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Abstract

Electrospun nanofibrous materials have attracted considerable interest in biomedical and
pharmaceutical applications; however, their environmental performance is influenced
by upstream material production, energy-intensive processing, solvent use, and pack-
aging. In this study, a cradle-to-gate life cycle assessment (LCA) was conducted for a
PVA/tetracycline (TTC)/deep eutectic solvent (DES) nanofiber patch intended for top-
ical healthcare applications. The functional unit was one 5 × 5 cm patch containing
approximately 500 mg of recovered dry nanofiber. The assessment included raw material
production, PVA solution and ChCl:urea DES preparation, tetracycline incorporation, elec-
trospinning, drying, and packaging. Thermal preparation of the PVA solution and DES
accounted for approximately 84% of foreground electricity demand, whereas electrospin-
ning represented approximately 15%. Electricity was a major contributor to PVA production
impacts, while urea dominated most impact categories for DES production. In the modeled
tetracycline production pathway, ethanol accounted for approximately 95–100% of Climate
Change, Radiation, and Ecotoxicity contributions. Packaging, particularly aluminum pro-
duction, also contributed substantially. These findings highlight opportunities to reduce
thermal energy requirements, improve electricity sourcing, minimize upstream solvent use,
optimize packaging, and integrate lower-energy fiber-forming technologies, renewable and
waste-derived feedstocks, and circular processing strategies.

Keywords: nanofibers; life cycle assessment; electrospinning; topical drug delivery; deep
eutectic solvent; tetracycline

1. Introduction
Electrospun nanofibers are materials of great interest in biomedicine and environmen-

tal technologies due to their high surface-to-volume ratio, controllable porosity, and their
ability to incorporate active compounds during fabrication. In biomedical applications,
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they are used as scaffolds for tissue engineering, matrices for controlled drug release, and
wound dressings with antimicrobial activity [1–3].

Random nanofibers are particularly useful because they offer mechanical isotropy, ef-
fective porosity for fluid exchange, and multiple anchorage points for cells and particles [4].
Developing localized and controlled drug delivery systems from electrospun nanofibers
can reduce systemic doses, improve therapeutic efficacy at the site of action, and limit the
uncontrolled release of antibiotics into the environment, which is a critical factor in the
emergence of bacterial resistance and water contamination [5–7].

For the design of drug delivery systems based on nanofibers, the use of water-soluble,
biodegradable, biocompatible, and versatile polymers such as polyvinyl alcohol (PVA)
enables aqueous formulations with good biocompatibility and allows incorporating hy-
drophilic active ingredients such as tetracycline (TTC), a broad-spectrum antibiotic widely
used in human and veterinary medicine [8]. It has been proven that nanofiber collections
based on the PVA/TTC combination, especially with the addition of discrete volumes of a
deep eutectic solvent (DES), are an effective drug delivery system that discloses sustained
release and antimicrobial activity [9]; however, despite these findings, few studies integrate
these results with environmental evaluations [10]. In addition, despite the advantages of
developing these advanced drug delivery systems, adopting advanced materials in clinical
applications requires environmental assessments that compare clinical benefits to those
of production costs [11]. Life cycle assessment (LCA) is an appropriate tool to identify
hotspots and guide improvements from the design stage [12].

The system studied herein includes three main components: the base polymer PVA,
the active compound TTC, and the functional additive DES co-solvent choline chloride:urea
(ChCl:U). PVA is a synthetic polymer obtained from the hydrolysis of poly (vinyl acetate) or
from ethylene-based routes, recognized for its water solubility and biocompatibility [13,14].
TTC has a well-documented pharmacological profile; encapsulation in polymeric matrices
modifies its kinetic release and protects it from degradation [15]. The ChCl:U (1:2) system
offers low volatility, high solubility, and biological compatibility, which enhances fiber
formation and stabilizes drug incorporation [16,17]. Each component, however, has its
own environmental burden related to synthesis and transport, making the quantification of
these flows essential for an accurate LCA.

Electrospinning relies on an applied electric field to generate and stabilize a poly-
mer jet, but its environmental performance depends on the complete processing chain,
including solution preparation, heating, drying, solvent use, electricity consumption, and
material throughput [18–22]. Alternative pressure-driven fiber-forming technologies, such
as pressurized spinning and pressurized gyration, have emerged as promising approaches
because they do not require high-voltage electric fields and can provide higher production
rates. Recent developments have further explored battery-powered and solar-powered
pressurized spinning, demonstrating the potential to combine alternative fiber formation
with low-carbon or off-grid energy supply [23,24]. At the material level, the transition
from synthetic polymers toward renewable natural polymers such as alginate and cellulose,
particularly when derived from waste streams, represents another important pathway
toward circular fiber manufacturing [25,26].

Evaluating nanomaterials presents specific challenges such as data variability, lack of
robust inventories, and sensitivity to scale and electrification assumptions [11]. Studies have
shown that energy use during heating, mixing, and drying during solution preparation
represents a major share of environmental impact, particularly in categories such as climate
change and human toxicity. The inclusion of pharmaceuticals also introduces additional
risks, such as the release of antibiotics into the environment during production or disposal,
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which can increase microbial resistance [6]. For this reason, the environmental performance
of such systems must consider emissions, waste handling, and leakage control [27].

In addition, recent advances in electrospinning focus on replacing organic solvents with
aqueous or DES-based systems and optimizing energy use during preparation and drying.
Although reviews highlight that DES improve polymer solubility and processability while
reducing emissions [17,28,29], the energy required for their synthesis and biodegradability
must still be addressed [29]. LCA studies of nanomaterials mostly cover cradle-to-gate stages
and rarely include their use and disposal, especially for pharmaceutical composites [11].
Laboratory-scale production is often energy-intensive, but scaling up may reduce the impact if
recovery and efficiency measures are implemented [30,31]. Solvent loss and high energy con-
sumption have been identified as dominant factors in environmental performance, suggesting
DES use and thermal optimization as viable strategies [20].

Although electrospinning is widely used for the fabrication of polymeric micro- and
nanofibers, alternative pressure-driven processes such as pressurized spinning and pressur-
ized gyration have emerged as promising routes for fiber manufacture. Unlike electrospin-
ning, these approaches do not require a high-voltage electric field to generate fibers and
can offer advantages in terms of processing rate, scalability, and continuous production. Re-
cent developments have further explored battery-powered and solar-powered pressurized
spinning as strategies for reducing the energy and carbon intensity associated with fiber
manufacturing. Therefore, the environmental assessment of fiber-based healthcare materi-
als should consider not only the material formulation but also the choice of fiber-forming
technology and its associated energy requirements [18,25,26].

An additional pathway toward more sustainable fiber-based healthcare materials
is the valorization of waste-derived feedstocks. Agricultural, food, paper, textile, and
other biomass residues can serve as sources of cellulose and nanocellulose, providing an
opportunity to reduce dependence on virgin feedstocks while simultaneously addressing
waste generation. Recent studies have demonstrated the extraction and utilization of
waste-derived nanocellulose for advanced material manufacturing, including fiber-forming
processes [26]. Combining waste valorization with lower-energy forming technologies
could therefore contribute to a more circular approach to the production of biomedical
fibrous materials.

From a broader sustainability perspective, the development of greener healthcare fibers
should therefore integrate three complementary strategies: reducing the energy intensity
of fiber formation, replacing or minimizing environmentally burdensome solvents, and
transitioning toward renewable or waste-derived polymeric feedstocks.

The objective of this work is to conduct a quantitative environmental assessment
of the cradle-to-gate production of random PVA-TTC-DES nanofibers (Figure 1). The
study quantifies the environmental contributions of each production stage using life cycle
inventory (LCI) and the Eco-Indicator 99H method in SimaPro (PRé Sustainability B.V.,
Amersfoort, The Netherlands) as they analyze raw material extraction, solution preparation,
thermal homogenization, electrospinning, drying, and packaging. The defined functional
unit is a 5 × 5 cm nanofiber mat (≈5 g), and sensitivity analyses are performed for scenarios
such as DES reduction, energy optimization, and renewable electricity use [11].

The main contributions of this study include the identification of key environmental
hotspots during the production of electrospun biomaterials with active pharmaceutical com-
pounds. Energy consumption during thermal homogenization was identified as the largest
contributor to the overall environmental burden. Comparative analyses demonstrated that
replacing conventional electricity with renewable energy sources could significantly reduce
impacts on human health, ecosystem quality, and resource consumption [27]. These findings
support the transition toward cleaner pharmaceutical manufacturing and highlight the im-
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portance of integrating sustainability criteria into the development of advanced topical drug
delivery materials. Furthermore, the proposed approach contributes to the advancement of
greener healthcare technologies and environmentally responsible pharmaceutical systems.

Figure 1. General diagram of the PVA-TTC-DES nanofiber production system.

