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Abstract — The development of eco-friendly synthesis routes for biocompatible nanoparticles is of growing interest in
biomedical research. This thesis aims to explore the use of a non-thermal Atmospheric Pressure Plasma Jet array (APPJ-
array) device for the synthesis of pyrrole-based nanoparticles (NPs), investigating the influence of precursor flow rate,
capillary-to-substrate distance, and voltage on: particle morphology, size distribution, and surface composition. Scanning
electron microscopy analysis revealed that low flow rates, reduced distances, and moderate voltages lead to more uniform
and spherical nanoparticle formation, while excessive values resulted in irregular aggregation of the NPs. FTIR and XPS
demonstrated the presence of characteristic chemical groups of polypyrrole, such as C=C and N-H bonds, and suggested
partial surface oxidation, likely due to interaction with reactive plasma species. OES provided insight into the plasma
phase, highlighting the presence of excited nitrogen and oxygen species, which may play a role in NP surface modification.
The synthesized NPs show promising physicochemical characteristics (such as nanoscale size, spherical shape, and surface
chemistry) that make them candidates for further exploration in biomedical contexts. Overall, this study demonstrates
that APPJ-array-assisted synthesis offers a rapid, solvent-free, and customizable route to produce pyrrole-based
nanoparticles under ambient conditions. The findings provide a basis for future investigations into the biological

performance of these materials, including cytocompatibility, functionalization strategies, and therapeutic integration.

Keywords — Atmospheric Pressure Plasma Jet-array, Biomedical Applications, Pyrrole-based Nanoparticles, Eco-friendly

Synthesis.
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Abstract— In this thesis, an eco-friendly approach for
the synthesis of pyrrole-based nanoparticles (NPs) with
potential biomedical applications is investigated using a
non-thermal Atmospheric Pressure Plasma Jet (APPJ) -
array. The study focuses on how precursor flow rate,
capillaries-to-substrate distance, and peak-to-peak
voltage influence the morphology and surface chemistry
of the NPs. Findings reveal that lower flow rates, shorter
distances, and moderate voltages promote the formation
of spherical NPs, whereas higher values of the given
parameters lead to irregular aggregation. Fourier
Transform Infrared Spectroscopy (FTIR) and X-ray
Photoelectron Spectroscopy (XPS) analyses confirm the
incorporation of functional chemical groups. Optical
Emission Spectroscopy (OES) allows for the identification
of key species within the plasma, such as excited nitrogen
and oxygen, which correspond to the surface composition
of the NPs. The resulting pyrrole-based NPs, with
controlled size and surface properties, show strong
potential for biomedical applications in drug delivery,
tissue engineering, and antibacterial treatments. This
work demonstrates that this way of synthesis is a clean,
scalable, and versatile method to produce functionalized
organic nanoparticles, overcoming some of the limitations
associated to traditional synthesis methods.

Keywords— Atmospheric Pressure Plasma Jet Array,
Biomedical Applications, Pyrrole-based Nanoparticles.

INTRODUCTION

Nanotechnology offers new opportunities in biomedical
applications through the use of nanoparticles (NPs) with high
surface-to-volume ratios, tunable surface properties, and
controlled compositions [1]. These properties enable their use
in targeted drug delivery, regenerative medicine, biosensing,
and diagnostic imaging [2], [3]. In particular, the
development of organic polymer-based nanoparticles
provides a biocompatible and often biodegradable alternative
to inorganic systems. Among these, polypyrrole (PPy), a
conductive polymer, has garnered significant attention due to
its unique combination of chemical stability, electrical
conductivity, and biocompatibility [4], [5].

PPy nanoparticles are of particular interest in the field of
photothermal therapy, where they convert near-infrared

(NIR) light into heat, inducing localized hyperthermia for
cancer ablation [6]. They have also demonstrated potential in
photoacoustic imaging, enabling deep tissue visualization
with high contrast [7], and in biosensing, for instance through
their use in highly selective hormone detection platforms [8].
Despite their promising applications, conventional methods
for synthesizing PPy nanoparticles often involve toxic
solvents, complex multistep reactions, and post-synthesis
functionalization steps that limit scalability and clinical
translation [9].

In this context, plasma-based techniques, especially
Atmospheric Pressure Plasma (APP), have emerged as a
clean, solvent-free alternative, capable of producing
functional nanoparticles under ambient conditions [10]. APP
systems can simultaneously initiate polymerization and
deposit nanoparticles directly on a substrate, allowing for in-
situ  surface functionalization. By modulating plasma
parameters, such as gas composition, input voltage, flow
rates, and substrate distance, researchers can precisely control
nanoparticle size, morphology, and surface chemistry [11].

This study explores the synthesis of pyrrole-based
nanoparticles using a custom-built Atmospheric Pressure
Plasma Jet (APPJ) array device. The objective is to
investigate the influence of three key process parameters such
as precursor flow rate, distance from the jet to the substrate,
and peak-to-peak voltage on the morphological and chemical
properties of the resulting nanoparticles. The ultimate goal is
to establish an efficient, reproducible, and environmentally
sustainable  method for  generating  pyrrole-based
nanoparticles tailored for biomedical applications.

MATERIALS & METHODS

Single electrode APPJ array

The device used consists of seven quartz capillaries, each
with a length of 7 cm, an inner diameter of 1 mm, and an outer
diameter of 3 mm, enclosed in a quartz glass tube, 10 cm in
length with an inner diameter of 3 cm, as shown in Figure 1.
It includes a high voltage electrode connected to a custom-
made  alternating current (AC) power  supply,
precursor/bubbling gas tube, and a discharge gas tube.

For precise control of the bubbling and discharge gas flows,
two separate mass flow controllers (Bronkhorst) were
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employed. The mass flow controller for the discharge gas has
a maximum flow rate of 500 standard cubic centimeters per
minute (sccm), while the one for the bubbling gas has a
maximum flow rate of 10 standard liters per minute (slm).

Discharge gas
flow controller Hellom
Discharge

gas tube
bbi
Power supply Casier gus. + ow contatar
monomer tube
HV electrode |
| Jet holder

and capillaries E B
PTFE sample holder| | e
Figure 1: Schematic representation of the employed APPJ
array

The precursor vapor is generated by passing the bubbling
gas, same as the discharge gas, through a precursor-
containing bubbler, mixing the vaporized precursor with the
bubbling gas. Inside the plasma-containing capillaries,
energetic species from the plasma break the precursor’s
chemical bonds, creating reactive radicals. These radicals
recombine to start polymerization, forming oligomers and, if
abundant, nanoparticles that grow by precursor addition or
fusion [12].

Surface characterization

The morphological analysis and size distribution of the
synthesized nanoparticles were carried out using a scanning
electron microscope (JEOL JSM-6010PLUS). SEM images
were acquired from both top-view and cross-sectional
perspectives at magnifications of 7000x and 10,000x,
respectively. Prior to imaging, the samples were sputter-
coated with a thin gold layer using a JFC-130 coater to
improve conductivity and avoid charging effects. The
analysis was conducted at accelerating voltages of 5 or 7 kV
to ensure optimal resolution. Particle size distribution was
evaluated using Image] software, measuring at least 100
nanoparticles across multiple sample areas to ensure
statistical relevance.

Chemical characterization was performed through Fourier-
Transform Infrared Spectroscopy (FTIR) using a Bruker
Tensor 27 spectrometer with a ZnSe ATR crystal. To prevent
crystal damage, the nanoparticles were deposited onto a 0.18
mm low-density polyethylene (LDPE) film.The FTIR spectra
enabled the identification of functional groups, providing
insight into the chemical structure of the synthetized
nanoparticles.

Surface chemical composition was further investigated by
X-ray Photoelectron Spectroscopy (XPS), conducted with a
PHI 5000 Versaprobe II system using a monochromatic Al
Ka source (1486.6 eV, 50 W). Survey scans were performed
at a pass energy of 187.85 eV to detect key elements (Cls,
N1s, Ols). Data was analyzed with Multipak software based
on relative sensitivity factors, averaging results from six

different locations on each sample to account for surface
variability.

Finally, Optical Emission Spectroscopy (OES) was
employed to examine the reactive species generated during
plasma discharge using an Ocean Optics S2000 spectrometer
(1.4 nm resolution, 200-900 nm range). Three configurations
were analyzed: (1) helium plasma alone, (2) helium plasma
with a cylindrical polytetrafluoroethylene (PTFE) sample
holder (24 mm diameter), and (3) helium plasma with pyrrole
injection. The optical fiber was placed ~1 cm from the
discharge center. Emission lines corresponding to excited
helium, nitrogen species, and fragments from pyrrole
breakdown were identified, offering insights into plasma
chemistry and discharge dynamics during nanoparticle
formation.

Sample preparation

For all experimental sets, both the discharge and carrier
gases were helium (Air Liquide-Alphagaz 1, 99.999%
purity), while the precursor was pyrrole (Sigma-Aldrich,
reagent grade, 98%). The substrate used for all experiments,
except for the FTIR analysis, was standard microscope glass
slides, a dielectric material, circular, with a diameter of 25
mm.

Varied experimental conditions.

The samples were prepared by varying one parameter at a
time while keeping the others constant. First, the ratio
between the discharge gas and the carrier gas containing
pyrrole was adjusted, maintaining a total gas flow of 2 slm,
as shown in Table 1. For all conditions in this set, the input
voltage was fixed at 9 kV, the distance from the capillaries to
the substrate was set at 5 cm, and the deposition time was 60
seconds.

Table 1: Tested ratios between discharge gas and precursor+carrier gas

flows
Monomer + Discharge gas
carrier gas flow rate flow rate
(scem) (slm)
10 1.99
25 1.975
50 1.95
100 1.90
150 1.85
200 1.80
250 1.75
300 1.70
350 1.65
400 1.60
450 1.55
500 1.50

The conditions that resulted in the formation of
nanoparticles, rather than continuous films, and produced
size distributions closest to the 1-100 nm range were selected
for further testing.
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Next, the distance between the capillaries and the substrate
was varied from 3 to 7 cm, while maintaining the input
voltage at 9 kV and the deposition time at 60 seconds.

Finally, after identifying the optimal combination of
monomer flow and distance (one for each flow condition), the
effect of input voltage was investigated, ranging from 6 to 10
kV, with 6 kV being the minimum required to sustain plasma.

RESULTS & DISCUSSION

Nanoparticles morphology
Influence of the monomer flow

The first investigated condition involved varying the ratio
between the discharge gas and the precursor flow, keeping
the total flow constant at 2 standard litres per minute (slm).
Other parameters such as input voltage were kept constant at
9 kV. The distance between the tips of the capillaries and the
substrate was fixed at 5 cm. The reaction was carried out for
60 s. Figure 2 shows the results of the nanoparticles size
distribution using different pyrrole precursor flow rates.
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Figure 2: Size distribution of nanoparticles using precursor+bubbling gas
flow rates

(d) (e

Figure 3: SEM images of He 1.900 slm Qpy+ 100 sccm (a), He 1.800 sIm
Qpy+he 200 scem (b), He 1.750 slm Qpy+ne 250 scem (c), He 1.700 slm Qpy+he
300 scem (d), He 1.600 slm Qpy+ne 400 scem (e)

At very low precursor flows (50-100 sccm), no
nanoparticles were observed; instead, uniform films formed
on the substrate (Fig. 2(a)). This is attributed to the

2)

insufficient radical concentration generated at low monomer
levels, which inhibits nucleation and promotes direct film
deposition. These findings align with the XPS analysis by
Gomez et al. [13], who showed that crosslinking in plasma-
polymerized pyrrole requires adequate radical density,
enabled by sufficient monomer concentration and
dehydrogenation energy.

At higher precursor flows (350-500 sccm), radical
concentration increases significantly, accelerating nucleation
and leading to the formation of clusters and aggregates (Fig.
2(e)). This condition results in larger average nanoparticle
diameters. Heredia-Rivera et al. [14] similarly reported that
higher precursor concentrations enhance crosslinking and
conjugation length in PPy, indicating more intense
polymerization. However, excessive precursor also leads to
lower energy per molecule due to plasma energy distribution,
reducing fragmentation efficiency and potentially causing
incomplete reactions, as noted by Friedrich [15].

The optimal balance was observed at intermediate
precursor flows (200-300 sccm), which yielded smaller and
well-dispersed nanoparticles (Fig. 2(b), 2(c), 2(d)). At these
concentrations, radical density is sufficient to support
nucleation without triggering excessive aggregation. This
trend is consistent with findings by Liang et al. [16], who
showed that intermediate oxidant levels in chemical PPy
synthesis lead to more controlled and uniform nanostructures.
Overall, an optimal precursor-to-carrier gas ratio exists that
promotes effective nucleation and controlled nanoparticle
growth.

Influence of the distance from the capillaries to the substrate

(a) (b) (c)

Figure 4: SEM images of the best results obtained by varying the distance
(He 1.800 slm Qpy+re 200 sccm — 5 cm (a), He 1.750 slm Qpy+he 250 sccm — 3
cm (b), He 1.700 slm Qpy+ne 300 sccm — 4 cm (c)).

The study of different capillary—substrate distances (3—7
cm) at three pyrrole flow rates (300, 250, and 200 sccm)
demonstrated that this parameter critically affects
nanoparticle size. At short distances (3 cm), limited residence
time in the plasma restricts crosslinking and favors early
deposition of small nuclei, as described by Friedrich [15].
Intermediate distances (4—6 cm) allow more growth due to
longer exposure, but reduced plasma energy leads to larger,
less uniform particles, consistent with Dufour's CAP model
[17]. At 7 cm, with the substrate outside the quartz tube,
oxygen from ambient air quenches reactive species,
drastically lowering deposition and particle size, similar to
Kautz's findings on oxygen effects in laser ablation [18].
Particles from 250 sccm flows were generally smaller than
those from 300 sccm, likely due to higher discharge gas
velocity enhancing radical formation and nucleation, in line
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with Miiller’s observations [19]. Under 200 sccm, lower
monomer availability increased sensitivity to distance
changes: small variations produced significant size shifts,
echoing Kadhem's results under monomer-limited regimes
[20]. Overall, plasma energy, residence time, and precursor
concentration together define a balance between nucleation
and growth, which governs nanoparticle morphology. Figure
4 shows the SEM images of the optimal distance for each
different pyrrole flow rate (5 cm for Qpye 200 sccm, 3 cm
for Qpy+he 250 sccm and 4 cm for Qpy+he 300 scecm).

3) Influence of the input voltage

(a) (b) (c)

Figure 5: SEM images of the best results obtained by varying the input
voltage (He 1.800 slm Qpy+he 200 sccm — 5 cm — 7 kV (a), He 1.750 slm Qpy+he
250 sccm — 3 cm — 7 kV (b), He 1.700 slm Qpy+he 300 sccm — 4 cm — 6 kV
(©)

Across all tested conditions, increasing the input voltage
led to a consistent rise in average nanoparticle size,
confirming a strong link between plasma energy and
nanoparticle growth. Higher input voltage enhances the
electric field, which increases the energy transferred to the
plasma and boosts the generation of reactive species. As
shown by Yasuda [21] and Wang [22], this favors monomer
fragmentation and radical formation but also promotes
growth over nucleation, as existing nuclei have more energy
and time to grow before new ones are formed. SEM images
at high voltages also revealed cluster formation, likely due to
particle aggregation or partial melting caused by excessive
heat. This is supported by the work of Xu et al. [23], who
reported that increased electron density and temperature
under strong electric fields enhance plasma reactivity and
heat transfer, leading to conditions that can promote both
particle enlargement and agglomeration. Figure 5 shows the
SEM images of the optimal input flow for each different
pyrrole flow rate (7 kV for Qpyme 200 scem, 7 kV for Qpyhe
250 scem and 6 kV for Qpy+ne 300 scecm).

B.  Chemical Structure (FTIR)
1) Optimal precursor flows

1,00 4
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©
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Figure 6: FTIR spectra under the best precursor flow conditions

The FTIR spectra of pyrrole-based nanoparticles synthesized
at precursor flow rates between 200 and 300 sccm (Fig. 6)
showed the presence of the characteristic absorption bands of
LDPE at 2917, 2850, 1471, and 718 cm™, corresponding to
CH: stretching and deformation modes [24]. Upon
introducing pyrrole, new bands appeared, including 3284
cm (N-H stretching) and 1685 cm™ (C=C in-plane
stretching) [25], [26]. A shoulder at 1570 cm™ indicated C—
C/C=C interchain crosslinking, and a peak at 1069 cm™ was
assigned to C—H in-plane bending in the pyrrole ring [26].
Across all flow conditions, the main PPy bands were
consistently observed, suggesting no substantial chemical
differences between samples. At 1.800 slm He + 200 sccm
PY, increased intensity at 1685 cm™ and new peaks at 801
cm! (associated with open-ring or alkene structures) and
1369 cm™ (C—N stretching) were noted [27], [28], likely due
to  plasma-induced  fragmentation and  structural
rearrangements. These results indicate that minor variations
in precursor flow do not significantly affect the chemical
composition, and that the APP process enables stable and
reproducible surface chemistry in PPy nanoparticle synthesis.

2) Optimal precursor flows and distances from the
capillaries to the substrate
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Figure 7: FTIR spectra at the optimal distance for each precursor
flow rate.



FTIR spectra acquired at the optimal distances for each flow
condition (4 cm for 300 sccm, 3 cm for 250 sccm, and 5 cm
for 200 sccm PY, Fig. 7) revealed consistent chemical
profiles, with clear bands from both the PE substrate (2917,
2850, 1471, 718 cm™) and PPy-related peaks (3284, 1685,
1570, 1069 cm™). At 300 sccm — 4 cm, the weak peak at 801
cm™' suggests the presence of alkene or ring-opened
structures [27] However, the relatively low intensity of most
PPy-related peaks may reflect a lower deposition yield or
plasma-induced fragmentation. The 250 sccm — 3 cm
condition produced a similar spectrum but lacked the 801
cm™' peak, indicating fewer fragmented species. This
absence, possibly due to higher energy density near the
nozzle, suggests enhanced precursor fragmentation and
reduced retention of labile structures, consistent with SEM
results showing smaller, less crosslinked nanoparticles. In
contrast, the 200 sccm — 5 cm sample showed more intense
absorption bands across the spectrum, pointing to improved
deposition yield and greater incorporation of PPy
functionalities. This may result from a longer residence time
in the plasma zone, allowing more effective precursor-plasma
interactions and polymerization [15]. Overall, longer
distances favoured chemical retention and nanoparticle
growth, whereas shorter distances promoted fragmentation
and limited particle development. These findings align with
the principle that plasma energy density and residence time
are critical for controlling nanoparticle chemistry and
morphology [29].

3) Optimal process conditions
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Figure 6: FTIR spectra at the optimal input flow for each precursor
flow rate

Figure 8 shows the FTIR spectra at the optimal input
voltage for each of the three combination of precursor flow
and distance. At 300 sccm—4 cm—6 kV, strong and well-
defined PPy-related peaks (3284, 1685, 1570, 1069 cm™)
were observed alongside the characteristic PE bands,
indicating efficient nanoparticle deposition. At 250 sccm—3
cm-7 kV, the same peaks were present but slightly weaker,
with the 801 cm™ band, previously linked to ring-opened
structures, absent, suggesting less fragmentation but slightly
lower yield. In contrast, 200 sccm—5 cm—-7 kV showed
significantly weaker pyrrole-related peaks, suggesting that,
under low precursor flow, higher input voltage may

negatively impact nanoparticle synthesis. A  direct
comparison across these three conditions shows that input
voltage plays a critical role. At 300 sccm and 6 kV, deposition
was efficient; however, increasing voltage to 7 kV at lower
flows (250 and especially 200 sccm) resulted in weakened
signals. This suggests that higher plasma energy can disrupt
polymer growth by enhancing monomer fragmentation and
reducing conjugation, as previously reported [27]. These
results underscore the importance of balancing plasma energy
density with precursor flow to optimize nanoparticle yield
and chemical structure.

C. Surface Composition (XPS)

XPS analysis was performed in six different points for each
sample, and the results showed in the Table 3 represent the
average elemental composition across these measurements.

Table 2: Average atomic percentages of Cls, N1s, Ols for optimal
monomer flow rates and distances (rows 1-3) and input voltages (rows 4-6)

Deposition
He  Qpy:ne Voltage Distance Cls NI1s Ols
Time
(slm) (scem)  (kV) (cm) (%) (%) (%)
(min)
773+ 14,6 + 8,0+
1.7 300 9 1 4
0,5 0,5 0,5
758+ 14,7+ 9,5+
1.7 300 6 1 4
0,7 0,5 0,6
76,5+ 150+ 8,5+
1.75 250 9 1 3
0,8 0,5 0,4
774+ 145+ 8,0+
1.75 250 7 1 3
0,3 0,3 0,5
759+ 153+ 8,7+
1.8 200 9 1 5
0,9 0,5 0,8
732+ 143+ 124+
1.8 200 7 1 5

L5 0,8 1,5

XPS analysis showed that all samples primarily contained
carbon (C 1s), nitrogen (N 1s), and oxygen (O 1s), reflecting
fragments from pyrrole, which is rich in carbon and nitrogen
[30]. Oxygen, not originally present in pyrrole, appeared due
to plasma-induced surface modifications and atmospheric
contamination during synthesis and handling, introducing
oxygen-containing groups such as carboxyl, hydroxyl, and
esters [31], [32], [33]. Pure pyrrole has a theoretical N/C
atomic ratio of 0.25 (~80% C, 20% N), but measured values
were lower, especially nitrogen (14—15%), consistent with
literature on plasma-polymerized pyrrole exposed to air,
where nitrogen loss is linked to hydrolysis of reactive nitrile
groups into carboxylic acids, releasing ammonia and
increasing oxygen content [34].

Elemental percentages remained stable with minor
variation except at 200 sccm flow, 7 kV voltage, and 5 cm
distance, where oxygen increased significantly and carbon
decreased, indicating enhanced surface oxidation due to
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plasma, promoting oxygen-functional group formation and
increased hydrophilicity [31], [32].

These XPS findings correlate well with FTIR data showing
characteristic polypyrrole bands (N-H stretching, C=C, C—
N), while oxygen enrichment and nitrogen reduction detected
by XPS align with FTIR evidence of structural changes under
stronger plasma exposure. This suggests plasma
polymerization combined with ambient air humidity causes
partial hydrolysis and chemical rearrangements on
nanoparticle surfaces, modifying their chemical nature. The
combined spectroscopic evidence confirms that plasma
conditions and environmental exposure jointly influence the
final composition and structure of synthesized nanoparticles.

D. Plasma Characterization (OES)
1) Optimal precursor flows

0,03
——He2sim -1min-5cm-9kV
He 1,700 slm + Py 300 sccm - 1 min -5 cm -9 kV
He 1,750 sim + Py 250 sccm - 1 min -5 cm -9 kV
He 1,800 slm + Py 200 sccm - 1 min - 5 cm -9 kV
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-~
© 0,01
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Figure 7: OES spectra under the condition without precursor flow
and with the best precursor flow conditions

Spectroscopic analysis was performed by introducing a
PTFE support positioned 5 cm from the tip of the capillary,
in order to evaluate the active species generated in the helium
plasma in the presence of a solid substrate. The resulting
spectrum showed a composition similar to that of pure helium
plasma, with the presence of peaks at 287 nm corresponds to
the OH transition A2X* (v =0, 1) — X1 (Av = 1) [35], at
315, 337, 370, 375, and 380 nm related to the presence of
excited N2 molecules [36], at 355 nm and 390 nm attributed
to C—N fragmentation transitions [37], at 400 nm and 405
nm that are part of the extended N2 emission band [36], at
413, 430 and 433 nm corresponding to the CH radical [37],
at 447 nm related to the He transition 4d3D — 2p°P [38], at
468 nm associated with C2 [37] and at 501, 588, 668 and 706,
all related to He transitions [35].

Moreover, there was the appearance of several low-
intensity peaks at 237, 247, 259, 271, 308, and 777 nm. The
first four peaks were attributed to emissions from excited NO
molecules, corresponding to the NOy system [36], while the
peak at 308 nm was associated with the OH transition (A*X*
— X?I1, Av = 0) [35]. The emission at 777 nm was assigned
to the atomic oxygen transition (3p°P — 2s°S) [37]. These
species likely originate from interactions between the plasma

and components of the surrounding air or adsorbed residues
on the support.

Subsequently, the monomer was introduced at a flow rate
of 300 sccm, with an input voltage of 9 kV and the capillary-
to-substrate distance maintained at 5 cm. The spectrum
exhibited several significant changes compared to the plasma
without monomer. Some of the previously observed peaks,
such as those at 337, 357, and 430 nm, showed a marked
decrease in intensity. Conversely, the intensity of the helium
line at 706 nm increased, and new peaks emerged: the most
prominent at 388 nm, attributed to the CN radical (B*2* —
X2%%) [37], one at 656 nm corresponding to the Ha transition
(2p — 3d) [35], and another at 728 nm (He transition)[35].
Very similar spectra, characterised by the appearance of the
same three new peaks, were obtained using a precursor flow
of 250 and 200 sccm, with 5 cm of distance and 9 kV of input
voltage. These results suggest that the introduction of pyrrole
significantly alters the plasma chemistry, promoting the
formation of carbon-, nitrogen-, and hydrogen-containing
species, particularly the CN radical arising from precursor
fragmentation.

0,010
He 1,700 sim + Py 300 sccm -4 cm - 9 kV
He 1,750 sim + Py 250 sccm -3 cm - 9 kV
0 008' He 1,800 slm + Py 200 sccm -5 cm -9 kV
0,006
n
(3]
0,004
0,002
0,000 - mﬁh“A““ A
200 400 600 800

Wavelength (nm)

Figure 8: OES spectra at the optimal distance for each precursor flow rate

Figure 10 shows the OES spectra at the optimal distances.
When this parameter was varied, the three new peaks
previously indentified appeared in all spectra (388, 656, and
728 nm).

