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ABSTRACT 

Halloysite nanotubes (HNTs) are investigated as functionally active nanofillers for tuning PEDOT:PSS thin films. HNTs from 

Dragon Mine (DG, USA) and Matauri Bay (NZ, New Zealand), characterized by different aspect ratios and surface chemical 
characteristics, are incorporated at 1.0–7.5 wt.% without secondary dopants to highlight specific HNT-related interfacial effects. 
A non-monotonic dependence of local conductance on DG content is observed, with a maximum at low loading (2.5 wt.%). 
This trend reflects the balance between enhanced connectivity of PEDOT-rich domains at low concentrations and disruption of 
conductive pathways due to nanotube aggregation at higher loadings. It is suggested that DG acts as an active modulator, promoting 
polymer chain reorganization and enabling a denser hopping network, thereby enhancing local electrical response and mechanical 
stiffness. In contrast, NZ behaves as a passive filler, preserving the intrinsic ion-storage capability of PEDOT:PSS without improving 
charge transport, highlighting the dominant role of interfacial electrostatic interactions. Electrochemical analysis shows that DG 

favors electronic transport at the expense of ionic accumulation, whereas NZ maintains capacitive behavior. The nanocomposites 
exhibit good biocompatibility, with improved SH-SY5Y cell viability at low DG loading. These results provide design guidelines 
for independently tuning electrical, electrochemical, and mechanical properties in conductive polymer nanocomposites. 
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 Introduction 

onductive polymers have emerged as key materials in bioelec-
ronics [ 1 ] owing to their unique ability to combine electronic
onductivity with mechanical flexibility, chemical tunability, and
iocompatibility, thereby enabling efficient signal transduction
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at the interface with living cells and tissues [ 2, 3 ]. Within this
context, conductive polymer nanocomposites represent complex
multicomponent systems in which electrical [ 4 ], mechanical [ 5 ],
and electrochemical properties [ 6 ] arise from the intricate inter-
play among molecular organization [ 7 ], interfacial electrostatic
interactions [ 8, 9 ], and mesoscale morphology [ 10 ]. 
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n intrinsically conductive polymers, charge transport is strongly
ffected by structural heterogeneity [ 8 ], phase separation
henomena [ 11 ], and the degree of connectivity between ordered
omains [ 12 ], all of which determine the formation of effective
ercolation pathways. In this broader framework, poly(3,4-
thylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)
tands as a representative example, clearly illustrating how
anoscale organization governs macroscopic electrical behavior
 13 ]. 

EDOT:PSS is a prototypical biphasic system consisting of
onductive PEDOT-rich domains dispersed within a PSS-rich
atrix. Its electrical conductivity depends on the degree of phase
eparation, chain conformation, and interchain π–π stacking
nteractions. Subtle modifications in morphology or interfacial
hemistry can induce significant variations in charge carrier
obility and electrochemical response [ 14, 15 ]. 

he incorporation of nanoscale, organic or inorganic, fillers into
onductive polymers is a widely employed strategy to improve
heir physicochemical performance [ 6, 7 ]. Conductive nanofillers
uch as carbon nanotubes and metal nanoparticles have been
xtensively investigated due to their ability to enhance electrical
roperties through the formation of conductive pathways and
nterfacial interactions with the polymer matrix [ 16–18 ]. Such
pproaches have led to significant improvements in electrical
erformance and have enabled the development of advanced
aterials for applications requiring high conductivity and bio-
ompatibility [ 13, 19, 20 ]. 

owever, recent studies have highlighted that enhancements in
EDOT:PSS-based systems are not exclusively associated with
ntrinsically conductive fillers. At the nanoscale, electrically
nsulating nanostructures can also play an active role by inducing
tructural and interfacial rearrangements within the conductive
olymer matrix. In these systems, the filler does not directly
ontribute to charge transport, but instead modulates polymer
hain organization, phase separation, and the connectivity of
onductive domains [ 21 ], which are known to govern charge
ransport in PEDOT:PSS [ 22, 23 ]. 

n this context, among various inorganic nanofillers used to tailor
oth mechanical and electrical properties, halloysite, a naturally
ccurring aluminosilicate clay mineral belonging to the Kaolin
roup, represents a particularly attractive class of materials due
o its abundance, low cost, and versatile physicochemical prop-
rties [ 24 ]. Notably, halloysite predominantly occurs in the form
f nanotubular structures, commonly referred to as halloysite
anotubes (HNTs), which exhibit a characteristic hollow tubular
orphology [ 25 ]. HNTs are naturally sourced from different
eposits (e.g., New Zealand, USA, China, Brazil, Turkey), and
heir dimensions are strongly dependent on both the extraction
ite and purification process; however, different studies have
hown that HNTs coming from the same sites (available in tons)
ossess the same properties and chemical compositions [ 24 ]. In
eneral, the distinct chemical composition of the inner and outer
urfaces results in the tubes exhibiting opposite surface charges
ver a wide range of pH values [ 26 ]. Based on these findings,
NTs can interact with polymeric matrices through different
echanisms, including electrostatic attraction and hydrogen
onding, thereby enabling the development of nanocomposites
of 16
with enhanced and tunable properties. In addition, owing to
their high biocompatible and intrinsic ability to cross cellular
membranes, the use of HNTs as filler holds significant potential
for a variety of biomedical applications [ 27, 28 ]. 

For example, Chen et al. reported the use of HNTs as a template
for the chemical oxidative polymerization of EDOT on their
external surface [ 29 ]. In this case, the authors find that the
hydroxyl groups at the HNTs external surface can form hydrogen
bonding interactions with the oxygen atoms of EDOT monomer,
which polymerizes, after addition of ammonium persulphate,
exclusively on the tube surface rather than in solution. The
presence of HNTs as a template led to the synthesis of a
composite with enhanced electrochemical performance than
pure PEDOT. Conversely, Hu et al. studied the influence of the
introduction of HNTs into a PEDOT:PSS dispersion to prepare
PEDOT:PSS/HNTs composite films [ 30 ]. The authors reported
that the aqueous PEDOT:PSS dispersion can be loaded into
HNTs lumen for hydrophobic effects, forming composite films
with higher conductivity than pristine polymer films, but these
effects have generally been observed in presence of secondary
dopants, which play a significant role in enhancing conductivity
[ 31–33 ]. Another work reports the covalent grafting of PSS onto
HNTs external surface of HNTs, and the filler so obtained was
used as a template for the EDOT polymerization [ 34 ]. All the
aforementioned examples demonstrate that the incorporation
of HNTs influences the organization of polymer domains and
the formation of charge transport pathways, thereby affecting
the overall structural and functional properties of the composite
systems, especially when conductivity is a key requirement.
As previously noted, HNTs from different deposits may exhibit
variations in size and chemical composition, therefore, it is
of interest to investigate how these differences influence the
organization of PEDOT:PSS. To date, to the best of our knowledge,
the impact of nanotube-induced microstructural rearrangements
on charge transport mechanisms and electrochemical stability
has not been comprehensively explored. 

