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Abstract: The development of nanocomposite materials for food packaging applications
requires a precise balance of material functionality, safety, and regulatory compliance.
In this work, the design, manufacturing, optimization, feasibility, and safety profile of
polylactic acid (PLA) nanofibers filled with biocompatible carbon nanoparticles (CNP)
and copper-loaded (CNP-Cu) nanoparticles by electrospinning are presented. To ensure
nanoparticle compatibility with the PLA solvent system and achieve a uniform dispersion
of the nanoparticles within nanofibers, dynamic light scattering analysis was employed,
while the incorporation efficiency was demonstrated by building a novel UV–vis spec-
troscopy analytical method. Morphological analysis, performed through FE-SEM and
TEM, confirmed the homogeneous distribution of CNP and CNP-Cu nanoparticles with-
out aggregation. Migration studies in aqueous food simulants were also carried out to
assess the material’s safety profile. The results showed minimal nanoparticle release, and
the calculated copper migration was well within the limits set by European Commission
Regulation (EU) No. 10/2011 for food contact materials.

Keywords: carbon nanoparticles; copper; polylactic acid; electrospinning; manufacturing;
food packaging

1. Introduction
The development of advanced materials for food packaging is a growing priority in

both the scientific and industrial sectors because of the need for safer and more functional
packaging systems [1].

In recent years, nanotechnology has been widely used to explore novel alternatives
to enhance food packaging, using various active agents as material fillers to improve its
properties [2–4].

Several nanoparticles have been proposed, with metals and metal oxides such as silver,
zinc oxide, and copper oxide being among the most studied [5,6]. In addition, carbon-
based nanomaterials, including carbon nanotubes, graphene, and carbon dots, have gained
attention for their versatile properties and potential applications in the food industry and
beyond [7–9].

However, even with the promising capabilities of these nanofillers, one of the primary
issues associated with their usage is the possible migration into food products [10], posing
risks to both human health and the environment [6].
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In this scenario, hydrothermal carbon-based nanoparticles (CNPs) are of particular
interest. This kind of nanomaterial is produced through the hydrothermal carbonization of
saccharides, a green synthetic method, leading to spherical particles with defined sizes.

Previously, we reported that CNPs are an efficacious and biocompatible [11] nano-
delivery system for antimicrobial agents such as peptides and copper [12].

Polymers derived from renewable resources are classified as bio-derived polymers [13].
Among these, polylactic acid (PLA) stands out for its biocompatibility, mechanical prop-
erties, and processability [14,15]. Moreover, its non-toxic nature [16] holds promise for
different applications, especially in the food and beverage industries [17–20].

PLA-based packaging materials have been processed by different conventional fabrica-
tion technologies such as extrusion [21], injection molding [22], and thermoforming [14]. In
addition, it has been processed as a nanostructured material by means of non-conventional
techniques such as electrospinning [23–25]. This versatile, cost-effective, and scalable tech-
nique is emerging as a powerful method to fabricate nanofibrous materials with controlled
morphology [26]. It allows the production of fibers with high surface area-to-volume ratios
and with diameters from nanometres to micrometres, significantly enhancing moisture and
oxygen barrier properties [27]. Furthermore, PLA nanofibers exhibit improved mechanical
properties [28] such as increased strength, flexibility, and toughness compared to bulk
PLA. Moreover, these fibers can be functionalized with antimicrobial agents, nanoparti-
cles [29,30], or other bioactive compounds [31], providing active packaging solutions that
help to inhibit microbial growth [32]. Considering these advantages, electrospinning was
selected to incorporate CNP and copper-loaded CNP (CNP-Cu) into PLA nanofibers.

Finally, this work describes an efficient method to encapsulate CNP and CNP-Cu
into PLA nanofibers via electrospinning, leveraging electrospinning ability to improve
the dispersion of fillers [29] and the possibility of controlling the fibers’ diameter and
porosity and offering the potential of enhancing the material’s antimicrobial properties
while ensuring compliance with European Commission Regulation (EU) No 10/2011 [33],
which governs the safety of materials intended to come into contact with food.

2. Materials and Methods
Polylactic acid (PLA Polymer 3051D) pellets were sourced from NatureWorks®, LLC,

Minnetonka, MN, USA. It is a semicrystalline polymer consisting of 96% L- and 4% D-
lactide monomers with a molecular weight (Mn) of 1.62 × 104 g mol−1. Its density (d) is
1.24 g/cm3, while the glass transition temperature (Tg) is 55–65 ◦C and the melting tem-
perature is 150–165 ◦C [34]. Both dichloromethane (DCM) and N-N dimethylformamide
(DMF) solvents were supplied by Scharlau, Aquagent®; Solvent, Barcelona, Spain, and
used as received.

Prior to use, PLA pellets were dried at 60 ◦C for 12 h in an oven: this procedure
prevents moisture absorption, which can affect PLA’s properties [35,36].