Overall, the spectral intensities were lower compared to the
previous set of conditions. Lower monomer flow rates
resulted in enhanced nitrogen-related peaks at 337, 357, and
388 nm, suggesting more efficient excitation and energy
transfer to ambient air species. This behaviour is attributed to
the reduced concentration of the organic monomer in the
plasma, which lowers the competition for electron energy and
allows more efficient excitation of N2 molecules, thereby
intensifying their characteristic emission lines [39].
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precursor flow rate

A decrease in input voltage, under the condition of 300
sccm flow rate, led to an overall reduction in emission
intensities, except for the helium peak at 706 nm, which
increased. This behaviour can be attributed to a greater o)
accumulation of metastable helium species at lower voltages.
As reported by Naidis [40], reduced electric fields favour the
formation of long-lived excited states such as He(23S), which
emit at 706 nm and play a key role in sustaining the plasma [
through stepwise excitation and energy transfer.

At lower pyrrole flow rates, the spectra remained consistent
with only slight variations in intensity. Interestingly,
nitrogen-related peaks at 337, 357, and 388 nm were
enhanced, again suggesting more efficient energy transfer to
atmospheric species. As described by Bardos and Barankova
[39], this effect arises from a decreased monomer
concentration, which reduces the consumption of electron
energy by the organic species and enhances the excitation of
air molecules. [5]

Voltage optimization at these flow rates confirmed the
dominance of the 706 nm helium peak at 7 kV, in agreement
with literature findings that helium plasmas can maintain
stable populations of reactive species under different 6]
operating conditions [40].

3]

(4]

CONCLUSIONS
[7]

This study demonstrates the effective synthesis of pyrrole-
based nanoparticles using an Atmospheric Pressure Plasma
Jet (APPJ) array under ambient conditions. The results
highlight the critical influence of precursor flow rate,
substrate distance, and input voltage on nanoparticle
morphology, size distribution, and chemical composition.
Optimal conditions were identified at intermediate pyrrole
flow rates (200-300 sccm) and moderate distances (3—5 cm),
yielding smaller and well-dispersed nanoparticles with 9]
consistent PPy chemical signatures. Increasing input voltage

—
oo
[t

generally promoted nanoparticle growth, enhancing
aggregation.
The plasma characterization by Optical Emission

Spectroscopy revealed dynamic changes in reactive species
when introducing pyrrole vapor, providing insight into the [10]
plasma-chemical interactions governing polymerization and
nanoparticle formation. The presence of biologically relevant
reactive oxygen and nitrogen species further supports the

potential biomedical
nanoparticles.
Overall, the atmospheric pressure plasma approach offers a
scalable, environmentally friendly alternative to conventional
chemical methods, producing functionalized pyrrole-based
nanoparticles without toxic solvents or complex post-
processing. Future work will focus on further optimizing
plasma parameters, exploring functionalization routes for
targeted biomedical applications, and evaluating the in vitro
and in vivo performance of the synthesized nanoparticles.

applicability of the synthesized
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CHAPTER 1

Introduction

1.1 Scientific context and motivation for the research

The rapid development of nanotechnology has opened new opportunities in biomedical research,
particularly through the use of nanoparticles (NPs) as therapeutic and diagnostic agents [1]. NPs have
been widely studied for their suitable properties, including high surface-area-to-volume ratio, tuneable
surface chemistry, chemical stability, and the ability to interact with biological systems at the molecular
level [2]. Among all the NPs, polymeric NPs stand out for their biocompatibility and versatility, making
them ideal candidates for drug delivery, imaging, and regenerative medicine [3].

Conductive polymer polypyrrole (PPy), has gained great interest due to its potential biomedical
applications. Its electrical conductivity, chemical stability, and biocompatibility allow it to effectively
interface with biological tissues [4]. This has led to promising research in areas such as neural
stimulation, biosensors, and drug delivery [5], [6]. However, traditional synthesis methods of PPy NPs
are often complex chemical routes which require multiple steps for surface functionalization and
may involve toxic solvents or by-products [7].

Trying to overcome such limitations, plasma-based techniques have emerged as an innovative solution.
Atmospheric Pressure Plasma (APP) technology allows for NPs synthesis under ambient conditions,
offering advantages such as solvent-free processing, reduced risk of contamination from toxic reagents
or residual solvents, and direct surface functionalization during deposition [8]. Moreover, APP process
parameters, such as gas flow rate, applied voltage, and residence time, can be precisely tuned to
modulate particle size, distribution, and surface properties [9].

This study is driven by the need for cleaner, more controllable, and scalable synthesis methods for
pyrrole-based NPs, with APP offering a promising solution. APP technology represents an eco-friendly
alternative with the potential to enhance the biomedical applicability of these NPs, allowing the
functionalization of the NPs during synthesis, without the need for additional chemical processing [9].
This study aims to explore the potential of APP for the synthesis of pyrrole-based NPs, investigating
how different plasma parameters influence the morphology, composition, and surface characteristics of
the resulting NPs. The goal is to bridge the gap between scalable APP-assisted NP production and
biomedical application, potentially contributing to advances in targeted drug delivery, tissue
engineering, and biosensing technologies.



1.2 Objectives of the thesis

The aim of this thesis project is to explore the use of non-thermal at APP as an environmentally friendly
technology capable of synthesising organic NPs with a potential for biomedical applications.
Specifically, the project focuses on the synthesis of pyrrole-based NPs by varying several process
parameters, including precursor flow, input voltage, and distance to achieve optimal NP characteristics
such as uniform size distributions and high deposition yield. Following synthesis, the NPs were analysed
through careful characterisation using advanced surface analysis techniques, including Optical Emission
Spectroscopy (OES), Fourier Transform Infrared Spectroscopy (FTIR), X-ray Photoelectron
Spectroscopy (XPS) and Scanning Electron Microscopy (SEM). The approach taken aims to provide
new sustainable and efficient solutions to produce organic NPs, with a significant impact on therapeutic
research, paving the way for innovative and scalable synthesis methods for future biomedical
applications.

1.3 Biomedical potential of pyrrole-based nanoparticles

As previously mentioned, pyrrole-based NPs have gained increasing interest due to the electrical
conductivity, chemical stability, and biocompatibility, making them particularly promising for a wide
range of applications in the biomedical field [5].

Among pyrrole-based NPs, PPy NPs stand out as particularly promising [10]. PPy NPs have strong
absorption in the near infra-red (NIR) region (700—1100 nm), where biological tissues exhibit minimal
light absorption and scattering. When exposed to NIR laser irradiation, these NPs efficiently convert
light energy into heat. When targeted to the tumour site and irradiated with a NIR light, these NPs will
cause a localized and controlled hyperthermia capable of selectively destroying cancer cells while
sparing surrounding healthy tissue [11]. PPy NPs can be used to combine photothermal therapy and
chemotherapy to achieve a synergistic effect against cancer, because in addition to their NIR absorption
and photothermal properties, they can also function as drug delivery vehicles [12]. Chen et al. [12]
reported the successful loading of doxorubicin (DOX) onto the surface of PPy NPs via n—= stacking and
electrostatic interactions, followed by a controlled release triggered by pH and temperature stimuli. In
their study, the authors demonstrated that DOX release was significantly enhanced under acidic
conditions (pH 5.5) and upon NIR irradiation, simulating the tumour microenvironment and laser
treatment, respectively. Moreover, this group presented the temperature evolution of PPy NP solutions
under 808 nm laser irradiation at different concentrations. The temperature increased rapidly with both
time and NPs concentration, reaching over 55°C at the highest concentration (200 pg/mL) after 10
minutes of irradiation. These results demonstrate the high photothermal conversion efficiency of PPy
NPs and support their potential for effective tumour ablation through hyperthermia. The dose-dependent
response also highlights the tunability of the system, allowing for precise control over the thermal dose
delivered to the target tissue [12].

In addition to its therapeutic applications, PPy also shows great potential in photoacoustic imaging (PAI)
[5]. In their study, Zha et al. [13] introduced PPy NPs as a novel solution for photoacoustic tomography
(PAT), demonstrating their exceptional optical and biocompatible properties. Synthesised through a
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straightforward aqueous dispersion method, these NPs exhibited strong NIR absorption and generated
photoacoustic signals eight times stronger than water at a concentration of 100 pg/mL. With a uniform
diameter of approximately 46 nm, the NPs were optimally sized for prolonged circulation in the
bloodstream, evading rapid clearance by the reticuloendothelial system. Key findings from the study
included deep-tissue imaging capabilities, with PPy NPs enabling the visualization of agar phantoms
embedded in chicken breast muscle at depths of up to 4.3 cm, achieving a noise-equivalent sensitivity
01 9.32 ng/mL. In vivo experiments showed that intravenous injection of PPy NPs (100 pL, 2 mg/mL)
in mice enhanced brain vasculature imaging, resulting in a 20% increase in photoacoustic signal
intensity and an improved contrast-to-noise ratio. Histological analysis confirmed no acute toxicity in
vital organs (heart, liver, spleen, lungs, kidneys) 15 days post-injection, further validating the
biocompatibility of PPy. Compared to gold-based contrast agents such as nanoshells and nanorods, PPy
NPs offer several advantages: lower cost, simpler synthesis, biodegradability, and a molar extinction
coefficient (~2.4 x 10 M cm™ at 808 nm) that is five orders of magnitude higher than that of
hemoglobin, enabling high-contrast imaging at minimal doses [13].

Pyrrole-based NPs can also be employed in the field of biosensing [14]. Monitoring levels of parathyroid
hormone (PTH) is clinically important for diagnosing and managing conditions such as
hyperparathyroidism, osteoporosis, and chronic kidney disease, where calcium-phosphate metabolism
is disrupted [14]. Kwon et al. [14] developed a highly sensitive and selective biosensor using
carboxylated polypyrrole NPs (CPPyNPs) conjugated with the human parathyroid hormone receptor
(hPTHR), a member of the G-protein-coupled receptor (GPCR) family. By forming a close-packed array
of CPPyNPs on a field-effect transistor (FET) platform, the system was capable of detecting PTH at
femtomolar concentrations, even in complex biological fluids like fetal bovine serum. This sensor not
only demonstrated excellent selectivity and long-term stability but also enabled functional analysis of
GPCR-ligand interactions, revealing enhanced receptor activation with increasing peptide length. These
findings underscore the potential of pyrrole-based NPs for the development of next-generation
diagnostic tools with high sensitivity and specificity.

Beyond hormone detection, pyrrole-based NPs have also shown great promise as enzyme mimics for
biosensing applications [15]. Tao et al. [15] reported that PPy NPs possess intrinsic peroxidase-like
activity, enabling the catalytic oxidation of typical substrates such as 3,3',5,5'-tetramethylbenzidine
(TMB) in the presence of hydrogen peroxide (H=0:). This catalytic property allows for the colorimetric
detection of H20: with high sensitivity and stability. Monitoring H20: levels is crucial in biomedical
research, as it plays a central role in redox signalling and is involved in numerous physiological and
pathological processes, including inflammation, apoptosis, cancer progression, and neurodegenerative
diseases. Abnormal concentrations of H20- are often associated with oxidative stress, making it a key
biomarker for early diagnosis and therapeutic monitoring. In their study, the authors successfully applied
the PPy NP-based nanozyme system to detect H-O: released by activated macrophages, demonstrating
its potential for real-time monitoring of immune responses and oxidative states in disease conditions.
These biomedical applications of pyrrole-based NPs underline their potential as a multifunctional
platform for cancer therapy, bioimaging and biosensing. The capacity to synthesize these NPs through
clean and scalable methods, such as APP, further amplifies their clinical applicability by offering
solvent-free processing and direct surface functionalization, reducing both production costs and

environmental impact.



CHAPTER 2

Theoretical Background

2.1 Nanomaterials and nanoparticles: overview

The famous lecture ‘There is Plenty of Room at the Bottom’ given by Richard Feynman on 29 December
1959 marked the beginning of a new scientific era, predicting the rising of nanotechnology [16]. He
hypothesised the possibility of manipulating atoms at the nanoscale level and invited researchers of the
time to study physical phenomena at the nanoscale, which could differ from the phenomena at the
macroscale [17]. However, it was not until the 1980s that this vision was realised with the rising of
nanotechnology, a science that studies materials smaller than 100 nm, including NPs, nanorods,
nanotubes, nanowires, nanocrystals and nanofibers[18], [19].

Today, nanomaterials are being used in numerous fields due to their distinctive characteristics, which
derive from two main factors: surface effects and quantum effects, which significantly modify their
mechanical, thermal, magnetic, electronic, optical, and catalytic properties [20].

Surface effects are primarily due to the high surface-area-to-volume ratio that nanomaterials possess
[21]. When materials are reduced to the nanoscale, a larger fraction of atoms is located at or near the
surface compared to their bulk counterparts [20], [22]. This high density of surface atoms increases
chemical reactivity, as these atoms are less coordinated and have unsatisfied bonds, making them more
likely to interact with other molecules [23]. For example, gold is chemically inert in bulk form, but it
becomes highly reactive at the nanoscale, enhancing catalytic activity [24], [25]. Additionally, the
structural properties of nanomaterials can change due to surface effects: metals like gold and silver
exhibit a marked reduction in melting temperature when in nanoparticle form, while ceramics that are
typically brittle at the macroscale show increased ductility at the nanoscale [20], [26], [27]. These
structural changes are driven by the minimization of surface energy, leading to atomic rearrangements
that do not occur in larger materials [21].

Quantum effects, on the other hand, emerge when the size of nanomaterials approaches the exciton Bohr
radius, typically in the range of 1-100 nm [23]. One of the most significant quantum phenomena at this
scale is quantum confinement, which affects conduction electrons, the free-moving electrons responsible
for electric current in metals and semiconductors [28]. In bulk materials, electrons can move relatively
freely, but in nanomaterials, their movement is restricted to a very small volume, causing discretization
of energy levels [29]. This confinement alters the band gap, which is the energy difference between the
valence band and the conduction band, in semiconductors, affecting their electronic and optical
properties. For instance, quantum dots of cadmium selenide (CdSe) emit different colours of light
depending on their size due to variations in energy levels caused by quantum confinement [30].



Quantum effects also lead to unexpected magnetic properties [31]. Metals like palladium, platinum, and
gold, typically non-magnetic in bulk, exhibit magnetism at the nanoscale due to changes in electronic
structure [20]. Additionally, quantum confinement influences the electronic affinity of nanomaterials,
enhancing their ability to accept or donate electrical charges, which further improves their catalytic
properties [20].

In the field of nanomaterials, NPs can be considered as the heart of nanotechnology. The definition by
The International Organization for Standardization (ISO) states that NPs are nano-objects with all
external dimensions in the nanoscale, ranging from 1 nm to 100 nm [32]. According to this definition,
the lengths of the longest and the shortest axes of the nano-object do not differ significantly from each
other [33].

Figure 1: Representative examples of NPs with different shapes. Image
taken from Bouloudenine et al. [287]

Generally, NPs can exhibit various morphologies, including spherical, cylindrical, tubular, conical, and
many more (Figure 1) [34]. Surfaces can be smooth and homogeneous, or uneven and wavy, and they
can have a crystalline or amorphous structure, with single- or multi-crystalline solids that are dispersed
or aggregated [35]. The combination of these various features allows NPs to have distinctive properties,
which can prove to be highly adaptable materials capable of meeting specific needs in a wide range of
technological and industrial applications, including drug delivery, where NPs enhance targeted
therapeutic effects [36]; optoelectronics, where they improve light absorption and emission properties
[37]; biosensors, where their high surface area and surface tunability enable enhanced sensitivity and
detection capabilities [38]; biofuel production, where NPs serve as catalysts to improve conversion
efficiency [39]; food technology, where they contribute to food preservation and enhanced packaging
materials [40]; and textile applications, where they are used to impart antimicrobial properties, enhance
durability, and provide functional coatings [41].

A first fundamental classification concerns their chemical nature, which divides them into organic,

inorganic and carbon-based nanoparticles [42].



2.1.1  Inorganic nanoparticles

Inorganic NPs are generally composed of metals or ceramics and involve particles with the absence of
carbon [33]. Among these, bimetallic NPs can form homogeneous alloys like gold-silver (Au-Ag) with
atomic-level mixing of metals, as demonstrated by co-reduction synthesis, or they may adopt core-shell
configurations such as gold-core/silver-shell (Au@Ag) structures produced through seeded growth
methods [43]. They exhibit unique optical, electrical, thermal, and magnetic properties, making them
highly suitable for a wide range of applications across various fields [34], [44]. For instance, gold-silver
(Au-Ag) NPs are particularly valued for their exceptional optical properties. Due to the phenomenon of
localized surface plasmon resonance (LSPR), these NPs can significantly enhance Raman signals,
making them powerful tools for biomolecule detection through Surface-Enhanced Raman Scattering
(SERS), which is widely applied in sensitive diagnostic techniques [45]. From an electrical perspective,
bimetallic NPs such as platinum-palladium (Pt-Pd) are employed in fuel cells, where their high electron
conductivity and large catalytic surface area significantly improve the efficiency of electrochemical
reactions. This makes them promising candidates for the development of clean and sustainable energy
technologies [46]. Regarding thermal properties, copper-silver (Cu-Ag) NPs are used in nanofluids to
enhance thermal conductivity, improving heat dissipation and potentially contributing to the reliability
of cooling systems in electronic devices [47]. Finally, iron-platinum (Fe-Pt) NPs incorporated in
montmorillonite (FePt@MMT) exhibit remarkable magnetic properties that make them suitable for
magnetic hyperthermia in cancer treatment. In this application, alternating magnetic fields induce
localized heating within the NPs, contributing to the selective ablation of cancer cells. Moreover, the
porous structure of montmorillonite allows for combined chemotherapy delivery, enhancing therapeutic
outcomes [48].

Ceramic NPs, composed of oxides and other inorganic compounds, are prized for their stability and
load-bearing capacity [49], and they are used in catalysis, photonics, and degradation of pollutants [50],
[51]. Organically modified silica-based NPs doped with photosensitizers (SINP@PS), developed by Roy
et al. [52], demonstrate excellent stability and efficient generation of reactive oxygen species under light
irradiation, making them promising carriers for photodynamic therapy in cancer treatment. In this
approach, the porous ceramic matrix allows oxygen diffusion while protecting the photosensitizer,
enabling selective tumour cell destruction upon irradiation. Additionally, their small size and surface
modifiability facilitate targeted delivery and reduced systemic toxicity. Huinan Hao [53] demonstrated
that ceramic NPs like hydroxyapatite, tricalcium phosphate, and bioactive glass significantly enhance
bone tissue engineering. Their incorporation in 3D printed scaffolds enables controlled porosity,
improved mechanical strength, and bioactivity, promoting bone regeneration and stem cell
differentiation. Strontium-doped bioactive glass scaffolds also provide sustained drug release, making
ceramic NPs crucial for advanced regenerative medicine applications. Beyond biomedical uses, Chen et
al. [54] showed that incorporating zirconium dioxide (ZrO:) NPs into the phosphor layer of white LEDs
can significantly enhance their optical performance. By leveraging the strong light-scattering properties
of ZrO:, the nanoparticles improve both luminous efficiency and colour uniformity. This approach helps

mitigate common issues like uneven colour distribution, while maintaining high brightness, making it a
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promising strategy for next-generation solid-state lighting. Wang et al. [55] reported that nickel-silicon
oxycarbonitride (Ni/SiOCN) ceramic nanocomposites exhibit efficient catalytic performance in the dry
reforming of methane (DRM)), a key process that converts methane (CH4) and carbon dioxide (CO-) into
syngas (CO + H:), an essential mixture for the production of fuels and chemicals. In this application,
the SiOCN ceramic matrix provides high thermal stability and ensures uniform dispersion of Ni NPs,
effectively preventing their aggregation and extending the catalyst's lifespan. Furthermore, these
materials display remarkable catalytic activity, making them highly promising for industrial applications
under harsh conditions. Zinatloo-Ajabshir et al. [56] demonstrated that sonochemically synthesised
cerium oxide (CeO2) NPs, capped with glucose, exhibit enhanced photocatalytic activity for the
degradation of organic pollutants under visible light. This approach improves the surface properties of
CeO: by preventing agglomeration and increasing stability, achieving degradation efficiencies up to
99.1% for contaminants such as Captopril and Malachite Green. These findings highlight the strong
potential of glucose-capped CeO:2 NPs for effective environmental remediation in wastewater treatment.

2.1.2 Carbon-based nanoparticles

Particular attention needs to be paid to carbon-based NPs, which comprise several materials with unique
properties, enabling their application in areas such as electronics, energy, and biomedicine [57].

Figure 2: Representation of the structure of a Ceo fullerene taken from
Tikhomirov et al. [288]

Fullerenes (C60), due to their cage-like structure, composed of 20 hexagonal and 12 pentagonal rings
(Figure 2), and distinctive physicochemical properties, have found applications in nanoscience,
particularly in the development of organic photovoltaics, superconductors, and innovative materials
such as polymer composites, thanks to their reactivity [58], [59]. The incorporation of fullerenes into
polymer matrices, such as Polyvinyl Acetate (PVAc), Polymethyl Methacrylate (PMMA) enables
significant modulation of optical absorption, photoluminescence, and energy band structure. Fullerene-
doped polymers exhibit reduced energy band gaps, enhanced photoluminescence intensity, and
improved fluorescence quantum yield, making them promising candidates for optoelectronic
applications, including luminescent downshifters in silicon solar cells and efficient host matrices for
solar concentrators [60]. The use of fullerenes in the field of photovoltaics is primarily driven by their
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exceptional electron-accepting capabilities and high electron mobility, which enable efficient charge
separation and transport in organic photovoltaic (OPV) devices, significantly enhancing their energy
conversion efficiency [61]. In the biomedical sector, fullerenes are actively researched for drug delivery
systems and photodynamic therapy due to their ability to generate reactive oxygen species (ROS) upon
light irradiation, which can induce cell apoptosis in cancer cells [62]. For example, research conducted
by Shi et al. [63] presented a novel biomedical application of fullerenes (C60) for combined
chemotherapy and photodynamic therapy (PDT). Researchers developed a DOX-loaded
poly(ethyleneimine) (PEI) derivatized fullerene (C60-PEI-DOX), where DOX is covalently attached
via pH-sensitive hydrazone linkages. This functionalization enhances tumour targeting and controlled
drug release, significantly improving antitumour efficacy compared to free DOX. Furthermore, the C60-
based system also serves as an effective photosensitizer for PDT, generating ROS upon visible light
irradiation, which induces cytotoxic effects in cancer cells. This dual-action platform, leveraging the
unique properties of fullerenes, demonstrates great promise for targeted cancer therapy with minimal
side effects.

Figure 3: Representation of the structure of carbon nanotubes single-
walled (left) and multi-walled (right). Image taken from Malhotra et
al. [289]

Carbon nanotubes (CNTs), which can be classified into single-walled (SWCNTs) and multi-walled
(MWCNTSs) types, are distinguished by their structural composition: SWCNTs consist of a single layer
of graphene rolled into a cylindrical shape, whereas MWCNTs are composed of multiple concentric
graphene cylinders, as shown in Figure 3 [64]. This structural difference influences their properties,
SWCNTs typically exhibit higher flexibility and electronic conductivity, while MWCNTs are generally
stronger and more resilient under mechanical stress due to their multi-layered structure [57]. CNTs are
widely applied in fields such as electronics, energy storage, and biomedicine, with promising uses in
drug delivery systems, nanocomposites for prosthetic devices, and materials for bone regeneration [65].
Peng et al. [66] demonstrated that the integration of CNTs into field-effect transistors (FETs) enables
enhanced carrier mobility, high saturation velocity, and superior electrostatic control, leading to low
power consumption and minimized short-channel effects. CNT-based FETs are explored for high-
performance and energy-efficient integrated circuits, offering promising advancements over traditional
silicon-based CMOS technology. Mazzatenta et al. [67], by exploring the coupling mechanisms between
SWCNTs and hippocampal neurons, demonstrated that SWCNT substrates not only support neuronal



growth but can also directly stimulate brain circuit activity. Their findings underscore the potential of
SWCNTs as a highly effective platform for neural interfaces, capable of modulating synaptic pathways
and enhancing network connectivity, paving the way for advanced neuroprosthetic applications and
deeper insights into neuron-material interactions. Furthermore, Zhang et al. [68] provided compelling
evidence that embedding SWCNT into chitosan-based scaffolds enriched with nanocrystalline
hydroxyapatite not only significantly promotes osteoblast proliferation compared to pristine hydrogel
matrices but also leads to notable improvements in the mechanical properties of the scaffold, including
enhanced tensile strength and compressive modulus. These findings suggest that the synergistic effect
of SWCNT and hydroxyapatite within the chitosan matrix optimally supports cellular growth while
reinforcing the structural integrity of the scaffold, making it a promising candidate for bone tissue
engineering applications.

Carbon nanofibers (CNFs), although similar in structure to CNTs, are generally more cost-effective due
to simpler production processes and lower purity requirements [57]. CNFs are used as reinforcement in
polymer and metal matrices to enhance electrical conductivity, mechanical strength, and thermal
properties. In polymer composites such as polypropylene and nylon, the incorporation of CNFs
significantly reduces volume resistivity, improves tensile strength, and increases thermal stability,
enabling their use in advanced electronic and structural applications. Moreover, in metal matrices like
aluminium and magnesium alloys, CNFs contribute to superior thermal conductivity and adjustable
coefficients of thermal expansion (CTE), addressing challenges in heat dissipation for aerospace and
automotive industries [69]. Additionally, Victor Leung and Frank Ko [70] have investigated the potential
biomedical applications of CNFs, highlighting their promising role in advancing tissue regeneration,
wound care, and drug delivery systems. Due to their high surface area, porous structure, and similarity
to the extracellular matrix (ECM), CNFs facilitate enhanced cell adhesion, proliferation, and nutrient
transport, making them ideal candidates for tissue engineering scaffolds. Furthermore, their structural
properties allow for the development of advanced wound dressings that promote faster healing and better
integration with biological tissues. In drug delivery, CNFs offer a high loading capacity and controlled
release of therapeutic agents, which could significantly improve the efficacy of anticancer treatments
and other targeted therapies. These unique characteristics underline the transformative potential of
carbon nanofibers in biomedical applications, driving ongoing research to optimize their performance

and biocompatibility.



