyclability, biodegradability, and end-of-life management. A re-
placeable chitosan sensing layer integrated with a reusable electronic, optical, or resonant
reader may provide a more realistic balance among sustainability, reliability, and cost than
attempting to make the entire sensing system biodegradable.

The proposed pathway is not intended as a formal regulatory classification or uni-
versal technology-readiness scale. Instead, it provides a structured framework for distin-
guishing material feasibility from analytical validation, realistic application testing, and
system-level deployment.

Because the transduction domains measure different physical quantities, a numerical
league table or common radar chart would imply a degree of comparability that is not
supported by the evidence. Electrochemical current, impedance, capacitance, resistance,
resonant-frequency shift, fluorescence intensity, absorbance, color difference, transistor
response, and mechanical deflection represent fundamentally different outputs. Figure 5
therefore presents a cross-platform validation matrix rather than a numerical ranking.
Each platform is linked to the quantity measured, the typical functional role of chitosan,
the principal confounding variables, and the minimum validation required to support a
defensible performance claim.

Electrochemical and impedimetric systems should be evaluated in relevant biological,
food, pharmaceutical, or environmental matrices and should report analytical recovery,
matrix effects, and interference from coexisting species [12,15,16,18-22,66,67]. Optical and
colorimetric freshness indicators should be correlated with independent spoilage markers,
such as pH, total volatile basic nitrogen, microbial count, or another validated reference
measurement [27-29,32-37,71-76]. Gas and volatile-organic-compound sensors should be
tested under controlled and variable relative humidity, mixed-gas conditions, and repeated
exposure-regeneration cycles [43-50,59]. Wearable humidity sensors should be assessed
during repeated bending or deformation, temperature variation, skin-adjacent operation,
perspiration exposure, and prolonged cycling [52,53,55-58]. Gravimetric and resonant
platforms should additionally report film mass or thickness, resonator characteristics,
viscoelastic effects, humidity interference, and repeated sorption—desorption behavior.

The next research priority should therefore not be another isolated record detec-
tion limit obtained from a unique hybrid formulation. Greater scientific value would
be provided by controlled comparative studies that identify which material, structural,
or transducer variable is responsible for improved performance. Priority areas include
reference chitosan materials with specified molecular weight and degree of deacetyla-
tion, factorial studies of film composition and architecture, standardized film-thickness
measurements, interlaboratory fabrication studies, harmonized response definitions, and
application-specific validation benchmarks.

Controlled experiments should vary one factor at a time or use statistically designed
factorial approaches while maintaining comparable substrates, device geometries, filler
concentrations, receptor loadings, film thicknesses, and operating conditions. These studies
should report both successful and unsuccessful formulations because selective reporting of
the best-performing composition can obscure the actual relationship between formulation
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and performance. Device-to-device and batch-to-batch variability should be treated as
central outcomes rather than secondary technical details.

Benchmarking requirements should remain specific to each sensing platform. Gas-
sensor studies should include humidity discrimination, mixed-gas interference, response
reversibility, regeneration, and baseline drift. Optical and colorimetric indicators should
include photostability, objective spectral or color calibration, illumination dependence, dye
migration, reversibility where applicable, and correlation with an independent analytical
method. Wearable humidity sensors should include repeated deformation, temperature
interference, skin-adjacent operation, perspiration exposure, long-term drift, and device-
to-device reproducibility. Electrochemical and impedimetric interfaces should include
controls that isolate the respective effects of chitosan, recognition elements, conductive
fillers, and electrode architecture. Gravimetric and resonant systems should report film
loading, resonator properties, viscoelastic effects, environmental interference, and repeated
sorption—desorption cycles.

Table 6 consolidates these requirements into a proposed minimum reporting standard
for future chitosan-film sensor studies. The framework is intended to improve repro-
ducibility, causal attribution, within-platform comparison, and progression from material
demonstration to application-ready sensing systems. The reporting categories should not be
interpreted as a rigid checklist applicable in identical form to every platform. Rather, each
study should report all parameters that are materially relevant to its sensing mechanism,
fabrication route, transduction method, and intended application.

Table 6. Proposed minimum reporting standard for future chitosan-film sensor studies.

Category

Minimum Information Required

Chitosan identity

Source, commercial grade or purity, molecular weight, degree of deacetylation,
concentration, derivative, and crosslinking conditions

Solution formulation

Solvent composition, pH, additives, receptor concentration, filler type and loading,
and solution viscosity where relevant

Fabrication

Deposition method, process parameters, substrate preparation, drying or
post-treatment conditions, and number of independently prepared batches

Film or interface

Dry-film thickness, morphology, porosity or roughness, adhesion, active area, filler
distribution, and swelling behavior where relevant

Device configuration

Substrate, electrode or transducer geometry, resonator characteristics, operating
frequency or potential, readout configuration, and amplification mechanism

Test conditions

Analyte concentration, sample matrix, temperature, relative humidity, flow rate
where relevant, equilibration time, exposure duration, and regeneration procedure

Analytical response

Explicit response equation, baseline definition, calibration range, sensitivity, LOD
or LOQ where meaningful, and response and recovery definitions

Chitosan-free, filler-free, receptor-free, non-imprinted, or equivalent-matrix

Validity controls controls, together with interference and environmental-control experiments
o Number of devices, repeated cycles, device-to-device variation, batch-to-batch
Reproducibility L . - .
variation, and appropriate statistical reporting
Stability Baseline drift, operational stability, storage stability, shelf life, mechanical

durability, and regeneration performance

Application validation

Real or realistically simulated samples, analytical recovery or reference-method
comparison, matrix effects, and application-specific operating conditions

Manufacturing tolerance, quality control, calibration transfer, power and readout

Translati . : . .
ransiation requirements, cost, packaging, safety, and regulatory considerations
Complete-device material inventory, material sourcing, solvent and energy use,
Sustainability reusable and disposable components, lifetime, recyclability, and

end-of-life strategy
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4.6. Limitations of This Review

This review has several methodological and evidence-base limitations. First, the
large-scale evidence map relied on rule-based automated classification of titles, abstracts,
keywords, document types, and bibliographic metadata. The resulting classifications were
retained without manual modification and were not validated against an independently
screened human reference set. Records with missing abstracts, incomplete metadata, un-
common terminology, or ambiguous descriptions may therefore have been misclassified.
The four automated categories should consequently be interpreted as reproducible biblio-
graphic classifications rather than definitive study-level eligibility or quality judgments.