In this study, we present a systematic analysis of
PEDOT:PSS/HNTs nanocomposite thin films with HNTs
content of 0.0, 1.0, 2.5, 5.0 and 7.5 wt.%, using nanotubes from
two distinct sources: commercial HNTs Dragon Mine (USA),
hereafter referred to as DG, and Matauri Bay (New Zealand),
hereafter referred to as NZ, which differ in size distribution and
surface chemical composition [ 35 ]. Importantly, no secondary
dopants were added, ensuring that any observed variations in
conductivity, mechanical performance, and electrochemical
behavior arise solely from the nanotubes and their interfacial
characteristics. 

Our findings reveal that both the surface chemistry and dimen-
sional properties of HNTs critically influence charge transport,
mechanical response, and electrochemical stability. By corre-
lating morphological features to electrical, mechanical, and
electrochemical performance, we identify the structure-property
relationships that govern the multifunctional behavior of these
sustainable 2D-clay nanostructures, highlighting their potential
for flexible electronic and electrochemical applications. 

Finally, as a proof of concept for potential biomedical application,
biological assays were conducted on the human neuroblastoma
Macromolecular Materials and Engineering, 2026
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ell line SH-SY5Y to assess biocompatibility. PEDOT:PSS-based
olymers, due to their unique properties and inherent biocom-
atibility, have demonstrated promise for applications in the
reatment of neuronal injuries [ 32 ]. 

 Results and Discussion 

.1 Morphology and Nanomechanical Properties 
f PEDOT:PSS/DG Films 

he PEDOT:PSS/HNTs composite films were prepared follow-
ng the procedure described in the Experimental Section (see
ection 4.3 ). Based on the physicochemical properties of both
EDOT:PSS and halloysite nanotubes (HNTs), [ 35 ] several inter-
acial interactions are expected to occur within the composite.
n particular, electrostatic attractions can arise from the com-
lementary charge distribution of the two components. The
egatively charged PSS chains can interact with the positively
harged inner lumen of the HNTs, whereas the positively charged
EDOT chains can establish favorable interactions with the
egatively charged external siloxane surface of the nanotubes.
hese interactions are consistent with the charge distribution of
alloysite at neutral pH, where the inner aluminol groups are
rotonated, and the outer siloxane surface remains negatively
harged [ 26 ]. In addition to electrostatic interactions, PEDOT
ay also interact with the external surface of HNTs through
ydrogen bonding, acting as a hydrogen bond acceptor, while
he silanol groups present on the HNTs surface, particularly as
tructural defect sites, can serve as hydrogen bond donors. 

ince the extent of these interfacial interactions may also depend
n the morphological characteristics of the nanotubes, the
nfluence of halloysite morphology, with particular emphasis on
anotube size, was further investigated. To this end, transmission
lectron microscopy (TEM) analyses were performed to deter-
ine the average length of the two halloysite nanotube samples,
G and NZ. 

he measurements (Figure 1 ) revealed a clear difference between
he two materials: DG exhibited an average length of 408 ± 142 nm
nd a diameter of 51 ± 7 nm, whereas NZ showed a significantly
reater mean length of 1296 ± 470 nm while maintaining a
omparable diameter of 51 ± 8 nm. These results highlight the
istinct dimensional characteristics of the two halloysites, which
re consistent with their differing aspect ratios, respectively 8 for
G and 25 for NZ. 

irst, the effect of HNTs on the morphological and mechanical
roperties of PEDOT:PSS composite films, was investigated at
arying HNTs loading. 

he surface morphology of the PEDOT:PSS-based thin films, was
nvestigated by Atomic Force Microscopy (AFM). Figure 2 shows
he topographical images of the polymer nanocomposite films
ontaining different DG loadings: 0.0 (a), 1.0 (b), 2.5 (c), 5.0 (d)
nd 7.5 wt.% (e). 

he bare PEDOT:PSS film (0.0 wt.% DG, Figure 2a ) exhibits
 smooth, homogeneous, and uniform surface, characterized
y low roughness and the absence of surface defects. This
acromolecular Materials and Engineering, 2026
morphology is consistent with the good film-forming capability
of PEDOT:PSS and indicates a continuous and uniform polymer
matrix. 

Upon incorporation of DG, the composite films maintain an
overall uniform coverage of the surface; however, distinct nanos-
tructured features become visible. At low DG contents (1.0
wt.%, Figure 2b and 2.5 wt.%, Figure 2c ), the nanotubes appear
sparsely and randomly distributed across the scanned area, with
only limited aggregation, particularly at the lower loading. At
1.0 wt.%, the nanotube density appears insufficient to ensure
effective connectivity. Nevertheless, the thin film remains rel-
atively homogeneous, suggesting that the nanotubes are well
embedded within the polymer matrix. As the DG concentration
increases to 5.0 wt.% (Figure 2d ) and 7.5 wt.% (Figure 2e ), the
surface density of the nanotubes progressively rises. At these
higher loadings, the tendency of DG to aggregate becomes more
pronounced, resulting in the formation of clustered domains
and a more disordered morphology. This behavior is likely due
to stronger nanotube-nanotube interactions at elevated concen-
trations, which partially overcome polymer-nanotube interfacial
interactions. 

A more detailed analysis is provided in Figure 2f , which displays
a magnified topographic image of the PEDOT:PSS/DG 2.5 wt.%
sample. The high-resolution image clearly reveals the character-
istic tubular morphology of the halloysite nanotubes and their
spatial distribution within the matrix. Furthermore, the phase
image (Figure 2g ) indicates that the PEDOT:PSS matrix uniformly
coats and fully envelops the DG, confirming strong interfacial
interaction and effective encapsulation of the clay by the polymer.
This complete embedding suggests good compatibility between
the two components and supports the formation of a structurally
integrated composite system. At higher DG concentrations, the
inter-nanotube aggregation becomes more pronounced, limiting
the polymer’s ability to effectively wrap around the nanotubes. 

Overall, the AFM analysis demonstrates that DG incorpora-
tion modifies the surface morphology of the composite films
in a concentration-dependent manner, reflecting the nanotube
dispersion, aggregation behavior, and surface roughness, while
preserving the structural continuity of the polymer matrix at low
filler loadings. 

To evaluate the suitability of the composite films for flexible elec-
tronics and wearable devices, where they are typically subjected
to mechanical stresses such us bending and stretching, the local
Young’s modulus ( E ) and the related mechanical properties were
measured with nanometer-scale spatial resolution [ 42 ]. 

