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Abstract:

Electrochemical layer-by-layer characterisation (LbL-EC) is emerging as a powerful strategy for the
controlled fabrication of multilayered electrochemical (bio)sensors. By enabling stepwise
electrochemical monitoring of assembly processes, LbL-EC provides access to key interfacial
parameters, including film growth, composition, and bioreceptor integration, thereby supporting the
optimisation of assembly conditions and the reproducible fabrication of sensing interfaces. This
control can lead to improved sensitivity, stability, and durability by regulating interfacial charge
transfer and surface coverage.

Techniques such as cyclic voltammetry and electrochemical impedance spectroscopy, applied
individually or synergistically, offer probe-dependent insights into interfacial charge transport,
surface coverage, and electron-transfer kinetics. In this context, electrochemical responses reflect not
only intrinsic interfacial properties but also their interaction with the selected redox probe.

This review discusses the fundamental mechanisms governing mass and charge transport within
multilayer architectures and critically evaluates the strengths and limitations of LbL-EC as a
monitoring and interpretative tool. A comparative analysis with conventional imaging methods,
including transmission electron microscopy, scanning electron microscopy, atomic force microscopy,
and scanning tunnelling microscopy, highlights the complementary roles of structural and
electrochemical characterisation.

Overall, LbL-EC provides a framework for linking electrochemical parameters with interfacial
properties, supporting the rational optimisation and reproducible fabrication of multilayer

(bio)sensing interfaces.

Keywords: electrochemical layer-by-layer assembly characterisation, layer-by-layer assembly,
stepwise electrode modification, electron transfer mechanisms, bioreceptor immobilisation,
(Bio)sensing technologies.
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1. Introduction

Electrochemical biosensors (EBs) have become indispensable tools in healthcare diagnostics,
environmental monitoring, and industrial safety, owing to their ability to rapidly, sensitively, and
selectively detect a wide range of targets using biological or synthetic bio-recognition elements [1—
3].

Within this landscape, the layer-by-layer (LbL) assembly technique has introduced a paradigm shift
by enabling tailored interfaces with precise control over composition, thickness, and morphology [4].
In its classical definition, LbL refers to polyelectrolyte multilayer assembly via repeated adsorption
cycles. Here, we use the term in a broader sense to denote the stepwise construction of biosensor
interfaces through the sequential deposition of nanomaterials, bioreceptors, and blocking layers. Such
structural tuning maximises analyte—surface interactions, minimises nonspecific interference, and
ultimately enhances signal output and sensor reliability [5,6]. Yet, the increasingly complex
architectures of multilayered biosensors, comprising nanomaterials, blocking agents, and
biorecognition elements, demand advanced characterisation methods capable of probing each layer

with high resolution to ensure correct assembly and functionality [7-12](see Figure 1).

B
Q Nanomaterials

a)

Bioreceptor

Figure 1: Schematic representation of a LbL assembly-based biosensor architecture. a) Bare

electrochemical transducer, exemplified by a screen-printed electrode (SPE), b) modification of the
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working electrode (WE) surface with a nanomaterial, ¢) immobilisation of a bioreceptor and d)

detection of the target analyte.

Among these, electrochemical layer-by-layer characterisation (LbL-EC) has emerged as a rapid, cost-
effective, and uniquely powerful approach, enabling in situ and real-time monitoring of layer
deposition and interfacial behaviour [13]. Unlike conventional imaging techniques such as scanning
or transmission electron microscopy (SEM, TEM) and atomic force microscopy (AFM), which
provide static snapshots, LbL-EC captures the dynamic interactions between multilayers and their
surrounding environment [14,15].

This review critically examines LbL-EC as a strategy for advancing biosensor design. Its capabilities
were compared with those of other characterisation techniques, elucidating the fundamental insights
it provides into mass and charge transport, and highlighting its role in guiding rational decision-
making through sensor assembly. Emphasis is placed on cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) as key tools for layer investigation. Finally, both
successful and less effective applications were discussed, providing practical perspectives on how

LbL-EC can accelerate the development of next-generation biosensors.