2.1.3  Organic nanoparticles
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Figure 4: Types of organic nanoparticles: dendrimers, liposomes, micelles, ferritin (from left to right).
Image taken from Joudeh et al. [33]

Organic NPs, typically smaller than 100 nm in size, are synthesised from organic materials and they can
be composed of proteins, carbohydrates, lipids, polymers, or other organic compounds. These include
dendrimers, liposomes, micelles and protein complexes such as ferritin [33], showed in Figure 4.
Dendrimers represent a promising class of nanomaterials for cancer therapy, particularly in targeted drug
delivery. Their unique branched structure allows for high drug-loading capacity and controlled release,
enhancing the specificity and efficacy of anticancer treatments while minimizing systemic toxicity. In
addition to their role as drug carriers, dendrimers exhibit theragnostic capabilities, enabling
simultaneous treatment and monitoring of cancer progression. Despite their potential, clinical
applications in colorectal cancer remain limited, with only a few trials exploring their effectiveness.
However, ongoing research continues to optimize dendrimer-based platforms for improved targeting,
biocompatibility, and therapeutic outcomes, positioning them as a valuable tool in nanomedicine for
cancer treatment [71].

Liposomes with a positive surface charge have demonstrated significant potential as immunoadjuvants
by effectively enhancing cell-mediated immune responses. Their cationic nature facilitates the efficient
delivery of soluble protein antigens into the cytoplasm of macrophages, leading to improved antigen
processing and presentation via class I MHC molecules. This targeted delivery mechanism supports
stronger activation of cytotoxic T lymphocytes, suggesting that positively charged liposomes could serve
as powerful carriers in the development of advanced vaccines and immunotherapies [72].

Micelles engineered with polyethylene glycol (PEG) have proven effective for glucose-responsive
insulin delivery, offering a promising strategy for diabetes management. Phenylboronic acid (PBA)-
based micelles demonstrate high sensitivity to glucose levels, enabling an "on—off" release mechanism
that responds dynamically to changes in blood sugar. Studies have shown that these micelles can
effectively release insulin when exposed to hyperglycemic conditions (2 g/L glucose) while maintaining
biocompatibility, highlighting their potential for self-regulated insulin delivery in diabetic therapy [73].
In general, organic NPs offer significant advantages, being typically non-toxic, biodegradable, and
sensitive to thermal and electromagnetic radiation, such as heat and light [34]. They are formed through
non-covalent intermolecular interactions, which enhance their stability and facilitate natural clearance
from the body [74].
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2.1.4  Polymeric nanoparticles

Among organic NPs, polymeric nanoparticles (PNPs) stand out in nanomedicine for the wide range of
polymers available and their biocompatibility, biodegradability, and design versatility. Typically made
from natural (chitosan, alginate) or synthetic polymers (PLA, PLGA, PCL), PNPs can safely degrade
into non-toxic byproducts, ensuring minimal biological impact [75].

Due to their small size and high reactivity, PNPs interact more effectively with their surroundings and
offer superior performance compared to traditional bulk polymers [76]. They are solid colloidal particles
of nanometre size derived from polymers, characterised by innovative properties that are highly
dependent on their structure. At the nanoscale level, quantum effects become predominant, and the
surface-to-volume ratio increases significantly, affecting the overall properties of the material. This
improvement favours mixing with other components in composites, optimises battery performance and
reduces the use of resources in catalytic processes, contributing to a decrease in waste [76]. Moreover,
the chemical structure of polymers enables precise control over the size, shape, surface charge, and
functionalization of the NPs, allowing for the development of smart delivery systems that respond to
specific physiological stimuli like pH, temperature, enzymatic activity or also external stimuli [77].

In the study conducted by Wang et al. [78], the researchers focused on the synthesis and characterization
of polymeric nanoparticles with controlled size and morphology. Their objective was to explore how
variations in polymerization conditions, such as monomer concentration and reaction temperature,
influence particle structure and surface properties. By self-assembling block copolymers in solution and
stabilizing them through core cross-linking, they produced core-shell NPs with diverse shapes, spheres,
hollow spheres, and strings, demonstrating scalability for industrial applications. The NPs, featuring a
highly cross-linked core and an elastomeric shell, exhibited enhanced reinforcing capabilities in rubber
vulcanizates, reduced hysteresis, and strong mechanical properties, highlighting their potential for use
in nanocomposites and targeted drug delivery.

As reported by Overney et al. [79], nanoscale confinement dramatically alters the glass transition
behaviour of polymers. The glass transition temperature (Tg) marks the point at which polymer chains
gain enough thermal energy to transition from a brittle, rigid state to a more elastic and ductile form.
This parameter is crucial as it defines the temperature range over which the polymer shifts its mechanical
properties, impacting its suitability for various applications. At the nanoscale, the restricted mobility of
polymer chains and the increased energy required for molecular motion result in a higher Tg. This
phenomenon is particularly important for technological applications, where the material's operational
limits, stiff and brittle below Tg, flexible and impact-resistant above Tg, determine its effectiveness in
uses such as polymeric membranes and drug delivery systems [80].

Moreover, Khan et al. [81] investigated the effect of nanoparticles on polymer crystallization,
demonstrating that the interaction with NPs and spatial confinement induce higher crystallinity and
greater morphological stability compared to bulk polymers. This more ordered structure, driven by the
restricted mobility of polymer chains, enhances mechanical properties such as hardness, elastic modulus,
and tensile strength. Additionally, the compactness and intertwining of polymer chains at the nanoscale
reduce structural defects, contributing to greater thermal and mechanical stability.
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2.1.5  Application of nanoparticles

As stated in the previous paragraphs, PNPs find applications in various fields: pharmaceutical
applications [82], environmental and sustainability [83], energy [84] and electrochemical devices [83],
cosmetics [85] and food Industry [83]. Among these, their use in biomedical engineering represents one
of the most promising developments in recent years [86].

From a pharmaceutical point of view, one of the main limitations in the treatment of cancer is the
difficulty of drugs in reaching and selectively accumulating in the desired target [87].

Often, the ineffectiveness of a therapy is due to the lack of selective accumulation at the target site,
resulting in random dispersion of the drug in the body, that contributes to side effects such as
myelosuppression (decreased production of white blood cells causing immunosuppression), mucositis
(inflammation of the lining of the digestive tract), alopecia (hair loss), organ dysfunction, systemic
toxicity, and insufficient concentration in the target area [88]. To solve this problem, several strategies
have been investigated, including the use of PNPs as carriers to achieve targeted accumulation of the
drug of interest [87].

Numerous studies have been conducted in this area. Gomez et al. [89] synthesised Poly Lactic-co-
Glycolic Acid (PLGA) NPs loaded with corticosteroids, anti-inflammatory drugs used in the treatment
of diseases of the posterior segment of the eye. Using these NPs, promising results were obtained,
including successful encapsulation of dexamethasone in a stable and biocompatible form, as well as
rapid and complete drug release in vitro. This approach helps to overcome the common challenges of
delivering corticosteroids effectively to the target area, improving the potential for therapeutic efficacy.
In the field of drug delivery, NPs are widely studied in anti-cancer therapies, through two main
approaches: passive targeting and active targeting [90].

In the case of passive targeting, NPs exploit the EPR (Enhanced Permeability and Retention) effect,
which allows them to selectively accumulate within solid tumours such as hepatomas, sarcomas,
carcinomas (e.g., colon and renal cell carcinoma), melanomas, and metastatic tumours (e.g., lymph node
and bone metastases). This occurs because tumour blood vessels in these malignancies are more
permeable and disorganized than those in healthy tissue, while lymphatic drainage is often impaired. As
a result, NPs can extravasate and accumulate more efficiently in the tumour microenvironment due to
their small size, so there is no specific molecular recognition of cancer cells, the selectivity is driven
primarily by the unique vascular and lymphatic abnormalities of solid tumours [91].

On the other hand, active targeting involves modifying the NPs by binding specific ligands on their
surface that recognise receptors abnormally present on the tumour cell membrane. These receptors vary
depending on the tumour type, with certain cancers such as breast, lung, colorectal, and prostate cancer
showing high expression of specific targets. This allows the NPs to interact in a targeted manner with
the diseased cells, improving the selectivity and efficacy of the treatment [92].

One of the ongoing applications involves the controlled release of inhibitors of heme oxygenase (HO-
1), an enzyme that cancer cells overexpress to protect themselves from oxidative stress by producing
antioxidant molecules like bilirubin [93]. Inhibiting HO-1 can increase oxidative stress in tumour cells,
enhancing their vulnerability to treatment. Zinc protoporphyrin (ZnPP) is a well-known HO-1 inhibitor,
but its poor water solubility has limited its application [94]. Iyer et al. [95] initially used PEGylation
(conjugation with polyethylene glycol) to improve solubility and facilitate tumour targeting via the EPR

effect. Although successful in targeting, PEG-ZnPP showed low loading capacity (1.5% w/w) and high
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viscosity, limiting its practicality for injection. To address these issues, amphiphilic styrene—maleic acid
(SMA) copolymer was employed to encapsulate ZnPP, forming micelles (SMA—ZnPP) with high
loading (up to 60% w/w), excellent solubility, and good stability in water. These micelles demonstrated
effective HO-1 inhibition and cytotoxicity against cancer cells, presenting a promising strategy for
targeted cancer therapy.

Many chemotherapeutic drugs, such as paclitaxel and DOX, experience rapid clearance from the
bloodstream due to first-pass metabolism in the liver. This process, known as the first-pass effect, results
in a substantial reduction of the active drug concentration before it reaches the target tissue, diminishing
its therapeutic potential [96], [97]. To overcome this limitation, Araki et al. [98] studied paclitaxel-
loaded PNPs composed of polyethylene glycol (PEG) and polylactic acid (PLA) block copolymers. The
PNPs exhibited a mean particle size of approximately 80 nm and a nearly neutral zeta potential,
favouring prolonged blood circulation and reduced opsonization by plasma proteins. In vivo studies on
Colon-26 (C26) tumour-bearing mice demonstrated that the PNPs enhanced paclitaxel distribution
within tumour tissues while minimizing uptake by the liver and spleen, which are typical sites of
nonspecific NP accumulation. These results highlight the potential of PEG-PLA NPs as promising drug
carriers to improve the therapeutic index of hydrophobic chemotherapeutic agents like paclitaxel,
effectively overcoming the limitations associated with conventional formulations. Pieper et al. [99]
employed polymeric NPs composed of PLGA, PLA, and PEGylated PLGA as carriers for DOX. In this
study, these nanoparticles were demonstrated to improve the anticancer efficacy of DOX by enhancing
its cellular uptake and providing controlled drug release. NPs showed substantial benefits in terms of
increasing drug loading, prolonging drug release, and improving overall anticancer activity in
neuroblastoma cells.

Drug delivery is particularly complex in the central nervous system due to the blood-brain barrier (BBB),
which prevents the passage of several therapeutic molecules, recognising them as foreign [87]. The use
of NPs for drug encapsulation enables bypassing the restrictive nature of the BBB, thanks to their small
size and surface properties that facilitate their passage through the vascular endothelium. This capability
was demonstrated in the study by Kreuter et al. [100], where dalargin, a hexapeptide that typically cannot
cross the BBB, was successfully delivered to the central nervous system using poly(butyl cyanoacrylate)
(PBCA) NPs coated with polysorbate 80. Intravenous administration of this NP formulation induced a
significant analgesic effect in mice, which was not observed in control groups receiving the drug in
solution or simple mixtures with NPs and surfactant. Microscopic analyses revealed that the polysorbate
80 coating facilitated the phagocytic uptake of the NPs by brain endothelial cells, allowing dalargin to
reach the brain tissue. This study highlights the potential of polymeric NPs to enhance drug delivery
across the BBB, opening new avenues for central nervous system therapies.

One of the major advantages of polymers is that there are so many chemical structures of polymer chains
that have the ability to chemically or physically connect with other molecules, protect therapeutic
substances, and respond to internal stimuli, such as pH [101], temperature [102] or other external stimuli,
such as magnetic field [103] , ultrasound [104], or light [105]

Among the most promising polymers in this field is PPy, a conductive polymer with excellent optical
properties in the NIR region. This characteristic makes it ideal for PAT, a therapeutic approach that uses
the heat generated by light to selectively destroy cancer cells. PAT using PPy particles allows the release
of heat by irradiating the particles with NIR laser, which causes the electrons to become excited and
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release energy in the form of heat. This increase in temperature is enough to cause irreversible damage
to tumour cells, leading to their death by necrosis or apoptosis, while the surrounding healthy tissues
remain unharmed due to their greater ability to dissipate heat [106].

PPy NPs are also characterised by biocompatibility and stability, making them particularly interesting
for clinical applications [107].
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2.1.6  Traditional synthesis of nanoparticles: bottom-up

Numerous methods have been developed to synthesise PNPs with tailored chemical and physical
properties suitable for specific applications, but generally these techniques are based on two main
approaches: top-down and bottom-up [108].
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Figure 5: Bottom-up approach. Image taken from Abid et al. [108]

Figure 5 illustrates the bottom-up approach, which involves the formation of nanostructures starting
from individual atoms or molecules, which gradually assemble into larger, organized structures [109].
The first method developed is solvent evaporation, the most widely used technique that uses the
dispersion of a pre-formed polymer [110]. It is an emulsion-based method, which can be single, oil-in-
water (o/w), or double emulsion (water-in-oil) in water (w/o/w) and requires the use of a surfactant,
which helps to stabilise the emulsion. The technique involves the dissolution of the polymer in a volatile
solvent, the formation of an emulsion and the subsequent evaporation of the solvent, which leads to the
formation of NPs. The solvent is evaporated by magnetic stirring at room temperature or under vacuum,
followed by centrifugation to collect the nanoparticles, which are then purified to remove surfactant
residues and finally lyophilised [111]. As one of the first methods developed, solvent evaporation has
been greatly optimised and remains widely used thanks to its simplicity, reproducibility, and high
encapsulation efficiency for lipophilic compounds [112]. However, this technique involves some
disadvantages such as difficulties removing the surfactants and the potentially toxic nature of the used
solvents [113].

Another traditional technique used is salting out, which allows the synthesis of PNPs without the use of
surfactants and chlorinated solvents, thus reducing environmental impact and health risks [114]. This
method exploits the salting-out phenomenon, which refers to the reduction of the miscibility between
water and an organic solvent, and consequently the precipitation of a polymer, caused by the presence
of high concentrations of dissolved salts in the aqueous phase [115]. In this process, the polymer is
dissolved in an organic solvent that is completely miscible in water. The solution is emulsified in an
aqueous phase that contains high concentrations of salts or sugars, which change the miscibility between
the solvent and water, preventing the polymer from dissolving in the aqueous phase. In order to induce
the precipitation of the polymer and the formation of NPs, the emulsion is subsequently diluted with a
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large amount of water, reducing the concentration of salts or sugars in the aqueous phase, favouring the
migration of the solvent from the emulsion droplets to the outside and causing the precipitation of the
polymer in the form of nanoparticles [111]. This method is considered a safer and more environmentally
friendly alternative to traditional techniques based on solvent evaporation, as it avoids the use of
chlorinated solvents, which are harmful to both the environment and physiological systems [116].
Although the purification process can be complex, as residual salts or sugars must be completely
removed from the NP solution [117]. It is not always effective with all types of polymers, especially
those with low affinity for the solvents used [118].

The nanoprecipitation technique, also known as solvent displacement, is a widely used method for the
rapid and simple production of PNPs [111]. The principle behind this method relies on the rapid diffusion
of an organic solvent, in which the polymer is dissolved, into an aqueous phase. This process causes a
reduction in the interfacial tension between the two phases, which promotes the formation of small
droplets of the organic solvent and ultimately leads to the precipitation of the polymer as NPs with well-
defined sizes [119]. The nanoprecipitation system consists of three main components: a polymer
dissolved in an organic solvent (such as acetone, ethanol, or methylene chloride), a non-solvent
(typically water), and, in some cases, a surfactant. The non-solvent is a liquid that is miscible with the
organic solvent but does not dissolve the polymer; this incompatibility is what triggers the polymer's
precipitation [111]. Although not strictly necessary, a surfactant is often added to improve the long-term
stability of the NPs by preventing their aggregation [120]. During the process, the organic phase is added
dropwise into the aqueous phase under moderate magnetic stirring, ensuring uniform mixing and
controlled diffusion. The formation of NPs is not caused by the stirring itself, but rather by the rapid
diffusion of the organic solvent into the aqueous medium. This leads to local supersaturation of the
polymer, which immediately precipitates out of solution to form nanoparticles [111]. The mechanism of
NP formation occurs in three stages: nucleation, growth, and aggregation. Initially, during nucleation,
the supersaturation of the polymer results in the formation of small nuclei. In the growth phase,
additional polymer molecules migrate toward these nuclei, increasing their size. Finally, in the
aggregation phase, the particles may cluster together, unless properly stabilized. The key to obtaining
uniform, well-defined nanoparticles lie in effectively separating the nucleation phase from the growth
phase, which can be achieved by carefully controlling parameters such as polymer concentration, solvent
addition rate, and stirring intensity. This separation prevents uncontrolled particle growth and ensures a
narrow size distribution [121]. Some advantages of the nanoprecipitation technique are its simplicity,
speed, and reproducibility and scalability. However, it involves the use of organic solvents, which may
raise environmental and safety concerns and ensuring the long-term stability of the nanoparticles can be
challenging without the use of appropriate stabilizing agents or optimized formulations [117].

The dialysis method is a rather simple technique for obtaining PNPs a solution containing the polymer
dissolved in an organic solvent from an external medium consisting of a non-solvent, usually water. As
the organic solvent diffuses through the membrane, the polymer becomes less and less soluble and
eventually precipitates in the form of nanoparticles [111]. This method is simple and effective, allowing
for the formation of homogeneous suspensions without the need for chemical additives or surfactants
[119]. However, it is a very slow process, often taking several hours or even days, as the solvent must
gradually diffuse through the membrane [122]. Moreover, the formation mechanism is not yet fully
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understood, and the choice of solvent can affect the morphology and particle size distribution of the NPs
[111].

One of the earliest methods developed to try to overcome the use of organic solvents and surfactants
involves the use of supercritical fluids, which are fluids compressed and heated above a critical
temperature and critical pressure [123]. Under these conditions, the physical and chemical properties of
the fluid are intermediate between those of a gas and a liquid, behaving like a gas but with the typical
density of a liquid [124]. Among the most common methods are Rapid Expansion of Supercritical
Solutions (RESS), Rapid Expansion of Supercritical Solution into Liquid Solvent (RESOLV), the Gas
Antisolvent process (GAS), the Supercritical Antisolvent process (SAS), and Particles from Gas-
Saturated Solutions (PGSS) [111]. RESS involves dissolving a solute in a supercritical fluid, typically
CO2, and rapidly expanding the solution through a nozzle into ambient conditions. This results in
supersaturation and particle precipitation [125]. While this method avoids organic solvents and produces
relatively pure particles, its main limitation is the poor solubility of many polymers in supercritical CO:
[111]. Additionally, RESS often leads to the formation of microparticles or aggregates due to particle
growth during expansion [125]. To address these limitations, RESOLV was developed as a modification
of RESS, where the supercritical solution is expanded into a liquid solvent instead of air [126]. This
suppresses particle growth and favours the formation of smaller, nanoscale particles. However, issues
such as particle aggregation over time and the need for stabilizing agents (e.g., NaCl in the receiving
liquid) remain challenges [127]. Overall, the advantages of these supercritical fluid techniques include
high product purity, reduced environmental impact and precise control over particle morphology [128]
[129]. However, they are also associated with technical complexity, high equipment costs, sensitivity to
processing parameters, and limited polymer solubility, which can restrict their broader application [111],
[130]. Despite these drawbacks, such methods are increasingly explored: Meziani et al. [127]
successfully synthesized poly(heptadecafluorodecyl acrylate) (PHDFDA) NPs with diameters below 50
nm using the RESOLV (Rapid Expansion of Supercritical Solution into Liquid Solvent) technique.
These fluorinated PNPs demonstrated excellent colloidal stability in aqueous media and showed
potential for therapeutic applications, particularly as contrast agents or drug delivery vehicles due to
their unique surface properties and nanoscale dimensions. The authors achieved this by expanding
supercritical CO: solutions into an aqueous NaCl receiving solution, which helped control particle

growth and minimize aggregation.
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2.1.7  Traditional synthesis of nanoparticles: Top-down
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Figure 6: Top-down approach. Image taken from Abid et al. [108]

Figure 6 illustrates the top-down approach, that involves scaling down bulk materials to achieve
structures at the nanoscale [108].

Ball milling is the simplest and most efficient mechanical method within the top-down approach,
producing nanoparticles through attrition [ 108]. This technique is based on the application of mechanical
energy to materials through impact, friction, shear, and compression within equipment called mills.
These mills can be of different types: they can transmit kinetic energy directly to the particles through
mechanical elements such as rotating shafts or rollers (direct mill), or the energy is transferred to the
mill, which in turn transmits it to the material through friction and centrifugal forces (indirect mill).
Compressive, impact, frictional and shear stresses are applied to the material, resulting in fracture,
agglomeration and final dispersion of the material, which is the distribution and separation of
nanoparticles due to shear effects [131]. This technique is simple, reliable, and safe; however, it is a
destructive treatment that can alter the semicrystalline structure of the material and has as disadvantages
the noise generated and the risk of contamination [108].

Laser ablation is a technique that uses pulsed laser beams to remove material from a substrate surface,
enabling the creation of micro- and nanostructures [108]. The laser energy is absorbed by the electrons
in the material, which transfer it to the crystal lattice by electron-photon coupling. If the pulse duration
is longer than 1 picosecond the excess energy is converted into heat that melts the material, while if it is
shorter the energy is confined to a small volume, leading to ablation by direct sublimation. Ablation
generates a plume, a high-temperature, high-pressure cloud containing excited species that expands
rapidly, compressing the surrounding gas and generating shock waves. With cooling, nucleation and
condensation of the vaporized species occurs, leading to the formation of NPs. Finally, the particles
diffuse into the background gas, completing the process [132]. This technique has the advantage of
involving low energy loss, making it a very efficient process; on the other hand, to achieve high ablation
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efficiency, a significant amount of energy must be used, which can be a limitation in terms of cost and
practicality [108].

Another method for the synthesis of nanoparticles is the thermal evaporation that is part of the Physical
Vapor Deposition (PVD) techniques and involves the use of heat to induce chemical breakdown [108].
Solid materials are vaporized under vacuum conditions; the atoms or small clusters thus generated
condense on surfaces to form thin films or NPs. The use of low vapor pressure liquids, such as silicone
oils, vegetable oils or room temperature ionic liquids (RTILs), allows these atoms to be trapped on or
within the surface of the liquid, facilitating the controlled formation of dispersed NPs [133]. This process
does not require the use of solvents and is particularly suitable for materials with a low melting point;
however, it can be complex to deposit certain alloys, making it difficult to achieve certain compositions
[108].

Among the various PVD techniques, sputtering is another commonly used method, also belonging to
the top-down approach [108]. It is based on the generation of a plasma containing positive ions, usually
obtained from noble gases such as argon, which bombard a target consisting of the material to be
deposited. The impact causes atoms to be ejected from the target and deposited on the substrate. There
are different sputtering configurations, including direct current (DC) sputtering, suitable for conductive
materials, radio frequency (RF) sputtering, ideal for insulating materials, and magnetron sputtering,
which uses magnetic fields to confine the plasma close to the target, increasing efficiency and deposition
rate. The latter is particularly popular due to its high deposition rate and ability to work at lower pressures
[134]. This method allows operation at low temperatures and provides a stable, long-lasting vaporization
source. Nevertheless, it requires expensive equipment, and sputtering rates are generally low compared
to thermal evaporation, which can limit productivity in nanoparticle synthesis [108].

2.2 Pyrrole
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Figure 7: Chemical structure (left) and molecular orbitals (right) of pyrrole.
Images adapted from Su et al. [290] and taken from Szatylowicz et al. [291]7

Pyrrole is an electron-rich heteroaromatic compound, a five-membered ring with six m-electrons,
composed of four carbon atoms and one nitrogen atom (Figure 7). The nitrogen atom exhibits
coordinating properties, enabling the formation of a wide range of metal complexes with pyrrole
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derivatives and macrocyclic pyrrolic structures [135]. The name "pyrrole" derives from the Greek word
pyrrols, meaning "fiery", referring to the red coloration it imparts to wood when moistened with
hydrochloric acid. Pyrroles display lower basicity compared to amines and other aromatic compounds
containing a pyridine ring. This reduced basicity is due to the delocalization of the nitrogen lone pair
within the aromatic system of the pyrrole ring. Pyrrole has a pKa value of 3.8, and protonation disrupts
its aromaticity, leading to a loss of this stabilizing feature [136]. Pyrrole itself is not naturally derived,
but its analogues are present in various natural products and cofactors such as vitamin B12, bile pigments
like bilirubin and biliverdin [137], [138], and porphyrinoids including heme, chlorophyll, chlorins,
bacteriochlorins, and porphyrinogens [139], [140], [141], [142].

The pyrrole subunit has a wide range of applications in therapeutically active compounds, including
fungicides, antibiotics, anti-inflammatory drugs [143], cholesterol-lowering agents [144], antitumour
drugs [145], and more. Pyrrole derivatives are known to inhibit reverse transcriptase from human
immunodeficiency virus type 1 (HIV-1), as well as cellular DNA polymerases and protein kinases.
Additionally, pyrrole-like units are found in polymers such as those based on thieno[3,4-c]pyrrole-4,6-
dione (TPD), which are widely used in organic photovoltaics, [ 146], in indigoid dyes such as indigo and
its derivatives (e.g., indirubin), which contain a fused pyrrole-like ring system that contributes to their
intense coloration and electronic properties [144], and in larger aromatic systems such as porphyrins
and related heteroaromatics, where the pyrrole unit contributes to the overall aromaticity and electronic
delocalization, playing a key role in stability and function [147].