2. Materials and Methods
2.1. Materials and Reagents

The materials and reagents used in this study were selected according to the proce-
dures described by Ornelas-Guillén et al. [9], ensuring experimental reproducibility and
consistency of the life cycle inventory data. Poly(vinyl alcohol) (PVA, CAS No. 9002-89-5,
>99% hydrolyzed), distilled water (CAS No. 7732-18-5), absolute ethyl alcohol (ethanol,
CAS No. 64-17-5), urea (U, CAS No. 57-13-6, >99%), choline chloride (ChCl, CAS No.
67-48-1, ≥98%), and tetracycline (TTC, CAS No. 60-54-8, 98.0–102.0% by HPLC) were used.
PVA, TTC, and choline chloride were purchased from Sigma-Aldrich (St. Louis, MO, USA),
whereas ethanol and urea were obtained from J. T. Baker (Avantor Performance Materials,
LLC, Radnor, PA, USA). All chemicals were used as received without further purification.

2.2. Preparation of Electrospinning Solutions

The polymer solutions were prepared following the protocol described by Ornelas-
Guillén et al. [9]. PVA was dissolved in distilled water (10% w/v) at 90 ◦C for 12 h.
Simultaneously, the choline chloride-urea deep eutectic solvent (DES) was prepared by
maintaining the mixture at 90 ◦C for 12 h until complete homogenization. Subsequently,
tetracycline (TTC) was incorporated into the PVA solution and homogenized by magnetic
stirring. The DES was then added to the PVA/TTC solution according to the established
formulation, and the resulting solution was maintained under magnetic stirring until
complete homogenization.

For each electrospinning run, 5 mL of the prepared solution was used, containing
0.500 g of PVA, 0.030 g of tetracycline, 0.038 g of choline chloride, and 0.0324 g of urea.
The latter two components correspond to a 1:2 molar ratio of choline chloride to urea and
were considered as the components of the DES in the Life Cycle Inventory. Thus, the total
mass of non-aqueous components introduced into the electrospinning process was 0.6004 g
per run. The resulting nanofiber patch had an average dry mass of approximately 500 mg.
The difference between the mass of material introduced and the recovered nanofiber mass
was attributed to material losses inherent to the laboratory-scale electrospinning process,
including residual solution, droplet formation, and fiber deposition outside the collector.

https://doi.org/10.3390/greenhealth2040026

https://doi.org/10.3390/greenhealth2040026


Green Health 2026, 2, 26 5 of 28

2.3. Functional Unit

The functional unit was defined as one electrospun PVA-TTC-DES nanofiber patch
measuring 5 × 5 cm, with an average dry mass of approximately 500 mg, intended for single-
use topical drug delivery. The dimensions were selected because they are representative of
the laboratory-scale electrospun mats produced in this study and are suitable for wound
dressing prototype fabrication and characterization.

The Life Cycle Inventory (LCI) was normalized to this functional unit. Accordingly,
the foreground inventory considered the actual material and energy inputs required to
manufacture one nanofiber patch. For each electrospinning run, 5 mL of the PVA/TTC/DES
solution was loaded into the syringe, containing 0.500 g of PVA, 0.030 g of tetracycline,
0.038 g of choline chloride, and 0.0324 g of urea. Choline chloride and urea correspond
to the 1:2 molar-ratio components of the DES. The complete volume of electrospinning
solution loaded into the syringe, together with the associated electricity consumption for
solution preparation and electrospinning, was included in the inventory.

Although the recovered nanofiber patch had an average dry mass of approximately
500 mg, the LCI accounts for the complete material input used in the electrospinning
process. Consequently, unavoidable laboratory-scale processing losses, such as residual
solution, droplet formation at the needle tip, and fiber deposition outside the collector, were
considered part of the manufacturing process and included within the system boundaries.

2.4. Electrospinning Process

The electrospinning process was performed using a conventional configuration with
a static collector. The previously prepared PVA/TTC/DES solutions were loaded into a
10 mL syringe fitted with a 9G metal needle connected to a high-voltage power supply.
For each electrospinning run, 5 mL of the prepared solution was loaded into the syringe.
The process was conducted at an applied voltage of 15 kV, with a needle-to-collector
distance of 12 cm and an injection flow rate of 0.5 mL h−1. The fibers were deposited
onto aluminum foil attached to a flat collector, producing continuous nanofiber mats. The
operating parameters were selected based on preliminary optimization studies to ensure
reproducibility and stability of the electrohydrodynamic jet and adequate formation of
PVA/TTC/DES nanofibers.

2.5. Drying Procedures

After electrospinning, the nanofiber mats deposited on the copper collector were
carefully removed and dried at room temperature under protected conditions and away
from direct light following the general procedure reported by Ornelas-Guillén et al. [9]. No
additional thermal drying treatment was applied. The samples were maintained under
these conditions until the residual moisture and solvent traces were removed and a stable
dry mass was obtained. The dried nanofiber mats were subsequently cut into 5 × 5 cm
specimens, corresponding to the defined functional unit, and stored under controlled
conditions until further characterization and analysis. Room-temperature drying was
selected to avoid introducing an additional thermal energy demand into the manufacturing
process and to minimize potential thermal effects on tetracycline.

2.6. LCA Methodology

The methodological framework adopted in this study is based on the standardized LCA
approach as defined by ISO 14040 and ISO 14044 standards [30], in alignment with the detailed
guidance provided by the ILCD Handbook [31]. The assessment was conducted to evaluate
the environmental implications of a novel biomedical material, porous nanofibers composed
of PVA, a deep eutectic solvent system (choline chloride:urea, CHCl:U), and the antibiotic
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TTC. These nanostructured fibers are engineered for short-term, single-use applications in
controlled topical drug delivery. Given the unique characteristics and limited lifespan of such
materials, a cradle-to-gate LCA was deemed essential to understand the full spectrum of their
environmental impacts, from raw material acquisition through production.

The LCA process followed a four-phase structure: (1) Goal and Scope Definition, (2) LCI
Analysis, (3) Life Cycle Impact Assessment (LCIA), and (4) Interpretation. The methodology
was implemented in an iterative manner, as described by Hauschild [32], to ensure that data
gaps, model uncertainties, and sensitive assumptions were progressively refined to support
robust conclusions.

2.7. Goal and Scope Definition

The main objective of this assessment was to quantify and analyze the environmental
performance of the material system under study, with a specific focus on its potential for
sustainable use in biomedical applications. Life Cycle Assessment (LCA) is a standardized
and widely adopted methodology for evaluating environmental impacts across the life
cycle of products, and it is increasingly applied in emerging materials and carbon footprint
studies [33]. Recent literature highlights the importance of LCA as a robust framework
for identifying environmental hotspots and supporting sustainable design decisions in
complex systems [34,35].

The functional unit was defined as one single-use PVA-TTC-DES nanofiber patch of
5 × 5 cm (25 cm2) with a mass of 500 mg, containing 3 mg of DES and delivering 3 mg
of tetracycline over 48 h, which provided a consistent and quantifiable basis for scaling
all life cycle inputs and outputs. All material and energy flows were normalized to this
functional unit. The explicit definition of a measurable functional unit is essential to ensure
reproducibility and comparability across LCA studies [33].

The scope included the upstream synthesis of precursors (PVA, CHCl, urea, and TTC),
fiber fabrication via electrospinning, and packaging. The system boundaries encompassed
all unit processes contributing to raw material extraction, solvent preparation, polymer
blending, and nanofiber formation. Background processes, such as electricity generation
and upstream chemical production, were included using secondary data from recognized
LCA databases, following current best practices in LCA modeling [36]. This study adopts a
cradle-to-gate system boundary, focusing on the environmental burdens associated with
raw material extraction and manufacturing processes. Cradle-to-gate approaches are
widely used in LCA studies when the objective is to identify production hotspots or when
end-of-life scenarios are uncertain [37]. This study adopts a cradle-to-gate system boundary,
focusing on the environmental burdens associated with raw material extraction and manu-
facturing processes. Cradle-to-gate approaches are widely used in LCA studies when the
objective is to identify production hotspots or when end-of-life scenarios are uncertain [38].
Due to the lack of standardized disposal scenarios for this emerging biomedical material,
this stage was excluded; however, this limitation is acknowledged and will be addressed
in future work. Given the focus on current average production practices and not on the
consequences of market-level changes, an attributional LCA approach was adopted.

This approach is widely used for quantifying the environmental burdens directly
attributable to a product system [33].

Temporal boundaries were defined to represent typical conditions of laboratory-scale
or pilot-scale production in 2025. Geographic boundaries focused on a representative Latin
American manufacturing context, assuming electricity and material transport systems from
central Mexico. The technological level was assumed to reflect standard electrospinning
methods with no large-scale automation. Finally, the use of carbon footprint indicators
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as a key impact category is consistent with recent studies emphasizing their relevance for
sustainability assessment and climate change mitigation strategies.

2.8. Life Cycle Inventory Analysis

The life cycle inventory (LCI) was developed by combining foreground laboratory
data with background datasets obtained from the ecoinvent v3.10 database. The inventory
included raw materials, electricity consumption, packaging materials, and laboratory
processing steps required to manufacture one electrospun PVA/TTC/DES nanofiber patch.
The complete inventory is summarized in Table 1, while the main modelling assumptions
adopted in the study are presented in Table 2.