2. Advantages and Limitations of LbL-EC: A Comparative Assessment of
Characterisation Methods

Surface analysis techniques provide crucial insights into the morphology and organisation of
multilayered (Bio)sensor architectures. Conventional surface analysis techniques remain
indispensable for resolving morphology at different scales. SEM enables assessment of overall film
uniformity, TEM reveals nanostructured domains, while AFM and Scanning Tunnelling Microscopy
(STM) probe topography and molecular packing density with near-atomic resolution [16-21]. Yet,
these methods remain fundamentally static: they typically require high vacuum environments, which
can induce artefacts such as cracking or dehydration, and cannot capture the dynamic evolution of
soft interfaces under realistic operating conditions [22-25]. Critically, they fail to reproduce the
electrochemical environment in which sensor performance is ultimately determined [26,27].
Complementary techniques such as quartz crystal microbalance with dissipation (QCM-D) and
optical reflectometry provide valuable insight into mass uptake, viscoelastic properties, and film
thickness during multilayer growth [28]. While these methods offer detailed structural and
physicochemical information, they do not directly probe interfacial charge-transfer processes. In
contrast, LbL-EC uniquely provides access to electrochemical descriptors of interfacial functionality
that are directly relevant to biosensor performance [28-30].
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LbL-EC directly addresses this gap. By monitoring the electrode—electrolyte interface under working
conditions, LbL-EC translates morphological imperfections into functional consequences. Defects
such as pinholes, loose packing, inhomogeneous redox distribution, or lateral molecular interactions,
often invisible to imaging, manifest electrochemically as deviations from ideal Nernstian behaviour
and frequently define the rate-limiting steps of sensor performance.

In this context, LbL-EC defines the benchmark strategy for monitoring the stepwise construction of
EBs, offering high sensitivity to interfacial changes at each deposition step. This capacity is
particularly effective in label-free architectures employing diffusional redox probes (DRP) such as
[Ru(NHz3)s]**2* or [Fe(CN)s]*"*, which sensitively transduce variations in interfacial charge transfer
and surface accessibility [31-35]. The electrochemical response is inherently probe-dependent:
cationic and anionic species interact differently with charged or permselective multilayers, yielding
distinct voltammetric and impedance signatures. Consequently, LbL-EC readouts reflect both
interfacial properties and probe—interface interactions rather than intrinsic characteristics alone. Probe
selection should therefore consider reversibility (fast outer-sphere electron transfer), charge, size, and
potential specific interactions with the film. The use of complementary probes can further improve
the assessment of interfacial behaviour [36].

CV and EIS provide quantitative descriptors of interfacial processes, including peak current (p),
formal potential (E®), heterogeneous electron transfer rate constant (k°), and charge transfer resistance
(Rct) [37-40]. For example, nanomaterial interlayers typically enhance conductivity and expand the
electroactive area (A), resulting in a higher Ip and reduced Rct. In contrast, blocking layers or
biorecognition elements, such as antibodies and aptamers, partially shield the interface, resulting in
decreased current and increased Rct [41], as illustrated in Figure 2.

The bare electrode (an electrode without any deposition and modification) can be approximated as an
ideal reversible system (Nernstian), where current responses follow the Randles—Sevéik equation and
parameters such as Ipa/Ipc ratio, AE, diffusion coefficient (Do), and k°® confirm rapid electron transfer
(Figure 2a). Deviations from ideality, such as peak broadening, AE expansion, asymmetry (Ipa/Ipc #
1), or the emergence of several peaks per redox event, reveal heterogeneous charge transfer pathways,
arise upon biomolecule immobilization (Figure 2 b, d). Similarly, Nyquist plots reveal an increase in
Rct and deviations from the canonical 45° Warburg slope, consistent with restricted probe diffusion
and reduced electroactive area due to surface shielding by dense molecular layers (Figure 2c-e).
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Figure 2. Application of LbL-EC techniques in the assembly and characterisation of
immunosensors. Schematic illustration of a layer-by-layer (LbL) immunosensor assembly monitored
by cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS). a) SPE bare WE. b)
WE modification with biochar, a sustainable carbon nanomaterial that acts both as an electrochemical
enhancer (increasing Ip, reducing AE and Rct) and as an anchoring platform for bioreceptors. c)
Covalent immobilisation of the secondary antibody (Abll) via EDC/NHS-mediated amide coupling.
d) Immobilisation of the primary antibody (Abl). e) Target recognition, exemplified here by viral
analyte binding. Adapted from Cancelliere et al. (2022)[42].

Beyond structural characterisation, LbL-EC enables the stepwise assessment of sensor robustness
under environmental perturbations. Changes in pH, ionic strength, or buffer composition affect
interfacial charge and organisation, which are reflected in the electrochemical response [43]. When
DRPs are employed, CV and EIS signals arise from faradic processes that reflect probe-interface
interactions under electrolyte conditions rather than the intrinsic sensing environment and should
therefore be interpreted as diagnostic of interfacial behaviour. In contrast, measurements performed
in supporting electrolytes without added redox species (buffer or KCI solutions) provide
complementary, non-faradaic information on interfacial capacitance and intrinsic interfacial
properties. As highlighted by Huffman et al. [36], this approach provides a powerful means of probing
film stability under physiologically relevant conditions.