Carbon nanoparticles were synthesized according to the hydrothermal carbonization
method described by Scattareggia et al. [12]. Glucose was dissolved in ultrapure water and
sodium polyacrylate was added to prevent crosslinking. The solution was magnetically
stirred, transferred to a Teflon-lined stainless-steel autoclave (Büchi AG, Uster, Switzerland),
and heated at 190 ◦C with specific durations to produce two sizes of CNPs, small (SCNP)
and large (LCNP), resulting in a mean Feret’s diameter of 88 ± 22 nm and 242 ± 86 nm,
respectively. CNP suspensions were then purified through ultrafiltration.

Copper loading onto nanoparticles was achieved by incubating the CNP suspension
in CuSO4 aqueous solution, followed by centrifugation to remove excess metal ions.

In this work, we specifically utilized LCNP (CNP) and copper-loaded LCNP-Cu
(CNP-Cu).
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2.1. Characterization of Carbon Nanoparticles
2.1.1. ζ-Potential of Pristine Nanoparticles and Copper-Loaded Nanoparticles

Electrophoretic light scattering (ELS) was performed using a Zetasizer (Nano ZS,
Malvern Instruments, Malvern, Worcestershire, UK) to measure the ζ-potential of CNP
and CNP-Cu suspensions. Following the methodology described by Fenoglio Ivana,
et al. [37], samples were diluted 1:200 in self-produced ultrapure Milli-Q water (pH 5.05
and conductivity 0.08 mS/cm), with the following parameters: refractive index = 2.417 and
absorption = 1.00.

The results were expressed as mean values of three independent measurements ±
standard deviation.

2.1.2. Quantification of Copper Content in CNP-Cu

The copper ion content in the CNP-Cu sample was quantified using Inductively
Coupled Plasma Optical Emission Spectroscopy (ICP-OES) with a PerkinElmer Optima
2000 DV instrument (Norwalk, CT, USA). For the analysis, 5 mL of each CNP suspension
was placed in high-pressure Teflon bombs, followed by the addition of 1 mL of hydrogen
peroxide (H2O2, 30% w/w) and 4 mL of nitric acid (HNO3, 65%). The samples underwent
digestion using a Microwave Digestion System (Milestone Microwave MLS 1200 Mega,
Sorisole, Italy) under the following program: 1 min at 250 W, 2 min pause, 5 min at 200 W,
5 min at 350 W, 5 min at 550 W, 5 min at 250 W, and 10 min for cooling.

2.2. NEAT PLA Electrospinning

The PLA solutions were prepared by dissolving PLA in a 70:30 v/v DCM–DMF sol-
vent system to achieve concentrations of 7, 8.5, 9, and 10 wt.%. This solvent system has
been demonstrated to provide optimal viscosity for electrospinning similar PLA concentra-
tions [38].

The density of the final solution was determined using a Gay-Lussac Pycnometer
(BLAUBRAND®, Wertheim, Germany) in accordance with DIN 12797 standards [39]. A
total of 9.26 g of DCM (d = 1.32 g/cm3) and 2.82 g of DMF (d = 0.94 g/cm3) were used.
The pycnometer was calibrated and used at a controlled temperature to minimize thermal
expansion effects on the density calculation. The mass of the solution in the instrument
was measured with an analytical balance, and the known volume of the pycnometer was
used to calculate the density of the solution (d = 1.212 g/cm3).

Initially, the DCM–DMF mixture was prepared, followed by the addition of PLA at
the various concentrations. The resulting solutions were magnetically stirred at room
temperature for 3 h until complete dissolution.

For the manufacturing process, a Nanofiber Electrospinning unit (ESpin Nanotech,
SUPER ES-2, Kanpur, Uttar Pradesh, India), equipped with a metal rotating drum collector
and a syringe pump system, was used. Once prepared, the solution was pumped into
a stainless-steel needle from the syringe and tested with the following setup conditions:
flow rate = 2.0 mL/h, voltage =15 kV, and working distance = 11 cm. The final mats were
obtained after 2 h under controlled conditions of relative humidity (RH) of less than 50%
and finally collected on aluminum foil wrapped around the metallic collector.

The most promising PLA concentration was tested with four different spinning setups
to optimize the instrument parameters and enhance the evaporation of the solvent and
Taylor cone formation. The different setups were tested with flow rates, voltages, and
working distances between 1.5–2.5 mL/h, 15–20 kV, and 11–13 cm, respectively.
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2.3. Dynamic Light Scattering

A Zetasizer (Nano ZS Malvern Instruments, Malvern, Worcestershire, UK) instrument
was used to evaluate the CNP aggregation state at 1 wt.% in both individual solvents, DCM
and DMF, and in their 70:30 v/v mixture, before and after sonication (120 W, 50/60 Hz
bath). Once prepared, the suspensions were transferred to a quartz cuvette for analysis.