Table 1. Life Cycle Inventory (LCI) of the electrospun PVA/TTC/DES nanofiber patch (functional
unit: one 5 × 5 cm patch, final dry mass = 500 mg).

Life Cycle Stage Inventory Item Amount per FU Unit Inventory Source

Raw materials Poly(vinyl alcohol) (PVA) 0.500 g ecoinvent v3.10
Choline chloride 0.0380 g ecoinvent v3.10

Urea 0.0324 g ecoinvent v3.10
Tetracycline hydrochloride 0.030 g Literature inventory

Upstream electricity PVA production 3.30 × 10−3 kWh ecoinvent v3.10
Choline chloride production 2.37 × 10−6 kWh ecoinvent v3.10

Urea production 5.61 × 10−6 kWh ecoinvent v3.10
Tetracycline production 1.50 × 10−1 kWh Literature inventory

Foreground processes PVA solution preparation Foreground data - This study
DES preparation Foreground data - This study
Electrospinning Foreground data - This study

Packaging Aluminium blister 0.25 g Literature

Table 2. Main modelling assumptions adopted in the LCA.

Parameter Description

Functional unit One electrospun wound dressing (5 × 5 cm; 500 mg dry mass)
System boundary Cradle-to-gate
LCA software SimaPro 9.6 (PRé Sustainability B.V., Amersfoort, The Netherlands)
Database ecoinvent v3.10
System model Cut-off, allocation at the point of substitution
LCIA method Eco-Indicator 99 (H), Endpoint
Electricity mix Mexican low-voltage electricity
Allocation Not required (single-product system)

Cut-off criterion Flows contributing < 1% of total mass and energy were excluded unless
environmentally relevant

Transport Literature values for transportation of commercial raw materials by freight truck

Material losses Syringe dead volume and dripping losses during electrospinning were included in the
foreground inventory

Experimental scale Laboratory-scale production
Foreground data Experimental measurements from this study
Background data ecoinvent v3.10 datasets and published industrial inventories

The LCI phase involved the systematic quantification of all relevant mass and energy
flows associated with the cradle-to-gate production of PVA-TTC-DES nanofibers (Figure 2).
Primary data were obtained from laboratory-scale synthesis and processing protocols, includ-
ing material inputs (PVA, ChCl mixture, and TTC loading) and energy consumption during
solution preparation, electrospinning, and drying. Secondary data from the Ecoinvent and
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ELCD databases were used to model upstream processes and to fill data gaps, particularly for
the production of choline chloride, urea, tetracycline, and other chemical precursors.

Figure 2. General diagram of the inventory of PVA-TTC-DES nanofiber production.

The LCI was constructed based on the actual material and energy inputs required to
manufacture one functional unit. For each electrospinning run, 5 mL of the PVA/TTC/DES
solution was loaded into the syringe, corresponding to 0.500 g of PVA, 0.030 g of tetracycline,
0.038 g of choline chloride, and 0.0324 g of urea. Choline chloride and urea correspond
to a 1:2 molar ratio and were considered the components of the DES. Thus, the total DES
input was 0.0704 g per functional unit. Although the recovered nanofiber patch had a
dry mass of approximately 500 mg, the LCI accounts for the complete amount of solution
loaded into the electrospinning system. This approach considers material losses inherently
associated with laboratory-scale electrospinning, including residual solution remaining in
the syringe, droplet formation at the needle tip, and fiber deposition outside the collector.
Therefore, the material inputs reported in the LCI represent the resources consumed to
produce one functional unit rather than only the mass of material incorporated into the
recovered nanofiber patch.

The system inventory included all stages from raw material extraction to nanofiber fabri-
cation and packaging. For PVA, the complete production route was modeled, including ethy-
lene production, vinyl acetate synthesis, polymerization to poly(vinyl acetate), and hydrolysis
to PVA. For DES (ChCl:U), the synthesis of choline chloride (via ethanolamine/quaternization)
and urea (from ammonia and CO2) was included, along with the energy requirements for ho-
mogenization under experimental conditions. The production of TTC was modeled based on
industrial-scale biotechnological processes, including culture media preparation, fermentation
using Streptomyces species, and downstream processing.
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Foreground data (experimental and pilot-scale processes) were distinguished from
background data (standardized industrial datasets). For each unit process, material and
energy inputs, emissions, yields, and by-products were quantified. Allocation procedures
for multi-output processes were based primarily on mass, following ISO recommendations,
with sensitivity checks where appropriate. Transport distances for raw materials were
estimated using representative regional data.

Cut-off criteria, scaling factors, and losses during processing were documented.
Equipment-related impacts were considered through amortization based on product mass.
Data quality was assessed using a pedigree matrix considering temporal, geographical,
and technological representativeness.

The final LCI consisted of a comprehensive set of normalized elementary flows, in-
cluding material inputs (kg), energy consumption (kWh), emissions to air and water, and
waste generation, all referenced to the defined functional unit.

2.9. Life Cycle Impact Assessment

The Life Cycle Impact Assessment (LCIA) phase translated the inventory data into envi-
ronmental impact indicators following ISO 14040/44 guidelines. The assessment included the
mandatory steps of classification and characterization, whereby inventory flows were assigned
to relevant impact categories and quantified using appropriate characterization factors.

The analysis was performed using SimaPro software, with Eco-Indicator 99 (hierarchist
perspective) selected as the primary impact assessment method. This approach provides
damage-oriented results in three endpoint categories: human health, ecosystem quality, and
resource depletion, while also considering intermediate impact categories such as climate
change, acidification, and ecotoxicity. In addition, complementary indicators were included
to enhance comparability with existing literature, including Global Warming Potential
(GWP, expressed in kg CO2-eq) and Cumulative Energy Demand (CED, expressed in MJ).
Normalization was applied using reference values to facilitate the interpretation of the
relative magnitude of impacts. Weighting was not performed in order to avoid introducing
subjectivity into the aggregation of results [39].

To evaluate the robustness of the impact assessment, sensitivity analyses were con-
ducted by varying key modeling assumptions, including electricity mix, process efficiency,
and allocation procedures.

The application of impact assessment models in this study was supported by recent ad-
vances in carbon footprint quantification, which emphasize the importance of high-resolution
modeling approaches to capture the complexity of environmental burdens in emerging ma-
terial systems. In particular, recent studies have highlighted that accurate representation of
carbon emissions requires integrating multiple variables, including energy sources, process
efficiencies, and system boundaries, especially when dealing with novel or non-conventional
materials [40]. This reinforces the relevance of using established LCA tools and databases,
such as SimaPro and Ecoinvent (PRé Sustainability B.V., Amersfoort, The Netherlands), to
ensure consistency and robustness in the characterization of environmental impacts.

2.10. Interpretation

The interpretation phase was conducted in accordance with the defined goal and
scope, following the iterative framework of Life Cycle Assessment as established in ISO
14040/44. This phase aimed to ensure the consistency and completeness of the results
derived from the LCI and LCIA stages. A systematic evaluation was performed to verify
the coherence of the system boundaries, assumptions, and data sources, as well as the
consistency between foreground and background data. Mass and energy balances were
reviewed to ensure model completeness and alignment with the defined functional unit.
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The interpretation phase also included a critical review of methodological choices,
including system boundary definition, allocation procedures, and impact assessment meth-
ods. The results were evaluated based on criteria of consistency and completeness, ensuring
that conclusions derived from the study are supported by a transparent and methodologi-
cally sound framework.

Finally, the interpretation acknowledges the limitations of the study, particularly those
associated with the cradle-to-gate scope and the use of laboratory-scale data, and identifies
areas for future improvement and refinement.

The Life Cycle Assessment was conducted using an experimentally developed electro-
spun PVA/TTC/DES nanofiber patch as the functional unit. To provide a clear description
of the material evaluated, representative field-emission scanning electron microscopy (FE-
SEM) images and the corresponding fiber diameter distribution are presented in Figure 3,
while the main physicochemical and biological properties are summarized in Table 3. These
characteristics correspond to the same nanofiber formulation employed throughout the
environmental assessment. The complete physicochemical, antibacterial, drug release, and
cytocompatibility characterization of this formulation has been previously reported by
Ornelas et al. [9]; therefore, only the information required to identify the material used as
the basis for the Life Cycle Assessment is included in the present study.

Figure 3. Representative FESEM characterization of the PVA-TTC-DES nanofibers obtained by
electrospinning and evaluated in this “cradle-to-gate” life cycle assessment: (a) SEM image at 1000×
magnification, (b) SEM image at 5000× magnification, and (c) histogram showing the fiber diameter
distribution obtained through image analysis.

Table 3. The physicochemical and biological characterization of the PVA/TTC/DES nanofibers has
been previously reported by Ornelas et al. [9]. The present work uses the same nanofiber formulation
as the basis for the Life Cycle Assessment; therefore, only a summary of the relevant properties is
presented here.