Second, the 1318 records classified as Manual Review did not undergo subsequent
manual adjudication. Some potentially relevant studies may therefore have remained
unresolved. Conversely, some records classified as Core Primary Candidate or Contextual
Evidence might not have met all eligibility criteria following full-text assessment. Auto-
mated exclusion may also have produced false-negative classifications. The 1801 Exclude
records were counted as excluded during automated title and abstract screening, but this
classification was not independently verified through duplicate human screening.

Third, the detailed critical synthesis was based on full-text adjudication of a curated
subset of 73 records rather than exhaustive full-text assessment of all 2617 automated Core
Primary Candidate records. Within this curated subset, 26 studies met the strict CORE
criteria, while 17 were classified as boundary experimental studies and eight as contextual
experimental /material studies. Accordingly, the 26 CORE studies represent the studies
meeting the strict eligibility criteria within the curated subset and should not be interpreted
as the complete set of all potentially eligible studies in the broader automated evidence
map. This improves scope transparency but does not eliminate selection effects associated
with article accessibility, prior identification, supplementary searching, or the composition
of the curated library.

Fourth, the primary literature was highly heterogeneous in analytes, sample matri-
ces, chitosan characteristics, film architectures, fabrication methods, transduction mecha-
nisms, device geometries, response definitions, units, operating conditions, and validation
procedures. This heterogeneity prevented quantitative meta-analysis and limited direct
numerical comparison among studies. Consequently, the review emphasized mechanistic
interpretation, within-platform comparison, reporting completeness, and device-readiness
considerations rather than pooled performance estimates or cross-platform rankings.

Fifth, the review was restricted to English-language records retrieved from Scopus,
PubMed, and IEEE Xplore, supplemented by citation tracking and publisher-platform
searching. Studies indexed exclusively in other bibliographic databases, reported in
other languages, or available only through poorly indexed conference proceedings, theses,
patents, or institutional repositories may therefore have been missed. Database coverage
may also have differed across electrochemical, optical, gas, humidity, gravimetric, MEMS,
and nanotechnology research communities.

Sixth, the reporting-completeness assessment was descriptive and domain-based, not
a validated risk-of-bias instrument. The ten-domain matrix was completed for all 26 CORE
studies assessed within the curated subset and is reported as frequencies and percentages,
but no composite quality score or certainty-of-evidence rating was assigned. These frequen-
cies describe reporting completeness within the assessed curated subset and should not be
interpreted as prevalence estimates for all potentially eligible studies in the broader evi-
dence map. The results should therefore be interpreted as auditable indicators of reporting
and validation gaps, not as proof that individual studies are methodologically invalid.

Finally, the review protocol was registered retrospectively, and several refinements—
including broader terminology related to MEMS, resonators, microcantilevers, gravimetric
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platforms, and nanosensors—were introduced during the review. Although these refine-
ments improved the coverage of heterogeneous sensor architectures, they may have in-
creased the influence of reviewer judgment on the final analytical scope. The functional-role
framework, cross-platform validation matrix, minimum reporting standard, and device-
readiness pathway should therefore be regarded as structured interpretive and research-
guidance tools derived from the assessed curated evidence, rather than as statistically
validated scoring systems, exhaustive representations of the broader literature, or formal
regulatory classifications.

5. Conclusions

This systematic evidence map and curated critical review indicates that chitosan
can perform functionally important roles in micro-/nanoscale sensing interfaces, with
its contribution depending on architecture and transduction mechanism. The detailed
qualitative assessment was conducted on a curated full-text subset of 73 records, within
which 26 studies met the strict CORE criteria. These 26 studies should not be interpreted as
the complete set of all eligible studies within the broader automated evidence map.

Within the 26 CORE studies assessed in this curated subset, response definition was
reported in 100.0% and functional-role reporting in 96.2%, whereas stability was assessed
in 50.0%. Chitosan identity and selectivity /interference each met the reporting criterion in
65.4% of studies. These frequencies describe the assessed subset and are not prevalence
estimates for the broader candidate literature.

Among the assessed studies, analytical performance in hybrid electrochemical, optical,
and composite devices generally reflected the complete sensing architecture, including
receptors, enzymes, metal oxides, nanocarbons, nanoparticles, optical reagents, patterned
electrodes, and amplification mechanisms. Functional-role reporting should therefore be
distinguished from experimental demonstration of the causal contribution of chitosan.
Gas/VOC studies additionally require explicit discrimination between target response and
humidity effects, while humidity sensors require standardized RH protocols, dynamic
definitions, and long-term testing.

For the assessed evidence set, progression toward more deployable devices requires
complete material identity, reproducible fabrication, measured film/interface structure,
appropriate component controls, realistic interference testing, device-to-device reproducibil-
ity, and stability under intended operating conditions. The role-structure-transduction—
evidence framework and device-readiness pathway should therefore be interpreted as
structured analytical and research-guidance tools derived from the curated evidence as-
sessed here, rather than as a comprehensive characterization of all potentially eligible
studies in the broader literature.
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