2.3 Polypyrrole

PPy is a conductive polymer with outstanding electrical, physicochemical, and biological properties,
that emerged as a promising nanomaterial in various biomedical applications. Its electrical conductivity
supports its use in electrically active tissue engineering, such as neural or cardiac regeneration,
promoting cell signaling and tissue repair [148], [149]. Furthermore, its inherent biocompatibility,
particularly when functionalized or incorporated with natural polymers like chitosan or alginate,
enhances cell adhesion and proliferation [148]. This effect is attributed to PPy's tunable electrical
properties, which can mimic the native electrical cues of nerve tissues, thus stimulating electrically
responsive cells. Additionally, its good environmental and thermal stability, low toxicity, and mechanical
properties contribute to creating a supportive microenvironment that promotes cell growth. When
combined with hydrophilic and biodegradable polymers like alginate or nanochitosan, the scaffold
surface becomes more hydrophilic, further facilitating cell attachment.

PPy NPs are stimuli-responsive materials that can react to a variety of external triggers, including
electrical fields, NIR light, pH changes, and temperature variations, making them highly attractive for
applications in controlled drug delivery and cancer therapy [150], [151]. Their electrical responsiveness
stems from their intrinsic conductivity, due to delocalized m-electrons along their conjugated backbone.
This feature enables PPy to be doped with negatively charged therapeutic molecules during synthesis
and to subsequently release them upon application of an electric field, a mechanism that allows for
precise, on-demand drug delivery with minimal systemic side effects [152]. PPy also exhibits excellent
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photothermal properties under NIR irradiation; upon exposure to NIR light, PPy nanoparticles can
convert light into heat, causing localized cell damage and enabling photothermal therapy. This approach
was shown to effectively kill HEP G2 cells in vitro and enhance the uptake of chemotherapeutic agents
such as allicininto tumour tissue, demonstrating synergistic potential when combined with
chemotherapy [150]. In terms of pH responsiveness, PPy NPs can modulate drug release based on
environmental acidity or alkalinity. Their degree of protonation increases in acidic environments,
facilitating the binding of negatively charged drugs, whereas an increase in pH reduces protonation and
promotes cargo release. This pH-sensitive behaviour allows PPy systems to be tailored for selective drug
release in acidic tumour microenvironments or intracellular compartments [153]. Additionally,
temperature-responsive systems incorporating PPy nanogels stabilized with triblock polymers have
shown promise in controlled drug release. These soft, injectable platforms respond to temperature
changes, forming in situ nanogels that load high amounts of doxorubicin and release it in a sustained
manner. Upon NIR irradiation, these nanogels enable effective penetration and therapeutic action within
tumours, demonstrating the versatility and potential of PPy-based systems in multi-modal cancer
treatment [154].

Additionally, PPy NPs can be chemically modified with targeting ligands or bioactive molecules,
enabling targeted delivery and multifunctional therapeutic platforms [5], [151]. The material also
integrates well with other biocompatible scaffolds and hydrogels, leading to the development of
electroconductive composite scaffolds for tissue engineering [148], [149]. In neural tissue engineering,
Manzari-Tavakoli et al. [148] incorporated PPy into alginate and further reinforced it with nanochitosan,
forming a nanocomposite scaffold with high conductivity, hydrophilicity, porosity, and mechanical
stability. This composite supported excellent cytocompatibility and promoted the adhesion and
proliferation of both OLN-93 neural cells and fibroblasts, making it a promising candidate for neural
regeneration strategies. Additionally, the use of chitosan NPs enhanced surface hydrophilicity and
provided a favourable microenvironment for cellular interactions. In bone tissue engineering,
electrospun nanofibrous scaffolds composed of a polycaprolactone (PCL) matrix with in situ
polymerized PPy NPs demonstrated a significant improvement in conductivity, surface roughness, and
mechanical strength. These scaffolds closely mimicked the extracellular matrix, offering a high surface-
area-to-volume ratio ideal for cell attachment. Under electrical stimulation, they significantly enhanced
osteoblast-like MC3T3-El1 cell proliferation and differentiation, as evidenced by increased ALP activity
and mineralization [149].

21



2.4 Plasma technology: overview

Conventional methods, as described above, are being widely used for the synthesis of NPs. However,
several limitations, such as the use of toxic organic solvents, the presence of surfactants, complex
purification procedures, limited polymer compatibility, colloidal instability, poor control over particle
size and morphology, long processing times, high technical complexity, and elevated equipment costs,
have driven research toward alternative approaches. Among these, plasma-based synthesis has gained
increasing attention, offering several advantages [155]

2.4.1 Plasma, the fourth state of the matter

Plasma is defined as the ‘fourth state of the matter', and it is the predominant state of matter in the known
universe, as it constitutes stars, the solar wind, and nebulae [156]

It is well-known that by supplying energy to matter, it transitions from the solid to the liquid state, and
eventually to the gaseous state. However, if energy continues to be supplied to a gas, the gas particles
absorb enough energy to overcome the attractive forces binding electrons to atomic nuclei, resulting in
the partial or complete removal of electrons from atoms or molecules. This process, known as ionization,
leads to the formation of an entirely new state of matter: plasma [157].

Plasma consists of a mixture of charged particles, including free electrons and positive ions, along with
neutral particles such as non-ionized atoms and molecules [158].

Different parameters can be used to classify the diversity of plasma types that exist in nature or can be
generated artificially. The main classification is based on their thermal equilibrium, whether the
temperature or average energy of the particles that compose them is uniform across different particle
types [159].

2.4.2 Thermal plasmas

Thermal plasmas are in ‘thermal equilibrium’ since both the electrons and the heavy species, such as
neutral particles and ions, reach the same temperatures. These temperatures are extremely high,
equivalent to millions of kelvins, typically in the range of 1,000,000 to 100,000,000 K [160].

Such high temperatures make thermal plasmas widely used in industrial applications [161]. Due to their
high energy density and precision, thermal plasmas are widely used for cutting metals, a process that
involves localized melting and removal of molten material by high-velocity plasma jets [162]. They are
also employed for welding metals, particularly stainless steels and carbon steels, offering advantages
such as deep penetration and minimal distortion [163]. Plasma spraying is another key application,
where particles are melted in the plasma jet and accelerated onto substrates to form coatings for wear
resistance, thermal insulation, and corrosion protection [164]. Thermal plasmas also play a critical role
in metallurgical processes, including remelting and purification of metals like titanium and aluminium
[165], as well as reheating molten steel in tundishes to maintain optimal casting temperatures [166]. In
chemical synthesis, plasmas enable high-temperature reactions for producing acetylene [167] and TiO:

pigments [168]. Finally, thermal plasmas are increasingly used in waste treatment, where they destroy
22



hazardous and radioactive materials through pyrolysis and vitrification, minimizing harmful byproducts
[169], [170].

2.4.3 Non-thermal plasmas

In contrast, non-thermal plasmas, also referred to as cold plasmas, are characterized by a significant
disparity between the temperatures of their constituent particles. The heavy species, including ions and
neutral atoms, remain at relatively low temperatures, close to room temperature, typically ranging from
300 to 500 K. Meanwhile, the electrons in non-thermal plasmas exhibit much higher temperatures, often
reaching values between 10,000 and 100,000 K, but due to their small mass the effect of the temperature
on the plasma is negligible [160]. This thermal imbalance allows this type of plasmas to exist under
conditions where the overall gas temperature remains low, making them suitable for a variety of
applications [157].

In the last two decades, increasing attention has been given to non-equilibrium plasmas, particularly in
the biomedical field, due to their singular properties. One of their key advantages lies in their ability to
interact with materials without excessive heating, which is crucial for applications involving biological
tissues or heat-sensitive materials [171]. Additionally, non-equilibrium plasmas are highly effective in
generating a wide array of reactive components, including charged particles (electrons and ions), neutral
metastable species, radicals, and a diverse group of reactive oxygen and nitrogen species (RONS), such
as singlet oxygen ('O2), ozone (Os), hydroxyl radicals (*OH), hydrogen peroxide (H20:), nitric oxide
(NO), and nitrogen dioxide (NO2). [171]. These reactive species play a fundamental role in several
biomedical applications, such as sterilization, wound healing, cancer therapy, and drug delivery [172].

2.44  Atmospheric Pressure Plasma

Cold plasmas can be generated under a wide range of conditions depending on the intended application.
One of the key parameters is the gas pressure. At a fixed gas temperature, pressure determines the overall
density of gas particles, which in turn affects the frequency of collisions between them. As pressure
increases, collisions become more frequent, thereby increasing the likelihood that particles will
eventually reach a steady-state energy equilibrium [173].

In the 20th century non-equilibrium plasmas at reduced gas pressure (p < 133 mbar) became a widely
used industrial technology for coating and have been applied to surface processing. These systems
require expensive vacuum systems and pumps, for this reason, there has been a growing interest, mainly
over the last two decades, to replace these systems by non-equilibrium cold atmospheric plasmas [173].
APP can be generated using different techniques, each with specific characteristics and applications
[174]. One common method is Dielectric Barrier Discharge (DBD), in which a high voltage alternating
current is applied between two electrodes separated by a dielectric material. This configuration prevents
arc formation and produces a uniform plasma, making it ideal for surface treatments such as polymer
modification and sterilization [175]. Microwave Atmospheric Plasma is another technique that uses
microwave energy to generate a stable, high-density plasma without direct electrode contact, which is
particularly useful for advanced chemical processing and surface engineering [175]. Plasma Pens or
Cold Plasma devices generate a localized, low-temperature plasma, often used in medicine for wound
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healing, disinfection, and tissue activation. Another approach is the APPJ, in which a gas flow, typically
helium or argon mixed with reactive species, is ionized by an electric field [175].

APPJs have been studied for over 50 years, during which their design and plasma generation
mechanisms have evolved and been tailored to suit a wide range of applications [172]. These devices
offer the significant advantage that the discharge region, where breakdown takes place, is separated from
the treatment area. As a result, a plasma plume extending several centimetres into the surrounding air is
generated, making them suitable for the direct treatment of targets of various sizes. [176].

One of the main benefits of APPJs is their ability to operate at low temperatures, making them ideal for
substrates that are heat-sensitive [177]. Another significant advantage is that they do not require vacuum
chambers or complex pumping systems, typically a major source of cost and maintenance in traditional
plasma systems. This simplification not only reduces energy consumption but also facilitates system
setup, making the technology more accessible for large-scale use [175]. Moreover, APPJs are highly
versatile: they can operate at low power and across a wide frequency range, including direct current
(DC), alternating current (AC), radio frequency (RF), and microwave sources [178].

A crucial environmental benefit of plasma-based processes is their eco-friendly nature, offering a clean
alternative to conventional methods that often involve toxic chemicals and organic solvents. This
reduces both environmental and health risks, promoting a more sustainable approach to NP production.
As a result, APPJs are particularly suitable for biomedical and environmental applications, where
compatibility with organic materials and low ecological impact are of central importance [8].

Recent studies have demonstrated that plasma-synthesised materials often exhibit superior chemical and
physical properties compared to those produced through conventional methods [179]. For instance, NPs
synthesised using plasma jets exhibit improved dimensional uniformity and a more homogeneous
distribution on treated surfaces, making them particularly suitable for medical applications such as drug
delivery systems and antibacterial coatings for implantable devices [180]. Furthermore, plasma's ability
to activate surfaces and modify chemical properties expands its potential to a wide array of advanced
applications, including catalysis [181], sensor development [182], and the fabrication of functional
materials for electronics and energy sectors [183]. In conclusion, the synthesis of NPs using APPJ
technology presents a compelling alternative to traditional methods. Shorter processing times, the
elimination of hazardous chemicals, energy efficiency, and compatibility with a broad range of materials

make this approach highly innovative, versatile, and sustainable [179]

2.4.5  Atmospheric Pressure Plasma Jet Devices

Plasma jets represent a versatile and constantly evolving technology, with different variants differing in
terms of power mode, excitation frequencies and applications [172].

DC plasma jets operate at atmospheric pressure and are widely used due to their ability to generate
reactive chemical species. Among the most studied configurations are micro cathode discharge jets,
which can produce high ozone concentrations and allow control of plasma properties by varying the gas
composition and discharge current [184]. These devices are promising for biomedical applications due
to their flexibility in producing reactive species. Other models, such as the plasma jet with an internal
electrode and external mesh, are used for thin film deposition [185], while pure oxygen plasma jets have
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shown efficacy in sterilising bacteria such as Escherichia coli by exploiting reactive species such as
ozone and singlet oxygen [186]. Applications range from medicine to decontamination, with the
additional potential to reduce thermal damage on heat-sensitive materials [172].

Pulsed DC plasma jets are distinguished from DC models by their self-pulsed behaviour, in which
plasma discharge occurs via high-voltage pulses or in self-oscillating mode. These devices, such as the
pin-to-mesh configuration, generate plasma at controllable temperatures and reactive chemical species
such as ozone and nitric oxide, finding applications in plasma medicine [187] . The use of nanosecond
transient spark discharges in some studies has shown how rapid repetition of discharges can generate
extremely short discharge events, optimising interaction with surfaces [188]. An interesting example of
this type of device is the brush plasma jet developed for large surface treatments, where the discharge
propagates in a wide jet thanks to a sliding arc between tungsten electrodes [189]. Furthermore, research
on the sterilisation of bacterial biofilms highlights the potential of pulsed plasma jets in inactivating
microorganisms on sensitive biological surfaces [172].

Plasma jets operating at kHz and RF frequencies represent an advanced class of devices operating at
high frequencies, such as 30 kHz or 13.56 MHz, and are used in numerous fields, including surface
modification and thin-film deposition. For example, 30 kHz plasma jets can operate in low-power and
high-power modes, enabling the analysis of micro-discharges in relation to electrode geometry [190].
Other models, such as the radiofrequency Kinpen, are particularly relevant in biomedicine, where the
modulation of reactive species in plasma, such as ozone and hydrogen peroxide, may have applications
in wound treatment or sterilisation [191].

Microwave plasma jets are a further development that has led to devices capable of generating plasma
without the use of mechanical ignition components, improving the stability and reproducibility of the
process [192]. Such devices are capable of operating at low power, controllable temperatures, and are
used in biomedical applications, such as the sterilisation of bacteria, where UV-C radiation and hydrogen
peroxide formation contribute to microbial inactivation. Miniaturised microwave devices, operating at
lower powers, also offer opportunities for portable applications, such as pollutant detection. The
miniaturisation of microwave plasma jets has paved the way for more compact and efficient solutions
for the sterilisation and treatment of delicate surfaces [193].

As result, the growing variety of plasma jet devices and different operating modes (continuous, pulsed,
microwave) offer ample customisation possibilities for all kinds of applications. Current research
focuses on optimising the production of reactive species, the manipulation of plasma chemistry and the
effectiveness of treatments, with the aim of making these devices increasingly versatile and efficient for

uses ranging from medicine to environmental technology [172].

2.4.6  Application of atmospheric pressure plasmas

Plasma treatment is widely used to modify polymer surfaces, with objectives ranging from surface
activation to improve adhesion, cleaning, modification of hydrophobic or hydrophilic properties, and
even etching of polymers. The use of atmospheric radiofrequency plasma jets has proven effective for
the treatment of materials, especially heat-sensitive ones. For example, argon plasma treatment can
improve the hydrophilic character of some materials, as demonstrated by the reduction in the contact
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angle of water on PET surfaces after treatment [194]. Polymers, generally having a low surface energy,
present adhesion problems. APPJ treatment has been successfully used to increase surface energy and
improve adhesion. Tissues can also be treated with APPJ. Treatment with helium or oxygen plasma has
been shown to be effective in cleaning cotton fabrics, making it a more efficient alternative to wet
cleaning [194].

Another application can be found in the deposition of coatings by APPJs, a more complex process than
simple surface treatment as it requires the introduction of a precursor in vapour form. Liquid precursors
are atomised or vaporised before being transferred into the working volume of the APPJ [194]. These
devices are widely used for the deposition of ZnO films, using organometallic precursors, organic or
inorganic solutions. Such coatings have different functionalities, they can be exploited to improve a
material's electrical properties, transparency, corrosion resistance or to fabricate micropatterns on the
surface. Although most applications of APPJs involve the deposition of oxides, the possibility of
depositing metallic coatings has also been demonstrated, resulting in high-purity coatings [195]. Plasma
is widely used for applications such as sterilisation and tissue regeneration. However, the use of high-
temperature plasma in therapeutic settings can cause serious damage to living tissue. The generation of
low-temperature (30-50°C) atmospheric plasmas, which retain the same beneficial properties as hot
plasma, offers great potential for biomedical applications, including sterilisation, bacterial inactivation,
dentistry, wound healing and cancer treatment. Reactive species in plasma (such as O, NO and OH) have
been shown to play a key role in sterilisation, causing the inactivation of bacteria such as Staphylococcus
aureus and Escherichia coli [196], [197]. Factors such as the distance to the nozzle and the composition
of the gas influence the effectiveness of the treatment. The use of helium with small amounts of oxygen
(0.2 \%) showed a high bacterial inactivation efficiency. Plasma has also been used in dentistry to
sterilise root canals [198] modify the surface of enamel and dentin [199] and improve the effectiveness
of hydrogen peroxide bleaching [200]. APPJs have also been tested for the treatment of chronic infected
wounds, demonstrating efficacy without causing pain to patients [201]. Furthermore, cold plasma has
shown great potential in cancer therapy by selectively inducing oxidative stress in cancer cells without
damaging healthy ones. Studies on melanoma, colon, breast and brain cancer cells have shown a
reduction in their viability after plasma treatment, especially with the addition of oxygen to the working
gas [194].

One of the most interesting applications of the APPJ, as illustrated above, is the generation of NPs. For
example, a single-step process has been developed to synthesise crystalline Li4TiSO12 (LTO) particles
directly from a solution containing titanium ions and lithium, transported by carrier gas. By adjusting
the operating conditions, particles with diameters ranging from 100 nm to several micrometres can be
obtained [202]. Another study, by J. Cao et al, described the synthesis of hollow NPs using plasma
polymerisation [203]. A low-pressure plasma was used to polymerise various organic precursors, sixteen
different molecules were tested, and it was found that twelve of them formed hollow particles in a
reproducible manner. The particle sizes ranged from 70 nm to almost 1 pm, with the hollow core
diameter averaging 18\% of the particle diameter. The method described is a single-pass, low-
temperature process that produces submicron-sized hollow particles. These particles could be useful for
the encapsulation and controlled release of molecules. Habib et al investigated the synthesis of silver
nanoparticles using a helium plasma jet at atmospheric pressure [204]. Silver nitrate was used as a
precursor and trisodium citrate as a coating agent. The effect of various chemical parameters, such as
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the concentration of silver nitrate and citrate, on NP synthesis was examined. The NPs were
characterised by transmission electron microscopy and dynamic light scattering analysis. The results
showed that the concentration of citrate significantly influences the morphology and size distribution of
the NPs, with lower concentrations producing spherical and monodisperse particles, while higher
concentrations lead to agglomerated and larger particles. The proposed methodology was found to be
advantageous for the rapid production of silver NPs under favourable environmental conditions, with
potential applications in catalysis, bioactivity, enhanced Raman scattering and photonics.

2.5 Formation of reactive species

The number of species generated is very large, making it very difficult to obtain complete experimental
information on the chemical composition of the gas in the jet effluent. Several parameters, such as the
gas flow, electrodynamic processes, discharge dynamics and kinetics, chemical transformations can
influence the production of reactive species [205]. Additionally, the mixing of plasma-forming gases
(usually He or Ar) with ambient air (N2, Oz, H20) is typically described by coupled Navier—Stokes and
diffusion equations, which yield the spatial distribution of neutral species and serve as a basis for
discharge modelling [206].

However, based on the work of Lu X et al. [205], some of the main reactive species produced by Cold
Atmospheric Pressure Plasma Jets (APPJs) can be identified as follows:

e Reactive Oxygen Species (ROS): Atomic Oxygen (O), Ozone (O3), Hydrogen Peroxide (H,0»),
Hydroxyl Radical (OH-), Superoxide Anion (O,)

e Reactive Nitrogen Species (RNS): Nitric Oxide (NO), Nitrogen Dioxide (NO-)

e FElectrons and lons: Free electrons, positive and negative ions

e Metastable species: excited states of helium (He*) and argon (Ar*), depending on the chosen gas

The formation of these reactive species begins with ionization and dissociation processes. Collisions of
high-energy electrons with neutral gas molecules such as oxygen, nitrogen, or water vapor can break
molecular bonds, forming radicals and ions. Molecular oxygen can dissociate into two oxygen atoms,
and nitrogen molecules can be excited to metastable states. These initiating reactions set the stage for
further chemical processes [205].

One of the most significant reactions in APPJs is the production of ozone and atomic oxygen. Oxygen
molecules, when impacted by high-energy electrons, can split into highly reactive atomic oxygen, which
then combines with other oxygen molecules to form ozone. Similarly, reactive nitrogen species are
formed when excited nitrogen molecules react with oxygen to produce nitric oxide and nitrogen dioxide,
both of which play important roles in biological and environmental processes [207].

When plasma comes into contact with liquids, the process becomes even more complex. Reactive
species can diffuse into the liquid phase, triggering additional reactions that produce hydrogen peroxide
and other reactive compounds. [208].

The formation of these reactive species plays a central role in plasma medicine, where they are
considered key therapeutic agents [205]. Early studies showed that these species can effectively
inactivate a broad spectrum of pathogens, including antibiotic-resistant bacteria, without harming
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surrounding healthy tissue [209]. Moreover, under carefully controlled conditions, plasma-generated
reactive species can promote fibroblast proliferation, supporting wound healing [210], and selectively
trigger apoptosis in cancer cells via redox-sensitive signaling pathways [211].

2.6 Helium

Helium is the second most abundant element in the universe. It is a very light (4 g/mol), odourless,
tasteless, and colourless noble gas, characterized by its chemical inertness, non-flammability and low
toxicity. These properties contribute to its excellent safety record, making it suitable for use in sensitive
environments, including medical applications [212]. Helium’s unique physical properties, such as low
density, low solubility, and high thermal conductivity, enable its use in several fields, among which
respiratory therapy [213], cardiovascular protection during ischemic events [214], abdominal
insufflation in laparoscopic surgery [215], magnetic resonance imaging (MRI) imaging of the lungs
using hyperpolarized helium [216], and high-resolution imaging via helium ion microscopy [217].

He as a discharge gas exhibits low breakdown voltage, low gas temperature, and a stable glow discharge,
which is maintained over a wide range of operating conditions including varying, input RF power levels,
gas flow rates, and discharge gap configurations [218].

Comparative studies of atmospheric pressure plasma characteristics between helium and argon as
discharge gases have demonstrated the advantages of using helium for plasma generation at atmospheric
pressure The results showed that the breakdown voltage required for helium was less than 3 kV, whereas
argon required approximately 5.5 kV to initiate a plasma discharge in a jet. Furthermore, the current
waveform was more stable in the case of helium, while argon exhibited greater distortion. The rotational
temperature was found to be higher in argon plasma compared to helium plasma, which is a crucial
parameter when aiming to avoid excessive heating during the nanoparticle formation process. This
temperature difference was attributed to the disparity in thermal conductivity between the two gases:
helium has a thermal conductivity of 0.1415 W-m™-K™!, while argon has a much lower value of 0.0162
W-m™-K™'. Helium’s higher thermal conductivity enables more effective transfer and dissipation of
thermal energy compared to argon. The plasma jet length, defined as the visible plume extending from
the APPJ nozzle, was found to depend on the gas flow rate. Under the same flow conditions (2 to 5
L/min), the helium plasma effluent was longer than the argon plasma effluent. However, the helium jet
was also more sensitive to variations in gas flow rate and applied voltage. This sensitivity, particularly
the transition from laminar to turbulent flow in helium at higher flow rates (notably between 4 and 6
L/min), can be mitigated by optimizing the flow regime through careful adjustment of flow rate and
nozzle geometry to maintain laminar conditions. Additionally, operating at voltages that balance jet
stability and discharge length, avoiding extremes that promote instability, can further enhance effluent
control [219].
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2.7 Characterization techniques

This chapter provides an overview of the principles and applications of SEM, FTIR, XPS, and OES
used in this study.

2.7.1 SEM (Scanning Electron Microscopy)

Scanning Electron Microscopy (SEM) is a powerful and widely used technique for characterizing the
surface morphology and composition of materials at the micro- and nanoscale. Due to its versatility,
SEM is employed across numerous scientific and engineering disciplines, from materials science to
biology. It is particularly effective for analysing both organic and inorganic surfaces, offering high
spatial resolution and depth of field [220].

Unlike conventional optical microscopy, which is limited to a maximum useful magnification of
approximately 1000% due to the wavelength of visible light, SEM overcomes this limitation by utilising
a focused beam of high-energy electrons. These electrons are typically accelerated to energies between
2 and 30 kiloelectronvolts (keV), with some instruments reaching up to 1000 keV. At such energies, the
associated electron wavelengths are extremely short (ranging from 0.027 to 0.0009 nm), enabling
magnifications of up to 300,000 or more, up to 1,000,000% in advanced systems [220], [221].

When the electron beam interacts with the surface of a specimen, it generates a variety of signals due to
multiple types of interactions with the atoms in the sample. These signals include: secondary electrons
(SEs), backscattered electrons (BSEs), characteristic X-rays, Auger electrons, cathodoluminescence
(CL), electron beam-induced current (EBIC). Each of these carries different types of information, such
as surface topography, elemental composition, electronic properties, and crystal structure [221]. Among
these, secondary electrons (SEs) and backscattered electrons (BSEs) are the most commonly used for
imaging. SEs are generated when the primary beam transfers energy to loosely bound electrons in the
sample, causing their emission from the very surface (typically within a few nanometres depth). These
low-energy electrons are highly surface-sensitive and provide excellent topographic contrast and high
spatial resolution, making them ideal for observing surface morphology and fine details [221].