Property Value Method Reference

Polymer matrix Poly(vinyl alcohol) (PVA) + ChCl:U
DES (1:2) Electrospinning Ornelas et al. [9]

Active compound Tetracycline (TTC), 0.030 g per FU Solution incorporation Ornelas et al. [9]
Fiber morphology Random nanofiber network FESEM Ornelas et al. [9]

Mean fiber diameter 134 ± 22 nm FESEM image analysis This study
Patch dimensions 5 × 5 cm Direct measurement This study

DES composition Choline chloride (0.038 g) + urea
(0.0324 g) per FU DES preparation This study

Final dry mass 500 mg Gravimetric measurement This study
Material input per

FU
PVA (0.500 g) + TTC (0.030 g) + DES

(0.0704 g) Life Cycle Inventory This study

Drug release Sustained release for 52 h UV-Vis Ornelas et al. [9]
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To improve the transparency of the foreground inventory, the electricity consumption
associated with each laboratory operation was estimated separately according to the operat-
ing conditions of the equipment employed during nanofiber fabrication. The contribution
of each unit operation is summarized in Table 4.

Table 4. Foreground electricity consumption for the laboratory-scale production of one electrospun
PVA/TTC/DES nanofiber patch.

Unit Operation Equipment Operating Conditions Electricity (kWh/FU)

PVA dissolution Laboratory oven 90 ◦C, 12 h 2.880
DES preparation Laboratory oven 90 ◦C, 12 h 2.880
DES homogenization Magnetic hot plate 80 ◦C, stirring, 20 min 0.133
Electrospinning Electrospinning equipment 10 h 1.000
Total foreground electricity - - 6.893

3. Results and Discussion
The environmental performance of the electrospun PVA/TTC/DES nanofibers was

evaluated following a cradle-to-gate approach. The assessment was based on the experi-
mentally characterized material described in Figure 2 and Table 1, ensuring that the Life
Cycle Inventory represents a real electrospun biomedical product rather than a theoret-
ical formulation. The environmental impacts were calculated using the Eco-Indicator
99 (H) endpoint method implemented in SimaPro (PRé Sustainability B.V., Amersfoort, The
Netherlands), considering the three damage categories (Human Health, Ecosystem Quality,
and Resources) and the eleven impact categories included in the characterization stage.

3.1. Environmental Impact Assessment

The LCA was carried out using the Eco-Indicator 99 (H) method, which groups eleven
final impact categories into three main damage categories: Human Health, Ecosystem
Quality, and Resources. The results indicate that the most energy- and chemically inten-
sive stages are the main contributors to the environmental profile of the PVA/TTC/DES
nanofiber production. For the defined functional unit of one electrospun PVA/TTC/DES
nanofiber patch (5 × 5 cm; approximately 500 mg dry mass), the total environmental
impact was approximately 260 mPt per functional unit (500 mg of recovered nanofiber). In
the previous version of the manuscript, this value was incorrectly expressed on the basis
of 5 g of nanofiber. The value and functional unit have now been corrected consistently
throughout the manuscript.

A more detailed analysis of the foreground energy inventory was performed to dis-
tinguish the contributions of the individual processing operations. The preparation of the
PVA solution required approximately 2.88 kWh per functional unit, corresponding to 12 h
of thermal treatment at 90 ◦C. Similarly, the initial preparation of the ChCl DES required
approximately 2.88 kWh per functional unit for 12 h at 90 ◦C. An additional 0.067 kWh was
required for the subsequent 20 min of heating and magnetic stirring of the DES at 80 ◦C. In
comparison, the complete electrospinning equipment consumed approximately 1.00 kWh
during the electrospinning operation. Therefore, the total foreground electricity demand
associated with these operations was approximately 6.893 kWh per functional unit.

This breakdown provides a more precise interpretation of the environmental hotspot.
The two prolonged thermal preparation stages together account for approximately
5.76 kWh, corresponding to approximately 84% of the total foreground electricity demand,
whereas the electrospinning operation represents approximately 1.00 kWh, or approxi-
mately 15%. Thus, the major electricity demand is associated primarily with the prolonged
thermal preparation of the PVA and DES solutions rather than with the high-voltage elec-
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trospinning operation itself. This distinction is important because the high voltage required
to maintain the electrohydrodynamic jet does not necessarily imply a proportionally high
electricity consumption. The present results therefore support the identification of thermal
processing as the main energy-intensive operation under the laboratory-scale conditions
evaluated in this study.

The upstream production of PVA also showed a contribution associated with electricity
consumption. In the modeled PVA production system, the electricity contribution was
approximately 140 µPt for Human Health, 12 µPt for Ecosystem Quality, and 90 µPt
for Resources. This behavior is consistent with previous studies reporting that polymer
production processes can be substantially influenced by electricity consumption and the
associated electricity generation mix [29,33]. The use of conventional electricity generated
from fossil-based sources can therefore contribute substantially to the environmental profile
of both upstream material production and laboratory-scale processing.

The remaining chemical stages contributed smaller, although non-negligible, impacts.
In the modeled urea production system, contributions associated with biodiesel used
as a fuel for steam generation and methane associated with ammonia production were
relevant to the Human Health and Ecosystem Quality damage categories. Similarly, in
the production of choline chloride, isopropanol and hydrochloric acid were identified as
relevant upstream inputs, with contributions exceeding 40–70% in some impact categories,
including carcinogens and climate change. The formation of the ChCl DES was mainly
influenced by the contribution of urea. In most impact categories, urea represented more
than 75% of the impact associated with the DES components, except for Radiation, where
electricity had a higher contribution.

The modeled production of tetracycline also contributed to the environmental profile.
Electricity and ethanol, used as relevant inputs in the upstream pharmaceutical inventory,
were important contributors in several impact categories. In particular, ethanol accounted
for approximately 95% of the modeled climate-change contribution and was also responsi-
ble for the dominant contribution to the Radiation category in the corresponding inventory.
These results are consistent with previous studies reporting that solvent use and energy
requirements can represent important environmental burdens in pharmaceutical synthesis
and manufacturing [37].

Because electricity consumption was identified as an important contributor to the
environmental profile, a hypothetical scenario replacing conventional electricity with lower-
carbon electricity sources was considered. Solar photovoltaic and onshore wind electricity
were evaluated as alternative electricity sources. The purpose of this analysis was to
provide a screening-level assessment of the potential influence of the electricity supply
rather than to represent a fully recalculated industrial-scale renewable-energy system.

The environmental advantage of lower-carbon electricity sources is particularly rele-
vant for processes with substantial energy requirements. Previous life-cycle assessments
have shown that electricity generated from renewable technologies generally presents
substantially lower greenhouse-gas emissions than electricity generated from fossil fuels,
although the magnitude depends on the technology, geographic location, infrastructure,
and system boundaries considered [38]. Therefore, replacing conventional grid electric-
ity with lower-carbon electricity can potentially reduce the environmental contribution
associated with energy-intensive processing operations.

Table 5 summarizes representative life-cycle CO2-equivalent emissions associated with
different electricity-generation technologies based on published scientific sources [40–43].
These values are presented to provide context for the electricity-source sensitivity of the
present study and are not used as a replacement for the Eco-Indicator 99 inventory of the
complete nanofiber system.
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Table 5. Comparative lifecycle CO2 emissions per kWh for different power generation sources. Data
based on IPCC and other scientific sources [41,42].

Power Source NF PVA-TTC-DES Aligned

Coal 820
Natural Gas 490

Biomass 230
Geothermal 46

Onshore Wind 38
Nuclear 12

Hydropower 12

The values in Table 5 illustrate the substantially different life-cycle emission intensi-
ties associated with electricity-generation technologies. In particular, onshore wind and
hydropower show substantially lower life-cycle greenhouse-gas emissions than coal and
natural gas, while solar photovoltaic electricity also generally presents considerably lower
emissions than fossil-based electricity depending on the technology and geographical
context [38,41,42]. These differences provide a rationale for considering electricity decar-
bonization as one potential mitigation strategy for energy-intensive laboratory processes.

Table 6 presents the hypothetical electricity-source comparison used in the present
study. The values are based on the electricity-related contribution used as a reference for
the conventional electricity scenario. The solar photovoltaic and onshore wind values
are therefore intended as screening estimates illustrating the potential sensitivity of the
electricity-related contribution to the electricity source. They should not be interpreted as
the results of a complete recalculation of all upstream materials, transport, packaging, and
other life-cycle processes under renewable electricity.

Table 6. Characteristic environmental impact of the electricity used (µEco-Indicator 99 Points per
functional unit) by source. Values are illustrative, based on known LCA data; renewable sources
drastically reduce energy impact [44].

Electricity Source Human Health (µPt) Ecosystem Quality (µPt) Resources (µPt)

Low voltage (conventional MX mix) 140 12 90
Solar Photovoltaic 7 1 5

Onshore Wind 5 1 4

The screening scenario indicates that the environmental contribution associated with
electricity could be substantially reduced when electricity with a lower life-cycle environ-
mental burden is used. However, because these values are not the result of a complete
recalculation of the entire LCA model with alternative electricity datasets, they should not
be interpreted as evidence that the total environmental impact of the nanofiber production
would necessarily decrease by 80–90%. Instead, the results indicate the potential sensitivity
of the process to the electricity supply and highlight electricity decarbonization as a relevant
mitigation strategy [44].