Despite its clear advantages, LbL-EC faces two critical limitations. First, it yields global
characterisation: CV and EIS responses average over the entire interface, potentially masking
nanoscale heterogeneities that SEM, TEM, or AFM readily detect [44]. Second, non-ideal

behaviours, arising from disordered monolayers, incomplete coverage, or lateral molecular
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interactions, complicate interpretation and demand expert modelling [45-48]. For this reason, hybrid
approaches that integrate LbL-EC with imaging methods provide the most robust framework.
Electrochemistry supplies stepwise functional readouts, while imaging validates structural
uniformity. Together, they deliver the multiscale insight required to engineer multilayer architectures
that are reliable, sensitive, and selective [49,50]. A comparative overview of these complementary

methods is presented in Table 1.

Table 1. Overview of commonly employed techniques in the characterisation of multilayer sensor

architectures.

Technique Information Advantages Limitations
Static snapshots; require vacuum;

SEM/TEM Morphology, defect sites, ngh-resgluthn unsuitable for soft or hydrated
nanoscale structural detail structural imaging .
architectures
Surface topology, molecular ~ Atomic- to nanoscale Surface-limited; no in-operando
STM/AFM pology, m . monitoring; extremely sensitive to
packing density resolution A .
environmental noise
CV/EIS Charge transf_e ' k_|net|c5, _Iayer Stepwise, functional ~ Complex interpretation; spatial averaging
homogeneity, interfacial . .
(LbL-EC) . characterisation masks nanoscale heterogeneity
dynamics
Hybrid Integrated structural and Multiscale, Increased experimental complexity;
approaches functional readouts comprehensive insight requires multimodal expertise

3. LbL-EC in (Bio)sensing applications

While the theoretical aspects of LbL-EC have been previously discussed, this section delves into the
application of LbL-EC, illustrating how this approach is currently being utilised in biosensing. EBs
rely on the intimate coupling between a bioreceptor and a transducer, where the nature of the
biological interface dictates selectivity, sensitivity, and stability. Bioreceptors encompass a broad
spectrum of entities, ranging from nucleic acid—based probes (DNA, aptamers) and antibodies to
enzymes and functional proteins, each exploiting distinct mechanisms of target recognition and signal
amplification. Their immobilisation on conductive supports requires precise interfacial engineering
to preserve biological activity while ensuring efficient electron transfer [51].

LbL-EC has proven particularly powerful in guiding this process. Unlike purely morphological
approaches, LbL-EC enables real-time tracking of each assembly step, ensuring that nanomaterials,
linker chemistries, and biomolecules are integrated in an ordered and functional manner. This has
enabled the development of diverse sensing platforms, including aptasensors for toxins and nucleic
acids, DNA-based sensors for genetic biomarkers, enzyme electrodes for metabolite monitoring, and

antibody-based immunosensors for proteins, cytokines, and viral antigens.
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Recent reports demonstrate how LbL-EC supports the rational optimisation of multilayer
architectures by correlating interfacial charge transfer behaviour with recognition efficiency. The
incorporation of nanomaterials such as biochar, graphene, carbon nanotubes, and metallic
nanoparticles further highlights its role in enhancing electroactive area, conductivity, and
biomolecule anchoring. These advances highlight the ability of LbL-EC not only to validate biosensor
construction, a powerful technique for constructing high-performance biosensors, but also to predict
and enhance analytical performance under working conditions. Table 2 summarises the most
innovative applications of LbL-EC in biosensing reported over the last four years, highlighting the
diversity of targets, materials, and strategies explored. An example of LbL-EC application in
biosensor construction is reported by Barman et al. (2021) [52] to develop an impedimetric
immunosensor for interleukin-6 detection; in their work, Black Phosphorus was leveraged and
embedded in PAMI to modify the electrode surface to enhance electrochemical performance and to
allow antibody covalent immobilization. EIS and CV tracked a rise in Rct and a decrease in Peak
current at each stage of the sensor manufacturing process, including BP-PAMI, antibody
immobilization, blocking, and IL-6 detection. This allowed for the adjustment of parameters
including surface coverage and blocking efficiency. LbL-EC by itself cannot be used to study the
deterioration of BP and its surface inhomogeneity. Therefore, preliminary AFM, TEM, and Raman
analyses are crucial to the development of the biosensor in this work. Although LbL-EC provides
important information about the behavior under operating conditions, it often needs to be utilized in
combination with structural imaging methods to ensure complete material characterization. Thanks
to this integrated approach, the final biosensor exhibited excellent analytical performance, with a
linear detection range between 0.003 and 75 ng/mL and a limit of detection (LOD) as low as 1 pg/mL
for IL-6.