It has been demonstrated in the literature that PLA can be effectively dissolved in a
70:30 v/v DCM–DMF solution [38]. DCM typically serves as an excellent solvent due to
its ability to break PLA’s crystalline structure [23] while DMF stabilizes the solution, pre-
venting rapid evaporation and favouring the spinning process [40]. Given these premises,
dynamic light scattering (DLS) analyses were used to study nanoparticles’ dispersibility in
solvents in comparison to aqueous environments, where appropriate results have already
been documented [12].

2.4. Nanocomposite Electrospinning

Nanocomposite mats were obtained using 1.0 wt.% CNP and CNP-Cu fillers.
Initially, both CNP and CNP-Cu were dispersed in 1.32 g of DMF and sonicated for

30 min (sonication bath 120 W, 50/60 Hz) as determined from DLS analysis. Concurrently,
1.0 g of the PLA pellet was mixed with 9.26 g of DCM and 1.5 g of the DMF solution and
stirred until complete dissolution.

Once homogeneous dispersions of CNP and CNP-Cu were achieved in DMF, and the
PLA pellet was fully dissolved in the solvent system, the solutions were mixed, obtaining a
final solution with 10 wt.% PLA in 70:30 v/v DCM–DMF and 1 wt.% of CNP and CNP-Cu,
respectively (CNP percentages were relative to the initial PLA wt.%).

Finally, electrospinning (unit system described for neat PLA) was used to manufacture
nanocomposites using the optimized setup parameters achieved for PLA fiber production.

Mats were obtained over 2 h under controlled conditions (RH < 50%) and collected on
aluminum foil around the collector.

2.5. Quantification of CNP Concentration in PLA Mats

A novel method was employed to quantify the concentration of carbon nanoparticles
(CNPs) in the electrospun mats using UV–Vis spectrophotometry. A UVICON 930 spec-
trophotometer (Kontron Instruments, Basel, Switzerland), equipped with both halogen
and tungsten lamps, covering a spectral range from 850 to 190 nm, was used. The method
served to verify that the initial CNP concentration in solution was effectively retained in
the final nanocomposite mat, minimizing any loss during the electrospinning process.

Standard solutions, containing different CNP concentrations (0.1, 0.2, 0.5, and 1.0 wt.%)
and PLA at 10 wt.%, were prepared by first dissolving CNP in DMF with sonication (120 W,
50/60 Hz for 30 min), followed by the addition of a pre-dissolved PLA solution in a DCM–
DMF mixture to achieve the final desired CNP concentration in 70:30 DCM–DMF v/v,
as previously described. These solutions were used to build a calibration curve for the
analytical method.

Electrospun mats with different CNP concentrations (0.2, 0.5, and 1.0 wt.%) were then
prepared to assess the efficiency of the electrospinning process across various nanoparticle
loadings. For the analysis, 1 g of each nanocomposite mat was dissolved in 10 mL of the
70:30 DCM–DMF v/v mixture and sonicated. All standard and sample solutions were
further diluted 1:100 with DCM–DMF to facilitate spectrophotometric analysis.

The baseline noise of the spectrophotometer was measured and subtracted from all
the measurements.

The prepared solutions were transferred to quartz cuvettes and analyzed.
The results are provided in the Supplementary Information (Figures S1 and S2).
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2.6. Morphological Analysis: FE-SEM and TEM

Pristine CNP/CNP-Cu and electrospun mats of neat PLA, PLA-CNP, and CNP-Cu
were examined using a Field Emission Scanning Electron Microscope (FE-SEM), ZEISS Ultra
55 (ZEISS, Madrid, Spain). The nanofiber mats were mounted on metal stubs with double-
sided carbon adhesive tape and coated with a 6 nm layer of Au to minimize charging
using a LEICA EM MED020 Coating System (Leica Microsystems, Wetzlar, Germany).
The parameters used included an Electron High Tension (EHT) of 1.50 kV and a variable
working distance (WD) between 4 and 6 mm.

The mean diameter and the standard deviation of the electrospun fibers were de-
termined from the FE-SEM images using ImageJ software (ImageJ, Bethesda, MD, USA,
Version 1.54b).

The statistical analysis of nanofiber diameters was performed by measuring the diam-
eters of 100 nanofibers for each sample from FE-SEM images captured at magnifications of
3.00 KX and 5.00 KX.

Transmission Electron Microscopy (TEM) images were captured using a JEOL JEM-
1400 Flash microscope HC200 (JEOL Italia S.p.A., Milan, Italy). The grids were placed on
aluminum foil during the spinning and the nanofibers were directly electrospun onto them.

TEM images were acquired in bright field with a High Voltage (HV) of 100.0 kV.

2.7. CNP Release in Food Simulants

Nanoparticle migration was investigated in three food simulants, MilliQ water,
10% v/v ethanol, and 3% w/v acetic acid, over ten days at 40 ◦C.