From a process-design perspective, the results also indicate that reducing the electricity
demand itself may be as important as changing the electricity source. The prolonged ther-
mal treatment of the PVA and DES solutions represents the largest share of the foreground
electricity demand. Consequently, reducing heating time, improving thermal efficiency,
increasing the amount of solution prepared per heating cycle, or optimizing the preparation
protocol could potentially provide greater process-level benefits than focusing exclusively
on the electricity consumed by the high-voltage electrospinning equipment.
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The results indicate that electricity decarbonization and, particularly, optimization of
the prolonged thermal preparation stages represent promising strategies for reducing the
environmental burden of laboratory-scale PVA/TTC/DES nanofiber production. These
strategies are particularly relevant for future scale-up because laboratory-scale preparation
may involve relatively small solution volumes processed for long periods, resulting in a
high energy demand per functional unit. At larger production scales, process integration,
improved thermal efficiency, and preparation of larger solution batches could potentially
reduce the energy demand allocated to individual patches.

It is important to note that the present assessment was conducted using a cradle-to-gate
system boundary; therefore, the use and end-of-life stages were not included in the impact
calculations. This limitation is particularly relevant because the material is intended as a
single-use topical dressing containing tetracycline. Disposal as clinical waste, incineration
or other controlled-treatment pathways, residual drug release, and the environmental
fate of tetracycline and the polymeric matrix could influence the overall environmental
profile of the product. Consequently, the results presented here should be interpreted as
a cradle-to-gate assessment of the manufacturing stage and should not be extrapolated
directly to the complete life cycle of the dressing.

The exclusion of the use and end-of-life stages was maintained because reliable and
sufficiently representative life-cycle inventory data for emerging antibiotic-containing
nanofiber biomedical products are currently limited. Nevertheless, these stages represent
an important research gap and should be addressed in future studies as experimental and
industrial data become available [45–47]. The present results therefore provide a baseline
for identifying manufacturing-stage critical and potential process improvements rather
than a complete cradle-to-grave environmental profile.

The energy profile identified for the present system also highlights the importance of
considering the fiber-forming technology within a broader process perspective. Although elec-
trospinning is widely used for the production of nanofibrous biomedical materials, alternative
fiber-forming approaches that do not require high-voltage electric fields have recently received
increasing attention. Pressurized spinning and related pressure-driven techniques use gas
pressure and rotational forces to generate fibers and can provide high production rates without
the electrical field required by electrospinning [18,23,24]. Recent developments have further
explored battery-powered and solar-powered pressurized spinning as strategies to reduce de-
pendence on grid electricity and enable decentralized fiber manufacturing [23,24]. Therefore,
rather than considering electrospinning as the only route for producing fibrous biomedical ma-
terials, the environmental performance of different forming technologies should be evaluated
considering energy demand, production rate, solvent requirements, material compatibility,
and the morphology required for the intended application. A qualitative comparison of these
characteristics is presented in Table 7.

The comparison in Table 7 indicates that no single fiber-forming technology can
be considered universally superior from an environmental perspective. Electrospinning
remains particularly advantageous when very small fiber diameters, controlled alignment,
and complex fiber architectures are required. However, pressure-driven approaches provide
relevant advantages in terms of avoiding high-voltage electric fields and enabling high-
throughput processing. Recent battery-powered and solar-powered configurations further
demonstrate that pressurized spinning can be coupled with alternative energy sources
to reduce grid dependence [23,24]. These technologies should therefore be considered
complementary rather than direct substitutes for electrospinning, with the appropriate
process selected according to the required fiber morphology, production scale, material
system, and environmental objectives.
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Table 7. Comparison of electrospinning and pressure-driven fiber-forming technologies from a
process and sustainability perspective.

Characteristic Electrospinning
Pressurised

Spinning/Pressurised
Gyration

Nozzle-Pressurised Spinning

Driving force High-voltage electric field Gas pressure and rotational
force

Gas pressure and rotational
force with nozzle-assisted

fiber collection

High voltage required Yes No No

Fiber formation Electrohydrodynamic jet Pressure- and rotation-driven
jet formation

Pressure-driven fiber
formation

Production potential Relatively low at laboratory
scale High throughput High throughput

Energy considerations

Electricity required for
high-voltage operation; in the
present system, 1.00 kWh was

associated with electrospinning

Potentially favorable because
of rapid processing and high

throughput

Designed for efficient and
controlled fiber formation

Solvent requirements
Aqueous or organic

formulations depending on
polymer

Compatible with aqueous and
other formulations

Particularly promising for
aqueous polymer systems

Fiber morphology Very fine nanofibers and high
architectural control

Fiber diameter depends on
polymer, pressure and
rotational conditions

Controlled small-structure
formation

Main advantage Fine fibers and morphological
control

High productivity without
high voltage

High efficiency and
compatibility with sustainable

feedstocks

Main limitation
Relatively low throughput and

dependence on electrical
equipment

Morphology may differ from
electrospun nanofibers

Technology still requires
optimization for specific
biomedical applications

Sustainability opportunity Reduce thermal processing and
use low-carbon electricity

Combine high throughput
with renewable energy and

aqueous formulations

Combine
waste-derived/natural

polymers with low-energy
forming

Representative references [1,10,21,22] [18,23,24] [23,24]

3.2. Process-Level Environmental Implications and Opportunities for Greener Fiber Manufacturing

The LCA results identify several process-level opportunities for reducing the environ-
mental burden of the PVA/TTC/DES nanofiber system. These opportunities extend beyond
the optimization of electrospinning itself and include reduction in thermal energy demand,
transition toward lower-carbon electricity, minimization of solvent use, replacement of
fossil-derived polymers with renewable feedstocks, and integration of waste-derived mate-
rials. Table 8 summarizes these strategies and their potential relevance to the development
of more sustainable biomedical fiber systems.

Among the material-related strategies, the transition toward renewable natural poly-
mers represents an important opportunity for reducing dependence on fossil-derived
feedstocks. Alginate is particularly relevant because of its natural abundance, recyclability,
biocompatibility, and established potential for biomedical fiber applications [48]. Cellulose
and nanocellulose provide another promising route, particularly when obtained from waste
rather than from high-grade biomass. Recent work by Dai et al. demonstrated the extraction
of nanocellulose from cow manure followed by the fabrication of cellulose-based structures
using nozzle-pressurized spinning, directly linking waste valorization with alternative fiber
formation [48]. This approach illustrates a broader circular strategy in which waste-derived
feedstocks are converted into functional fibrous materials rather than relying exclusively
on virgin polymer resources.
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Table 8. Potential strategies for greener and more circular manufacturing of biomedical fibers.

Strategy Current System Proposed Alternative Expected Environmental
Benefit Main Consideration

Fiber-forming
technology Electrospinning

Pressurised
spinning/nozzle-

pressurised spinning

Avoidance of high-voltage
fields and potential

increase in throughput

Fiber morphology must
meet application

requirements

Polymer feedstock PVA Alginate, cellulose or
nanocellulose

Renewable and potentially
biodegradable feedstocks

Processability and
mechanical properties

Feedstock origin Predominantly virgin
materials

Waste-derived cellu-
lose/nanocellulose

Waste valorization and
reduced virgin-resource

demand

Extraction and
pretreatment
requirements

Solvent system

Predominantly
aqueous during fiber

formation; organic
solvents may occur

upstream

Water-based or
solvent-minimized

formulations

Reduced toxicity and
volatile-organic-solvent

burden

Polymer solubility and
spinnability

DES content ChCl:urea
Minimized or
bio-based DES
formulations

Reduced material and
preparation burden

Must preserve fiber
formation and
functionality

Thermal processing Prolonged heating of
PVA and DES

Reduced heating time
and improved thermal

efficiency
Lower electricity demand Requires experimental

validation

Electricity supply Conventional grid
electricity

Solar, wind or other
low-carbon sources

Lower life-cycle emissions
associated with electricity

Requires
location-specific LCA

Packaging Aluminum blister
packaging

Material
reduction/recycled or

lower-impact
packaging

Lower packaging-related
impacts

Drug stability and
barrier performance

Circularity Cradle-to-gate
production

Recovery, recycling or
optimized end-of-life

Reduced resource demand
and waste generation

Requires
cradle-to-grave

assessment

Solvent selection should be considered simultaneously with material and process
selection. In the present PVA/TTC/DES system, the fiber-forming formulation is predom-
inantly aqueous; however, the upstream tetracycline inventory includes ethanol, which
accounted for approximately 95% of the modeled climate-change contribution within that
inventory. Therefore, the use of an aqueous electrospinning formulation does not imply
that the complete life-cycle system is solvent-free. A more rigorous sustainability strategy
should instead prioritize solvent minimization across the entire supply chain, including
aqueous processing where technically feasible, reduction or substitution of hazardous
organic solvents, and solvent recovery when their use cannot be avoided.