Sometimes, the interpretation of electrochemical signals requires a deeper understanding of
electrochemical techniques and phenomena. Particularly, in densely packed or organized layers, some
molecular effects can disturb the expected electrochemical signal, potentially leading to
misinterpretation using LbL-EC approach. For example, Duffin et al. (2019) [53] demonstrated that
the electric field in alkyl-ferrocenylalkanethiolate SAMs is not uniform. Their application of LbL-EC
demonstrated that supramolecular organization had an impact on the local potential distribution
within the film, leading to peaks overlapping in CV. These findings indicate that the uniform electrode
potential assumption is not always accurate, and specialized personnel are needed to avoid errors in

interpreting kinetic and structural parameters extracted from CV and EIS data.
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Additionally, an analysis of ferrocenylalkanethiolate SAMs on gold electrodes was reported by Tian
et al. (2012) [54], which demonstrates that, even in well-formed layers, peak broadening, splitting,
and shifts in CV responses arise when intermolecular interactions differ between the oxidised and
reduced states of immobilised species. In such systems, electrostatic interactions within the film and
at the interface often dominate the thermodynamic response, leading to a distribution of formal
potentials and non-ideal voltammetric behaviour. This highlights that deviations from ideal CV and
EIS patterns may originate from nanoscale molecular organisation and interfacial heterogeneity,
rather than necessarily indicating poor layer assembly.

To overcome these challenges, artificial intelligence (Al) and machine learning (ML) have recently
emerged as powerful tools in complex dataset interpretation. Rather than focusing solely on
classification, these approaches enable the extraction of hidden features associated with interfacial
heterogeneity and non-ideal electrochemical behaviour. In the context of LbL-EC, deviations from
ideal CV and EIS responses, such as peak broadening, asymmetry, or distributed charge-transfer
resistance, can be difficult to interpret using conventional models. Our recent work illustrates this
potential, demonstrating how ML-based approaches can resolve overlapping electrochemical signals
and reveal hidden features in complex voltammetric datasets [55].

Data-driven methods, including convolutional neural networks (CNNs) and advanced signal
transformations (Gramian angular fields), offer a complementary framework to identify patterns
related to non-uniform surface coverage, heterogeneous electron-transfer pathways, and interfacial
disorder. Such features can be translated into electrochemical descriptors that inform the optimisation
of multilayer assembly. In this way, Al-assisted analysis moves LbL-EC beyond qualitative
interpretation, enabling a more quantitative and predictive understanding of interfacial processes and

supporting the rational design of reproducible and better-performing biosensors

Table 2. Representative examples of LbL-EC applied to EB development over the last three years.
The table highlights the diversity of targets (proteins, nucleic acids, toxins, metabolites, pathogens),
the biorecognition strategies employed (antibodies, aptamers, enzymes, DNA probes), and the
integration of nanostructured materials for enhanced performance. Reported limits of detection
(LOD) and complementary non-electrochemical characterisation techniques are included to illustrate
how LbL-EC provides functional insights that bridge structural analysis and device optimisation.

Type of Layers LbL-EC Not LbL-EC
Target LOD Reference
biosensor materials technique technique
Cv AFM
IL-6 Immuno. BP-PAMI, Abs 1 pg/ml [52]

EIS TEM



OLA

CYFRA21-
1

VEGF

SARS-CoV-
2 S protein

IL-1p

TNF- a

Ochratoxin

A

a-synuclein

protein

B-
Amyloid1-
42

CEA,
CA125,
CA153,
CA199

Immuno.

Immuno.

Immuno.

Immuno.

Immuno.

Immuno.

Immuno.

Immuno.

Immuno.

Immuno.

GO, AgNPs,
PEIL, AuNPs,
Abs

SizN4/MoS2—
MWCNTs, Abs,

MMSNs@AuN
Ps

rGO, Abs

Cu20 NCs,
Prot A, Abs

Au-Ag-MoS:-
rGO, peptide

MoS: nf, Abs

MBA, Abs

AuNPs, Abs

PtCOCuNPs/r
GO, Abs

PBNCs,
cryogel, Abs

Ccv
EIS
DPV

Ccv
EIS
DPV

Ccv
SwWv

CV, EIS

Cv
EIS
SWv

Cv
EIS

Cv
EIS
EIS
SwWv
DPV
CA

Ccv
EIS
CA

Cv
EIS

Zeta Potential
XPS
Raman
XRD
SEM
TEM
UV-vis
XRD
SEM
TEM
XRD
XPS
FTIR
SEM
Raman

XPS

XRD
XPS
FE-SEM
XRD
SEM
TEM
AFM

Raman

AFM

DLS
AFM
FE-SEM EDX

TEM
XPS
EDX
SEM

SEM
AFM

4.8 pg/ml

2.0 fg/ml

0.1 pg/ml

0.04 fg/ml

2.4 pM

0.202 pg/ml

0.19 ng/ml

4 ng/ml

3.5 fg/ml

CEA: 0.79 pg/
mL, CA125:
0.37 mU/mL,
CA153: 0.49

mU/mL,

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]
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PSA

Ochratoxin
A

a-synuclein

CA125

Lymphoma

cancer cells

CEA

AFB1

Leptin

HepG2 cells

HPV
mRNA

CA15-3

Immuno.