The elastic modulus values were obtained using the Derjaguin–
Muller–Toporov (DMT) mechanics model (see Section 4.4.2 ).
Figure 3a shows the E values obtained for the different composite
formulations, highlighting a clear and nearly linear increase in
film stiffness with increasing DG content. This trend confirms
the expected reinforcing effect of halloysite nanotubes within the
PEDOT:PSS matrix, as the inorganic nanofiller is supposed to
contribute to decrease polymer chain mobility. The progressive
stiffening of the films is consistent with the morphological obser-
vations, where higher clay concentrations promote the formation
of a more rigid interconnected polymer network. 
3 of 16
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FIGURE 1 (a,b) TEM images and (b,d) statistical length distribution ( n = 40) for (a-b) DG and (c-d) NZ nanomaterials. 

FIGURE 2 Atomic force microscopy images of: bare PEDOT:PSS (a) PEDOT:PSS/DG 1.0 wt.% (b), PEDOT:PSS/DG 2.5 wt.% (c), PEDOT:PSS/DG 

5.0 wt.% (d) PEDOT:PSS/DG 7.5 wt.% (e), scan size 2 × 2 µm2 . Magnification of PEDOT:PSS/DG 2.5 wt.% phase image (f); 3D height micrograph of 
PEDOT:PSS/DG 2.5 wt.% (g), scan size 1 × 1 µm2 . 
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 further relevant aspect concerns the statistical distribution
f the Young’s modulus values (Figure S2 ). Indeed, as the DG
ontent increases, the distribution evolves from a lognormal
rofile, typical of heterogeneous polymeric systems, to a normal
Gaussian) distribution at the highest loading (7.5 wt.%), due to a
ore homogeneous mechanical response at elevated clay concen-
of 16
trations, possibly ascribable to a more uniform distribution and
increased interfacial interactions between the polymer matrix
and the nanotubes. 

The average Young’s modulus values for all samples are summa-
rized in Table 1 . Overall, the FS-AFM results demonstrate that
Macromolecular Materials and Engineering, 2026
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FIGURE 3 Young Modulus (mean value ± st. dev., n = 3) values of thin films deposited on Si (a). Halpin-Tsai fitting of such films E normalized to 
PEDOT:PSS (DG 0.0 wt.%) (b). 

TABLE 1 Young Modulus (E) and Conductance (G) values for pristine PEDOT:PSS and composited with DG. 

Sample E [MPa] E/E0 G [nS] G/G0 

PEDOT:PSS 462.02 ± 23.10 / 238.68 ± 1.19 / 
1.0 wt.% DG 663.13 ± 10.39 1.44 ± 0.08 272.78 ± 1.38 1.14 ± 0.01 
2.5 wt.% DG 753.78 ± 37.69 1.67 ± 0.12 296.75 ± 2.19 1.24 ± 0.01 
5.0 wt.% DG 919.29 ± 45.96 1.99 ± 0.14 259.01 ± 9.99 1.09 ± 0.04 
7.5 wt.% DG 1084.41 ± 54.20 2.34 ± 0.17 143.14 ± 6.57 0.6 ± 0.03 
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 articles are governed by the applicable C
reati
G incorporation enhances the stiffness of the composite films
nd influences the mechanical uniformity of the material in a
oncentration-dependent manner. 

he mechanical reinforcement of PEDOT:PSS nanocomposite
ilms incorporating halloysite nanotubes was analyzed using the
alpin-Tsai model [ 36, 37 ] (Figure 3b ), which is widely applied
o predict the elastic modulus of polymer composites containing
nisotropic fillers. According to this model (Equation 1 ): 

E 

E0 
=
1 + 𝜉𝜂𝜑 

1 − 𝜂𝜑 
≈ 1 + 𝜉𝜂𝜑 (1)

here E is the Young modulus of the nanocomposite, E0 is the
odulus of pristine PEDOT:PSS, ξ is the shape factor related to
he filler aspect ratio, η is the geometry efficiency parameter, and
is the filler volume fraction. 

or the fitting procedure, the shape factor ( ξ) was fixed at 8, a
uitable value derived from the standard aspect ratio of halloysite
anotubes (average length ≈ 408 ± 142 nm and diameter ≈ 51
 7 nm). The densities of the polymer matrix and the filler
 ρm , ρf ) were set to 1.01 and 2.53 g/mL, respectively, according
o supplier specifications. The fitting process yielded a combined
arameter ξη value of 32.26, corresponding to an apparent
einforcement efficiency factor ( η) of 4.03. This result confirms
hat HNTs play a significant role in reinforcing the compos-
acromolecular Materials and Engineering, 2026
ite. In particular, the relatively high η value suggests efficient
stress transfer between the polymer matrix and the nanotube,
confirming that their elongated tubular morphology strongly
enhances the stiffening effect. In other words, the aspect ratio of
the DG is a key parameter governing their reinforcing capability.
The model shows excellent agreement with the experimental
data (R2 = 0.9997). This strong correlation is likely due to the
relatively low filler concentrations investigated, where the main
assumptions of Halpin-Tsai model, good dispersion of the filler,
minimal filler-filler interactions, and effective load transfer at
the interface, are more likely to be satisfied. Overall, the fitted
η value supports the hypothesis that, within this concentration
range, the halloysite nanotubes are well embedded in the polymer
matrix and actively contribute to load bearing. Moreover, the
tubular geometry of HNTs appears to amplify their reinforcing
effect compared to fillers with lower aspect ratio, such as spherical
or irregular particles. These findings highlight the critical role of
filler geometry and orientation in optimizing stress transfer and
mechanical performance in polymer nanocomposites [ 36–39 ]. 

2.2 Local Electrical Characterization by 
Conductive AFM 

The electrical conductivity can be characterized by several
established macroscopic techniques, such as the collinear four-
point probe and the van der Pauw configuration, which provide
5 of 16
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FIGURE 4 G-V characteristics (a) of PEDOT:PSS/HNTs thin films on Si; (b) Grel = G / G0 plotted as a function of the parameter ρ = w ⋅ AR, 
where w is the filler mass fraction and AR = L / d is the aspect ratio of the nanotubes. (c) Schematic representation showing the mechanism on which 
improvement of local conductivity is based. Figure S3 reports I–V characteristics in linear and semi-log scales. 
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eliable macroscopic measurements of sheet resistance and bulk
onductivity. 

n this work, however, current-voltage ( I–V ) measurements
ere performed using conductive Atomic Force Microscopy
C-AFM) in a two-electrode lateral (horizontal) configuration.
his approach enables localized electrical characterization at
he nanometer scale, prompting the evaluation of nanometric
patial variations in local conductance closely associated with
he incorporation of nanotubes. By probing the nanocomposite
hin films point by point, it is possible to correlate local electrical
ehavior with morphological features and to assess how the
resence and the concentration-dependent distribution of DG
ffect charge transport within the composite matrix. 

nlike the gradual increase of stiffness with rising HNT content,
he local conductance does not follow a monotonic trend; as
hown in Figure 4a , it exhibits distinct changes at different HNT
oncentrations. 

ndeed, PEDOT:PSS/DG films containing 1.0 wt.% HNTs exhib-
ted a slight increase in local conductance compared to pristine
EDOT:PSS. Increasing the HNT content to 2.5 wt.% further
nhanced the local conductance, reaching its maximum value. In
ontrast, a further increase in DG loading to 5.0 wt.% resulted in
onductance values comparable to those of the unmodified film,
of 16
whereas at 7.5 wt.%, the local conductance decreased markedly
(Table 1 ). 