Consequently, the long-term objective should not be defined solely as reducing the
electricity consumption of electrospinning. A more comprehensive strategy involves
combining energy-efficient fiber formation, renewable electricity, water-based or solvent-
minimized processing, renewable natural polymers, and waste-derived feedstocks. Such
integration could provide a pathway from the present laboratory-scale PVA/TTC/DES
system toward more circular and resource-efficient biomedical fiber manufacturing.

The environmental profile of the PVA/TTC/DES nanofiber system results from the
combined contributions of upstream chemical production, thermal processing, electricity
consumption, electrospinning, and packaging. The relative importance of these contri-
butions varies among the formulation components and environmental impact categories.
Therefore, the environmental performance of the system should be considered from a
process-chain perspective rather than attributed exclusively to the fiber-forming step.

For PVA production, electricity was the predominant contributor to the modeled
Human Health, Ecosystem Quality, and Resources damage categories, with contributions of
approximately 140, 12, and 90 µPt, respectively (Figure 4). Vinyl acetate was also included in
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the inventory but represented a substantially smaller contribution than electricity. Although
its contribution is barely distinguishable on the scale of the graph, a small contribution
can be observed, particularly in the Resources category. These results indicate that the
environmental performance associated with PVA production is strongly influenced by the
electricity supply used in its upstream manufacturing. This behavior is consistent with the
contribution of electricity generation to emissions such as SO2, NOx, and CO2, which can
affect human health and ecosystem quality. Similar energy-related contributions have been
reported for polymer production systems [29,33].

Figure 4. Assessment of environmental damage associated with the synthesis of 1 g of polyvinyl
alcohol (PVA), obtained using the Eco-indicator 99 (H) method in SimaPro (PRé Sustainability B.V.,
Amersfoort, The Netherlands), considering the damage categories of Human Health, Ecosystem
Quality, and Resources.

The upstream production of urea was also associated with relevant environmental
contributions. Inputs related to ammonia production, particularly methane, and the use
of biodiesel for steam generation contributed substantially to several impact categories,
with contributions exceeding 60–95% in categories such as carcinogens and eutrophication.
These results are consistent with previous studies highlighting the energy and resource
requirements associated with nitrogen fertilizer and ammonia production [36]. For choline
chloride, isopropanol and hydrochloric acid were relevant contributors in several categories.
In the formation of the ChCl:urea DES, urea accounted for more than 75% of the contribution
in most damage categories, whereas electricity was the major contributor to the Radiation
category. These results demonstrate that the environmental contribution of the DES cannot
be assessed solely from its preparation step and must also account for the upstream
production of its individual components.

The modeled tetracycline production system showed a different contribution pattern
(Figure 5). Ethanol accounted for approximately 95–100% of the contribution in Climate
Change, Radiation, and Ecotoxicity, whereas electricity dominated Eutrophication and
Land Use, with contributions ranging from approximately 72 to 100%. These results
highlight the importance of solvent use in the upstream production of pharmaceutical
compounds. In contrast, the present PVA/TTC/DES formulation uses water as the main
medium for PVA dissolution and does not require an organic solvent as the primary fiber-
forming medium. Therefore, organic solvents can be avoided during the preparation and
electrospinning of the PVA/TTC/DES formulation itself. However, complete elimination
of organic solvents cannot be claimed at the cradle-to-gate level because solvents remain
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involved in upstream production pathways, particularly in the modeled tetracycline pro-
duction system. Consequently, future optimization should prioritize solvent minimization
and substitution where technically feasible, solvent recovery, and the development of
aqueous or solvent-minimized upstream production routes [23,32,37].

Figure 5. Environmental impact assessment of tetracycline synthesis (TTC) using the Eco-indicator
99 (H) V2.10 method in SimaPro (PRé Sustainability B.V., Amersfoort, The Netherlands). The relative
contributions of the electricity (MX) and ethanol (GLO) processes are shown as the main contributors
to the impact categories.

The foreground energy inventory provides an important distinction between the
electricity required for electrospinning and that required for solution preparation. The
preparation of the PVA solution required approximately 2.88 kWh for 12 h of thermal
treatment at 90 ◦C, while the initial preparation of the ChCl-based DES required an addi-
tional 2.88 kWh under the same conditions. A further 0.133 kWh was required for DES
heating and magnetic stirring at 80 ◦C, whereas the electrospinning equipment consumed
approximately 1.00 kWh. Thus, the two prolonged thermal preparation stages represented
approximately 84% of the foreground electricity demand, while electrospinning represented
approximately 15%.

These results indicate that, under the laboratory-scale conditions evaluated, reduc-
ing the duration and energy requirements of thermal solution preparation could provide
a greater reduction in electricity demand than focusing exclusively on the high-voltage
electrospinning step. Potential process-level strategies include shortening the heating
period, improving thermal-transfer efficiency, increasing the amount of solution processed
per heating cycle, and optimizing the preparation protocol. Electricity decarbonization
represents an additional strategy, particularly for energy-intensive thermal operations. The
environmental contribution of electrospinning nevertheless remains relevant because the
process requires continuous operation of the equipment and because laboratory-scale pro-
duction of a relatively small amount of material results in a substantial electricity demand
per functional unit. Previous studies have similarly identified energy consumption as an
important environmental consideration in electrospinning processes [29]. However, the
present results provide a more detailed distinction between the electrospinning operation
and the preceding thermal preparation stages.

This distinction is relevant when considering alternative fiber-forming technologies.
Electrospinning requires a high-voltage electric field to generate the polymer jet, whereas
pressure-driven approaches such as pressurized spinning, pressurized gyration, and nozzle-
pressurized spinning generate fibers without a high-voltage electric field. These technolo-
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gies have therefore emerged as potential alternatives for reducing process complexity and
increasing material throughput. Amarakoon et al. [18] highlighted the potential environ-
mental advantages of pressurized gyration in polymer-fiber manufacturing, particularly
in relation to rapid fiber formation and higher production rates. More recently, Aydogdu
et al. [23,24] demonstrated battery-powered and solar-powered pressurized spinning sys-
tems, respectively, illustrating how alternative fiber-forming technologies can be coupled
with low-carbon or decentralized energy sources.

However, the energy performance of these technologies cannot be compared directly
with the 1.00 kWh consumed by the electrospinning stage in the present study because
the reported studies differ in equipment configuration, processing time, production rate,
fiber yield, and functional basis. Therefore, the comparison is considered at the process
level rather than as a direct quantitative LCA comparison. A meaningful quantitative
comparison would require harmonization of the functional unit, production scale, material
throughput, and system boundaries.

Packaging also contributed appreciably to the environmental profile. For the alu-
minum blister, primary aluminum production accounted for approximately 99.3% of the
modeled contribution associated with the aluminum component, compared with approx-
imately 0.6% for recycled aluminum. Aluminum contributed approximately 63–98% of
the impact in most Eco-Indicator 99 categories, whereas cardboard was the dominant
contributor to Land Use. These results indicate that packaging material selection can
influence the overall environmental performance despite its relatively low mass compared
with the nanofiber formulation. Consequently, future optimization should also consider
material reduction, recycled-content strategies, and alternative packaging configurations
while maintaining the protection and stability required for a pharmaceutical product.

Material selection represents a second important pathway toward greener fiber manu-
facturing. The present system is based on PVA, which provides the processability required
for the investigated formulation; however, the longer-term transition toward renewable
feedstocks should be considered. Natural polymers such as alginate and cellulose offer
promising alternatives because of their renewable origin, biocompatibility, and established
potential for fiber-based biomedical applications. In particular, alginate fibers have been
investigated for applications including wound dressings, tissue engineering, drug delivery,
and other biomedical uses, while several fiber-forming technologies, including electrospin-
ning, wet spinning, centrifugal spinning, and pressurised gyration, have been reported for
alginate-based systems [25].

An even more sustainable strategy is to combine renewable polymers with waste
valorization. Rather than relying exclusively on virgin biomass or commercially produced
polymers, cellulose-rich waste streams can serve as alternative feedstocks for nanocellulose
production. Dai et al. [48] recently demonstrated the extraction of cellulose nanofibrils
from cow manure waste and their subsequent use for manufacturing small-structure
cellulose materials through nozzle-pressurized spinning. This approach directly integrates
waste valorization, renewable feedstocks, and alternative fiber formation within a single
processing pathway. Such strategies illustrate a potential transition from a linear model
based on virgin materials toward a circular approach in which waste streams become
feedstocks for biomedical and functional fiber production.

More broadly, waste-derived nanocellulose has been investigated as a feedstock ob-
tained from agricultural, food, textile, paper, wood, and animal-derived waste streams.
Integrating such feedstocks into fiber manufacturing could simultaneously reduce the
demand for virgin resources and provide an additional valorization pathway for materials
that would otherwise require disposal or low-value treatment [48]. Therefore, future LCA
studies should evaluate not only the substitution of PVA with renewable polymers, but also
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the complete environmental performance of the extraction, purification, functionalization,
and fiber-forming stages associated with waste-derived materials.