Immuno.

Immuno.

Immuno.

Immuno.

Immuno.

Apta.

Apta.

Apta.

Apta.

Apta.

Apta.

PVA/Gelatin—
AuNPs
nanofiber,

nanobody

Fe-Cu LDH,
rGO, Abs

AuNPs, Abs

SWCNTs
AuNPs, Abs

CuCo-
ONSs@AuNPs,
Abs

AuNPs@DTSP,
BA, Ab, BSA

KMPPH,

aptamer

Aptamer, GNs,
PSCOOH NPs,
PDDA
TiO2NPs,
AuNPs,
Aptamer

AuNPs,
aptamer, PtNPs

AuNPs,
Hairpin, PLL-
g-Dex

AuTF, rGO-
MoS:

EIS

Cv
EIS

EIS

Ccv
EIS
SwWv

Ccv
EIS
DPV

EIS

EIS
Ccv
DPV

CvV
EIS

Cv
EIS

Ccv
EIS
DPV
Ccv
EIS
DPV

Cv
EIS

FTIR
SEM
AFM

FE-SEM EDX
XRD
FTIR
EDS
SEM
AFM

Raman

SEM

SEM
TEM
XRD

XPS
TEM
FT-IR
XRD
FT-IR
TEM
SEM

FE-SEM TEM

SEM

DLS
SEM
TEM

SEM

XRD

FE-SEM
EDS

CA199: 0.48
mU/mL

50.74 pg/ml

63.24 fg/ml

0.15ng/ml

4.1 pg/ml

3.9x10% U/mL

62 cell/ml

0.41 pg/ml

0.002 ng/ml

0.312 pg/ml

15 cell/ml

0.88pM

0.3 U/ml
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[69]
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(73]
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viral S AuNPs, Cv

Apta. SEM 91.1pM [78]
protein aptamer DPV
PAGE
Ccv
Growth Apta- AFM
TDN, Abs EIS 0.47 tM [79]
Factor-1 Immuno. TEM
SWv
UV-vis
AuNPs, Cv FM
stx1 gene DNA Chitosan, EIS SEM 100 aM [80]
DNA-probe SWV EDX
XRD
Cv
rGO, AuNPs, FTIR
miRNA-21 DNA EIS 1.73 pM [81]
DNA probe EDS
DPV
XPS
Cv
rGO-AuNPs, SEM
CA15-3 Enz. EIS 0.08 fg/ml [82]
Abs, HRP-Abs EDS
SWV
CS-
AuNP/MWCN - XRD, DLS,
CA125 Enz. T/G, Abs, SEM,TEM, 0.002 U/mL [83]
EISCA
AuNPs-Lox- UV-Vis
Abs
Exosomes:
cancerous
Cv SEM 1.02-103
exosomes GOx/HRP DFs,
Enz. EIS TEM particles/pL [84]
and aptamer
DPV DLS Thrombin:
thrombin
12.77 tM,
Cv
Fe3AlC: XRD
8-OHdG Other DPV 50 pM [85]
nanoflakes cc SEM