The experimental setup was in line with European Commission Directive (EU 10/2011)
for materials intended to be in contact with food [33,41].

To evaluate mats behaviour and their potential release of CNP and CNP-Cu into real
application environments, neat PLA, 1 wt.% CNP, and 1 wt.% CNP-Cu mats were immersed
into the simulants.

Each sample was prepared by placing 10 mg of the mat into 2 mL of each food simulant,
resulting in a final concentration of 5 mg/mL (5000 ppm). It was ensured that the entire
amount of material was fully immersed into the solvents.

The solutions were placed in 20 mL vials and prepared in duplicate.

2.8. Nanoparticle Tracking Analysis

Nanoparticle Tracking Analysis (NTA) was performed using a ZetaView® PMX-120
(Particle Metrix GmbH, Inning am Ammersee, Germany) to assess the potential release
of CNP and CNP-Cu into the various aqueous food simulants after ten days from the
PLA-CNP and PLA-CNP Cu composites.

The instrument was equipped with a light source set at a wavelength of 488 nm.
NTA follows the Brownian motion of the nanoparticles using the Stokes–Einstein

relation to measure the hydrodynamic diameter (dH) for each particle in the video. The
particle concentration was determined by counting all objects in the field of view and
knowing the measured volume.

For each sample, particle count was measured in eleven frames of the video, and for
each frame, five measurements were taken, resulting in a total of 5 × 11 measurements,
with 1s for each. The sensitivity was set at 70 and each sample was diluted in Milli-Q at a
1:10 ratio.

Additionally, background noise from the instrument, Milli-Q water, and cuvettes was
determined. Finally, 5 × 106 CNP/mL was calculated as the limit of detection (LOD), which
is in line with other values in the literature [42].
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3. Results and Discussion
3.1. CNPs Colloidal Properties

The colloidal properties of the synthesized carbon nanoparticles (CNP and CNP-Cu)
are presented in Table 1.

Table 1. Colloidal properties of CNP and CNP-Cu.

ζ-Potential
(mV)

Cu Loaded into CNP
(µg Cu/mg CNP)

Cu Surface Density
(Cu/nm2)

CNP −37.4 ± 0.7 - -

CNP-Cu −37.0 ± 1.4 1.13 ± 0.01 0.74 ± 0.01

The ζ-potential values demonstrated the stability of the colloidal suspensions. The
highly negative values represented a sufficient electrostatic repulsion between particles,
thus preventing aggregation. The negligible change in ζ-potential after copper adsorption
also demonstrated that the incorporation of copper ions did not significantly alter the
overall surface charge of the nanoparticles.

Moreover, the adsorption efficiency of copper onto the nanoparticle surface, measured
both as the amount of copper loaded per unit weight of the CNP and as the surface density
of copper ions, confirmed that incubating the CNP suspension in a CuSO4 aqueous solution
successfully resulted in copper adsorption onto the nanoparticles (1.13 µg Cu per mg of
CNP and a surface density of 0.74 ions Cu/nm2).

3.2. CNPs Dispersion in the Solvent System

This paragraph investigates the CNPs’ dispersibility and their aggregation state in
all the solvents used, both individually and in mixture, in order to determine the optimal
preparation procedure and achieve a suitable particle dispersion for electrospinning. This
is crucial because the nanoparticles aggregation state is related to their dispersion in the
final mat, whose improvement can enhance material performance [43–45].

CNP dried powders, obtained from water dispersion, were effectively resuspended in
water and DMF, while in DCM dispersion was considered inadequate by visual observation.
DLS analysis was first performed to characterize the size distribution of CNP redispersed
in water and in DMF (Figure 1A).

The CNP powder resuspended in DMF showed only partial aggregation compared
to the particles in water, indicating the possibility of dispersing them in this solvent but
with a different aggregation state. To overcome this issue, CNPs in DMF were sonicated
(120 W, 50/60 Hz, 30 min). After bath sonication, particles in DMF showed very similar size
distribution profiles compared to the pristine CNP in water (Figure 1A). This demonstrated
how a mild sonication process helps to break down CNP aggregates into single particles
and that CNPs can be effectively dispersed in DMF. Subsequently, CNPs dispersed in DMF
were diluted with DCM to achieve a 70:30 (v/v) DCM–DMF solution and sonicated again
under the same conditions. Thanks to this two-step procedure, even if 70% of the solvent
mixture was DCM, it was possible to obtain a homogeneous CNP dispersion. The results
from DLS measurements with the final solvent system are shown in Figure 1B.