Overall, these results indicate that low DG loadings pro-
mote the electrical performance of PEDOT:PSS without dis-
rupting its conductive network. Indeed, films containing 2.5
wt.% HNTs exhibit the highest normalized local conductance
( Grel > 1), whereas a progressive decrease is observed as the
filler content increases from 2.5 to 7.5 wt.% (Figure 4a ). At
the highest loading, the local conductance falls below that
of pristine PEDOT:PSS, indicating that the beneficial effect
of the nanotubes is gradually outweighed by their insulating
character. 

Since DG nanotubes are electrically insulating, the parameter ρ
(Figure 4b ) does not describe an electrical percolation process.
Rather, it represents the geometrical perturbation introduced by
a quasi-one-dimensional insulating filler within the conductive
PEDOT:PSS matrix. Similar geometrical descriptors have been
widely used to describe transport in polymer nanocomposites
containing high-aspect-ratio insulating fillers, where excluded-
volume effects and increased tortuosity dominate over charge
transport through the filler itself [ 40, 41 ]. Accordingly, the
dependence of the normalized conductance on ρ highlights the
key role of filler morphology in governing the local electrical
response. 
Macromolecular Materials and Engineering, 2026
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FIGURE 5 PEDOT:PSS and its nanocomposites voltammograms (a) and capacitance values in PBS (b) with different percentages of DG; 
capacitance results reported as mean value ± st. deviation (n ≥ 3). 
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he observed behavior can be rationalized considering the mor-
hology of the PEDOT:PSS conductive network. The electrical
onductivity of PEDOT is known to depend strongly on the
anoscale organization of PEDOT-rich domains, their connec-
ivity, and the degree of phase separation from the insulating
SS matrix [ 42, 43 ]. Interfacial interactions and confinement
ffects can promote reorganization of these domains, producing
ignificant variations in both local and macroscopic conductivity
 44, 45 ]. 

t low DG concentrations, the nanotubes are well dispersed and
emain below the effective percolation threshold of the insulating
hase. Under these conditions, they do not interrupt the conduc-
ive pathways but instead promote a favorable reorganization of
he polymer nanostructure. As the HNTs loading increases, the
ystem gradually approaches and eventually exceeds a critical
oncentration at which the insulating filler begins to interfere
ith the percolative network of PEDOT-rich domains. At higher
oncentrations, the increased tendency of HNTs to aggregate
urther amplifies this effect by introducing physical barriers to
harge transport and increasing carrier scattering. As a results,
he conductive pathways become partially disrupted, leading
o a reduction in the local conductance. In addition to this
orphological effect, the distinct surface charges of HNTs are
lso expected to play an important role in determining the
ocal electrical properties of PEDOT:PSS/HNTs composite film.
he negatively charged polystyrene sulfonate (PSS− ) chains can
referentially interact with the positively charged inner lumen of
anotubes through electrostatic attraction. This interaction may
eaken the Coulombic attraction between the positively charged
EDOT chains and the PSS counterions, thereby increasing the
onformational freedom of the PEDOT-rich domains. At the
ame time, PEDOT chains may establish hydrogen bonding and
lectrostatic attraction interaction with the negatively charged
xternal surface of the nanotubes. Together, these interactions
an promote a transition of PEDOT chains from a compact coil
onformation toward a more extended or quasi-linear structure.
uch conformational rearrangement is widely recognized to
nhance charge transport by promoting π–π stacking, improving
nterchain coupling, and facilitating charge-carrier delocalization
long and between polymer chains. When combined with a
omogeneous nanotube dispersion and the preservation of the
acromolecular Materials and Engineering, 2026
PEDOT percolation network, these effects provide a plausible
explanation for the local conductance enhancement observed
at moderate HNT loadings. However, as the nanotube concen-
tration increases further, the insulating nature of HNTs and
their increased aggregation progressively dominate the electrical
response, disrupting the conductive network and ultimately
leading to a decrease in conductivity, as previously reported in
the literature [ 30 ]. 

2.3 Electrochemical Capacitance 

Finally, in view of their potential applications as active substrates
in bioelectronics, cyclic voltammetry (CV) measurements were
employed to provide deeper insight into the electrochemical
response of the polymeric thin films. 

By analyzing the shape of the voltammograms and the enclosed
current–potential area, it is possible to estimate the capacitance
and gain insight into the charge transfer and ion diffusion
processes occurring within the film. 

Figure 5 reports the histograms of the surface capacitance for
PEDOT:PSS films containing different DG loadings, measured
in phosphate-buffered saline (PBS), a physiologically relevant
electrolyte commonly employed in biological applications. For
all nanocomposite thin films, the capacitance values remain
approximately about 200 µF/cm2 . 

PEDOT:PSS is a mixed ionic–electronic conducting polymer com-
posed of electronically conductive PEDOT-rich domains embed-
ded within a PSS-rich phase that facilitates ionic transport. Unlike
conventional capacitive materials, its electrochemical response
is dominated by volumetric charging: electrolyte ions penetrate
the polymer bulk and compensate the electronic charges along
the PEDOT backbone. Consequently, charge storage arises from
coupled ion–electron transport throughout the film rather than
solely from double-layer formation at the electrode surface. The
large number of internal interfaces between PEDOT-rich and
PSS-rich domains provides an extensive area for ionic–electronic
coupling, giving rise to the high capacitance of the material [ 15,
46 ]. 
7 of 16
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TABLE 2 Capacitance values of PEDOT:PSS and HNTs at different 
percentages in PBS, reported as mean value ± st. dev. (at least n = 3). 