The overall contribution of the modeled stages is shown in Figure 6. The results
indicate that the environmental profile of the nanofiber patch is distributed among the up-
stream production of the formulation components, foreground processing, and packaging.
In particular, the contribution of electrospinning should be interpreted together with the
energy required for the preceding thermal preparation stages, since the latter represent the
largest share of the foreground electricity demand under the laboratory-scale conditions
evaluated. The figure also illustrates the relevance of tetracycline production and aluminum
packaging to the overall environmental profile. Therefore, the environmental performance
of the nanofiber patch cannot be attributed to the electrospinning step alone, but rather
results from the combined contribution of material production, formulation, processing,
and packaging.

Figure 6. Global environmental impact assessment for the production of one 5 × 5 cm PVA/TTC/DES
nanofiber patch containing approximately 500 mg of recovered dry nanofiber, obtained using the
Eco-indicator 99 (H) V2.10 method in SimaPro (PRé Sustainability B.V., Amersfoort, The Netherlands).
The assessment includes the main modeled stages and upstream processes associated with nanofiber
production, tetracycline production, and blister packaging.

Taken together, the results identify several complementary pathways for improving
the environmental performance of the present system. At the process level, reducing the
duration and energy requirements of thermal solution preparation represents a direct op-
portunity because these operations account for the largest fraction of foreground electricity
demand. At the technology level, pressure-driven fiber-forming processes provide an
alternative to high-voltage electrospinning and may offer advantages in throughput and
process energy, although their suitability must be evaluated according to the required fiber
morphology and biomedical function. At the material level, the use of renewable polymers
such as alginate and cellulose, particularly when derived from waste streams, could reduce
dependence on virgin or fossil-derived feedstocks. Finally, solvent selection should be
considered across the entire life cycle rather than only during fiber formation: although the
present PVA/TTC/DES formulation can be processed using an aqueous medium, upstream
pharmaceutical production remains associated with solvent-related impacts.

Accordingly, greener fiber manufacturing should not be defined by a single techno-
logical change, such as replacing electrospinning or reducing the applied voltage. Instead,
it requires the simultaneous consideration of energy demand, fiber-forming technology,
solvent use, feedstock origin, waste valorization, and packaging. The present LCA provides
a baseline for the PVA/TTC/DES system and identifies these parameters as relevant design
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variables for the development of lower-impact biomedical fiber platforms. In this context,
the integration of waste-derived renewable materials with low-energy, pressure-driven
fiber formation and water-based processing represents a promising direction toward more
circular and resource-efficient fiber manufacturing.

3.3. Comparison with Conventional Products

A comparison with conventional and advanced medical products was considered to
provide contextual information regarding the environmental profile of the PVA/TTC/DES
nanofiber dressing. For the defined functional unit, the total Eco-Indicator 99 score was ap-
proximately 260 mPt per 500 mg electrospun nanofiber patch. In the previous version, this
value was incorrectly normalized to 5 g of nanofiber; the functional unit and corresponding
impact value have now been corrected consistently throughout the manuscript.

Because published LCA studies of wound dressings and other biomedical products
frequently differ in functional unit, system boundaries, LCIA methodology, material com-
position, packaging, and assumptions regarding manufacturing and disposal, a direct
quantitative comparison with commercial products is not considered sufficiently robust.
Therefore, the comparison presented here should be regarded as an exploratory contextual
comparison, rather than as evidence that the PVA/TTC/DES nanofiber dressing has a
lower environmental impact than conventional commercial dressings.

Previous studies have reported environmental impact values for advanced medical
dressings and other biomedical products within substantially different ranges depending on
the product configuration and methodological assumptions [31,47]. Consequently, the values
reported in those studies can provide useful context but cannot be directly interpreted as
equivalent to the present 500 mg functional unit. The present study therefore uses literature
primarily to position the order of magnitude of the environmental burden and to identify the
fact5edical materials.

The environmental profile of the PVA/TTC/DES nanofiber should also be interpreted
in relation to its material composition and intended functionality. The formulation combines
PVA as the polymeric matrix, tetracycline as the active pharmaceutical ingredient, and a
ChCl deep eutectic solvent as a functional component of the electrospinning formulation.
The use of water and ethanol as solvents can offer advantages over systems relying on more
volatile or hazardous organic solvents; however, the present LCA does not demonstrate
that the complete formulation is environmentally superior to conventional dressings. In
addition, PVA remains a synthetic polymer, and its upstream production contributes to the
overall environmental burden.

The literature indicates that the environmental profile of medical products can be
strongly influenced by the production of specific components. For example, studies of
medical bandages incorporating silver nanoparticles have reported that the production
of nanomaterials can represent a substantial contribution to the overall environmental
burden [49]. Similarly, comparative assessments of medical devices such as catheters have
demonstrated that changes in manufacturing strategies can influence their environmental
performance [50]. These studies illustrate the importance of considering the complete ma-
terial and manufacturing system rather than evaluating the sustainability of an individual
component in isolation.

The potential functional advantages of the PVA/TTC/DES nanofiber, including sus-
tained antibiotic release and the possibility of localized drug delivery, should therefore
be considered as technological characteristics of the material rather than as demonstrated
environmental benefits. In the present study, these characteristics provide the techno-
logical context for the selected application, whereas the LCA specifically evaluates the
environmental burden associated with cradle-to-gate production. Any potential environ-
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mental advantage associated with reduced drug dosage, reduced systemic exposure, or
improved therapeutic performance would require a functional cradle-to-grave assessment
and additional comparative clinical and environmental data.

The exploratory comparison nevertheless indicates that the environmental burden
of the developed nanofiber is within the order of magnitude reported for some advanced
biomedical materials, although differences in methodology prevent a definitive ranking
against conventional commercial dressings [31,47]. This observation supports the relevance
of continuing to investigate the environmental performance of electrospun biomedical
materials while recognizing that laboratory-scale processing, energy demand, material
composition, packaging, and system boundaries can substantially influence the results.

Finally, the electricity-source analysis presented in Section 3.1 suggests that electricity
decarbonization could reduce the environmental contribution associated with energy-
intensive processing. However, the renewable-electricity values presented in this study
represent a screening-level scenario rather than a complete recalculation of the entire life
cycle using alternative electricity datasets. Therefore, the present study does not claim that
replacing conventional electricity with wind or solar power would necessarily reduce the
total environmental impact by a specific percentage. Instead, the results identify electricity
decarbonization and, particularly, optimization of the prolonged thermal preparation
stages as promising strategies for reducing the environmental burden of laboratory-scale
PVA/TTC/DES nanofiber production. Similar observations regarding the importance of
the electricity mix and energy optimization in the environmental performance of medical
and advanced materials have been reported in the literature [47,49,51].

Overall, the PVA/TTC/DES nanofiber should be considered a promising research-
stage biomedical material from an environmental perspective, rather than a demonstrated
environmentally superior alternative to conventional dressings. The present cradle-to-gate
assessment provides a baseline for identifying manufacturing hotspots and guiding future
optimization, while a definitive comparison with commercial products would require
harmonized functional units, system boundaries, life-cycle inventories, LCIA methods,
packaging assumptions, and equivalent clinical functions.

3.4. Relevance for Sustainable Healthcare and Pharmaceutical Manufacturing

The results obtained in this study highlight the relevance of integrating environmental
criteria into the development of advanced healthcare materials, particularly for single-
use pharmaceutical and biomedical applications. Electrospun nanofibers have attracted
considerable interest in topical drug delivery because their high surface-to-volume ratio,
porous structure, and ability to incorporate active pharmaceutical ingredients provide
opportunities for controlled drug delivery and localized treatment. However, their environ-
mental implications remain comparatively less investigated, particularly when the energy
requirements associated with laboratory-scale preparation and processing are considered.

One of the principal findings of this study is the strong influence of electricity con-
sumption on the environmental profile of the PVA/TTC/DES nanofiber production. The
detailed foreground inventory shows that the largest electricity demand is associated with
the prolonged thermal preparation of the PVA and DES solutions, rather than with the
high-voltage electrospinning operation itself. The PVA and DES preparation stages each
required approximately 2.88 kWh for 12 h of thermal treatment, while the subsequent
DES heating and magnetic stirring required approximately 0.067 kWh. In comparison,
the complete electrospinning equipment consumed approximately 1.00 kWh during the
electrospinning operation. These results demonstrate that the environmental performance
of electrospun pharmaceutical systems depends not only on the composition of the final
material but also on the energy intensity and duration of the manufacturing operations.
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From a process-design perspective, these findings identify prolonged thermal prepa-
ration as an important target for future optimization. Strategies such as reducing heating
time, improving thermal efficiency, preparing larger solution batches, or modifying the
preparation protocol could reduce the electricity demand allocated to individual functional
units. Electricity decarbonization represents an additional mitigation pathway. However,
the renewable-electricity analysis presented in this study was designed as a screening
scenario and does not demonstrate a specific percentage reduction in the total life-cycle
impact. Therefore, the results should be interpreted as evidence of the sensitivity of the
environmental profile to the electricity supply rather than as a definitive prediction of the
environmental benefits of renewable electricity.