DLS analysis requires the dynamic viscosity (µ) of the dispersant to properly calculate
the hydrodynamic diameter of particles in suspension. In the case of the 70:30 (v/v)
DCM–DMF solution, the µ value was unknown. To overcome this issue, an analysis
was performed, considering the µ values of DCM, and a comparative analysis with the
distribution of CNP in water was carried out. This approach allowed us to determine
the apparent hydrodynamic diameters represented by the black curve. Although not
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representative of the true hydrodynamic diameter, by using the µ values of DCM, this
method enabled an overview of the nanoparticles’ aggregation state (not influenced by
µ values) in the selected solvent system, showing a size distribution very similar to that
obtained in water or in DMF alone after sonication, but with higher size values. CNP in
the 70/30 (v/v) DCM–DMF solvent present a higher hydrodynamic size compared to the
dispersion in water; however, this difference was due to the lower µ used for the analysis
compared to the one of the binary solvent mixture, which is expected to be higher but
not due to a real increase in size. This highlights how the initial CNP dispersion in DMF,
followed by dilution with DCM, effectively overcomes aggregation phenomena, achieving
stable dispersion of unaggregated CNP suspended in the selected solvent system, suitable
for dissolving PLA.
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3.3. Neat PLA Electrospinning Parameter Optimization

Polymer concentration is recognized as one of the most crucial parameters in the
electrospinning process, as it directly influences fiber formation, morphology, and process
stability [46]. Various PLA solutions were prepared at concentrations of 7, 8.5, 9, and
10 wt.% in the 70:30 (v/v) DCM–DMF mixture, while the voltage (15 kV), distance (11 cm),
and solution flow rate (2.0 mL/h) were kept constant during the spinning process.

The obtained FE-SEM images of samples are shown in Figure 2.
All the tested concentrations produced a significant number of nanofibers; however,

PLA at 7, 8.5, and 9 wt.% exhibited a considerable number of defects.
At 7 wt.% PLA, nanofibers displayed a high bead population within the mat, probably

due to the system’s low viscosity, which limited chain entanglements [47–49].
Increasing the PLA concentration to 8.5 wt.% reduced the number of defects and

beads compared to the 7 wt.% concentration. However, the nanofibers’ morphology
remained suboptimal as incomplete solvent evaporation during the process left solvent
residues within the fibers, compromising structural integrity, uniformity, and leading to
irregular morphology.

Further increasing the PLA concentration to 9 wt.% led to marginal improvements in
morphology, though some beads and residual solvent remained.

At the maximum tested concentration of 10 wt.%, significant improvements in both
fiber morphology and quality were achieved. The absence of observable defects and the
presence of well-separated fibers underlined the important role of polymer concentration
in determining electrospinning outcomes [50].



J. Compos. Sci. 2025, 9, 25 8 of 17

J. Compos. Sci. 2025, 9, x FOR PEER REVIEW 8 of 18 
 

 

stability [46]. Various PLA solutions were prepared at concentrations of 7, 8.5, 9, and 10 
wt.% in the 70:30 (v/v) DCM–DMF mixture, while the voltage (15 kV), distance (11 cm), 
and solution flow rate (2.0 mL/h) were kept constant during the spinning process. 

The obtained FE-SEM images of samples are shown in Figure 2. 

 

Figure 2. FE-SEM images of electrospun neat PLA nanofibers at varying concentrations: 7 wt.% (a), 
8.5 wt.% (b), 9 wt.% (c), and 10 wt.% (d). 

All the tested concentrations produced a significant number of nanofibers; however, 
PLA at 7, 8.5, and 9 wt.% exhibited a considerable number of defects. 

At 7 wt.% PLA, nanofibers displayed a high bead population within the mat, proba-
bly due to the system’s low viscosity, which limited chain entanglements [47–49]. 

Increasing the PLA concentration to 8.5 wt.% reduced the number of defects and 
beads compared to the 7 wt.% concentration. However, the nanofibers’ morphology re-
mained suboptimal as incomplete solvent evaporation during the process left solvent res-
idues within the fibers, compromising structural integrity, uniformity, and leading to ir-
regular morphology. 

Further increasing the PLA concentration to 9 wt.% led to marginal improvements in 
morphology, though some beads and residual solvent remained. 

At the maximum tested concentration of 10 wt.%, significant improvements in both 
fiber morphology and quality were achieved. The absence of observable defects and the 
presence of well-separated fibers underlined the important role of polymer concentration 
in determining electrospinning outcomes [50]. 

At 10 wt.% PLA, the increased viscosity favoured the formation of continuous and 
uniform nanofibers thanks to greater stretching and elongation of the polymer jet. 

To further optimize the fiber’s morphology, four samples at 10 wt.% PLA were pre-
pared, and different setup conditions were tested in the following ranges: flow rate 1.5–
2.5 mL/h, tip-to-collector distance 11–13 cm, and voltage 15–20 kV. 

The setups for each sample are reported in Table 2. 
  

Figure 2. FE-SEM images of electrospun neat PLA nanofibers at varying concentrations: 7 wt.% (a),
8.5 wt.% (b), 9 wt.% (c), and 10 wt.% (d).