DG CA [ µF cm− 2 ] 

0.0 wt.% 397.73 ± 61.92 
1.0 wt.% 194.64 ± 2.62 
2.5 wt.% 222.21 ± 16.17 
5.0 wt.% 144.88 ± 1.40 
7.5 wt.% 195.58 ± 0.42 

T  

c  

A  

s  

g  

t  

a  

i  

i  

s  

t  

c  

r  

b  

l  

t  

t  

r  

c

T  

l  

s  

d  

p  

T  

v  

i  

i

2
P

T  

i  

n  

d  

U  

a  

s

A  

i  

a  

b  

m  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

8

 14392054, 2026, 9, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

am
e.70351 by U

niversitã  D
i C

atania, W
iley O

nline L
ibrary on [22/09/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
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he incorporation of DG progressively decreases the surface
apacitance compared with pristine PEDOT:PSS (Table 2 ).
lthough all cyclic voltammograms recorded in PBS exhibit
imilar features, increasing the nanotube content produces a
radual transition from a more resistive and asymmetric profile
o a more rectangular and symmetric shape, characteristic of
n ideal capacitive response. Despite this apparent improvement
n the voltametric shape, the measured capacitance decreases,
ndicating that the presence of HNTs modifies the internal charge
torage mechanism. As discussed in the local electrical charac-
erization, the incorporation of HNTs induces morphological and
onformational changes in the polymer matrix. These structural
earrangements may reduce the degree of phase segregation
etween PEDOT-rich and PSS-rich regions, resulting in fewer or
ess distinct internal interfaces. Because these interfaces serve as
he primary sites for ion accumulation and charge compensation,
heir reduction decreases the effective area available for volumet-
ic charge storage, ultimately leading to the observed decrease in
apacitance. 

his interpretation is consistent with the scan-rate analysis. The
og( i )–log( ν) plots (Figure S4 ) yield b values close to 0.5 for all
amples, indicating that charge storage remains predominantly
iffusion-controlled and governed by ion transport within the
olymer bulk rather than by surface-limited processes [ 47–49 ].
herefore, the addition of DG does not alter the fundamental
olumetric charging mechanism of PEDOT:PSS but instead mod-
fies its nanostructure, reducing the effective ionic–electronic
nterfacial area responsible for charge storage. 

.4 Effect of HNT on the Charge Transport in 

EDOT:PSS System 

o further verify the mechanism proposed to explain the
mproved electrical performance of the PEDOT:PSS/DG 2.5 wt.%
anocomposite, a comparative study was conducted using a
ifferent type of halloysite nanotube, namely the NZ variant.
nlike the commercial DG nanotubes, NZ exhibits a greater
verage length (i.e., higher aspect ratio) and a lower density of
ilanol groups at the interface. 

 PEDOT:PSS/NZ 2.5 wt.% dispersion was prepared follow-
ng the same procedure adopted for the DG-based composites
nd deposited by spin-coating to obtain films with compara-
le thickness and surface uniformity. Identical morphological,
echanical, and electrical characterizations were performed to
of 16
ensure a reliable and direct comparison between the two systems.
The corresponding results are reported in Figure 6 . 

Morphological analysis clearly confirms the structural differences
between the two halloysites samples, highlighting the signifi-
cantly greater length of the NZ nanotubes. This morphological
feature directly influences the mechanical properties of the com-
posites. In particular, PEDOT:PSS/NZ nanocomposite exhibits
a significantly higher Young’s modulus than the corresponding
DG-based composites, indicating that nanotubes with a higher
aspect ratio provide more effective mechanical reinforcement
within the polymer matrix. 

The larger dimensions of the NZ nanotubes, however, are also
expected to affect the organization of the conductive PEDOT
network. At a fixed filler loading (2.5 wt.%), the higher aspect ratio
of NZ results in a lower number density of dispersed nanotubes
than in DG composites. Consequently, fewer but larger insulating
objects are distributed throughout the polymer matrix, generating
more extended geometrical constraints that locally interrupt the
continuity of PEDOT-rich pathways and force charge carriers to
follow more tortuous transport routes. Since electrical conduction
in PEDOT relies on the connectivity of PEDOT-rich domains
embedded within the insulating PSS matrix, these morphological
perturbations can negatively affect charge transport [ 50 ]. 

Overall, these observations indicate that the electrical behavior
of PEDOT:PSS/HNT composites is governed not by the intrinsic
electrical properties of the filler, which is insulating in both cases,
but by the way in which the nanotubes modify the morphology
and organization of the conductive polymer network. The param-
eter ρ = w ⋅ AR , which combines filler loading and nanotube
aspect ratio, provides a useful descriptor of the geometrical
perturbation introduced by the nanotubes. Nevertheless, the
similar ρ values obtained for DG and NZ (Figure 5 ) cannot fully
account for the markedly different relative conductance ( Grel ) of
the two systems, indicating that geometrical factors alone are
insufficient to explain the experimental results. 

These findings point to an important contribution from inter-
facial interactions. As discussed in the previous section, the
local conductance enhancement observed in PEDOT:PSS/DG
composites was attributed to electrostatic interactions between
the negatively charged PSS chains and the positively charged
lumen of the nanotubes, together with interactions between
PEDOT and the external HNT surface. 

The comparison between DG and NZ provides an opportu-
nity to distinguish the effects of nanotube geometry from
those of surface chemistry. Although NZ nanotubes possess the
same overall surface charge distribution, they are ca. 3 times
longer than DG and result in a lower density of structural
defects and, consequently, fewer surface silanol (Si–OH) groups
than DG. This reduction in available interaction sites could
weaken hydrogen-bonding interactions with PEDOT and limit
the nanotube-induced conformational rearrangement of the poly-
mer chains. Therefore, despite providing superior mechanical
reinforcement, NZ nanotubes appear less effective than DG in
promoting the structural organization of PEDOT required for
efficient charge transport, resulting in a lower local electrical
performance. 
Macromolecular Materials and Engineering, 2026
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FIGURE 6 PEDOT:PSS/NZ 2.5% height (a) and phase (b) micrographs, G-V curves (c), relative Conductance (left axis), and Young Modulus (right 
axis) (E/E0 ) (d); G and E results are reported as mean value ± st. deviation ( n = 3). 

FIGURE 7 PEDOT:PSS voltammograms (a) and capacitance values in PBS (b) of NZ and DG HNTs at 2.5%, compared to pristine PEDOT:PSS film. 
Capacitance results are reported as mean value ± st. dev. (n ≥ 3). 
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o further investigate the effect of the different nanotube types
n the polymer nanostructure and its electrochemical behavior,
omparative measurements were performed to evaluate the film
apacitance. 

onsistent with the mechanism proposed for the DG compos-
tes, the electrochemical response of the PEDOT:PSS/NZ films
rovides further evidence of the relationship between nanotube-
nduced polymer reorganization and charge storage. Unlike the
G-based composites, the capacitance of the NZ films remains
acromolecular Materials and Engineering, 2026
comparable to that of pristine PEDOT:PSS (Figure 7 ), indicating
that the incorporation of NZ does not significantly alter the
ion-storage capability of the polymer. This behavior could be
rationalized by considering both nanotube geometry and surface
chemistry. At the same filler loading (2.5 wt.%), the larger
dimensions of the NZ nanotubes result in a lower number density,
reducing their overall influence of the PEDOT:PSS nanostructure.