Achronyms: Immunosensor (Immuno), Aptamer (Apta.), Enzyme (Enz.) Cyclic Voltammetry (CV), Electrochemical impedance spectroscopy
(EIS), differential pulsed voltammetry (DPV), Square wave voltammetry (SWV), Chronoamperometry (CA), Chronocoulometry (CC), Scanning
Electron Microscopy (SEM), Transmission Electron Microscopy (TEM), Atomic Force Microscopy (AFM), X-ray Photoelectron Spectroscopy (XPS),
X-ray Diffraction (XRD), Fourier Transform Infrared Spectroscopy (FT-IR), Field Emission Scanning Electron Microscopy (FE-SEM), Energy
Dispersive X-ray Spectroscopy (EDX), Energy Dispersive Spectroscopy (EDS), Dynamic Light Scattering (DLS), Polyacrylamide Gel Electrophoresis
(PAGE), Fluorescence Microscopy (FM), black phosphorene-polyallylamine (BP-PAMI), Antibodies (Abs), Graphene oxide (GO), Silver
Nanoparticles (AgNPs), Gold Nanoparticles (AuNPs), Polyethyleneimine (PEI), Multi-Walled Carbon Nanotubes (MWCNTS), magnetic mesoporous
silica nanoparticles@gold nanoparticles (MMSNs@AUNPs), reduced Graphene Oxide (rGO), nanocubes (NCs), Protein A (Prot A), nanoflower (nf),
Mercaptobenzoic acid (MBA), Prussian Blue Nano Cubes (PBNCs), Polyvinyl alcohol (PVA), layered double hydroxide (LDH), nanogold-
functionalized copper-cobalt oxide nanosheets (CuCo-ONSs@AuNPs), 3,3'-dithiodipropionic acid (DTSP), Boronic Acid (BA), Bovine Serum
Albumin (BSA), K-MXene-PEDOT:PSS-PNIPAM hydrogels (KMPPH), N-doped graphene nanosheets (GNs), Polystyrene (PS), Poly(diallyl
dimethylammonium chloride) solution (PDDA), Poly(.-lysine)-graft-dextran (PLL-g-Dex), gold thin film (AuTF), tetrahedral DNA nanostructure
(TDN), Horseradish Peroxidase (HRP), Chitosan-gold nanoparticle (CS-AuNP), lactate oxidase (LOx), DNA flowers (DFs), Interleukin-6 (IL-6),
Olaquindox (OLA), vascular endothelial growth factor (VEGF), interleukin-1beta (IL-1B), Tumor Necrosis Factor-a (TNF-a), carcinoembryonic
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antigen (CEA), carbohydrate antigen 125 (CAL25), carbohydrate antigen 153 (CA153), carbohydrate antigen 199 (CA199), 8-hydroxy-2'-

deoxyguanosine (80HdG)

Conclusions, Challenges and Future Perspectives

LbL-EC has emerged as a powerful framework for the controlled fabrication and interrogation of
multilayered biosensor interfaces. By enabling stepwise electrochemical monitoring of assembly
processes, it provides access to key interfacial descriptors, including charge-transfer kinetics, surface
accessibility, and heterogeneity, that underpin sensor behaviour. In this context, LbL-EC bridges the
gap between structural organisation and functional response, offering capabilities that complement,
rather than replace, conventional imaging techniques such as SEM, TEM, and AFM.

Nevertheless, significant challenges remain. Electrochemical responses intrinsically average over the
entire electrode interface, potentially masking nanoscale heterogeneities that critically influence
device performance. Furthermore, non-ideal voltammetric and impedance patterns arising from
disordered assemblies, lateral molecular interactions, or uneven coverage often require advanced
expertise and sophisticated modelling to be interpreted accurately. These complexities reinforce the
necessity of hybrid characterisation strategies, where LbL-EC is coupled with high-resolution
imaging and spectroscopic methods to correlate morphology with function across multiple length
scales.

Looking forward, the integration of LbL-EC with Al represents a powerful route to advance the
field. Data-driven methods can extract electrochemical descriptors from complex, non-ideal signals,
revealing interfacial features beyond conventional analysis. By linking electrochemical response to
design parameters, Al-assisted LbL-EC can enable more rational and reproducible optimisation of
multilayer architectures. [55]. This synergy will accelerate the development of next-generation
biosensors that are not only more selective, sensitive, and durable, but also capable of autonomous
optimisation and self-diagnosis, propelling their translation into real-world healthcare,

environmental, and point-of-care applications.
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Captions

Figure 1: Schematic representation of a LbL assembly-based biosensor architecture. a) Bare
electrochemical transducer, exemplified by a screen-printed electrode (SPE), b) modification of the
working electrode (WE) surface with a nanomaterial, ¢) immobilisation of a bioreceptor and d)

detection of the target analyte.

Figure 2. Application of LbL-EC techniques in the assembly and characterisation of
immunosensors. Schematic illustration of a layer-by-layer (LbL) immunosensor assembly monitored
by cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS). a) SPE bare WE. b)
WE modification with biochar, a sustainable carbon nanomaterial that acts both as an electrochemical
enhancer (increasing Ip, reducing AE and Rct) and as an anchoring platform for bioreceptors. c)
Covalent immobilisation of the secondary antibody (AblI) via EDC/NHS-mediated amide coupling.
d) Immobilisation of the primary antibody (AbI). e) Target recognition, exemplified here by viral
analyte binding. Adapted from Cancelliere et al. (2022)[38].



Table 1. Overview of commonly employed techniques in the characterisation of multilayer sensor

architectures.