In contrast, backscattered electrons (BSEs) result from elastic collisions between the primary electrons
and atomic nuclei. They originate from deeper regions within the sample and are more sensitive to the
atomic number of the constituent elements. As a result, BSE images are particularly useful for
compositional contrast, since heavier elements scatter electrons more effectively and appear brighter.
Though BSE images offer slightly lower resolution than SE images, they are invaluable for
distinguishing between materials and analysing phase distributions, especially in heterogeneous or

multiphase samples [221].
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Figure 8: SEM components, adapted from Abdullah et al. [220].

To produce a finely focused electron beam, SEM instruments use a series of electromagnetic lenses and
apertures, which narrow the beam diameter down to the nanometre scale. The imaging process takes
place in a high-vacuum environment to prevent scattering of the electrons by air molecules. For non-
conductive or low-contrast samples, such as polymers or biological materials mainly composed of light
elements, it is common to apply a thin conductive coating (e.g., gold or platinum) to improve imaging
quality and reduce charging effects. A typical SEM system includes several key components, as shown
in the Figure 8: an electron gun to generate the electron beam, electromagnetic lenses for beam shaping
and focusing, a scanning coil to raster the beam over the sample, detectors (such as SE and BSE
detectors) to capture emitted signals, a specimen stage and a vacuum chamber to maintain the required
environment [222].

SEM was employed to analyse the morphology of the synthesised NPs. SEM imaging revealed the
presence of either nanoparticle deposition or continuous film formation, depending on the sample,
through surface and cross-sectional analysis. To quantify NP size, ImagelJ software was used to measure
the diameters under each experimental condition. From these measurements, the average diameter and

standard deviation were calculated.
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2.7.2  Fourier transform Infrared spectroscopy (FTIR)

Fourier Transform Infrared (FTIR) spectroscopy is based on the interaction of infrared radiation with
the functional groups within the analysed sample. As the infrared light passes through the sample, part
of it is absorbed while the rest is transmitted. The resulting spectrum reflects the molecular absorption
and transmission characteristics, effectively creating a molecular "fingerprint" of the sample. Each
material exhibits a unique pattern of absorption peaks, which correspond to the vibrational frequencies
of the chemical bonds between its atoms. these include stretching and bending vibrations such as
symmetric and asymmetric stretching (e.g., C—H, N-H, O-H) and bending modes like scissoring,
rocking, wagging, and twisting, typically observed in the mid-infrared region (4000—400 cm™) [223]
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Figure 9: Schematic representation of a basic interferometer
setup. Image taken from Mohamed et al. [292]

FTIR represents an advancement over traditional IR spectroscopy through the incorporation of a
Michelson interferometer. This component is fundamental to FTIR instruments, as it splits a single beam
of light into two separate paths, then recombines them and directs the resulting beam to the detector.
The detector measures the intensity differences between the two beams as a function of their path length
differences [224].

FTIR spectroscopy operates on the principle that the interference between these two beams produces an
interferogram, a signal that varies with the optical path difference created by the mirrors in the
interferometer block (Figure 9). The data in the time (or distance) domain can then be converted into
the frequency domain using a mathematical technique called Fourier transformation, which gives the
method its name: Fourier Transform Infrared Spectroscopy [223].

Since each material is composed of a unique combination of atoms, no two compounds produce identical
infrared spectra. As a result, infrared spectroscopy enables the reliable identification of different
substances. Additionally, the intensity of the peaks in the spectrum directly correlates with the quantity
of material present in the sample [225]

This device is widely used because of its high precision, accuracy, speed of analysis, enhanced
sensitivity, ease of operation, and sample non-destructiveness. FTIR can quantify the components even
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when present in low concentrations, and is particularly effective for assessing the composition, quality,
and consistency of materials. Its ability to collect data over a wide spectral range in a single measurement
significantly reduces analysis time while maintaining high spectral resolution. All these benefits
contribute to the high accuracy and reproducibility of measurements obtained through FTIR [226].
FTIR was employed to obtain chemical analysis of the deposited NPs.

2.7.3 X-Ray Photoelectron Spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XPS) is widely recognized as a crucial technique for the surface
characterization and analysis [227]. This technique enables comprehensive elemental analysis,
excluding hydrogen and helium, of the top 10 to 200 A of any solid surface that is vacuum-stable or can
be stabilized under vacuum conditions through cooling. Additionally, it provides valuable information
on the chemical bonding states of the detected elements [227]. As a result, this technique gives

information on chemical composition, oxidation state, and coordination number [228].

= '-~-\\Concentric Hemispherical
Analyzer

X-ray Source

Detector

Monochromator

Conduction Band /

7%
L%

Sample Stage

Figure 10: Basic schematic of an XPS measurement system. Image taken from
Magdy et al. [230]

The principles of XPS are based on the photoelectric effect [229]. When a solid is bombarded with
photons of energy Av, it emits photoelectrons from its surface. The kinetic energy of the photoelectrons
is measured by a spectrometer, which provides a spectrum consisting in a series of discrete bands and
the energy of these photo peaks reflects the electronic structure of the atoms present at the solid surface
[228]. The device is composed of four main components: an X-ray source, a monochromator, an analyser
and finally a detector [230] (Figure 10).

XPS is particularly useful for confirming the presence of surface functional groups and it was employed
to study the chemical composition of the nanoparticles surface.
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2.74 Optical Emission Spectroscopy (OES)

Optical Emission Spectroscopy emission is an analytical technique that involves the collection, spectral
dispersion, and detection of light from 200-900 nm [231]. This characterization technique is widely
used because it offers fast, accurate elemental analysis allowing for material certification, quality
checking, or to identify an unknown material. OES provides both qualitative (element identification)
and quantitative (element concentration) information about the analysed sample [232].
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Figure 11: Basic schematic of an OES measurement system.
Image taken from Urabe et al. [293]

The four major components of an OES device are: an excitation generator, an optical device that captures
light, a photodetector, and a spectrometer for signal read-out (Figure 11). When the energy from an
electrical discharge interacts with an atom, outer-shell electrons are ejected, creating a vacancy that
makes the atom unstable. To restore stability, an electron from a higher orbit falls into the vacancy,
releasing excess energy as element-specific light. Each element produces a unique set of spectral lines
resulting from electronic transitions between discrete energy levels. When electrons in the plasma
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collide with atoms or ions, they can excite their electrons to higher energy states. As these electrons
return to lower energy levels, they emit photons with specific wavelengths. The emitted light is directed
into an optical system, where a diffraction grating separates the wavelengths. Detectors capture the
intensity of each spectral line, generating a spectrum that plots light intensity versus wavelength [233].
With the resulting spectrum, it is possible to perform a qualitative analysis of the elemental composition
and, to some extent, a quantitative one. However, quantitative analysis is more difficult because the
intensity of the emitted light is not only related to the concentration of the species, but also depends on
other factors, such as the number of electrons in the plasma and how efficiently these electrons can
excite the species. Since these factors change with conditions like power, pressure, and gas mixture, the
relationship between intensity and concentration is not fixed and can vary significantly [234].

OES was employed to study the chemical composition of the generated plasma.
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CHAPTER 3

Materials and Methods

3.1 Experimental setup

This section describes the experimental apparatus used for the plasma-based synthesis of NPs,
detailing the configuration of the system and the key components involved.

3.1.1 Description of the single electrode APPJ-array generator

Discharge gas
flow controller Helium
Discharge
gas tube
i Bubbling gas
Power supply Carrier gas +
D monomer tube flow controller
HV electrode |
Jet holder

Quartz glass
and capillaries |—-- =]
=]

Bubbler
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Figure 12: Schematic representation of the used single electrode APPJ- array

The employed device consists of seven quartz capillaries, each with a length of 7 cm, an inner diameter
of 1 mm, and an outer diameter of 3 mm, enclosed in a quartz glass housing. It includes a high voltage
electrode connected to an alternating current-driven, and custom-made power supply operating at 50
kHz frequency a bubbling gas and precursor tube, and a discharge gas tube.

For precise tuning of the bubbling and discharge gas flows, two separate mass flow controllers
(Bronkhorst) were employed. The mass flow controller for the discharge gas has a maximum flow rate
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of 500 standard cubic centimeters per minute (sccm), while the one for the precursor + bubbling gas has
a maximum flow rate of 10 standard liters per minute (slm).

The bubbling gas (which, in this case, is the same as the discharge gas) passes through the bubbler
containing the liquid precursor. This causes the precursor to vaporize and mix with the bubbling gas
which is then pressurised by the incoming flow of the gas to the jet.

Inside the capillaries, where the plasma is present, the mixture of electrons, ions, excited species, and
radicals interacts with the precursor molecules as it flows through the plasma zone, leading to
fragmentation, polymerization and NP formation. Specifically, the plasma energy breaks the chemical
bonds of the precursor, forming reactive radicals. These radicals recombine to initiate polymerization,
resulting in the formation of oligomers. If enough radicals are present, they can also collide and form
NPs. These NPs continue to grow either by further precursor addition or by particle-particle fusion [235].
The synthesised NPs were deposited and analysed on circular microscope glass cover slips with a 25

mm diameter.

3.1.2 Process Parameters of the Plasma Jet-array

Throughout the experiments, the discharge gas and bubbling gas used to generate the plasma remained
unchanged: helium (Air Liquide-Alphagaz 1, 99.999% purity) was used in both cases. The liquid
precursor was pyrrole (Sigma-Aldrich, reagent grade, 98%), which gave rise to pyrrole-based NPs.

Initial experiments were conducted by varying the ratios between the discharge gas and the
precursor+bubbling gas, but keeping constant the total gas flow, to assess its influence on the deposition
process. Once an optimal flow rate was identified, this was kept constant for subsequent experiments.
Subsequent tests were then performed by varying, for each set, a single parameter at a time, while

keeping all the others constant, to isolate the specific effect of each variable on nanoparticle formation.

3.2 Experimental conditions

In this section the process conditions applied during the experiments and the sample preparation
procedure are outlined to provide context for the subsequent analysis.

3.2.1 Varied experimental conditions

The samples were prepared by exposing the substrates to the plasma jet-array under varying
experimental conditions, according to the parameter being investigated. The parameters analysed were
the ratio between the flow rate of the discharge gas and the flow rate of the bubbling gas and the liquid
pyrrole, the distance between the tip of the capillaries and the substrate, and the input voltage applied to
generate the plasma. For each set of experiments, a single parameter was varied at a time, while keeping
all others constant, as described earlier.
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Table 1: Tested ratios between discharge gas and monomer + carrier gas flows

Monomer + Discharge gas
bubbling gas flow flow rate

rate (sccm) (slm)
10 1.99
25 1.975
50 1.95
100 1.90
150 1.85
200 1.80
250 1.75
300 1.70
350 1.65
400 1.60
450 1.55
500 1.50

In the first set of experiments, the parameter that was varied was the ratio between the discharge gas and
the carrier gas carrying the precursor, while keeping the total gas flow constant at 2 slm. The ratios of
the components are depicted in Table 1.

In this series of experiments, the following conditions were kept constant: an input voltage of 9 kV, a
distance of 5 cm between the tip of the capillaries and the substrate, and a deposition time of 60 s.

Table 2: Tested capillaries-to-substrate distances

Distance from
capillaries
(cm)

3

-1 O h A
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Subsequently, the conditions that yielded the best results, specifically those that led to the formation of
nanoparticles rather than continuous films, with size distributions closest to the typical nanoscience
range of 1 to 100 nanometres, were selected for further analysis. Although some particle sizes slightly
exceeded 100 nm, these conditions were chosen because they produced the best overall results. Under
these conditions, the distance between the tip of the capillaries and the substrate was varied, with values
of3,4,5,6, and 7 cm (Table 2).

Table 3: Tested input voltages

Input voltage
k&V)

L= s T =)

Based on these results, the next step was to vary the input voltage, testing the following values: 6, 7, 8,
9, and 10 kV (Table 3). The initial value of 6 kV was chosen as it was experimentally found to be the
lowest voltage that allowed for the ignition of plasma and its maintenance.

All experiments were carried out under controlled laboratory conditions to ensure consistency. The
following parameters were kept constant during the entire experimental campaign: ambient temperature
(approximately 22 £+ 1 °C), relative humidity (45-55%), plasma ignition time (a few seconds before
deposition, to ensure stability), and environmental pressure (atmospheric). These fixed conditions
ensured that any variations in nanoparticle deposition were solely due to the process parameters under

investigation.

3.2.2 Substrate preparation

The substrate used for all experiments was standard microscope glass cover slips, a dielectric material,
circular, with a diameter of 25 mm. The nature of the substrate can influence the results, as different
substrates may exhibit variations in wettability, surface energy, and roughness [236]. These factors can
affect the adhesion, distribution, and morphology of the deposited nanoparticles, and should therefore
be taken into account when examining the outcomes of the deposition process.

Prior to plasma exposure, the glass slide substrates were cleaned using an ultrasonic bath for 20 minutes
in acetone. After sonication, the substrates were rinsed with distilled water, followed by a second rinse
with acetone, and subsequently dried using pressurized dry air gun.
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Once cleaned, the substrate was placed on a cylindrical PTFE sample holder. The process parameters
were then set, and the substrate was carefully aligned and positioned directly under the plasma to ensure
accurate and reproducible exposure during deposition.
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3.3 Characterization procedures

3.3.1 SEM (Scanning Electron Microscopy)

The morphological analysis and size distribution of the pyrrole-based nanoparticles were performed
using a scanning electron microscope (JSM-6010PLUS, JEOL, Japan). SEM imaging was carried out
to investigate both the top-view and cross-sectional perspectives of the samples, with magnifications of
700x and 10,000x, respectively. Prior to imaging, the samples were sputter-coated with a thin layer of
gold using a JFC-130 auto fine coater (JEOL, Japan) to enhance conductivity and prevent charging
effects during electron beam exposure. The images were acquired at an accelerating voltage of 7 or 5
kV, ensuring optimal resolution and contrast for detailed surface analysis.

The size distribution analysis of the nanoparticles was conducted using Image] software (National
Institutes of Health, USA), where measurements were taken from SEM images by evaluating the
diameter of individual particles. At least 100 nanoparticles from different areas of the samples were
analysed to obtain statistically significant results.

3.3.2 FTIR (Fourier Transform Infrared Spectroscopy)

The chemical characterization of the pyrrole-based nanoparticles was performed using Fourier-
Transform Infrared Spectroscopy (FTIR). The spectra were acquired with a Bruker Tensor 27
spectrometer equipped with a single attenuated total reflection (ATR) accessory. For the analysis, a zinc
selenide (ZnSe) crystal was employed due to its high durability and wide infrared transparency range.
To prevent potential damage to the ATR crystal during measurements, the nanoparticles were first
deposited onto a low-density polyethylene (LDPE) film with a thickness of 0.18 mm (Goodfellow
Cambridge Limited). This layer served as a protective barrier while maintaining good infrared
transmission properties. The spectra were processed using OPUS 7.0129 software.

The acquired spectra allowed for the identification of characteristic functional groups present in the

pyrrole-based nanoparticles, providing insight into their chemical structure.

3.33 XPS (X-ray Photoelectron Spectroscopy)

To investigate the surface chemical composition of the deposited pyrrole-based nanoparticles, X-ray
Photoelectron Spectroscopy (XPS) analysis was performed using a PHI 5000 Versaprobe II spectrometer
equipped with a monochromatic Al Ko X-ray source (hv = 1486.6 eV) operating at a power of 50 W,
with a beam size of 200 um. The analysis chamber was maintained under high vacuum conditions, with
a pressure of at least 107¢ Pa to ensure minimal contamination during measurements.

Survey spectra were acquired to identify the elemental composition of the nanoparticle surfaces,
focusing on the detection of N1s, Cls, and Ols signals. The measurements were performed with a pass
energy of 187.85 eV, which allowed for the identification of the principal elements present. The
quantification of these elements was carried out using Multipak software (V 9.6), which enabled
elemental analysis based on the relative sensitivity factors (RSFs) provided by the instrument's

manufacturer.
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For each sample, measurements were conducted at six different locations to account for surface
variability, and the average elemental composition was calculated to enhance the reliability of the data.

3.34 OES (Optical Emission Spectroscopy)

To investigate the excited species generated during the plasma discharge, Optical Emission
Spectroscopy (OES) analysis was carried out. The measurements were performed using an Ocean Optics
S2000 spectrometer with a spectral resolution of 1.4 nm, covering a wavelength range from 200 to 900
nm. The analysis was conducted in three distinct configurations: (1) helium plasma (He) without the
PTFE sample holder, to study the baseline reactive species generated solely by the helium discharge; (2)
helium plasma with the PTFE sample holder, to evaluate any additional species arising from the
interaction with the holder material; and (3) helium plasma with pyrrole injection (He + Pyrrole), to
observe the species formed during the polymerization process induced by the interaction of the plasma
with the pyrrole monomer. The optical fiber was positioned near the plasma jet-array, approximately 1
cm from the discharge centre, to maximize signal acquisition while preventing potential damage from
direct exposure. This setup enabled the identification of key emission lines corresponding to reactive
species such as excited helium atoms, reactive nitrogen species, and molecular fragments generated
during the interaction with pyrrole. The collected OES spectra provided critical insights into the active
plasma chemistry and allowed for the estimation of physical parameters of the discharge.
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CHAPTER 4

Results and Discussion

4.1 Nanoparticle morphology and size distribution (SEM)

The morphology of the nanoparticles was investigated by SEM under different synthesis parameters,

both in top-view and cross-sectional imaging.

4.1.1.  Effect of Precursor Flow Rate: Results

The first investigated condition involved varying the ratio between the discharge gas and the precursor
flow but keeping the total flow constant at 2 standard litres per minute (slm). Other parameters such as
input voltage were kept constant at 9 kV. The distance between the tips of the capillaries and the substrate

was fixed at 5 cm. The reaction was carried out for 60 s.
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Figure 13: Top-view and cross-section SEM images with He 1.950 slm slm Qpy+1e 50 sccm
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Figure 14: Top-view and cross-section SEM images with He 1.900 slm slm Qpy+xe 100 sccm



The first two conditions characterised by a very precursor (and bubbling gas) flow rate (50 and 100
sccm) showed the absence of distinct NPs on the substrate surface. Instead, the deposition resulted

predominantly in the formation of continuous films.

N

SEl 7kV  WD10mmSS35 x5,000  Spm
Sample -

Figure 15: Top-view and cross-section SEM images with He 1.850 slm slm Qpy+ne 150 sccm

Under this condition, the nanoparticles exhibited the largest average diameter among all tested
conditions, reaching approximately 544.3+199.9 nm. These values indicate a strong heterogeneity in
particle size, followed by simultaneous film deposition across the inspected sample. The cross-sectional

image indeed confirms the presence of a film, with an average thickness of 454 + 90 nm.
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Figure 16: Top-view and cross-section SEM images with He 1.800 slm slm Qpy+t. 200 sccm

This condition resulted in nanoparticles with one of the smallest average diameters, approximately 248.6
+ 60.6 nm. However, the morphology was less spherical compared to all other conditions, and the
average thickness was the lowest among this set of experiments, measuring 296 + 77 nm.
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Figure 17: Top-view and cross-section SEM images with He 1.750 slm slm Qpy+ne 250 sccm

Like the previous case, this condition led to the formation of nanoparticles with no presence of film
deposition. To some extent, the NPs coalesced together, but the average diameter remained relatively
small at 296.5 + 69.8 nm, with a narrower standard deviation indicating improved homogeneity in size.
The average thickness, determined from the cross-sectional SEM analysis, was 552.7 + 178.8 nm.

. SEl #7kV WD 13nim$S

SEI"7kV WD10mm8S35 . x35,000 Spm
; il : ! 1=Sample, . °

Sample” @ .

Figure 18: Top-view and cross-section SEM images with He 1.700 slm slm Qpy+#e 300 sccm

Under this condition, no film-like deposition was observed, and discrete NPs formation became
predominant. The NPs showed a less spherical morphology compared to previous conditions; however,
the average diameter decreased significantly to 249.0 £ 68.9 nm, with a lower standard deviation
suggesting a more consistent size distribution despite the reduced shape uniformity. Additionally, the
cross-sectional analysis revealed the greatest thickness among this experimental set, measuring 1506 +
313 nm, which indicates a relatively larger amount of material deposited on the substrate compared to
other conditions.
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Figure 19: Top-view and cross-section SEM images with He 1.650 slm slm Qpy+#e 350 sccm

In this condition, the average particle diameter reached its highest value, approximately 441.3 nm +
189.3 nm, accompanied by the largest standard deviation among all tested conditions. This non-
uniformity in particle size distribution is likely due to the uncontrolled coalescence of multiple particles
during deposition. The corresponding cross-sectional SEM image confirmed the presence of
agglomerated nanoparticles, forming a discontinuous and irregular layer with an average thickness of
663.7 + 145.5 nm.
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Figure 20: Top-view and cross-section SEM images with He 1.600 slm slm Qpy+#. 400 sccm

Under this condition, the synthesised nanoparticles were similar in morphology to those obtained in the
first experimental set, displaying a large average diameter of approximately 355.7 = 108.8 nm and a
highly homogeneous spherical shape. The cross-sectional SEM analysis revealed a moderately thick
nanoparticle layer, with an average thickness 0f 471.6 + 141.8 nm. Despite not being among the thickest
layers observed, the coverage appeared uniform, with no visible gaps, indicating effective particle
deposition.
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Figure 21: Top-view and cross-section SEM images with He 1.550 slm slm Qpy+#. 450 sccm

Under this condition, the nanoparticles exhibited an average diameter of approximately 344.4 £ 116.7.
The top-view SEM suggested an irregular nanoparticle morphology, likely due to partial fusion during
deposition. This was corroborated by the cross-sectional image, which revealed a discontinuous layer

of agglomerated structures with non-uniform height and shape. The average thickness of the deposited
material was 388.9 + 120.2 nm.

SElI 7kV = WD11mm5535 x5,000 Sum
Sample

Figure 22: Top-view and cross-section SEM images with He 1.500 sIm slm Qpy+xe 500 sccm

Using this condition, the resulting nanoparticles exhibited a relatively large average diameter of
approximately 416 nm + 122 nm, indicating a non-uniform size distribution. Morphologically, the
particles appeared to be spherically shaped and homogeneous in terms of form and of distribution over
the substrate. The average thickness, determined from the cross-sectional SEM analysis, was 471 + 80

nm.
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Figure 23: Top-view SEM images with (A) He 1.975 slm Qpy+ne 25 scem and (B) He 1.990 slm Qpy+ne
10 sccm

Interesting results were also obtained under conditions of very low monomer flow rates, specifically at
10 and 25 sccm. Under these settings, the nanoparticles no longer exhibited a spherical morphology;
instead, they exhibited a rhomboidal shape. The average dimensions of the particles were measured
along their major and minor diagonals, yielding the following values: for 25 sccm, the major diagonal
was 487 + 337.5 nm and the minor diagonal was 332.2 £+ 276.73 nm; for 10 sccm, the major diagonal
was 426.4 + 59.1 nm and the minor diagonal was 322.8 + 30.4 nm. This shift in shape and aspect ratio
suggests a different nucleation and growth dynamic at extremely low precursor concentrations.
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4.1.2.  Effect of Precursor Flow Rate: Interpretation and Comparison with
Literature

The results on the average nanoparticles size for each condition of different precursor flow are
synthesized in Figure 24:
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Figure 24: Size distribution of NPs for different tested precursor flow rates

The results obtained show how variations in the ratio between the flow of the discharge gas and that of
the precursor significantly influence the formation and average size of the synthesised nanoparticles.
The first two conditions, characterised by a very low pyrrole flux (50 and 100 sccm), showed the absence
of nanoparticles and the exclusive formation of films, indicating that nucleation is severely limited at
these concentrations. Under these conditions, the precursor tends to deposit directly on the surface in
the form of a continuous film. The low monomer concentration results in a low presence of free radicals,
which is not sufficient to promote nucleation and particle growth. Indeed, nucleation requires a critical
concentration of radicals for it to occur: if this threshold is not exceeded, the radicals simply tend to

adsorb onto the substrate surface, resulting in films rather than stable nuclei.
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Figure 25: Schematic representation of pyrrole polymerization and crosslinking. (a) Pyrrole
monomer with numbered carbon atoms. (b) Linear chain of five pyrrole rings showing X = 40%.
(c) Branched structure with unchanged X but reduced C=CH—C states. (d) Highly crosslinked
structure (X = 70%) resulting from dehydrogenation. Adapted from Gomez et al. [237]
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These findings are consistent with the chemical analysis presented by Gomez et al.[237], who showed
through XPS that the formation of crosslinked structures in plasma-synthesized polypyrrole particles
strongly depends on the presence of reactive sites generated by dehydrogenation. In their work, a higher
degree of crosslinking, indicative of particle growth, was observed only when sufficient energy and
reactive monomer concentration were present, suggesting that under low-monomer conditions, the
system lacks the necessary radical density to initiate effective nucleation. This concept is well illustrated
in Figure 25, where different pyrrole configurations show how the crosslinking percentage (X) increases
with the number of connected rings and decreases in hydrogenation, highlighting the structural evolution
required for particle formation. Consequently, the formation process favours surface adsorption and film
growth over the generation of stable three-dimensional nuclei.

In contrast, under conditions where the precursor flow is higher (350-500 sccm), a higher concentration
of monomer is observed, which leads to excessive free radical formation. In this case, nucleation and
crosslinking occurs very rapidly, favouring the formation of clusters and aggregates. This phenomenon
results in an increase in the average diameter of the nanoparticles, compared to conditions with lower
concentrations. A similar trend was observed by Heredia-Rivera et al. [238], who reported an increase
in the crosslinking degree and conjugation length of plasma-synthesised PPy films with increasing
precursor concentration, indicating enhanced polymerization activity under these conditions.