Moreover, as discussed above, the lower density of surface defect
sites on NZ is expected to weaken its interactions with the
9 of 16
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FIGURE 8 (a) CPD distributions obtained by PM-SKM for PEDOT:PSS, DG 2.5 wt.%, and NZ 2.5 wt.%, referenced to PEDOT:PSS ( − 0.26 ± 0.04 eV 

for DG; + 0.16 ± 0.09 eV for NZ). (b) Corresponding 2 ωelec amplitude distributions acquired in PM-SKM-SCM mode. (c) Resume of the electrical properties 
from IV spectroscopy, SKM and SCM. Gaussian fitting’ μ and σ are reported in Table S1 . 
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olymer chains, limiting the conformational rearrangement of
EDOT. Consequently, the native organization of PEDOT-rich
nd PSS-rich domains, which governs volumetric charge storage
n PEDOT, is largely preserved, and the capacitance remains
ssentially unchanged. 

aken together, these results reinforce the interpretation pro-
osed for the DG composites: the local electrical response
nd electrochemical properties of PEDOT:PSS/HNT films are
overned by the combined effects of nanotube geometry and
nterfacial interactions. While DG promotes a stronger reor-
anization of the polymer nanostructure, enhancing electronic
ransport at the expense of a slight reduction in capacitance, NZ
nduces a much smaller structural perturbation, thereby largely
reserving the intrinsic charge-storage capability of PEDOT:PSS.

o gain deeper inside into the mechanisms governing the electri-
al response induced by filler variation, Kelvin Probe Microscopy
KPM) measurements were carried out to systematically probe
he electronic properties of the film surface. This technique
nables mapping of the local contact potential difference (CPD),
roviding access to the effective work function and surface poten-
ial distribution, and thereby revealing how the incorporation of
G and NZ modifies the energetic landscape of the PEDOT:PSS
ystem. 

hase-modulated SKM measurements show well-separated sur-
ace potential distributions for pristine PEDOT:PSS and the
anocomposites containing DG 2.5 wt.% or NZ 2.5 wt.%
Figure 8a ). Taking pristine PEDOT:PSS as the reference, DG
0 of 16
composite exhibits a negative CPD shift of − 0.23 ± 0.04 eV,
whereas NZ shows a positive shift of + 0.16 ± 0.09 eV. The
narrow potential distributions indicate a high degree of elec-
tronic homogeneity, while the opposite CPD shifts demonstrate
that the two halloysite samples modify the local electronic
environment in different ways. Consistent with the structural
and electrical results discussed above, these variations are more
plausibly attributed to nanotube-induced reorganization of the
PEDOT:PSS nanostructure than to changes in the intrinsic
doping level of the polymer. In particular, the stronger interfacial
interactions established by DG are expected to promote a more
favorable arrangement of PEDOT-rich domains, whereas the
weaker interactions associated with the smoother, less defective
NZ surface produce a much smaller structural perturbation. 

This interpretation is further supported by phase-modulated
SKM-SCM measurements. The electrostatic force-gradient ampli-
tude ( 2 ωelec channel) follows the same trend, being highest
for DG 2.5 wt.%, intermediate for pristine PEDOT:PSS, and
lowest for NZ 2.5 wt.%. Because this signal depends on carrier
density, carrier mobility, and local RC relaxation dynamics, it
is particularly sensitive to nanoscale charge transport. Its larger
variation compared with the DC conductance therefore indicates
that the HNT-induced structural rearrangements influence not
only electronic conductivity but also the dynamic ionic-electronic
response of the polymer. 

Conductive AFM measurements are fully consistent with this
picture, showing an increase of approximately 25% in local
conductance for DG 2.5 wt.% and, conversely, a decrease of about
Macromolecular Materials and Engineering, 2026
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FIGURE 9 Biocompatibility of PEDOT:PSS ‑based substrates. (A) Representative images of SH-SY5Y cells cultured for 24 h under different 
treatment conditions: CTRL, PEDOT:PSS, PEDOT:PSS/DG 2.5 wt.%. Scale bar: 50 µm. (B) Cell viability was assessed by MTT assay after 24 h of exposure 
to the same conditions. Data are presented as mean percentage of CTRL ± SD. Statistical analysis was performed using one-way ANOVA followed by 
Tukey’s post hoc test. * * p < 0.01; ns = not significant. 
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5% for NZ 2.5 wt.% relative to pristine PEDOT:PSS. The excellent
greement between contact potential difference, dynamic elec-
rostatic response, and local conductance demonstrates that the
lectrical behavior of the composites is governed by the com-
ined effects of nanotube geometry and interfacial interactions,
hich modulate the nanoscale organization of PEDOT:PSS and,
onsequently, charge transport. 

mong the investigated systems, PEDOT:PSS/DG 2.5 wt.% pro-
ides the most favorable combination of enhanced local electrical
erformance. These characteristics make this composition par-
icularly attractive for neural biointerfaces, where efficient elec-
ronic communication with electrically excitable cells is essential.
n this basis, its biocompatibility was evaluated using SH-SY5Y
ells, a widely employed human neuroblastoma-derived model
or neuronal differentiation, network formation, and electrical
esponsiveness. To the best of our knowledge, the cytotoxicity
f halloysite nanotubes toward this cell line has not yet been
ystematically investigated. 

.5 PEDOT:PSS and PEDOT:PSS/DG 2.5 Wt.% as 
iocompatible Substrates for SH ‑SY5Y Cells 

he results presented in Figure 9 show that SH ‑SY5Y cells main-
ain high viability when cultured for 24 h on PEDOT:PSS ‑based
ubstrates, confirming the excellent biocompatibility of this
onductive polymer coating. Cells grown on PEDOT:PSS exhibit
orphology and viability values comparable to the untreated
ontrol, consistent with previous evidence demonstrating that
EDOT:PSS supports neural adhesion, neurite extension, and
table bioelectronic interfacing [ 20, 51 ]. Incorporation of DG 2.5
t.% into polymer matrix does not compromise cell viability;
acromolecular Materials and Engineering, 2026
instead, viability remains slightly above control levels, although
without reaching statistical significance. 

Overall, these findings confirm that both PEDOT:PSS and
PEDOT:PSS/DG 2.5 wt.% substrates are well tolerated by SH-
SY5Y cells, supporting their suitability for neurobiological and
bioelectronic applications. The absence of cytotoxic effects
highlights the potential of these materials as stable, neuron-
compatible platforms for future neurogenerative and neuroelec-
tronic device development. 

3 Conclusions 

In this work, PEDOT:PSS/halloysite nanotube (HNT) nanocom-
posite thin films were successfully fabricated using halloysite
samples of different geographical origin and morphology over
a range of filler loadings. The results demonstrate that HNTs
act as active modulators of the structural, mechanical, electrical,
electrochemical, and biological properties of PEDOT:PSS rather
than as inert reinforcing fillers. Among the investigated compo-
sitions, the incorporation of 2.5 wt.% DG provides the best overall
performance, simultaneously improving film stiffness, local con-
ductance, and biocompatibility while preserving a homogeneous
morphology. 