From a broader process-design perspective, pressure-driven fiber-forming technolo-
gies such as pressurized spinning and pressurized gyration may provide additional op-
portunities for reducing dependence on high-voltage electrical fields and improving fiber-
production efficiency. These approaches therefore represent relevant alternatives for future
sustainability-oriented development, although their environmental performance should be
evaluated using harmonized life-cycle inventories and functional units.

Solvent selection should also be considered at both the formulation and upstream
production levels. The present fiber-forming formulation is predominantly aqueous, which
reduces the need for organic solvents during nanofiber preparation. However, the LCA
shows that ethanol associated with the dissolution of tetracycline production can make
a substantial contribution to several impact categories. Therefore, future improvements
should focus not only on avoiding organic solvents during fiber formation but also on re-
ducing, recovering, or replacing solvents used in upstream pharmaceutical manufacturing.

Waste valorization provides an additional opportunity for reducing the environmental
burden associated with future fiber-based healthcare materials. In particular, waste-derived
cellulose and nanocellulose could provide renewable feedstocks for polymeric fiber pro-
duction while simultaneously creating value from agricultural, food, paper, textile, and
other biomass residues. When combined with aqueous formulations and energy-efficient
fiber-forming technologies, these approaches could contribute to more circular manufactur-
ing routes. However, the environmental benefit of waste-derived materials depends on the
specific waste source, pretreatment requirements, extraction efficiency, energy consump-
tion, and allocation assumptions, and should therefore be demonstrated through dedicated
life cycle assessments.

The study also highlights the importance of considering solvent and formulation
selection in environmentally responsible pharmaceutical processing. The PVA/TTC/DES
system uses an aqueous PVA formulation and a ChCl deep eutectic solvent, while ethanol is
present in the upstream tetracycline inventory. Deep eutectic solvents have attracted interest
as alternatives to conventional organic solvent systems because of their low volatility and
potential for reduced emissions in certain applications. Nevertheless, the present LCA
demonstrates that the environmental performance of a formulation cannot be inferred
solely from the designation of a solvent as “green”. The upstream production of ChCl and
urea, as well as the energy required for DES preparation, also contributes to the overall
environmental profile. Therefore, the environmental advantages of DES-based formulations
should be evaluated using complete life-cycle inventories rather than solely on the basis of
their physicochemical characteristics.

From a healthcare perspective, localized and controlled delivery of tetracycline may
offer functional advantages for topical drug-delivery applications. However, the present
cradle-to-gate LCA does not quantify reductions in antibiotic consumption, systemic
exposure, pharmaceutical release during use, or antimicrobial-resistance risks. These
potential benefits therefore cannot be considered demonstrated environmental benefits on
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the basis of the present study. Establishing such relationships would require additional
functional, clinical, and cradle-to-grave assessments that compare equivalent therapeutic
outcomes and account for the use and end-of-life stages of the product.

This distinction is particularly important for single-use biomedical materials con-
taining pharmaceutical compounds. The current assessment ends at the factory gate and
therefore does not account for disposal, clinical-waste treatment, residual tetracycline re-
lease, or the environmental fate of the nanofiber after use. Consequently, the present results
should be interpreted as a manufacturing-stage environmental baseline rather than as a
complete assessment of the environmental sustainability of the dressing throughout its
life cycle.

Material selection represents an additional pathway toward improved environmental
performance. Although PVA was selected in the present study because it is the polymer
matrix of the experimentally characterized PVA/TTC/DES system, future formulations
could explore naturally derived polymers such as alginate and cellulose. An additional
opportunity is the use of waste-derived nanocellulose obtained from agricultural, food,
paper, textile, or other biomass residues. Such approaches could simultaneously reduce
dependence on virgin feedstocks and promote waste valorization. The environmental
benefits of these alternatives, however, should be demonstrated through comparative life
cycle assessments using equivalent functional units and system boundaries.

Overall, the present findings demonstrate that life cycle assessment can provide
useful guidance for identifying environmental hotspots during the development of elec-
trospun pharmaceutical materials. For the PVA/TTC/DES system investigated here, the
results point particularly to the optimization of prolonged thermal preparation and the
decarbonization of electricity as relevant areas for future improvement. The study also
demonstrates the importance of evaluating the upstream production of the individual
formulation components, including PVA, tetracycline, choline chloride, and urea, rather
than focusing exclusively on the final nanofiber fabrication step.

The results indicate that electricity decarbonization and, particularly, optimization
of the prolonged thermal preparation stages represent promising strategies for reducing
the environmental burden of laboratory-scale PVA/TTC/DES nanofiber production. At
the same time, the findings should be considered within the limitations of the cradle-
to-gate boundary and the current availability of life-cycle inventory data for emerging
pharmaceutical nanofiber systems. Future work incorporating use-phase performance,
therapeutic equivalence, clinical-waste treatment, drug release during disposal, and cradle-
to-grave scenarios will be necessary to determine whether the functional advantages
of these materials translate into a lower overall environmental burden compared with
conventional healthcare products.

Taken together, these considerations indicate that the environmental optimization of
fiber-based healthcare materials should not be associated with a single material or manu-
facturing technology. Instead, it should involve the combined optimization of feedstock
selection, waste valorization, solvent use, energy demand, and fiber-forming technology.
The present PVA/TTC/DES system provides a laboratory-scale case study illustrating how
these factors can influence environmental performance and how life cycle thinking can be
incorporated at an early stage of biomedical material development.

4. Conclusions
This study evaluated the cradle-to-gate environmental performance of a PVA/TTC/DES

nanofiber patch with a functional unit defined as one 5 × 5 cm patch containing approxi-
mately 500 mg of recovered dry nanofiber. The assessment considered the production of the
raw materials, solution and deep eutectic solvent preparation, electrospinning, drying, and
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packaging. The results demonstrate that the environmental profile of the system is deter-
mined by the combined contribution of upstream material production and laboratory-scale
processing rather than by electrospinning alone.

The foreground energy inventory identified the thermal preparation of the PVA so-
lution and ChCl:urea deep eutectic solvent as the main electricity-demanding stages,
accounting for approximately 84% of the total electricity consumption, whereas electro-
spinning represented approximately 15%. These results indicate that, under the conditions
evaluated, reducing heating time, improving thermal efficiency, increasing the amount
of material processed per cycle, and incorporating lower-carbon electricity could provide
relevant opportunities for reducing the environmental burden of the manufacturing process.
The results also demonstrate the importance of considering the electricity supply when
assessing energy-intensive laboratory-scale biomaterial processes.

The contribution analysis further showed that the environmental performance of the
system is influenced by the upstream production of PVA, DES components, and tetracycline.
Electricity was a major contributor to the modeled impacts associated with PVA production,
while urea represented more than 75% of the contribution in most damage categories for the
ChCl:urea DES system. In the modeled tetracycline production pathway, ethanol accounted
for approximately 95–100% of the contribution in Climate Change, Radiation, and Ecotoxic-
ity, whereas electricity was dominant in Eutrophication and Land Use. Therefore, although
the present formulation uses water as the main medium for PVA dissolution and does not
require an organic solvent as the primary fiber-forming medium, complete elimination
of organic solvents cannot be claimed at the cradle-to-gate level. Solvent minimization,
substitution, and recovery in upstream pharmaceutical production should consequently be
considered in future optimization strategies.

Packaging also influenced the environmental profile of the system, particularly
through the production of aluminum used in the blister package. This finding highlights
that environmental optimization should extend beyond the nanofiber formulation and
manufacturing process to include material selection and packaging design.

More broadly, the results support a systems-level approach to the development
of greener fiber-based healthcare materials. Future research should combine reduced-
energy processing with alternative fiber-forming technologies, including pressure-driven
approaches such as pressurized spinning and pressurized gyration, which may provide
opportunities for lower-energy and more scalable fiber production. The use of naturally
derived polymers, particularly alginate and cellulose, and waste-derived cellulose or
nanocellulose could provide additional pathways for reducing dependence on virgin feed-
stocks while promoting waste valorization. However, these alternatives should not be
assumed to be environmentally superior without comparative life cycle assessment, since
their environmental performance depends on feedstock origin, pretreatment, extraction,
processing requirements, energy consumption, and material performance.

Overall, this study demonstrates that life cycle thinking can be incorporated at an
early stage of biomedical fiber development to identify environmental improvement oppor-
tunities related to energy demand, electricity sourcing, solvent use, packaging, feedstock
selection, and manufacturing technology. The PVA/TTC/DES system evaluated here
provides a laboratory-scale case study, while future comparative assessments integrating
renewable or waste-derived feedstocks, solvent-minimized formulations, lower-energy
fiber-forming technologies, and circular processing strategies will be important for advanc-
ing more resource-efficient and sustainable healthcare materials.
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