Under these conditions, the plasma energy is distributed among a larger number of molecules, reducing
the amount of energy available to each individual molecule. As a result, fragmentation is limited, which
can lead to incomplete reactions. This aligns with Friedrich’s observations [239], who reported that
when plasma energy is shared across many molecules, the lower energy per molecule restricts
fragmentation and may cause the reaction to be incomplete. In addition, the large amount of monomer
leads to greater interaction between the molecules (e.g., through van der Waals forces), favouring
clumping and aggregation of nanoparticles. This occurs because higher monomer concentrations
increase the proximity of particles, enhancing attractive van der Waals interactions that promote particle
growth and formation of larger aggregates [240]. The combination of these factors leads to the formation
of larger particles.

The most promising results, in terms of small average particle size, were obtained for intermediate
precursor flows, particularly at flow rates of 200, 250 and 300 sccm. Under these conditions, the amount
of precursor is adequate to ensure the formation of a sufficient concentration of free radicals, which is
necessary to initiate and sustain nucleation. The NPs obtained are thus smaller, morphologically uniform
and well dispersed over the analysed substrate surface. Similarly, in the chemical polymerization of PPy
investigated by Liang et al. [241], intermediate oxidant concentrations produce thicker, more uniform
nanowires, while too low or too high concentrations lead to less controlled morphologies. This suggests
that, regardless of the method, there is an optimal parameter range that promotes high-quality

nanostructure formation.
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4.1.3 Effect of Distance from the Capillaries to the Substrate: Results

The three conditions that showed the most promising results in terms of a smaller nanoparticle size
range (closer to 100 nm) and lower standard deviation were 300, 250, and 200 sccm of pyrrole and
helium flow rate. For each given flow, the distance was varied from 3 to 7 cm in 1 cm increments.
Other parameters, such as input voltage, total flow, and deposition time, were kept constant.

A. Condition: He 1.700 slm Qpy+te 300 sccm
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Figure 26: Top-view and cross-section SEM images with He 1.700 slm Qpy+x. 300 sccm - 3 cm

Under the first condition, corresponding to the shortest distance of 3 cm, the synthesized nanoparticles
were relatively small, with an average diameter of 172.5 +£48.1 nm. The particles appeared to be mostly
spherical in shape. The cross-sectional image also confirmed the presence of deposited nanoparticles,
with an average thickness of 352.6 = 63.1 nm.
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Figure 27: Top-view and cross-section SEM images with He 1.700 slm Qpy+te 300 scem - 4 cm

Increasing the distance to 4 cm resulted in the smallest average nanoparticle size, measured at 168.1 +
52.5 nm. Under this condition, the overall deposition was high across the substrate, but the distribution
was less homogeneous than in the previous cases. SEM analysis revealed areas where the nanoparticles
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were well separated, while in other areas, aggregation and cluster formation were observed. This
heterogeneity may be attributed to local fluctuations or asymmetries in the plasma jet, which can cause
spatial variations in the nanoparticle nucleation and transport. As reported by Polonskyi et al, [242], the
nanoparticle growth and deposition are highly sensitive to plasma parameters and local conditions within
the gas aggregation source, which can lead to preferential deposition or aggregation in certain zones.
Furthermore, the cross-sectional image showed a high presence of nanoparticles, with an average

thickness of 1345.7 + 180.6 nm, representing the highest value obtained in this set of experiments.
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Figure 28: Top-view and cross-section SEM images with He 1.700 slm Qpy+#. 300 sccm - 5 cm

At 5 cm, there was a notable increase in particle size, with an average of 344.9 £+ 116.0 nm. The standard
deviation, the highest among all conditions reflects a broad size distribution, suggesting the
simultaneous presence of both large and small particles, while the average thickness was 473.2 £ 101.8
nm.
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Figure 29: Top-view and cross-section SEM images with He 1.700 slm Qpy+xe 300 sccm - 6 cm
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Figure 30: Top-view and cross-section SEM images with He 1.700 slm Qpy+ne 300 sccm - 7 cm

When the distance was further increased to 6 cm and 7 cm, a significant drop in deposition was observed,
particularly at 7 cm, where nanoparticle presence was minimal. At 6 cm, although the particle
concentration was low, the nanoparticles detected were relatively large, with an average size of 320.1 £
66.0 nm. In contrast, at 7 cm, the few particles present were the smallest, with an average size of just
110.1 £ 48.2 nm. Regarding the average thickness measured from the cross-sectional analysis, for the 6
cm sample the value was 268.30 £ 95.77 nm, while for the 7 cm sample it was 387.26 + 46.69 nm.

B. Condition: He 1.750 slm Qpy+1e 250 sccm
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Figure 31: Top-view and cross-section SEM images with He 1.750 slm Qpy+ne 250 scem - 3 cm

Under the first condition, with distance of 3 cm, the smallest average size was observed, reaching 111.9
+ 41.6 nm. The standard deviation was also the lowest of this set but still high compared to the average
size, indicating a moderate dispersion in particle sizes. The average thickness measured was 397.5 +
86.7 nm, reflecting a significant material deposition.
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Figure 32: Top-view and cross-section SEM images with He 1.750 slm Qpy+ne 250 sccm - 4 cm

When the distance was increased to 4 cm, the average nanoparticle size increased significantly, reaching
207.1 £ 98.5 nm, which is almost double compared to the previous conditions. The standard deviation
was also the highest and this variation was evident from the SEM images. Some regions of the sample
showed high concentrations of aggregated particles forming clusters, while in others, the nanoparticles
were smaller and well separated, as was already observed under the condition of He 1.700 slm Qpy-+He
300 sccm with a distance of 4 cm. Unlike the previous condition, the average thickness this time was
226.59 + 60.78 nm, and the cross-sectional image confirms the actual presence of spherical
nanoparticles.
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Figure 33: Top-view and cross-section SEM images with He 1.750 slm Qpy+1. 250 sccm - 5 cm

At a distance of 5 cm, the average nanoparticle size decreased again, down to 152.4 &+ 55.6 nm. In terms
of shape, the cross-section showed the presence of mostly spherical nanoparticles, with an average
deposition thickness of 200.4 + 64.4 nm.
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Figure 34: Top-view and cross-section SEM images with He 1.750 slm Qpy+te 250 scem - 6 cm

With a distance of 6 cm, the nanoparticles were the largest in the set, with an average diameter of 227.6
+ 67.1 nm. The relatively high standard deviation indicates a broad size distribution of nanoparticles
present in the sample, reflecting variation in particle sizes. Cross-sectional analysis showed an average
deposition thickness of 348.85 £ 96.92 nm. The image also allowed clear distinction of nanoparticles
within the deposited material.
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Figure 35: Top-view and cross-section SEM images with He 1.750 slm Qpy+1. 250 scem - 7 cm

Finally, at 7 cm, the deposition drastically decreased, as also observed in the previous experimental
set. The presence of nanoparticles on the substrate under this condition was quite sparse, and the few
particles detected were very small, with an average size of 121.0 &+ 46.4 nm.Cross-sectional analysis
showed an average deposition thickness of 537.44 + 172.35 nm.
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Figure 36: Top-view and cross-section SEM images with He 1.800 slm Qpy+ne 200 sccm - 3 cm

At a distance of 3 cm, the largest average nanoparticle size of this experimental set was recorded,
reaching 217.4 + 82.1 nm. Top-view images show the presence of aggregates in some areas, while the
cross-sectional analysis indicates a relatively uniform deposition thickness within the analysed region.
The average thickness measured from the cross section was 328.90 + 44.55 nm.
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Figure 37: Top-view and cross-section SEM images with He 1.800 slm Qpy-+x. 200 sccm - 4 cm

When the distance was increased to 4 cm, the average nanoparticle size decreased slightly to 170.3+70.4
nm. However, the standard deviation was relatively high indicating a wide variation in particle size.
Despite the decrease in average size, the morphology remained mostly spherical. The average thickness,
determined from the cross-sectional SEM analysis, was 529.0 + 149.2 nm.
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Figure 38: Top-view and cross-section SEM images with He 1.800 slm Qpy+x. 200 sccm - 5 cm

At 5 cm, the lowest average particle size of this set was achieved, with nanoparticles measuring 123.1
+ 47.8 nm. The standard deviation was also the smallest, suggesting better size uniformity. However,
some large clusters were observed in specific regions of the substrate. Cross-sectional analysis
confirmed the presence of spherical nanoparticles, showing a decreased thickness compared to the

previous condition, with an average value of 321.7 £ 30.5 nm.
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Figure 39: Top-view and cross-section SEM images with He 1.800 slm Qpy+r. 200 sccm - 6 cm

With a distance of 6 cm, the average nanoparticle size increased again to 177.4 = 76.1 nm. This high
standard deviation indicates a broad size distribution. Along with the spherical nanoparticles, the
coalescence of multiple particles into large clusters was observable from the top view. The cross-
sectional image also showed one of the highest average thicknesses measured in this set of experiments,
at 482.16 £ 115.54 nm.

56



SElI 5kV  WD11mmSS35 SElI 5kVv  WD11mmSS35 x10,000  1pm o
Sample < Sample

Figure 40: Top-view and cross-section SEM images with He 1.800 slm Qpy+n. 200 sccm - 7 cm

Finally, at 7 cm, the deposition drastically decreased, consistent with trends observed in previous
experiments. The average size dropped again, reaching 131.1 £ 66.3 nm, and only a few features were
observed on the substrate.
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4.1.4 Effect of Distance from the Capillaries to the Substrate: Interpretation and
Comparison with Literature

The results on the average particle size obtained varying the distance from the capillaries to the substrate
(3-4-5-6-7 cm) for the first two best conditions (300 and 250 sccm of precursor) in terms of monomer
flow are synthesised in the Figure 41:
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Figure 41: Size distribution of NPs for different tested distances with He 1.700 slm Qpy+xe 300
sccm (left) and He 1.750 slm Qpy+ne 250 scem (right)

Using the first two sets of precursor flow rates, 300 sccm and 250 sccm, with identical process
parameters except for the variation in the substrate-to-capillary tip distance, similar trends were
observed.

When the distance between the substrate and the capillaries was short at 3 cm, the time the formed nuclei
spent in the active plasma region was also short. This short residence time inhibited further growth of
the nuclei as they quickly deposited on the substrate resulting in smaller nanoparticles., According to
established plasma polymerization models showed in the publication of Friedrich [239], the energy dose
imparted to monomer molecules and nuclei is directly related to their residence time in the plasma,
which governs the extent of radical formation, chain growth, and recombination processes. A shorter
residence time thus limits the exposure of nuclei to reactive plasma species and the energy necessary for
further crosslinking. This results in the early deposition of smaller nuclei onto the substrate, effectively
inhibiting their further growth and leading to smaller nanoparticle sizes. This behaviour aligns with the
concept that plasma polymerization kinetics depend not only on plasma power and monomer
concentration but also critically on the duration that reactive species spend within the plasma
environment before deposition.

At intermediate distances (5 and 6 cm for 300 sccm; 4, 5, and 6 cm for 250 sccm), the residence time
within the plasma increases, allowing nuclei more time to grow. However, as the distance increases, the
reactive species and plasma-generated energy reaching the substrate progressively decrease. This energy
decay, due to collisions and diffusion losses along the path, reduces the efficiency of monomer
fragmentation and subsequent reactions. According to the CAP mechanism described by Dufour [243],

this shift may limit plasma-induced polymerization, favouring instead less controlled deposition or
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incomplete reactions. As result, polymerization becomes less efficient, and the formation of larger
nanoparticles and local cluster aggregation is observed. This suggests that while longer residence times
initially promote growth, the concurrent drop in energy input begins to affect polymerization kinetics
and particle morphology.

A particularly distinct behaviour was observed at a distance of 7 cm for both conditions. Here, the
average nanoparticle size decreased drastically, and the overall deposition density was very low. This
phenomenon can be attributed to the fact that, at this distance, the sample holder was no longer
positioned inside the quartz tube. Consequently, both the plasma plume and the bubbled precursor
interacted directly with ambient air before reaching the substrate. The introduction of atmospheric
oxygen at this stage likely altered the plasma chemistry, leading to premature reactions of plasma-
generated radicals and precursor species. This scenario is consistent with findings from laser ablation
plumes by Kautz et al. [244], where even trace amounts of O in the ambient environment were shown
to significantly influence the formation pathways of molecular species, clusters, and nanoparticles by
promoting early molecular formation and reducing the persistence of atomic species within the plume.
Although the plasma jet and laser ablation systems differ in their generation mechanisms and plasma
dynamics, both contain highly reactive radical and atomic species that are susceptible to premature
reactions with atmospheric oxygen. These oxygen-induced reactions reduce the availability and lifetime
of reactive intermediates necessary for nanoparticle growth. In the APPJ case, this interaction likely
reduced the density of reactive species reaching the substrate, thus hindering polymerization efficiency
and resulting in smaller and sparser nanoparticles.

The main difference between the two flow conditions was that, overall, NPs synthesized with the 250
sccm pyrrole flow were smaller compared to those obtained with 300 sccm. This is likely due to the
higher discharge gas flow rate used in the 250 sccm experiments, which led to increased radical
generation, greater pyrrole fragmentation, and consequently, the formation of smaller and more
numerous nuclei, ultimately resulting in smaller NPs. This trend is consistent with the findings reported
by Miiller et al. [245] in their study on tungsten nanoparticle synthesis using the HelixJet plasma source,
where they showed that increasing the gas flow rate significantly affects nanoparticle size. Specifically,
higher gas flow increases the flux of reactive species and radicals that influence nucleation dynamics,
favouring the formation of more numerous and smaller nanoparticle. Although the system differs (metal
vapor vs. pyrrole monomer), the underlying plasma chemistry principles agree: an increased discharge
gas flow enhances radical generation and fragmentation, shifting the balance towards nucleation over

growth and resulting in smaller nanoparticles.
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The results on the average particle size obtained varying the distance from the capillaries to the substrate
(3-4-5-6-7 cm) for the last best condition (200 sccm of precursor) in terms of monomer flow are
synthesised in the Figure 42:
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Figure 42: Size distribution of NPs for different tested
distances with He 1.800 slm Qpy+1e 200 sccm

In the last tested condition, the precursor flow rate was the lowest among the three analysed. The results
showed an increased system sensitivity to variations in the substrate-to-capillaries distance. Such
enhanced sensitivity under low monomer availability was also observed by Kadhem [246], where slight
changes in plasma parameters significantly affected the morphology of synthesized nanoparticles,
especially when operating under monomer-limited regimes. At a slightly larger distance of 3 cm, a
modest decrease in plasma energy resulted in a significant increase in nanoparticle size compared to the
other distances. This suggests a shift in the dominant mechanism from nucleation toward growth, where
existing nuclei had more time and energy to grow rather than new nuclei forming. As the distance
increased further to 4 and 5 cm, the combined effects of reduced plasma energy and decreased monomer
availability once again promoted nucleation over growth, resulting in smaller particles. This trend is
consistent with the Cold Atmospheric Plasma (CAP) polymerization mechanism described by Dufour
[243], which emphasizes the balance between energy input and monomer concentration in controlling
the extent of polymerization and the resulting particle morphology. At 6 cm, the energy transferred by
the plasma was no longer sufficient to ensure effective monomer fragmentation and polymerization. Due
to the large distance between the substrate and the capillaries (with the substrate positioned very low at
the end of the quartz tube) the reduced energy led to incomplete reactions and partial aggregation. This
ultimately resulted in an increase in particle size. Similar trends have been observed in low-power
plasma environments, where insufficient activation energy leads to disordered growth and particle
clustering [247]. Finally, at 7 cm, the sample was located outside the quartz tube, exposing the plasma
and precursor to ambient air. This interaction led again to a dramatic drop in nanoparticle deposition and
the formation of very small, sparse particles, as was already explained for the other sets of precursor
flow rates. In summary, as was anticipated earlier, this last condition revealed great sensitivity to small
variations in plasma parameters, particularly substrate distance, resulting in significant shifts in the

balance between nucleation and growth, and ultimately affecting nanoparticles size and morphology.
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4.1.5 Effect of Input Voltage: Results

For each precursor flow rate condition, an ideal distance was selected based on the smallest average NPs
size and the highest deposition on the substrate. Using the best combination of precursor flow and
distance, the influence of the input voltage was then investigated by testing 6, 7, 8, 9, and 10 kV. For the
300 sccm precursor flow, the selected distance was 4 cm; for the 250 sccm flow, it was 3 cm; and for
the 200 sccm flow, it was 5 cm. All other parameters remained unchanged.

A. Condition: He 1.700 sIm Qpy:ne 300 sccm
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Figure 43: Top-view and cross-section SEM images with He 1.700 slm Qpy+ne 300 sccm - 4 cm - 6 kV

Under the first condition, with the lowest input voltage of 6 kV, the smallest average nanoparticle size
was achieved, measuring 77.1 £36.9 nm. The standard deviation was also the lowest in this experimental
set, suggesting a higher degree of size uniformity. Cross-sectional analysis confirmed the presence of
spherical nanoparticles, and the measured average deposition thickness was among the highest observed,
reaching 650.8 + 191.5 nm.

v Whilinmss2 *7.000 - | SEl 5kv WD9mm 8838 10,000 Apm  =—
B i SRR e S o i Bample

Figure 44: Top-view and cross-section SEM images with He 1.700 slm Qpy+re 300 sccm - 4 cm - 7 kV
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By increasing the voltage to 7 kV, SEM images taken from various areas of the substrate revealed a
reduced presence of nanoparticles compared to the previous condition. Both the average nanoparticle

size and its variability increased, with a mean diameter of 131.3 £ 62.5 nm. Cross-sectional analysis
showed a deposition thickness of 385.1 + 38.9 nm.
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Figure 45: Top-view and cross-section SEM images with He 1.700 slm Qpy+1e 300 sccm - 4 cm - 8 kV

At an input voltage of 8 kV, the average nanoparticle size rose slightly to 151 = 81.6 nm. SEM analysis
of multiple regions of the substrate revealed a more consistent coverage, indicating improved deposition
uniformity. Well-defined spherical nanoparticles were visible in both top-view and cross-sectional
images. The cross-sectional analysis also confirmed the morphology and allowed the estimation of the
average deposition thickness, which was 233.4 &+ 45.3 nm.
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Figure 46: Top-view and cross-section SEM images with He 1.700 slm Qpy+1e 300 scem - 4 cm - 9 kV
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A similar behaviour was observed at 9 kV, where the average nanoparticle size further increased,
reaching the highest value in this experimental set (169.7 £ 93.7 nm). The nanoparticles maintained a

spherical morphology, and the cross-sectional analysis showed a slightly higher average deposition
thickness of 291.6 + 41.6 nm.
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Figure 47: Top-view and cross-section SEM images with He 1.700 slm Qpy+xe 300 sccm -4 cm - 10 kV

Finally, at the highest input voltage of 10 kV, the morphology of the nanoparticles remained comparable
to that observed under the previous two conditions. However, the average nanoparticle size slightly
decreased to 158.2 £ 89.5 nm. The relatively high standard deviation indicates a broader size distribution
and lower uniformity. Additionally, the average deposition thickness increased, reaching 424.3 + 185.3

nm, as confirmed by cross-sectional analysis.

B. Condition: He 1.750 slm Qpy+1 250 scem
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Figure 48: Top-view and cross-section SEM images with He 1.750 slm Qpy+1e 250 sccm - 3 cm - 6 kV
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In this set of experiments, the lowest input voltage (6 kV) resulted in the smallest average nanoparticle
size, measuring 113 + 55.9 nm. The nanoparticles exhibited a spherical morphology, and top-view SEM
images from different areas of the substrate showed a sparse distribution. Their presence was further
confirmed by cross-sectional analysis, which revealed an average deposition thickness of 400.0 + 102.7

nm.
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Figure 49: Top-view and cross-section SEM images with He 1.750 slm Qpy+1.250 sccm - 3 cm - 7 kV

When the input voltage was increased to 7 kV, the deposition improved significantly, with a noticeably
higher presence of nanoparticles compared to the previous condition. The average nanoparticle size also
increased substantially to 169.9 £ 60.4 nm. Cross-sectional analysis confirmed this enhancement,
revealing a considerable increase in the average deposition thickness, which reached 650.4 = 143.9 nm.

At 8 kV, the trend of increasing particle size continued, with an average size of 208.3 = 91.7 nm and the

highest standard deviation recorded in this experimental set. The distribution across the substrate
appeared less uniform, with some areas visually showing a greater number of nanoparticles and

aggregates, while others had more sparsely distributed particles, a pattern also observed under some
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previous conditions. Cross-sectional analysis revealed the highest average deposition thickness of the

set, measuring 620.6 + 142.1 nm.
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Figure 51: Top-view and cross-section SEM images with He 1.750 slm Qpy+s. 250 sccm - 3 cm - 9 kV

Under the condition of 9 kV, the average nanoparticle size remained similar to that observed at 8 kV,
reaching 214.7 + 84.1 nm. However, the standard deviation decreased, indicating a narrower size
distribution. Top-view SEM images from different regions of the substrate showed no clearly densely
populated areas. In contrast, the average thickness of the deposited nanoparticles decreased to 241.2 +
47.5 nm, as revealed by cross-sectional analysis.
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Figure 52: Top-view and cross-section SEM images with He 1.750 slm Qpy+ne 250 sccm - 3 cm - 10 kV

Finally, at the highest voltage tested (10 kV), the largest average nanoparticle size was
observed, reaching 245.2 £ 90.4 nm—more than double the size recorded at 6 kV. Most of the
particles exhibited a spherical morphology, as confirmed by both top-view and cross-sectional
SEM images. Under this condition, the average thickness also increased compared to the
previous condition, reaching 378.1 = 78.5 nm.
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C. Condition: He 1.800 slm Qpyne 200 sccm
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Figure 53: Top-view and cross-section SEM images with He 1.800 slm Qpy+1. 200 sccm - 5 cm - 6 kV

In this set of experiments, the lowest input voltage of 6 kV once again resulted in the smallest average
nanoparticle size, measuring 117.9 + 49.8 nm, along with the lowest standard deviation. The
nanoparticles exhibited a predominantly spherical morphology, and both top-view and cross-sectional
SEM images from different areas revealed a sparse distribution of particles. This condition also produced
the lowest average deposition thickness of the set, measured at 161.3 &+ 19.8 nm.
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Figure 54: Top-view and cross-section SEM images with He 1.800 slm Qpy+ne 200 scecm - 5 cm — 7 kV

Increasing the voltage to 7 kV led to a slight increase in the average nanoparticle size, which rose to
137.5 nm. The presence of nanoparticles also appeared slightly greater compared to the 6 kV condition,
and they maintained a predominantly spherical shape. Cross-sectional analysis further revealed a higher
average deposition thickness of 363.8 + 90.8 nm.
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A more substantial change was observed at 8 kV, where a significant increase in nanoparticle size
occurred. The average nanoparticle size nearly doubled compared to 7 kV, measuring 234.6 + 85.9nm.
Both top-view and cross-sectional images showed a high presence of nanoparticles in the areas and

sections of the substrate analysed. Additionally, an increase in the average deposition thickness was
recorded, reaching 409.5 + 137.0 nm.
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Figure 56: Top-view and cross-section SEM images with He 1.800 slm Qpy-+te 200 scem - 5 cm - 9 kV

At 9 kV, the nanoparticles attained one of their largest average sizes, measuring 268.8 = 93.9 nm. A
noticeable change in morphology was observed: the particles appeared less spherical and exhibited a
greater variety of shapes. The standard deviation also increased significantly, indicating greater
variability in nanoparticle dimensions. Additionally, the average thickness further increased to 694.4 +
141.8 nm.
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Figure 57: Top-view and cross-section SEM images with He 1.800 slm Qpy+n. 200 sccm - 5 cm - 10 kV

Under the highest voltage condition of 10 kV, a marked transformation in the deposition pattern was
observed. The nanoparticles were no longer clearly distinguishable as individual entities but had instead
merged into large clusters and aggregates. As a result, the average nanoparticle size increased to 462.8
+ 172.6 nm, representing the highest value recorded in this experimental set, accompanied by the largest
standard deviation, indicating a broad size distribution and significant particle coalescence. Cross-
sectional analysis supported these observations, revealing an exceptionally high average thickness of
3283.2 £ 108.3 nm.
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4.1.6 Effect of Input Voltage: Interpretation and Comparison with Literature

The results on the average particle size obtained varying the input voltage (6, 7, 8, 9, and 10 kV) for the

three best conditions in terms of monomer flow and distance are summarized in the Figure 58, Figure
59 and Figure 60:
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Figure 58: Size distribution of NPs for
different input voltages with He 1.700 slm
Qpy+te 300 sccm — 4 cm
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Figure 59: Size distribution of NPs for
different input voltages with He 1.750 slm
Qpy-+e 250 scem — 3 cm
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Figure 60: Size distribution of NPs for different input
voltages with He 1.800 slm Qpy+te 200 sccm — 5 ¢cm
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Varying the input voltage for all three conditions, the same trend was observed: increasing the input
voltage led to an increase in the average nanoparticle size, indicating a strong relationship between this
parameter and nanoparticle dimensions. The input voltage influences the energy delivered to the plasma,
which, together with gas flow and composition, affects the formation of reactive species and
consequently the fragmentation and nucleation processes [248]. When the electric field is higher, the
plasma energy increases, leading to a more rapid and extensive reaction. Under these conditions, formed
nuclei can grow more easily before new nuclei are generated, resulting in reduced nucleation and
enhanced growth [249]. This leads to nanoparticles with a larger average size compared to conditions
with lower input voltages. In addition, in some cases, SEM images showed the formation of clusters,
which may be attributed to aggregation or partial melting of closely spaced nanoparticles caused by the
elevated plasma energy associated with higher input voltages.

The main factors contributing to this behaviour are higher density of electrons and reactive radicals in
the plasma, and the increase in local temperature, which results in more heat transferred to the precursor,
For instance, the study by Xu et al. [250] on ferroelectric barrier discharges demonstrated that the
presence of strong surface charge on ferroelectric electrodes significantly amplifies the local electric
field, leading to elevated electron densities and electron temperatures, and thus promoting plasma
reactivity and instability. This rise in electron temperature and current also results in greater Joule
heating within the plasma region. The increased local temperature can cause more thermal energy to be
transferred to precursor molecules or nanoparticles on the substrate, thereby favouring growth dynamics
and, under some conditions, partial melting and agglomeration.
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4.2 Chemical analysis (FTIR)

The surface chemistry of the nanoparticles was investigated by FTIR under different synthesis
parameters.