The combined structural, electrical, electrochemical, and surface-
potential analyses reveal that the properties of PEDOT:PSS/HNT
composites are governed by the interplay between nanotube
geometry and interfacial interactions. At moderate DG load-
ing, favorable electrostatic and hydrogen-bonding interactions
between the nanotubes and the polymer promote a reorgani-
zation of the PEDOT:PSS nanostructure, leading to enhanced
connectivity between PEDOT-rich domains and improved charge
11 of 16
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ransport. At higher filler contents, however, the insulating
ature of the nanotubes and their tendency to aggregate progres-
ively disrupt the conductive network, resulting in reduced local
lectrical performance. The comparison with the NZ nanotubes
urther demonstrates that morphology alone cannot account
or the observed behavior. Despite their higher aspect ratio
nd superior mechanical reinforcement, NZ nanotubes do not
eproduce the local electrical response enhancement achieved
ith DG, indicating that the density of interfacial interaction
ites plays a decisive role in regulating polymer organization and
harge transport. 

lectrochemical measurements further support this interpre-
ation. While DG-induced polymer reorganization enhances
lectronic transport, it is accompanied by a slight reduction
n capacitance, consistent with a modification of the internal
onic–electronic architecture of PEDOT:PSS. In contrast, NZ
reserves the intrinsic capacitance of the polymer, indicating a
uch smaller perturbation of its nanostructure. Kelvin probe and
hase-modulated surface potential measurements corroborate
hese findings, showing that the changes in local electronic
roperties closely follow the trends observed in conductivity and
rise from filler-induced modifications of the polymer electronic
nvironment. 

inally, the enhanced viability of SH-SY5Y cells on
EDOT:PSS/DG (2.5 wt.%) demonstrates that the simultaneous
ptimization of mechanical compliance, electrical
erformance, and surface properties translates into improved
iological response. These findings identify DG-based
EDOT:PSS composites as promising materials for neural
nd bioelectronic interfaces. 

verall, this work establishes a clear structure–property–function
elationship in PEDOT:PSS/HNT nanocomposites and demon-
trates that the performance of these materials can be rationally
ailored by controlling not only nanotube morphology but,
ore importantly, their interfacial interactions with the polymer
atrix. This strategy provides a practical framework for designing
ultifunctional mixed ionic-electronic conductors with inde-
endently tunable mechanical, electrical, and electrochemical
roperties for next-generation flexible bioelectronic devices. 

 Experimental Section 

.1 Materials 

ll chemicals were used without any further purification. PBS
nd K3 Fe(CN)6 reagent grade were purchased from Merck. 

G are a Dragonite halloysite from the Dragon Mine (Utah, USA),
nd were purchased from Merck and used as received, while NZ
re the Matauri Bay halloysite from Northland, New Zealand,
upplied by Imerys Tableware, New Zealand [ 35 ]. 

.2 Substrates Preparation 

anocomposite thin films were deposited on different substrates:
ndium tin oxide (ITO) for electrochemical analysis, and silicon
2 of 16
wafer (Si) to investigate morphology, mechanical, and electrical
properties. Each substrate was initially washed with water and
ethanol and subsequently treated with UV-O3 to enhance surface
cleanliness and wettability. 

4.3 Thin Films Deposition 

Thin films of PEDOT:PSS/HNTs were prepared using an aqueous
dispersion of commercial PEDOT:PSS (1.1 wt.%, Sigma–Aldrich)
combined with different weight percentages of halloysite nan-
otubes (1.0, 2.5, 5.0, and 7.5 wt.%). 

The dispersions were magnetically stirred for 18 h
to ensure homogeneous mixing. Subsequently, (3-
glycidyloxypropyl)trimethoxysilane (GOPS, Sigma-Aldrich)
was added as a crosslinking agent to improve the stability
of PEDOT:PSS films at the solid/water interface [ 52 ]. The
PEDOT:PSS-GOPS/HNTs dispersions were sonicated with a
FALC instruments ultrasound bath at a power of 180 W for 5 min
before deposition. Thin nanocomposite films were obtained by
spin-coating (3500 rpm) onto ITO-coated glass and Si wafers,
followed by thermal treatment at 140◦C for 30 min. 

For comparison, films containing NZ nanotubes were also pre-
pared using the same protocol described above. In this case, only
the 2.5 wt.% concentration was investigated in order to directly
compare the results with those of the corresponding DG films. 

4.4 TEM and SPM Techniques for Morphology 
and Nanomechanical Properties Assessment 

4.4.1 Transmission Electron Microscopy (TEM) 

HNTs morphologies were imaged by means of a FEI Titan G2
60–300 ultra-high resolution transmission electron microscope
(FEI, Lausanne, Switzerland) coupled with analytical electron
microscopy (AEM) performed with an energy dispersive x-
ray spectroscopy (XEDS) detector. AEM spectra were saved in
scanning transmission electron microscopy (STEM) mode with a
high angle annular dark field (HAADF) detector. Elemental maps
were also collected using x-rays. 

4.4.2 Scanning Probe Microscopy 

Nanocomposite film morphology was investigated by means
of Atomic Force Microscopy (AFM). The measurements were
performed in tapping mode using a Nanoscope IIIA-MultiMode
AFM. The interaction force was minimized by continuously
adjusting the set point during the imaging process. Images
were collected using phosphorus (n)-doped silicon tips (0.5–2
Ω⋅cm) mounted on cantilevers with a nominal spring constant
of 40 N/m and a resonance frequency of 300 kHz (Tap 300-G,
BudgetSensors). Acquisition was performed at a scan rate of 1 Hz
with a resolution of 512 × 512 pixels. The resulting datasets were
processed with first-order flattening in Nanoscope Analysis 2.0
(Bruker), with no additional modifications applied. 
Macromolecular Materials and Engineering, 2026
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echanical properties and nanoscale electrical characterization
ere performed using a NTEGRA II Atomic Force Microscope
NT-MDT) operated with Nova_Px control electronics. All mea-
urements were conducted under ambient conditions at 25◦C and
elative humidity of approximately 40%. 

he Young’s modulus was determined from Force Spectroscopy.
he force-distance curves were collected using stiff single-crystal
ilicon cantilevers with a symmetric tip shape (nominal frequency
00 kHz, nominal spring constant 40 Nm− 1 , tip radius < 10 nm).
he AFM measurements were carried out in triplicate, and
he cantilever spring constant was measured using the Sader
ethod [ 53 ]. Each probe was calibrated by performing a force-
urve on a hard-cleaned substrate ( 〈 100 〉 silicon wafer), where no
ndentation occurred. Probe calibration was needed to calculate
heir optical sensitivity and the spring constant. The Young’s
odulus was calculated from the experimental force-distance
urves using the Derjaguin-Müller-Toporov (DMT) model [ 54, 55 ]
Equation 2 ): 