At 10 wt.% PLA, the increased viscosity favoured the formation of continuous and
uniform nanofibers thanks to greater stretching and elongation of the polymer jet.

To further optimize the fiber’s morphology, four samples at 10 wt.% PLA were
prepared, and different setup conditions were tested in the following ranges: flow rate
1.5–2.5 mL/h, tip-to-collector distance 11–13 cm, and voltage 15–20 kV.

The setups for each sample are reported in Table 2.

Table 2. Electrospinning setup parameters.

Flow Rate
(mL/h)

Voltage
(kV)

Collector Distance
(cm)

PLA
10 wt.%

2.0 20 12

2.5 15 11

1.5 20 13

2.5 15 13

Figure 3 shows the different nanofiber morphologies produced with different setup
conditions (Table 2).

Sample A showed good morphology with no beads, although minor solvent residues
were detected within the matrix, suggesting possible further optimization. Increasing
the collector distance to 12 cm improved solvent evaporation, but the flow rate still
remained suboptimal.

Sample B showed poor morphology characterized by significant bead formation and
high solvent content. The higher flow rate did not allow sufficient time to complete the
evaporation process, leading to an incomplete and irregular fibrillar structure.

Sample C exhibited the best morphology, with no bead formation and complete solvent
evaporation. The lower flow rate (1.5 mL/h), combined with higher voltage (20 kV) and
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a collector distance of 13 cm, facilitated solvent evaporation and enhanced polymer jet
stretching, resulting in uniform and continuous nanofibers.

Sample D produced well-formed fibers with no beads; however, the fibers appeared
thicker compared to Sample C. This was probably due to the higher flow rate (2.5 mL/h),
which led to less-stretched fibers.
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All the experiments were performed under controlled relative humidity (RH) below
50%, as it is well-established that humidity levels can significantly affect fiber properties, in-
cluding diameter and surface smoothness. Indeed, high humidity can lead to the formation
of defects or irregularities in the fibers due to modified solvent evaporation rates [51].

Based on these results, Sample C was selected as the reference for setup parameters
due to its superior uniformity and overall morphology.

3.4. Morphology of Particles and Fibers

Figure 4 shows FE-SEM images of both pristine carbon nanoparticles (CNP) and
Cu-loaded carbon nanoparticles (CNP-Cu).

As previously described, the synthesis of the two sets of nanoparticles was optimized
to yield spherical amorphous morphology. The mean Feret’s diameter of CNPs was previ-
ously measured [12] and both the spherical shape and diameter (242 ± 86 nm) distribution
appeared to be preserved regardless of the loading with Cu.

The almost uniform distribution of particle sizes in both images (Figure 4a,b) indicated
that the loading of Cu did not significantly alter the overall morphology of nanoparticles.

Figure 5 shows some representative FE-SEM images of PLA electrospun mats contain-
ing 1 wt.% of CNP at various magnifications, while Figure 6 shows PLA nanofibers with
CNP-Cu fillers.
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The optimized electrospinning parameters for neat PLA were successful in producing
uniform, defect-free, and highly aligned PLA nanocomposite mats containing different
amounts of either CNP or CNP-Cu (Figures 5, 6, S3 and S4).

Interestingly, although some of the nanocomposite mats had diameters close to those
of the nanoparticles, the CNP and CNP-Cu appeared to be well-embedded within the PLA
nanofibers regardless of the amount in the solution. This was inferred from the spherical
shapes seen in the thinnest fibers, indicating good compatibility between the polymer and
the filler, favoured by the proper selection of the solvent system, which avoids the need for
a coaxial setup to promote encapsulation.

The efficacy of the electrospinning method was confirmed through UV–Vis scattering
analysis, which demonstrated that the actual concentration of nanoparticles in the final
composite mats corresponded to the initial amount introduced into the solution prior to
electrospinning. This indicates that the nanoparticles were effectively incorporated into the
fibers without losses during the process.

Mats with CNP concentrations of 0.2, 0.5, and 0.8 wt.% of CNP and CNP-Cu in
PLA were also electrospun. The resulting morphology is shown in Figures S3 and S4
(Supplementary Information).

Regarding the effect of the nanoparticles on the fiber diameter (Table 3 and Figure S5), the
addition of small amounts of CNPs (0.2–0.5 wt.%) to the polymer reduced the average fiber
diameter from approximately 400 nm to around 200–300 nm and narrowed the diameter
distribution. This effect, although less marked, is also visible when 0.2–0.5 wt.% amount of
CNP-Cu was loaded. Higher amounts of nanoparticles (0.8–1.0 wt.% of CNP and CNP-Cu)
resulted in similar or slightly larger fiber diameters than those of neat PLA.

Table 3. Mean fiber diameter for neat PLA and nanocomposite mats containing CNP and CNP-Cu
particles at various concentrations.