4.2.1.  Analysis of Optimal Flow Conditions

FTIR analysis was performed on the samples obtained under three optimal precursor flow conditions
(200, 250, and 300 sccm). The first analysis was conducted with a deposition time of 1 minute, an input
voltage of 9 kV, and a fixed distance of 5 cm. Zinc selenide (ZnSe) crystal was employed for the analysis,
and the spectra were obtained at a range from 700 to 4000 cm™. The nanoparticles were deposited on a
low-density polyethylene (LDPE) film of 0.18 mm thickness (Goodfellow Cambridge Limited) to
prevent potential damaging of the crystal upon pressing the analytes against the crystal.
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Figure 61: FTIR spectra PE

The first spectrum analysed corresponds to the polyethylene (PE) substrate alone, to identify peaks
attributable solely to the substrate. Four main absorption bands are observed at 2917, 2850, 1471, and
718 cm™. These peaks are characteristic of PE, as reported by Gulmine et al. (2002), and correspond to
CH: asymmetric stretching (2917 c¢m™), CH: symmetric stretching (2850 cm™), CH: bending
deformation (1471 cm™), and CH: rocking deformation (718 cm™) [251].
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Figure 62: FTIR spectra He 1.700 slm + 300 sccm Py —9 kV —5 cm

Under the condition He 1.700 slm + 300 sccm Py, additional peaks emerge at 3284 and 1685 cm™. The
broad band at 3284 cm™ is attributed to N—H stretching vibrations of the pyrrole ring [252], consistent
with literature values. The peak at 1685 cm™ corresponds to in-plane C=C stretching within the aromatic
pyrrole ring [253]. A shoulder near 1570 cm™ may also be observed, which is attributed to C—C and
C=C stretching vibrations associated with interchain crosslinking in the PPy structure [252], [253]. Such
crosslinking likely arises from recombination reactions involving reactive plasma species during the
polymerization process. Also using this flow, a new peak appears at 1069 cm™, which can be attributed
to the aromatic C—H in-plane bending mode of the pyrrole ring [253]. This assignment is consistent with
previous studies on PPy synthesized via solution plasma, which report bands in the 1100-1000 cm™

region.
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Figure 63: FTIR spectra He 1.750 slm + 250 sccm Py — 9 kV — 5 cm

A comparable spectrum is observed under He 1.750 slm + 250 sccm Py, indicating that the slight
variation in monomer flow does not significantly affect the chemical structure of the deposited material.
The same peaks are observed at 3284, 2917, 2850, 1685, 1570, 1471, 1069, and 718 cm™, confirming

the consistency of the chemical composition.
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Figure 64: FTIR spectra He 1.800 slm + 200 sccm Py — 9 kV — 5 cm

At He 1.800 slm + 200 sccm Py, a more intense peak is detected at 1685 cm™, attributed to in-plane
C=C stretching vibrations of the aromatic pyrrole ring. Additionally, a potential overlap is observed near
718 cm™, characteristic of the PE substrate, with a new band emerging around 801 cm™, that may be
assigned to out-of-plane C—H bending in substituted alkenes or ring-opened structures [254]. These are
likely formed due to plasma-induced fragmentation of the pyrrole, accompanied by branching and
crosslinking processes during polymerization, resulting in a complex PPy nanoparticle matrix. This
spectrum shows also a new peak at 1369 cm™, which has been associated with C—N stretching vibrations
in polypyrrole, as reported in the literature [255].
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4.2.2.  Analysis at SEM-Optimised Distances

The second FTIR analysis considered the optimal distance obtained for each of the three previously
analysed precursor flow conditions: 4 cm for 300 sccm, 3 cm for 250 sccm, and 5 cm for 200 scem.
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Figure 65: FTIR spectra He 1.700 slm + 300 sccm Py — 9 kV — 4 cm

For the conditions of a helium flow of 1.700 slm and 300 sccm of Py with an input voltage of 9 kV, the
best results in terms of nanoparticle morphology were obtained at 4 cm. The spectrum shows the
presence of all the characteristic peaks of the PE substrate, including CH. asymmetric stretching (2917
cm '), CHz symmetric stretching (2850 cm™), CH: bending deformation (1471 cm™), and CH: rocking
deformation (718 cm™). In addition, several peaks characteristic of pyrrole and PPy are observed: the
N-H stretching vibration of the pyrrole ring (3284 cm™), in-plane C=C stretching within the aromatic
pyrrole ring (1685 cm™), overlapped with C—C and C=C stretching vibrations (1570 cm™), and the
aromatic C—H in-plane bending (1069 cm™). A small peak is also visible at 801 cm™, which may indicate
the presence of alkene groups or ring-opened structures, likely formed due to plasma-induced
fragmentation [254]. However, in general, the PPy-related peaks, except for the one at 1685 cm™, appear
relatively weak. We speculate that the low intensity of the peaks could be attributed to the reduced
deposition yield resulting in a thinner coating or due to the fragmentation of these species by highly

energetic plasma species.
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Figure 66: FTIR spectra He 1.750 sIm + 250 sccm Py — 9 kV —3 cm

A very similar spectrum was obtained under the flow of He of 1.750 slm and 250 sccm of Py with an
input voltage of 9 kV and the optimal distance of 3 cm. The main difference lies in the absence of the
801 cm™ peak, suggesting a lower presence of substituted alkenes or open-ring structures in this case.
These results indicate that no significant chemical differences are observed between the two monomer
flow conditions, and that although the optimal distances (3 ¢cm vs. 4 cm) differ, the distance does not
substantially influence the chemistry of the deposited material under these conditions. This observation

aligns with previous experiments, where comparable spectra were obtained for both flow conditions.
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Figure 67: FTIR spectra He 1.800 slm + 200 sccm Py — 9 kV —5 cm

In contrast, under the flow of He of 1.800 slm and 200 sccm of Py at an input voltage of 9 kV and a
distance of 5 cm, all characteristic peaks of PE and pyrrole/polypyrrole are present, and many appear
more intense than in the previous conditions. We hypothesize that under these specific conditions, the
deposition yield of pyrrole is higher, potentially leading to a higher coating density or greater
incorporation of functional groups related to the PPy structure, as higher FTIR signal intensity has been

associated with increased deposition yield in plasma-polymerized coatings [256].
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4.2.3.  Analysis at Final Optimised Conditions

Starting from the three optimal flow conditions and distances, the input voltage was subsequently varied.
For each flow, the FTIR analysis focused on the voltage value that resulted in the most effective
deposition in terms of particle size and morphology (6 kV for 300 sccm, 7 kV for 250 sccm, and 7 kV
for 200 sccm).
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Figure 68: FTIR spectra He 1.700 slm + 300 sccm Py — 6 kV —4 cm

Under the condition of He 1.700 sIm with 300 sccm of pyrrole, a 4 cm distance, 6 kV input voltage, and
I-minute deposition time, the FTIR spectrum revealed clear signals from the polyethylene (PE)
substrate. These included the CH2 asymmetric stretching at 2917 cm™, symmetric stretching at 2850
cm™!, bending deformation at 1471 cm™, and rocking deformation at 718 cm™. In addition, several
characteristic peaks associated with pyrrole or polypyrrole were detected: a broad N-H stretching
shoulder at 3284 cm™ corresponding to the pyrrole ring, in-plane C=C stretching at 1685 cm™,
overlapping with C—C/C=C vibrations at 1570 cm™!, and aromatic C—H in-plane bending at 1069 cm™.
The signal intensities were strong and well-defined, indicating effective deposition of NPs.

78



1,00
0,05-
0,90-
0,851
0,80
0,751
0,70-
0,65-
0,60-

2017

Trasmittance (%)

1000 1500 2000 2500 3000 3500 4000

Wavenumber (cm '1)

Figure 69: FTIR spectra He 1.750 slm + 250 sccm Py — 7 kV — 3 cm

Under the condition He 1.750 slm + 250 sccm Py — 3 cm — 7 kV — 1 min, the same set of characteristic
peaks was observed, with slightly reduced intensity. The peak at 801 cm™, which was occasionally
present in previous spectra and attributed to alkenes or ring-opened structures, was no longer visible.
The moderate reduction in peak intensity suggests a slightly lower deposition efficiency compared to
the 300 sccm condition, but overall, the chemical features of PPy remain clearly identifiable. This further
supports the previous observation that the deposition behaviour between 250 and 300 sccm is

comparable, with only minor variations.
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Figure 70: FTIR spectra He 1.800 slm + 200 sccm Py — 7 kV — 5 cm

In contrast, the sample synthesised under He flow of 1.800 slm and 200 sccm of Py at a 5 cm distance
and an input voltage of 7 kV exhibited considerably weaker pyrrole-related peaks. While all key bands
associated with PPy and PE were still present, their intensities were significantly diminished.
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4.24. Interpretation and Comparison with literature

Table 4 summarises the main FTIR absorption bands identified under all tested conditions.

Table 4: Main FTIR absorption bands

Wavenumber (cm™) Functional Group / Bond Type of Vibration
3284 N-H (pyrrole ring) Stretching (broad)
2917 CH: (PE) Asymmetric stretching
2850 CH: (PE) Symmetric stretching
1685 C=C (aromatic pyrrole ring) In-plane stretching
1570 C—C/ C=C (PPy interchain) Stretching (crosslinking related)
1471 CH: (PE) Bending deformation
1369 C-N (polypyrrole) Stretching
1069 C-H (aromatic pyrrole ring) In-plane bending
801 Substituted alkenes / ring opening Out-of-plane C—H bending
718 CH: (PE) Rocking deformation

The FTIR spectra obtained by varying the monomer flow from 300 to 200 sccm showed the
functionalities present on the surface. with no substantial chemical differences among the three tested
conditions. This observation suggests that minor variations in precursor flow do not significantly impact
the chemical structure of the deposited material. Within this range, several key points were identified.
Firstly, the appearance of characteristic polypyrrole peaks (N-H stretching, C=C stretching, C—N
bending) [252], and secondly, signals that suggest the aromatic ring is retained to some extent, along
with crosslinking and branching, highlighted by secondary or overlapping bands (e.g., the shoulder at
1570 cm™) [253]. Thirdly, the emergence of peaks at 801 cm™, which are associated with alkene
fragments or open-ring structures, suggesting structural rearrangement of the monomer induced by
plasma energy.[254] . This flow range represents an optimal balance between monomer availability and
plasma energy, which is capable of triggering efficient and complex polymerization reactions. The
stability of the chemical structure across different flow rates also suggests that the APP process is
resilient to slight variations in precursor input, ensuring surface chemistry reproducibility in nanoparticle
synthesis.
The analysis of the FTIR spectra at the optimal distances for each monomer flow condition, 4 cm for
300 sccm, 3 cm for 250 sccm, and 5 cm for 200 sccm of precursor, revealed important insights into the
influence of the distance on the chemical structure of the deposited material. The spectra for 300 and
250 sccm showed comparable chemical profiles, with well-defined peaks corresponding to both the
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polyethylene substrate and pyrrole/polypyrrole, indicating stable deposition chemistry within this flow
range. Notably, the spectrum obtained at 200 sccm and 5 cm exhibited more intense absorption bands,
suggesting that the increased distance at lower flow rates may facilitate more efficient polymerization.
This could be due to an extended residence time of the precursor in the plasma zone, allowing for more
effective interactions with reactive plasma species and thus promoting nanoparticle formation, in
agreement with the SEM results, which showed the relationship between residence time and particle
growth and crosslinking [239]. One distinct feature observed was the disappearance of the 801 cm™
peak under the 250 sccm - 3 cm condition. This band, typically associated with substituted alkenes or
ring-opened structures, was present under other conditions and its absence indicates structural
rearrangement of the monomer. This can be attributed to the higher energy density near the jet nozzle.
In this region, reactive species impact the substrate with minimal energy dissipation, potentially leading
to further fragmentation of labile functional groups. As reported in previous studies, the preservation of
such chemical functionalities in plasma polymerization is highly sensitive to energy input and exposure
time, with milder conditions generally being more favourable for maintaining the precursor’s chemical
identity [257]. This finding is consistent with the SEM observations, where smaller nanoparticles were
formed at shorter substrate distances. The increased plasma energy at proximity promotes precursor
fragmentation, while the reduced residence time limits further growth and crosslinking, resulting in
smaller and less interconnected particles.

Finally, the effect of input voltage on nanoparticle synthesis was evaluated for the three optimal flow-
distance combinations. At 300 sccm of precursor flow rate and 6 kV of input voltage, FTIR spectra
showed strong signals related to the presence of pyrrole and/or polypyrrole, confirming effective
nanoparticle deposition. At 250 sccm and 7 kV, the signals slightly weakened, while at 200 sccm and 7
kV, the peaks became very faint, despite previously being strong at the same flow but different distance.
This suggests that at lower flow rates, higher voltages may alter the plasma chemistry in a way that
reduces the efficiency of nanoparticle formation. This interpretation aligns with prior studies reporting
the strong influence of plasma power on nanoparticles formation, demonstrating that increasing plasma
power beyond a certain threshold can disrupt polymer growth and alter polymer structure, with higher
plasma energy leading to partial ring breakage and the formation of less conjugated polymer fragments,
ultimately affecting nanoparticle morphology and chemical integrity [254]. This contrasts with the
results observed when varying the distance, where the same 200 sccm condition led to stronger
nanoparticles-related peaks, indicating improved deposition and highlighting how plasma energy

density must be finely balanced with precursor concentration.
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4.3 Surface Elemental Composition Analysis (XPS)

In addition to FTIR, XPS was performed to further investigate the surface chemistry of the nanoparticles
under different synthesis parameters.

4.3.1.  Analysis of Optimal Flow Conditions

To evaluate the best conditions concerning the morphology of the synthesized nanoparticles, XPS
analysis was performed. Initially, the three optimal monomer flow rates were selected and analysed: He
1.700 + 300 sccm Py - 9 kV - 5 cm - 1 min, He 1.750 slm + Py 250 sccm - 9 kV - 5 cm - 1 min and He
1.800 slm + Py 200 sccm - 9 kV - 5 cm - 1 min. For each sample, six different points were analysed,
and the results represent the average elemental composition across these measurements.

Table 5: Average atomic percentages of Cls, N1s, Ols for optimal monomer flow rates

Deposition

He Qpyme Voltage Time Distance Cls N1s O1s
(slm) (sccm) (kV) (min) (cm) (%) (%) (%)

1.7 300 9 1 5 71012 143+£05 147+1.,0
L.75 250 9 1 5 749+1.0 14.9+0.6 10.2+0.6

1.8 200 9 1 5 69.7+14 13.9+0.7 16.3=1.6

The XPS survey spectra revealed the presence of three main elements: Carbon (C 1s), Nitrogen (N 1s),
and Oxygen (O 1s). In all three conditions, carbon exhibited the highest percentage, with values of 71.0
+ 1,2 %, 74.9 £ 1,0 %, and 69.7 + 1,4 % for the precursor flow rates of 300 sccm, 250 sccm, and 200
scem, respectively. Regarding the other elements, nitrogen has concentrations of 14.3 + 0,5 %, 14,9 +
0,6 %, and 13.9 = 0,7 % for the three conditions, respectively. Finally, oxygen was detected with
percentages of 14,7 = 1,0 %, 10,2 £ 0,6 %, and 16.3 + 1,6 %.
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4.3.2.  Analysis at SEM-Optimised Distances

Secondly, for each of the three optimal flow rates, XPS was performed under the condition with the
identified best distance. The three conditions were as follows: He 1.700 + 300 sccm Py - 4 cm - 1 min -
9 kV, He 1.750 slm + Py 250 sccm - 9 kV - 3 cm - 1 min and He 1.800 slm + Py 200 sccm - 9 kV - 5 cm

- 1 min.

Table 6: Average atomic percentages of Cls, N1s, Ols for optimal precurso flow rates and distances

Deposition .
He Qry+He Voltage Ti Distance Cls N1s O1ls
ime
(slm)  (sccm) (kV) . (cm) (o) (o) (%)
(min)
1.7 300 9 1 4 77,3+£0,5 14,6+0,5 8,0+0,5
1.75 250 9 1 3 76,5+0,8 150+0,5 8,5+0,4
1.8 200 9 1 5 75,9+0,9 153+0,5 8,7+0,8

Under the optimized distances, only minor changes were observed in the atomic composition. Carbon
remained the predominant element, with atomic percentages of 77.3+£0.5%, 76.5+0.8%, and
75.9 £ 0.9% for monomer flow rates of 300, 250, and 200 sccm, respectively. Nitrogen was the second
most abundant, showing values of 14.6+0.5%, 15.0£0.5%, and 15.3+0.5% across the same
conditions. Oxygen content was slightly lower, with corresponding values of 8.0 +0.5%, 8.5+ 0.4%,
and 8.7 + 0.8%. Overall, the elemental composition remained highly consistent, with variations within

2%, suggesting no significant influence of flow rate at this stage.
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4.3.3.  Analysis at Final Optimised Conditions

After testing different input voltages for the three optimal combinations of pyrrole flow and distances,
the three voltages that yielded the best results in terms of deposition and nanoparticle size were selected
for further analysis. Each sample was examined at six different points, and the average values were
recorded. The selected parameters were as follows: He 1.700 + 300 sccm Py - 4 cm - 1 min - 6 kV, He
1.750 slm + Py 250 sccm - 7kV - 3 cm - 1 min and He 1.800 slm + Py 200 scmm - 7 kV - 5 cm - 1 min.

Table 7: Average atomic percentages of Cls, N1s, Ols for optimal monomer flow rates, distances and
input voltages

Deposition

He Qpyne Voltage Time Distance Cls N1s Ols
(slm) (sccm) (kV) (min) (cm) (%) (%) (%)

1.7 300 6 1 4 75,8 +£0,7 14,7£0,5 9,5+0,6
1.75 250 7 1 3 77,4 +0,3 145+0,3 8,0+0,5

1.8 200 7 1 5 732+1,5 143+£0,8 12,4=+1,5

Under the optimized input voltage conditions, the same elements were detected as in the previous
experiments: carbon (C 1s), nitrogen (N 1s), and oxygen (O 1s). Carbon remained the most abundant
element, followed by nitrogen and oxygen. For the 300 sccm monomer flow rate, the elemental
composition was 75.8 = 0,7 % for carbon, 14.7 = 0,5 % for nitrogen, and 9.5 = 0,6 % for oxygen.
Compared to the values obtained with the previous voltage configuration (9 kV), a slight decrease in
carbon content (from 77.3 £ 0,5 % to 75.8 £ 0,7 %) and an increase in oxygen content (from 8,0 £ 0,5
% to0 9.5 + 0,6 %) were observed, while the nitrogen percentage remained nearly constant. For the 250
sccm monomer flow rate, the results showed 77.4 = 0,3 % of carbon, 14.5 = 0,3 % of nitrogen, and 8,0
+ 0,5 % of oxygen. In this case, there was a slight increase in carbon content compared to the previous
condition (from 76.5 + 0,8 % to 77.4 £ 0,3%) and a reduction in oxygen presence (from 8.5 + 0,4 % to
8 £ 0,5 %). Finally, for the 200 sccm monomer flow rate, nitrogen content remained almost unchanged
(14.3 £ 0,8 % compared to 15.3 £ 0,5 % at 9 kV), while a notable decrease in carbon percentage (73.2
+ 1,5 % compared to 75.9 £ 0,9 %) and a significant increase in oxygen percentage (12.4 = 1,5 %
compared to 8.7 = 0,8 %) was observed.
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4.3.4. Interpretation and Comparison with Literature

The results obtained from the first set of XPS analyses, performed at fixed distance (5 cm) and voltage
(9kV) for all flow rates, showed noticeable inconsistencies compared to the following optimised
conditions. Notably, the condition using 200 sccm was repeated in the second set and yielded
significantly different elemental ratios, particularly for oxygen. These discrepancies may indicate that
the first set was affected by suboptimal deposition or plasma instability, Unstable plasma conditions can
lead to poor deposition adhesion, which in turn affect the reliability of surface-sensitive techniques such
as XPS [258]. Therefore, the subsequent experiments, based on SEM-identified optimal distances and
voltages, are considered more representative and consistent.

The main elements detected in all samples were carbon (C 1s), nitrogen (N 1s), and oxygen (O 1s). This
elemental composition reflects the presence of carbon and nitrogen-rich fragments originating from
pyrrole [259]. Although not intrinsic to the monomer structure, oxygen was detected in significant
amounts, which can be attributed to surface modifications induced by plasma treatment and atmospheric
contamination during synthesis and handling. Plasma exposure is known to activate the surface,
facilitating the incorporation of oxygen-containing functional groups such as carboxyl, hydroxyl, and
ester groups [260], [261]. These surface oxidation processes can enhance the material's reactivity and
hydrophilicity [262].

Pure pyrrole (CsHsN) does not contain oxygen in its structure and has an atomic N/C ratio of 0.25 [263].
Therefore, the atomic percentages expected from XPS analysis should be approximately 80% carbon
and 20% nitrogen. The obtained results showed lower atomic percentages for both carbon (74—77%)
and nitrogen (14—15%) compared to the theoretical values. The reduction is particularly significant for
nitrogen, with a loss of about 25-30%. These values are highly consistent with those reported for
plasma-polymerized pyrrole films, where after just one day of exposure to ambient air, the surface
composition showed 76,7 % C, 15.4% N and 7.9% O [264].

In this study the reduction of nitrogen content was associated with the specific degradation pathways
induced by plasma and air exposure. One of the key mechanisms involves the formation of nitrile groups
during plasma polymerization, which are highly reactive and susceptible to hydrolysis in the presence
of water vapor contained in the air. This reaction converts nitrile groups into carboxylic acids, with
nitrogen being lost in the form of volatile ammonia. This mechanism provides a strong rationale for the
observed decrease in nitrogen and the concurrent increase in oxygen content. Therefore, the surface
composition of the nanoparticles not only reflects the effects of plasma-induced fragmentation and
polymerization, but also secondary reactions driven by environmental exposure, especially involving
humidity and oxygen, which selectively reduce the nitrogen content over time.

Overall, the elemental percentages remained relatively stable, with variations generally below the 2%
threshold, indicating that most differences can be attributed to measurement uncertainties. However, a
notable change was observed under the condition of 200 sccm of monomer with 7kV and 5 cm, where
the oxygen content increased significantly alongside a decrease in carbon percentage. This shift suggests
enhanced surface oxidation, likely induced by plasma irradiation, which promotes the formation of
oxygen-containing functional groups on the nanoparticle surface. These modifications are documented
in the literature, highlighting how plasma treatment can introduce reactive sites that facilitate oxygen

incorporation, altering the surface chemistry and improving hydrophilicity [260], [261].
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These findings from the XPS analysis align well with the FTIR results, offering a coherent picture of
the chemical transformations induced by plasma polymerization and environmental exposure. The
presence of characteristic PPy bands in the FTIR spectra, such as N—H stretching, C=C in-plane
stretching, and C—N vibrations, confirms the formation of pyrrole-based polymeric structures.
Simultaneously, XPS detected a surface enrichment in oxygen, which complements the FTIR
observation of increased band intensities, particularly at lower monomer flow and greater substrate
distance, suggesting enhanced incorporation of oxygen-containing groups. This is consistent with the
proposed formation of polar functionalities such as carboxylic acids or hydroxyls, inferred from both
techniques. Moreover, the reduction in nitrogen content detected by XPS can be linked to the structural
changes observed in FTIR, such as the disappearance or weakening of certain pyrrole-associated peaks
under more intense plasma conditions. Together, these data support the hypothesis that plasma exposure,
coupled with post-deposition air humidity, leads to partial hydrolysis and structural rearrangements,
modifying the surface chemistry of the nanoparticles. Therefore, the correlation between the two
spectroscopic techniques strengthens the interpretation that both plasma parameters and ambient
environment critically shape the final chemical nature of the synthesized nanoparticles.
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4.4 Plasma composition (OES)

The plasma composition was investigated through OES, using different process parameters.

4.4.1.  Effect of Sample Holder

The generated plasma species were analysed using Optical emission spectroscope (OES - S2000, Ocean
Optics). To enable comparison, all spectra were normalized by dividing the recorded intensities by the
respective integration times used for each condition. As a control and for reference purposes, emission
spectra were obtained for pure helium plasma generated with and without the sample holder. NP
synthesis conditions which yielded the smallest NP diameters both without the monomer (in the absence
and presence of the sample holder) and with the monomer (under optimized conditions in terms of
monomer flow, distance from the substrate to the tip of the capillaries, and input voltage).
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Figure 71: OES spectra of He 2 slm with sample holder and without sample holder (left) and
photography of the APPJ-array (right) during the analysis



The first analysis was performed to evaluate the species present in the plasma without the influence of
the sample holder. The spectrum in this case showed a high concentration of peaks between 300 and 450
nm, mainly attributed to different plasma components. The first peak at 287 nm corresponds to the OH
transition A’X* (v=0, 1) — X°I1 (Av=1) [265]. The peaks at 315, 337, 370, 375, and 380 nm are related
to the presence of excited N2 molecules, specifically corresponding to the C*Il, — B’IIg electronic
transition of the Second Positive System (Av = 0) [266]. The peak at 355 nm and 390 nm are attributed
to C—N fragmentation transitions (B*X — X*X, Av + 1), which are typical of nitrogen-containing
species [267]. Furthermore, the peaks at 400 nm and 405 nm are part of the extended N2 emission band
(400-470 nm), representing additional vibrational-rotational transitions of the Second Positive System
(SPS, C*ITu—B?Ilg). These emissions, along with the 315-390 nm bands, demonstrate the sustained
presence of excited N2 molecules in the plasma, generated through direct electron impact excitation of
atmospheric nitrogen [266]. At 413, 430 and 433 nm, the emission corresponds to the CH radical (B*X-
— X2[1), which is a common fragment in plasma polymerization processes [267]. The peak at 447 nm
represents the He transition 4d°D — 2p°P [268], while the next one at 468 nm is associated with Cz (d*IT
— a%ll), suggesting the presence of carbon dimers potentially formed from plasma-induced
fragmentation of pyrrole [267]. The last four peaks are all related to He transition, in particular: at 501
nm 3p'Po — 25'So, at 588 nm 3d*D — 2p*Po, at 668 nm 3d'D — 2p'Po and at 706 nm is 3s*S1 — 2p*Po
[265].