F + Fad =
4 ⋅ E 

3 ( 1 − 𝜈2 ) 

√
R ⋅ 𝛿

3 

2 (2)

here F is the applied force, Fa d the adhesion force, E the sample’s
oung modulus, ν the Poisson’s ratio of the sample (0.3), R the
robe radius, and δ the indentation depth. 

ach surface was indented in different areas, and approximately
hree hundred force-distance curves were collected, with a tip-
ample approaching rate of 0.3 µms− 1 for all measurements. The
xperimental curves were fitted in the elastic region using the
MT model to determine the Young’s modulus. The distribution
f the elastic modulus was analyzed using OriginPro 2024
oftware. 

preading Resistance atomic force microscopy (C-AFM) mea-
urements were performed in contact mode using Pt/Ir-coated
ilicon probes (FMG01/Pt, NT-MDT; curvature radius ≤ 35 nm,
ominal spring constant 3 N/m, resonance frequency 60 kHz).
urrent–voltage ( I–V ) characteristics were acquired by Electric
urrent Spectroscopy by sweeping the bias voltage from − 0.5 to
 0.5 V at 0.66 V/s, corresponding to a total acquisition time of 6
. The applied force was set to the default contact-mode setpoint
o ensure stable electrical contact without inducing mechanical
amage. 

ecause the effective tip–sample contact area and the exact
urrent-path geometry cannot be independently determined, the
I/dV values are reported as local conductance rather than
bsolute conductivity. The measurements were therefore used
o compare the relative nanoscale electrical response of the
ifferent film formulations. For each sample, I–V curves were
cquired from three independent surface areas, collecting at least
00 curves per area. The maximum dI/dV value in the vicinity
f 0 V was used as the representative local conductance for
omparison among the samples. Data acquisition was carried out
sing Nova_Px software, while data analysis and post-processing
ere performed with OriginPro 2024. 

urface potential and capacitance gradient measurements were
arried out in single-pass Phase-Modulated Scanning Kelvin
acromolecular Materials and Engineering, 2026
Microscopy combined with Scanning Capacitance Microscopy
(PM-SKM-SCM) mode. Imaging was performed in semi-contact
regime using Pt/Ir-coated silicon probes (NSG01/Pt, NT-MDT)
with nominal resonance frequency of 160 kHz and spring con-
stant of 5.1 N/m (curvature radius ≤ 10 nm). Measurements
were acquired under low-force conditions to minimize tip-
sample interaction and avoid unintended ohmic contact during
single-pass operation. 

In the PM-SKM-SCM configuration, the topography was acquired
at the cantilever’s mechanical resonance frequency ( ωmech ), while
the electrostatic excitation was applied at a modulation frequency
( ωelec ) set well below ωmech . This frequency separation ensures
effective decoupling of the mechanical and electrostatic responses
and minimizes crosstalk between the two signals. The electro-
static response was detected using heterodyne phase modulation,
allowing simultaneous acquisition of both the contact potential
difference (CPD) and the amplitude of the electrostatic force-
gradient at 2 ωelec within a single scan. All measurements were
carried out using the same conductive probe at the same exper-
imental conditions. To account for possible instrumental drifts or
tip-induced variation in surface potential, repeated calibrations
were performed on freshly exfoliated HOPG during the measure-
ment session. Films were deposited on Si substrates to enable
a horizontal measurement geometry. For each sample, three
independent regions were scanned (512 × 256 pixels per images).
Histograms of CPD and the 2 ωelec amplitude were generated
from the full pixel distributions of each scanned area. Statistical
analysis and Gaussian fitting were carried out using OriginPro
2024, yielding the most probable value ( µ) and distribution width
( σ). 

4.5 Electrochemical Measurements 

Electrochemical measurements were fulfilled using a Palm-
Sens3 Potentiostat in a standard three-electrode electrochemical
glass cell (25 mL). Cyclic Voltammetry (CV) measurements
were performed using a Pt wire serving as the counter elec-
trode, an Ag/AgCl electrode as the reference, and the film
deposited on ITO as the working electrode. CV experiments
were conducted in phosphate-buffered saline solution (PBS, pH
7.4) as support electrolyte, within a potential window ranging
from − 0.4 to + 0.6 V. Capacitance values for all films were
normalized to the electroactive area. All measurements were
performed in air at room temperature, using ultrapure Millipore
water. 

4.6 Evaluation of SH ‑SY5Y Cell Response to 
PEDOT:PSS ‑HNTs Based Substrates 

The cell line used in this study was the human neuroblastoma
SH ‑SY5Y, obtained from the American Type Culture Collection
(ATCC, USA). Cells were cultured in DMEM/F12 medium (1:1
mixture; Merck Life Science S.r.l., Milan, Italy) supplemented
with 10% fetal bovine serum (FBS; Merck Life Science S.r.l.),
2.5 mM L ‑glutamine (Merck Life Science S.r.l.), and 1% peni-
cillin/streptomycin/amphotericin B (PSA; Merck Life Science
S.r.l.). Cultures were maintained under standard conditions at
37 ◦C in a humidified incubator with 5% CO2 . The medium was
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eplaced two to three times per week, and cells were kept at
0–80% confluence throughout the culture period. 

o evaluate the biological response of SH ‑SY5Y cells, cultured on
EDOT:PSS-based substrates incorporating DG 2.5 wt.%, 5 × 105
ells were resuspended in 200 µL of complete growth medium and
eeded onto slides coated with PEDOT:PSS or PEDOT:PSS/DG 2.5
t.%, while uncoated slides served as controls. The slides were
laced in 24-well plates and incubated under standard conditions
or 24 h. 

ell viability was then assessed using the MTT assay
3 ‑(4,5 ‑dimethylthiazol ‑2 ‑yl) ‑2,5 ‑diphenyltetrazolium bromide]
Merck Life Science S.r.l., Milan, Italy) following the procedure
reviously described [ 56 ]. Briefly, cells seeded onto slides coated
ith PEDOT:PSS, PEDOT:PSS/DG 2.5 wt.% or left uncoated were
ransferred to a new 24-well plate. Subsequently, 200 µL of MTT
olution (1 mg/mL in FBS ‑free medium) was added, and the
late was incubated at 37◦C for 2 h. After incubation, the MTT
olution was removed, formazan crystals were solubilized, and
bsorbance was measured at 540 nm (OD540) using a microplate
eader (AMR ‑100 Biosigma, Verona, Italy). Each experimental
ondition was analyzed in 12 replicates to ensure reproducibility,
nd cell viability was expressed as a percentage relative to the
ontrol group (uncoated substrates). 
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