Sample Mean Fiber Diameter (nm)
Neat PLA 434 ± 137

PLA-CNP 0.2 wt.% 235 ± 71
PLA-CNP 0.5 wt.% 302 ± 81
PLA-CNP 0.8 wt.% 516 ± 152
PLA-CNP 1.0 wt.% 486 ± 124

PLA-CNP-Cu 0.2 wt.% 361 ± 82
PLA-CNP-Cu 0.5 wt.% 377 ± 102
PLA-CNP-Cu 0.8 wt.% 427 ± 100
PLA-CNP-Cu 1.0 wt.% 539 ± 101

The reduction of the fiber’s diameter upon the addition of carbon nanofillers in
polymeric matrices, which was often associated with well-dispersed fillers, leading to
improved physical and mechanical properties, has been previously reported. For example,
Zhu et al. [52] demonstrated that incorporating multiwalled carbon nanotubes (MWCNTs)
into PLA fibers resulted in a significant reduction in the fibers’ diameters, probably due to
the enhanced electrical conductivity and viscosity of the spinning solution.

Table 3 and Figure S5 show diameter distributions of neat PLA (494 ± 137 nm) and
PLA containing CNP and CNP-Cu mats loaded at various concentrations.

This distribution is common for materials processed by electrospinning due to insta-
bilities in the charged jet, which occur during the process.

Furthermore, TEM analysis confirmed the presence of the nanoparticles within the
fibers. As shown in Figures 7 and 8, both CNP and CNP-Cu were uniformly distributed
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inside the PLA fibers without visible aggregates, confirming the CNPs’ good stability in
the solvent employed, as also demonstrated by DLS analysis.
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TEM images allowed us to distinguish between CNPs and beads and provided evi-
dence of the absence of nanoparticle aggregates. This distinction was based on the particle’s
shape as CNPs were more spherical compared to the beads. In addition, the size of the
nanoparticles was well-aligned with the previous measurement. Furthermore, images
showed that larger CNPs embedded within nanofibers with smaller diameters remained
encapsulated, which is crucial for maintaining the structural integrity and functionality of
the material.

In fibers with diameters lower than the average (see Table 3), the shape of the nanopar-
ticles was clearly visible, and they could be easily distinguished from beads. This can be
attributed to the stability of the nanoparticles in the employed solvent system, as shown in
the DLS stability study.

This uniform and embedded distribution of nanoparticles within the fibers was critical
for enhancing the intended functionality of the nanocomposite mats.
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These results highlighted the critical role of nanoparticle stability and distribution in
fabricating high-quality nanocomposite materials.

To quantitatively verify the incorporation of carbon nanoparticles into the electro-
spun PLA nanofibers, we employed the UV–Vis spectrophotometric analysis previously
described in the Materials and Methods Section. By constructing calibration curves from
standard CNP solutions of known concentrations and interpolating the results obtained
from the electrospun mats, we demonstrated that the initial CNP content in the spinning
solution was fully retained in the resulting nanofibers, thus demonstrating the efficiency of
the electrospinning process for embedding CNPs within the polymer matrix. These find-
ings further support the reliability of electrospinning as a robust technique for fabricating
nanocomposites without significant losses of the functional nanofillers during processing.

3.5. CNPs and Copper Release in Aqueous Food Simulants

The results of release tests conducted on PLA, PLA-CNP, and PLA-CNP-Cu mats
(1 wt.%) in aqueous food simulants, over ten days at 40 ◦C, are summarized in Table 4.

Table 4. NTA particle counts for PLA, PLA-CNP, and PLA-CNP Cu mats in aqueous food simulants.

Food Simulant

Sample H2O Milli-Q Acetic Acid Ethanol

PLA 6.0 × 107 <LOD <LOD

PLA-CNP <LOD <LOD <LOD

PLA-CNP Cu <LOD 9.3 × 107 <LOD

The data revealed minimal particle counts in all CNP mat samples, except for PLA-
CNP Cu exposed to acetic acid. Specifically, both PLA and PLA-CNP mats showed particle
counts below the LOD of the NTA instrument, set at 5 × 106 particles/mL, while a de-
tectable count was observed for the PLA-CNP-Cu mat in acetic acid.

The high sensitivity of the NTA technique made exposure to environmental contami-
nation difficult to avoid. Additionally, trace contaminants in the base simulants may have
had a minor influence on the results.

Knowing the signal corresponding to a concentration of 67.4 mg/mL of CNPs
(=4.5 × 1012 particles/mL), which represented 100% CNP release, we were able to de-
termine the maximum release percentage of particles in acetic acid after ten days (≤3.0%).

Moreover, it is essential to recognize that the reported values were close to the detec-
tion limit, thus implying that even slight variations or background noise in the sample
environment could lead to detectable particle counts.