In the case where plasma was generated while the sample holder was inserted into the quartz tube ata 5
cm distance from the tip of the capillaries, the spectrum resembled the one obtained without the sample
holder, suggesting that the sample holder did not significantly influence the formation of radicals.
However, some new, although low intensity, peaks were observed at 237, 247, 259, 271, 308, 777 nm.
The first four peaks (at 237 nm, 247 nm, 259 nm, and 271 nm) belong to the 200-300 nm emission band,
corresponding to excited atmospheric NO (NOy system) [266], while the 308 nm peak indicates OH
transition A2X* (v=0, 1) — X2I1 (Av =0) [265] . Finally, emissions at 777 is attributed to the O transition
3p°P — 25°S [267]
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4.42.  Analysis of Optimised Process Conditions per Flow Rate

For each of the three selected precursor flow rates (200, 250, and 300 sccm), the emission spectra
obtained under progressively optimised conditions were analysed. These include the spectra acquired
using the optimal precursor flow with 5 cm of distance and 9 kV of input voltage, then with the addition
of the optimal distance (determined from SEM analysis) and still 9 kV, and finally under the fully
optimised settings (best precursor flow, best distance and best input voltage).
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Figure 72: OES spectra of He 1,7 sccm + Py 300 sccm (left) and photography of the APPJ-array
(right) during the analysis
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Some of the peaks observed in pure helium plasma were also present in 1.70 slm helium plasma with
300 sccm of pyrrole. The main differences were observed with the peaks at 337, 357, and 430 nm, which
are significantly lower in intensity compared to the pure helium plasma. The first two are associated
with the presence of N2, while the third is attributed to CH. There was a notable increase of the intensity
of the peak at 706 nm, which is associated with the 3s*S1 — 2p*Po helium transition. Additionally, three
new peaks appeared at 388, 656 nm and 728 nm. The first peak at 388 nm indicates the presence of the
CN radical (B*Z" — X?X* transition) [267], the second one at 656 nm corresponds to the Ha transition
(2p — 3d), while the peak at 728 nm is associated with a helium transition (3s'So — 2p'Po) [265].

By changing the distance and using the optimal one at 4 cm, the spectrum remained more or less the
same, with both the position and the intensity of the peaks being consistent. The only noticeable variation
was a slight increase in the peak associated with the CH radical (B2~ — X?II) at 430 nm. This indicates
that small variations in distance do not significantly influence the generated species of the plasma.

The last spectrum corresponds to the analysis performed under the optimal input voltage of 6 kV. All
the peaks appeared with a lower intensity, particularly the one at 388 nm, as well as a slight decrease in
the peak intensities at 357 nm and 337 nm, all associated with nitrogen-related emissions.
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Figure 73: OES spectra of He 1,750 sccm + Py 250 sccm (left) and photography of the APPJ-array
(right) during the analysis



The results obtained under the condition of a 250 sccm of pyrrole were analysed first at 5 cm and an
input voltage of 9 kV. The spectrum appeared very similar to that obtained with a flow of 300 sccm,
showing the same peaks and demonstrating that small variations in flow do not significantly influence
the formation of the chemical species. The most intense peak was observed at 388 nm, corresponding to
the CN radical transition, followed by the peak at 706 nm, representative of helium. Apart from these,
under this condition as well, compared to the pure helium condition, additional peaks appeared at 656
and 728 nm. In this case, varying the distance from 5 to 3 cm did not significantly change the appearance
of the spectrum. The primary difference was that most peaks appeared with lower intensity, indicating a
reduced presence of some species. For instance, the peak at 388 nm decreased compared to the 5 cm
condition, suggesting a reduced occurrence of CN radical transitions. Small differences were observed
when using the optimal input voltage of 7 kV while maintaining the same distance as the previous case.
In this spectrum, the 706 nm peak became one of the most intense peaks. This indicates a stronger helium
transition (3s*S: — 2p*Po). Meanwhile, the peaks corresponding to nitrogen species (at 400 and 405 nm)
appeared weaker, suggesting a decrease in nitrogen fragmentation.
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For the condition of a 200 sccm of precursor, the analysis was first conducted at a distance of 5 cm and
an input voltage of 9 kV. The resulting spectrum was largely comparable to those obtained at 300 and
250 sccm also showing the appearance of peaks at 388, 656, and 728 nm. This indicates that variations
in flow rate within this range have a minimal impact on species formation. However, two noticeable
differences emerged: the peaks at 337 nm and 357 nm were slightly more intense, suggesting a higher
concentration of nitrogen-related species. The most significant change was observed at 388 nm, where
the CN radical emissions displayed a marked increase in intensity compared to the other conditions.
When the input voltage was set to 7 kV, distinct changes in the spectrum were observed. The 706 nm
peak, associated with the He (3s°S: — 2p*Po) transition, significantly increased, becoming one of the
dominant emissions. Conversely, the peak at 388 nm, which had previously shown strong intensity, was
notably reduced, along with the nitrogen-associated peaks at 337 nm and 357 nm. This behaviour
suggests that lowering the voltage alters the energy distribution within the plasma, favouring metastable
helium excitation while reducing the fragmentation of nitrogen and carbon species.
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4.3.1. Interpretation and Comparison with Literature

Table 8 summarises the main OES emission wavelengths identified under all tested conditions.

Table 8: Summary of the emission wavelengths observed in the optical emission spectroscopy (OES):

Wavelengths

Species Transitions
(nm)
237,247, 259, NO NOy system (excited
271 atmospheric NO)
AZ" (v=0,1) — X1 (Av
287, 308 OH
=1and 0)
CI1, — B®Ilg (Second
315, 337, 357, ..
Positive System, Av = 0),
370, 375, 380, Nz o
extended vibrational-
400405 . "
rotational transitions
C-N (B’X — X%),CN
355, 390, 388 C-N/CN )
radical (B*X" — X°X%)
413, 430, 433 CH radical B2~ — X211
d3IT — a3II (carbon dimers
468 C:
from pyrrole)
Various atomic transitions
447, 501, 588,
He (e.g., 4d*°D — 2p°P, 3p'Po
668, 706, 728
— 25'So, etc.)
656 H Ha line: 2p — 3d
777 0 3p°P — 2s°S

In the absence of pyrrole, the plasma exhibits prominent emission peaks, notably at 308 nm (OH radical),
337 and 357 nm (N2 second positive system) and 390 nm (CN transition). These emissions are
characteristic of helium plasmas interacting with ambient air, leading to the excitation of nitrogen and
oxygen species. The presence of OH radicals, for instance, is attributed to the dissociation of water
vapor, present in ambient air, adsorbed on the inner surfaces of the helium line and the quartz tube [269].
Introducing the sample holder into the plasma environment does not significantly alter the overall
emission spectrum. However, minor peaks emerge at wavelengths such as 247 nm, 308 nm, and 777
nm, indicating slight modifications in the plasma-surface interactions. This behaviour can be attributed
to changes in the local electric field and energy distribution caused by the introduction of a solid surface
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near the plasma jet, that leads to the appearance of additional spectral lines [270]. However, these subtle
changes suggest that while the PTFE sample holder introduces new interfaces, its impact on the
generation of reactive species remains minimal.

Introducing pyrrole at a flow rate of 300 sccm led to significant spectral changes, including the reduction
of nitrogen-related peaks (337 nm, 357 nm), enhancement of helium emissions (706 nm), and the
emergence of new peaks at 656 nm (Ha transition) and 728 nm (He transition), suggesting pyrrole
fragmentation and energy transfer modifications; similar modifications in plasma chemistry upon
monomer introduction have been reported in low-pressure DC plasmas [271]. Adjusting the distance to
4 cm didn’t alter the spectrum, while reducing the voltage to 6 kV decreased overall emission intensities,
except for the 706 nm helium peak, which increased. This behaviour can be attributed to a greater
accumulation of metastable helium species at lower voltages, as reported by Naidis [272], where reduced
electric fields favour the formation of long-lived excited states such as He(2?S), which emit at 706 nm
and play a key role in sustaining the plasma through stepwise excitation and energy transfer. At 250
sccm and 200 scem flow rates of pyrrole, the spectra remained consistent, with slight intensity variations.
Interestingly, lower flow rates enhanced nitrogen-related peaks (337 nm, 357 nm, and 388 nm),
suggesting more efficient excitation and energy transfer to ambient air species. According to Bardos and
Barankova [173], this is due to the reduced concentration of organic monomer in the plasma, which
decreases the competition for electron energy and allows more efficient excitation of N2 molecules,
thereby intensifying their characteristic emission lines. Voltage optimization at these flow rates of
pyrrole confirmed the dominance of the 706 nm helium peak at 7 kV, aligning with findings that helium
plasmas maintain stable reactive species across different conditions [272].
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4.5 Voltage Characterization

For the different conditions, different input voltages were applied on the power supply itself. However,
to assess the actual voltage delivered to the plasma, the peak-to-peak voltage (Vpp) were calculated
from the voltage-current waveforms, and for the conditions that yielded best results in terms of
morphology and size distributions of synthesized NPs. The measurements were performed using a
PicoScope PC Oscilloscope equipped with a Tektronix P6015A high-voltage probe. The Vpp was
determined using the following equation:
Vpp = Vmax — Vmin

where Vmax and Vmin are the maximum and minimum voltage values observed in the waveform,
respectively [273]. Five measurements were taken under the same conditions to ensure reproducibility;
for each, the peak-to-peak voltage was determined, and the average of these values was considered. The
results are shown in the following Table 9:

Table 9: Measured Peak-to-Peak Voltages Delivered to the Plasma Under Different Operating

Conditions
He Py Distance Input Voltage  Average Vpp
(slm) (sccm) (cm) (kV) (kV)
1.7 300 4 6 9,1+0,1
1.7 300 4 9 12,5+0,1
1.7 300 5 9 12,6 £0,1
1.75 250 3 7 10,3 +0,1
1.75 250 3 9 12,6 £0,1
1.75 250 5 9 12,6 £0,1
1.8 200 5 7 10,4+0,1
1.8 200 5 9 12,7+0,1
2 0 NO sample 9 12,6+ 0,1
holder
2 0 5 9 12,7+0,1

As shown in Table 9. the measured peak-to-peak voltages are consistently higher than the nominal input
voltage set on the power supply. This discrepancy may be attributed to the characteristics of the electrical
circuit and the impedance mismatch between the power supply and the plasma discharge, especially in
the capacitive effects near the electrode [274]. The peak-to-peak voltage appears to increase with
increasing input voltage, as expected, but slight variations are observed depending on the gas flow and
the inter-electrode distance. For instance, longer distances (e.g., 5 cm) tend to show slightly higher or
more variable Vpp values, which may suggest changes in the plasma impedance or the onset of different
discharge modes. The configuration without the sample holder (He = 2 slm, Py = 0 sccm) also exhibits
comparable Vpp value, confirming that the plasma can be maintained in free mode and that the presence
of the sample holder does not significantly affect the delivered voltage.
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CHAPTER §

Conclusions

5.1 Summary of the main findings

In this study, the synthesis of pyrrole-based nanoparticles using an atmospheric pressure plasma jet array
(APPJ-array) was investigated. A particular focus was given to how variations in process parameters
(precursor flow rate, substrate distance, and input voltage) influence nanoparticle morphology, chemical
structure, and plasma characteristics. This was achieved through a comprehensive characterization
approach, including scanning electron microscopy (SEM) for nanoparticle morphology, X-ray
photoelectron spectroscopy (XPS) for surface atomic composition, Fourier-transform infrared
spectroscopy (FTIR) for chemical functional groups, and optical emission spectroscopy (OES) for
analysing plasma-generated species.

SEM analysis revealed that intermediate flow rates, between 200 and 300 sccm, yielded the most
uniform and smallest nanoparticles (down to ~77 nm), while extremely high or low flows resulted in
either aggregation or continuous film formation. Excess monomer led to agglomeration due to several
possible factors, including enhanced van der Waals interactions, rapid nucleation and crosslinking driven
by high radical formation, and the distribution of plasma energy among a larger number of molecules,
which reduces the energy available per molecule and consequently limits monomer fragmentation.
Among the tested distances, those between 3 and5 cm were found to be optimal. It was observed that
short distances increased energy density, favouring nucleation over growth and resulting in small,
spherical nanoparticles. At larger distances (>6 cm), decreased plasma reactivity and increased
interaction with ambient air reduced deposition efficiency. The input voltage consistently showed the
same trend, indicating a strong correlation between size distribution and applied voltage. An increase in
this parameter generally led to larger particle sizes due to enhanced plasma energy, which favoured
growth. However, beyond 9 kV, the energy became excessive, disrupting polymerization and reducing
uniformity.

FTIR analysis revealed the presence of characteristic pyrrole/polypyrrole peaks, indicating retention of
the aromatic ring, crosslinking, and structural rearrangements. Analysis at optimal flow—distance
combinations (300 sccm—4 c¢m, 250 sccm—3 cm, 200 sccm—5 ¢cm) showed that increased distance at
lower flow (200 sccm) led to stronger absorption bands, likely due to longer precursor residence time
and more efficient interaction with plasma species. Increasing the input voltage resulted in weaker FTIR
signals at 200 sccm—7 kV, suggesting that excessive plasma energy may hinder polymer growth and
reduce nanoparticle formation efficiency. In general, apart from peaks related to the substrate, all
conditions (with varying different parameters) showed the presence of NH, C=C, C-C, C-N, and C-H
groups.
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The surface composition, analysed through XPS, revealed a clear trend in elemental content: increasing
substrate distance or voltage generally enhanced oxygen incorporation (likely due to oxidation) and
reduced nitrogen content. These changes were consistent with FTIR results and confirmed the sensitivity
of surface chemistry to plasma conditions. However, in general, these results were only slightly
influenced by changes in distance and voltage, with average atomic percentages of Cls, Nls, and Ols
remaining similar across conditions. Further studies could acquire high-resolution spectra to identify the
different bonds present and gain deeper insight into the chemical functionalities.

OES measurements identified reactive species such as excited He, OH, and N.. Plasma chemistry was
affected by the sample holder, the presence of the precursor, and the process parameters. From the
interaction between helium and air, the generation of *OH, N2, and CN was observed. The introduction
of pyrrole to the plasma led to the appearance of new signals, a reduction in nitrogen-associated peaks,
and an increase in helium-associated emissions, indicating that pyrrole altered the plasma chemistry.
Varying the other parameters (monomer flow, input voltage, and distance) did not lead to significant
differences in the spectral lines, suggesting that the main species remained present under all tested
conditions: NO, OH, N2, CN, Cz, He, H, and O. Greater distances and input voltages modified the
emission profile, reflecting changes in reactive species generation and energy distribution within the
array.

These findings demonstrate that plasma polymerization via APPJ-array is a highly tunable and solvent-
free method for producing pyrrole-based nanoparticles with tailored properties, offering strong potential
for biomedical applications.

5.2 Biomedical potential of the synthesised nanoparticles

The synthesis of pyrrole-based nanoparticles via atmospheric pressure plasma jet array (APPJ-array)
has yielded promising physicochemical features that strongly support their potential use in various
biomedical applications. The results of morphological, chemical, and plasma characterization highlight
the versatility and tunability of the produced nanoparticles, aligning them with key requirements in
nanomedicine, particularly in the areas of drug delivery, photoacoustic imaging, photothermal therapy,
and biosensing [1].

The nanoparticles synthesized under optimal plasma conditions (flow rate of 300 sccm, distance of 4
cm, and input voltage of 6 kV) exhibited spherical and homogeneous morphology with an average
diameter 77.1 £ 36.9 nm. These dimensional characteristics are crucial for systemic biomedical
applications. Particles in this size range are known to avoid rapid renal clearance (which typically occurs
for particles <5 nm) [275], evade splenic retention (particles >200 nm) [276], resulting in prolonged
blood circulation and enhanced permeability and retention (EPR) effect in tumour tissues [277]. This
makes the synthesized PPy NPs particularly suitable for targeted drug delivery and tumour imaging.
FTIR, XPS, and OES provided insights into the chemistry of both the surface deposition and the plasma,
demonstrating that, from a chemical perspective as well, the synthesised nanoparticles are suitable for
biomedical applications. For instance, the group NH, in the protonate form NH+, is known to have
bactericidal activity. The presence of this positive charge enables strong electrostatic interactions with
negatively charged bacterial membranes, leading to membrane disruption and cell death [151]. Inspired
by this mechanism, nanoparticles containing protonable nitrogen functionalities (such as -NH or —-NH-)
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may exhibit similar antibacterial behaviour, especially when surface-modified or doped to enhance
positive charge density. In addition, N-containing functional groups enhance the biocompatibility and
hemocompeatibility of the materials by improving cell adhesion, proliferation, and viability, while also
reducing platelet adhesion and haemolysis. These functional groups can modulate surface properties
such as charge distribution, wettability, and surface energy, which in turn influence the interactions
between the material and biological components, leading to better cellular responses and reduced
cytotoxic or thrombogenic effects [278]. The presence of C—H groups in the synthesized nanoparticles
offers potential for biomedical applications, as these groups can participate in C,H insertion reactions,
enabling further surface functionalization, that are normally used in the formation of bioactive hydrogel
coatings on organic materials [279].

Moreover, the analysis of the APPJ-array plasma plume through OES revealed the presence of several
reactive species, including OH, N2, CH, C, and He transitions. Among those, OH radicals are known
for their potent oxidative properties that contribute to the inactivation of pathogens and cancer cells.
Specifically, OH, along with other reactive oxygen and nitrogen species (RONS), has been shown to
induce DNA damage, promote cytotoxicity, and trigger selective apoptosis in various cancer cell lines
[280], [281].

To fully harness the promising structural and chemical properties of the synthesized nanoparticles for
clinical applications, several additional analyses are recommended.

Zeta potential and colloidal stability assessments provide information on surface charge and predict
nanoparticle stability in physiological fluids, guiding further surface modifications to enhance
dispersion and prevent aggregation [282].

Given that conventional polypyrrole nanoparticles are widely used in photothermal therapy (PTT) and
photoacoustic imaging (PAI) due to their strong absorption in the near-infrared (NIR) region, UV-Vis-
NIR spectroscopy should be performed to verify the NIR absorption profile and evaluate the
photothermal conversion efficiency [283].

In vitro cytotoxicity and hemocompatibility assays using relevant cell lines and blood components to
assess the biocompatibility of the plasma-synthesized nanoparticles [284].

Lastly, drug loading and release studies should be conducted to explore the capacity of the nanoparticles
to adsorb or encapsulate therapeutic agents and to evaluate their release profiles in response to specific
stimuli such as pH, temperature, or NIR light, enabling the development of stimuli-responsive delivery
systems [285].

5.3 Societal reflection

This work comes under the convergence of nanotechnology, green chemistry, and biomedical
innovation. The step of synthesis of biocompatible pyrrole-based nanoparticles through a non-thermal
Atmospheric Pressure Plasma Jet (APPJ) array not only can be discussed from the technical and
scientific points of view but also considering societal responsibility. The selected method, plasma-
assisted nanoparticle synthesis, is an intentional deviation away from traditional chemical pathways that

often include organic solvents, toxic reagents, and energy-intensive processes. This transition to greener,
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safer, and more sustainable synthesis pathways puts this work at the forefront of an international
movement toward ethical innovation and aligns with several of the United Nations' Sustainable
Development Goals (SDGs) [286].

The APPJ-array process developed in this thesis is consistent with SDG 12 [286]: Responsible
Consumption and Production, as it does not demand organic solvents and lowers chemical waste.
Compared to conventional bottom-up approaches to the synthesis of nanoparticles, where surfactants,
crosslinkers, or further surface functionalization by subsequent procedures may be employed, the APPJ-
array process offers in-synthesis functionalization at significantly lower environmental cost.
Furthermore, the process is carried out at room temperature and atmospheric pressure, which lowers the
energy requirement significantly compared to high-temperature or vacuum-based systems, which
contributes to SDG 13 [286]: Climate Action by having a lower carbon footprint.

This shift towards green nanomanufacturing is particularly opportune since the field of nanomedicine
advances rapidly. While nanotechnology holds vast therapeutic potential, social acceptance and long-
term adoption of such technologies will increasingly depend on their environmental fit throughout the
product life cycle. By showing that high-quality biomedical nanoparticles can be fabricated clean,
scalable, and solvent-free, this research makes sustainable medical technology with lowered ecological
perturbation as a future prospect possible.

The potential applications of the synthesized nanoparticles, such as drug delivery, photoacoustic
imaging, photothermal therapy, and biosensing, are directly related to SDG 3 [286]: Good Health and
Well-being. These technologies can potentially enable early disease diagnosis, targeted treatment, and
real-time disease monitoring for diseases such as cancer, and improve clinical outcomes while reducing
side effects and treatment burden overall.

Significantly, plasma-mediated synthesis can be a low-cost, reproducible alternative to conventional
nanoparticle synthesis, improving the availability of complex therapies, especially in low-resource
settings. The simplicity of operation of the APPJ system, combined with the absence of requirement for
expensive reagents or cleanroom facilities, may facilitate technology transfer to the developing world,
improving more equitable global access to medical innovation.

Ethically, the use of inherently biocompatible materials is critical for biomedical use. As a potentially
more degradable and biologically compatible alternative to some metal-based nanoparticles, which may
have long-term toxicity and bioaccumulation concerns, pyrrole-based nanoparticles are an appealing
alternative. Nevertheless, it is pertinent to note that biocompatibility needs to be demonstrated through
in vitro tests as an initial step, followed by exhaustive toxicological studies to determine their safety for
clinical use.

This thesis was conducted in an international academic environment and illustrates the merit of
international cooperation in addressing health and sustainability issues. The interdisciplinarity of the
project, covering materials science, physics, chemistry, and biomedical engineering, shows the
importance of cross-sectoral communication in making technological innovations responsive to societal
values and needs.

In conclusion, this thesis is part of a growing literature trying to bring sustainability, equity, and safety
into nanotechnology innovation, helping attain a number of SDGs and creating a vision of healthcare
that is not just technologically innovative, but socially and environmentally sustainable.
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APPENDICES

Non-included results

Additional SEM images

Varying the precursor flow between 150-500 sccm

9kV-5cm—1 min
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Rhomboidal nanoparticles
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Under these conditions (He 1.990 slm + Py 10 sccm — 5 cm — 9 kV — 1 min and He 1.975 slm + Py 10
sccm — 5 cm — 9 kV — 1 min) particular results were obtained with the formation of rhomboidal
nanoparticles. However, the experiment was not reproducible, as subsequent attempts using the same
conditions did not lead to the formation of nanoparticles with this shape.

Varying the distance substrate-to-capillaries

He 1,700 slm + Py 300 sccm — 9 kV — 1 min
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He 1,750 slm + Py 250 sccm — 9 kV — 1 min
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Varying the input flow

He 1,700 slm + Py 300 sccm — 4 cm— 1 min
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He 1,800 slm + Py 200 sccm — 5 cm— 1 min

SEI 5K WD12mmSS35
Saifple .

XPS atomic percentages

Varying the precursor flow — 9 kV —5 ¢cm — 1 min

He 1,700 slm + Py 300 sccm He 1,750 slm + Py 250 sccm
Cls Nls O1ls Cls Nis Ols
(%) (%) (%) (%) (%) (%)
70,05 14,72 15,23 75,99 13,92 10,09
69,51 14,19 16,3 76,09 14,65 9,26
71,7 14,06 14,24 73,43 15,38 11,19
70,89 15,01 14,1 73,67 15,34 10,98
73,06 13,43 13,51 75,47 14,62 9,91
74,85 15,44 9,71
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He 1,800 slm + Py 200 sccm

Cls Nls Ols
(%) (%) (%)
67,93 13 19,07
68,37 14,35 17,28
70,06 13,73 16,21
69,1 14,62 16,28
71,68 13,21 15,11
71,28 14,68 14,05
Varying the distance — 9 kV — 1 min
He 1,700 slm + Py 300 sccm He 1,750 slm + Py 250 sccm
Cls N1s O1s Cis N1s Ols
(%) (%) (%) (%) (%) (%)
77,54 14,21 8,25 75,31 15,55 9,14
76,65 15,4 7,95 77,23 14,65 8,12
76,98 14,77 8,25 77,14 14,37 8,49
77,46 13,72 8,82 75,66 15,57 8,77
78,25 14,65 7,09 76,15 15,35 8,49
76,91 14,91 8,18 77,54 14,6 7,86
He 1,800 slm + Py 200 sccm
Cls Ni1s O1s
(%) (%) (%)
77,51 14,41 8,08
76,54 15,86 7,6
76,09 15,7 8,22
75,97 14,78 9,26
74,88 15,49 9,63
74,93 15,49 9,58
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Varying the input flow — 1 min

He 1,700 slm + Py 300 sccm — 4 cm

Cls Ni1s Ols

(%) (%) (%)
76,55 15,13 8,32
75,99 14,27 9,74
76,56 14,01 9,43
75,83 14,52 9,65
74,33 15,47 10,2
75,73 14,76 9,51

He 1,800 slm + Py 200 sccm — 5 cm

He 1,750 slm + Py 250 sccm — 3 cm

Cls Nls Ols
(%) (%) (%)
77,1 14,25 8,66
77,13 14,26 8,61
77,29 15,1 7,61
77,15 14,56 8,3
77,62 14,9 7,48
77,92 14,27 7.8

Cls Nl1s Ols
(%) (%) (%)
70,77 13,79 15,44
73,76 13,47 12,77
75,69 13,56 10,75
73,6 15,11 11,29
72,53 15,63 11,84
73,11 14,49 12,4
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Voltage waveforms
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