Technique Information provided Advantages Limitations
. . . Static snapshots; require vacuum;
SEM / TEM Morphology, defect sites, ngh—respluthn structural unsuitable for soft or hydrated
nanoscale structural detail imaging -
architectures
Surface topology, molecular Atomic- to nanoscale Surface-limited; no in-operando
STM/AFM pology, m . monitoring; extremely sensitive to
packing density resolution . .
environmental noise
CV/EIS Charge transf_er k_|net|c5, _Iayer Real-time, in-operando, Complex_ interpretation; spatial
(LbL-EC) homogeneity, !nterfamal functional characterisation averaging masks r_lanoscale
dynamics heterogeneity
Hybrid Integrated structural and Multiscale, comprehensive  Increased experimental complexity;

approaches functional readouts insight

requires multimodal expertise




Table 2. Representative examples of LbL-EC applied to EB development over the last three years.
The table highlights the diversity of targets (proteins, nucleic acids, toxins, metabolites, pathogens),
the biorecognition strategies employed (antibodies, aptamers, enzymes, DNA probes), and the
integration of nanostructured materials for enhanced performance. Reported limits of detection

(LOD) and complementary non-electrochemical characterisation techniques are included to illustrate

how LbL-EC provides functional insights that bridge structural analysis and device optimisation.

Type of Layers LbL-EC Not LbL-EC
Target ) ) ) ) LOD Reference
biosensor materials technique technique
AFM
TEM
CcVv Zeta Potential
IL-6 Immuno. BP-PAMI, Abs 1 pg/mi [49]
EIS XPS
Raman
XRD
SEM
GO, AgNPs, CVv
TEM
OLA Immuno. PEI, AuNPs, EIS ] 4.8 pg/mi [53]
UV-vis
Abs DPV
XRD
SizsN4/MoSz— SEM
MWCNTSs, Ccv TEM
CYFRA21-
1 Immuno. Abs, EIS XRD 2.0 fg/ml [54]
MMSNs@AUN DPV XPS
Ps FTIR
SEM
CcVv
VEGF Immuno. rGO, Abs Raman 0.1 pg/ml [55]
SWV
XPS
SARS-CoV- Cu20 NCs,
) Immuno. CV, EIS 0.04 fg/ml [56]
2 S protein Prot A, Abs
Ccv XRD
Au-Ag-MoS;-
IL-1P Immuno. ) EIS XPS 2.4 pM [57]
rGO, peptide
SWvV FE-SEM
XRD
SEM
CcVv
TNF- a Immuno. MoS2 nf, Abs ElS TEM 0.202 pg/ml [58]
AFM
Raman
Ochratoxin CcV
A Immuno. MBA, Abs ElS AFM 0.19 ng/ml [59]




EIS

DLS
a-synuclein SWV
) Immuno. AuUNPs, Abs AFM 4 ng/ml [60]
protein DPV
FE-SEM EDX
CA
TEM
B- CcVv
) PtCOCUuNPs/r XPS
Amyloidl- Immuno. EIS 3.5 fg/ml [61]
GO, Abs EDX
42 CA
SEM
CEA: 0.79 pg/
mL, CA125:
CEA,
0.37 mU/mL,
CA125, PBNCs, CcVv SEM
Immuno. CA153: 0.49 [62]
CA153, cryogel, Abs EIS AFM
mu/mL,
CA199
CA199: 0.48
muU/mL
PVA/Gelatin—
FTIR
) AuUNPs
Quinalphos Immuno. ] EIS SEM 50.74 pg/ml [63]
nanofiber,
AFM
nanobody
FE-SEM EDX
Fe-Cu LDH, CcVv
PSA Immuno. XRD 63.24 fg/ml [64]
rGO, Abs EIS
FTIR
EDS
Ochratoxin SEM
Immuno. AuNPs, Abs EIS 0.15ng/ml [65]
A AFM
Raman
CcVv
. SWCNTs
a-synuclein Immuno. EIS SEM 4.1 pg/ml [66]
AuUNPs, Abs
SWV
SEM
CuCo- CcVv
TEM
CA125 Immuno. ONSs@AUNPs, EIS XRD 3.9x10®8 U/mL [67]
Abs DPV
XPS
Lymphoma AUNPs@DTSP TEM
Immuno. EIS 62 cell/ml [68]
cancer cells , BA, Ab, BSA FT-IR
XRD
EIS
KMPPH, FT-IR
Apta. cv 0.41 pg/mi [69]
CEA aptamer TEM
DPV