Finally, although CNPs showed good biocompatibility in previous studies [53], mini-
mizing their release was crucial for maintaining food safety standards in accordance with
EU 10/2011 European regulations [33], which establish guidelines for the safety of materials
in food contact applications.

Furthermore, to assess the materials’ safety profile when in contact with food or food
simulants, the release of copper ions from the PLA-CNP-Cu composites was theoretically
calculated as it follows. The concentration of copper within the CNP-Cu nanoparticles is
1.13 µg per mg of CNP-Cu. This means that even under the worst-case scenario, where
the total amount of copper migrates from the CNP-Cu composite to the food simulant, its
concentration is calculated to be 0.0565 ppm. Since this value is well below the European
Union’s threshold for copper migration, set at 5 ppm [33], no additional tests for the release
of copper were required.
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Finally, the fabricated composite offered various advantages with respect to other
composites proposed in other studies [54,55]. Migration studies performed up to 10 days
later confirmed that the material complies with the safety requirements described in the
EU guidelines, even under the assumption of the complete migration of copper.

Moreover, the use of glucose-derived carbon nanoparticles and PLA as a poly-
mer matrix provided a more eco-friendly solution compared to conventional and non-
biodegradable nanoparticles and polymers such as polyethylene (PE) [56].

By adhering to the EU 10/2011 Standard [33], we can ensure the reliability and safety
of the nanocomposites in real-world conditions.

4. Conclusions
This study investigated the fabrication of polylactic acid nanofibers loaded with carbon

nanoparticles (CNP) and copper-loaded carbon nanoparticles (CNP-Cu) via electrospinning
for antimicrobial food packaging applications.

FE-SEM analysis confirmed that the electrospinning parameters for PLA were suitable
for embedding carbon nanoparticles into the nanofibers. Indeed, electrospinning technique
effectively produced PLA nanofibers incorporating CNP and CNP-Cu, allowing precise
control over fiber morphology and size. The incorporation of CNP and CNP-Cu into the
PLA matrix resulted in nanofibers with uniformly dispersed nanoparticles.

Morphological analysis revealed that PLA nanofibers loaded with 1 wt.% CNPs
exhibited an optimal structure with a low number of defects. The dispersion behaviour
of CNP and CNP-Cu in different solvents provided insight into their compatibility and
stability, with CNPs demonstrating good dispersibility in the DMF–DCM solvent system.
This underlines the influence of solvent selection, mixing procedures, and sonication on
nanoparticle dispersion.

Studies on the release behaviour of CNP and CNP-Cu from PLA nanofibers in the
aqueous food simulants showed that most of the results were below the limit of detection
(LOD), except for acetic acid, which exhibited minor release. This outcome is encour-
aging for regulatory compliance, even though CNPs are biocompatible, because limit-
ing their release remains crucial to adhering to European safety standards [33] for food
packaging applications.

Furthermore, the PLA’s high surface area-to-volume ratio can facilitate efficient interac-
tions between embedded nanoparticles and target microorganisms [57], and the synergistic
effects of PLA and CNP/CNP-Cu have the potential to improve the antimicrobial effect
while maintaining compatibility with food.

Overall, the successful development and characterization of the nanocomposites
represent a significant advancement in the field of materials with possible application
scenarios in antimicrobial food packaging. Leveraging the unique properties of carbon
nanoparticles, such as antimicrobial efficacy and stability, these materials have the potential
to enhance food safety and preservation in packaging technology.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jcs9010025/s1, Figure S1: Scattering curves of CNP standards
and CNP mats; Figure S2: Calibration curve from CNP standard solutions at varying concentrations
(0.1, 0.2, 0.5, and 1.0 wt.%); Figure S3: FE-SEM images of nanocomposite PLA (10 wt.%) nanofibers,
containing different amounts of CNP, in DCM–DMF 70:30 (v/v) electrospun at 20 kV, 2.0 mL/h and
12 cm. (a) PLA mat containing 0.2 wt.% of CNP. (b) PLA mat containing 0.5 wt.% of CNP. (c) PLA mat
containing 0.8 wt.% of CNP. (d) PLA mat containing 1.0 wt.% of CNP; Figure S4: FE-SEM images of
nanocomposite PLA nanofibers, containing different amounts of CNP-Cu, at 10 wt.% in DCM–DMF
70/30 (w/v) electrospun at 20 kV, 2.0 mL/h and 12 cm. (a) PLA mat containing 0.2 wt% of CNP-Cu.
(b) PLA mat containing 0.5 wt.% of CNP-Cu. (c) PLA mat containing 0.8 wt.% of CNP-Cu. (d) PLA

https://www.mdpi.com/article/10.3390/jcs9010025/s1
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mat containing 1 wt.% of CNP-Cu; Figure S5: Fibers’ diameter distribution for neat PLA (blue),
PLA-CNP (black), and PLA-CNP Cu (red) mats.
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