SEM




Aptamer, GNs,

CcVv
AFB1 Apta. PSCOOH NPs, ElS FE-SEM TEM 0.002 ng/ml [70]
PDDA
TiO2NPs,
. CcVv
Leptin Apta. AuUNPs, ElS SEM 0.312 pg/ml [71]
Aptamer
AuUNPs, CcVv DLS
HepG2 cells Apta. aptamer, EIS SEM 15 cell/ml [72]
PtNPs DPV TEM
AUNPs, cv
HPV o
Apta. Hairpin, PLL- EIS SEM 0.88pM [73]
MRNA
g-Dex DPV
XRD
AUTF, rGO- cv
CA15-3 Apta. FE-SEM 0.3 U/ml [74]
MoS:2 EIS
EDS
viral S AUNPs, CcVv
] Apta. SEM 91.1pM [75]
protein aptamer DPV
PAGE
CcVv
Growth Apta- AFM
TDN, Abs EIS 0.47 fM [76]
Factor-1 Immuno. TEM
SWv
UV-vis
AUNPs, Ccv FM
stx1 gene DNA Chitosan, EIS SEM 100 aM [77]
DNA-probe SWvV EDX
XRD
CcVv
) rGO, AuNPs, FTIR
miRNA-21 DNA EIS 1.73 pM [78]
DNA probe EDS
DPV
XPS
CcVv
rGO-AuNPs, SEM
CA15-3 Enz. EIS 0.08 fg/ml [79]
Abs, HRP-Abs EDS
SWV
Cs-
AuNP/MWCN .y XRD, DLS,
CA125 Enz. T/G, Abs, SEM,TEM, 0.002 U/mL [80]
EISCA
AUNPs-Lox- UV-Vis
Abs
Exosomes:
cancerous
CcVv SEM 1.02-10°
exosomes GOx/HRP DFs, )
Enz. EIS TEM particles/pL [81]
and aptamer ]
) DPV DLS Thrombin:
thrombin

12.77 M,




CVv
FesAlC: XRD
8-OHdG Other DPV 50 pM [82]
nanoflakes ce SEM

Achronyms:

Immunosensor (Immuno), Aptamer (Apta.), Enzyme (Enz.) Cyclic Voltammetry (CV), Electrochemical impedance spectroscopy (EIS), differential
pulsed voltammetry (DPV), Square wave voltammetry (SWV), Chronoamperometry (CA), Chronocoulometry (CC), Scanning Electron Microscopy
(SEM), Transmission Electron Microscopy (TEM), Atomic Force Microscopy (AFM), X-ray Photoelectron Spectroscopy (XPS), X-ray Diffraction
(XRD), Fourier Transform Infrared Spectroscopy (FT-IR), Field Emission Scanning Electron Microscopy (FE-SEM), Energy Dispersive X-ray
Spectroscopy (EDX), Energy Dispersive Spectroscopy (EDS), Dynamic Light Scattering (DLS), Polyacrylamide Gel Electrophoresis (PAGE),
Fluorescence Microscopy (FM), black phosphorene-polyallylamine (BP-PAMI), Antibodies (Abs), Graphene oxide (GO), Silver Nanoparticles
(AgNPs), Gold Nanoparticles (AuNPs), Polyethyleneimine (PEI), Multi-Walled Carbon Nanotubes (MWCNTS), magnetic mesoporous silica
nanoparticles@gold nanoparticles (MMSNs@AUNPs), reduced Graphene Oxide (rGO), nanocubes (NCs), Protein A (Prot A), nanoflower (nf),
Mercaptobenzoic acid (MBA), Prussian Blue Nano Cubes (PBNCs), Polyvinyl alcohol (PVA), layered double hydroxide (LDH), nanogold-
functionalized copper-cobalt oxide nanosheets (CuCo-ONSs@AuNPs), 3,3'-dithiodipropionic acid (DTSP), Boronic Acid (BA), Bovine Serum
Albumin (BSA), K-MXene-PEDOT:PSS-PNIPAM hydrogels (KMPPH), N-doped graphene nanosheets (GNs), Polystyrene (PS), Poly(diallyl
dimethylammonium chloride) solution (PDDA), Poly(.-lysine)-graft-dextran (PLL-g-Dex), gold thin film (AuTF), tetrahedral DNA nanostructure
(TDN), Horseradish Peroxidase (HRP), Chitosan-gold nanoparticle (CS-AuNP), lactate oxidase (LOx), DNA flowers (DFs), Interleukin-6 (IL-6),
Olaquindox (OLA), vascular endothelial growth factor (VEGF), interleukin-1beta (IL-1pB), Tumor Necrosis Factor-o (TNF-a), carcinoembryonic
antigen (CEA), carbohydrate antigen 125 (CA125), carbohydrate antigen 153 (CA153), carbohydrate antigen 199 (CA199), 8-hydroxy-2'-

deoxyguanosine (80HdG)
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