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“ Abstract

The emergence of three-dimensional (3D) printing has transformed
Published on: 04.12.25 pharmaceutical development by enabling personalised, flexible, and
digitally controlled manufacturing workflows. As the United Kingdom
Published by: advances toward greener production models and precision medicine,

material selection for pharmaceutical fused deposition modelling (FDM)

Futuristic Publications .. .
has become a critical determinant of both product performance and

environmental sustainability. This review examines the sustainability,
2025| All rights reserved. functional suitability, and regulatory implications of three key filament
classes polylactic acid (PLA), polyvinyl alcohol (PVA), and cellulose-
based materials within the context of UK pharmaceutical manufacturing.

v Drawing on scientific evidence and qualitative insights from industry
practitioners and academic researchers, the review evaluates each
material’s printability, biocompatibility, environmental impact, drug-
polymer compatibility, and operational feasibility. PLA and cellulose-
based filaments offer favourable biodegradable and renewable profiles,
whereas PVA remains the most pharmaceutically versatile but presents
environmental burdens. The analysis highlights the need for life-cycle
assessment frameworks, material innovation, and regulatory alignment to
support sustainable 3D-printed medicines. Recommendations are provided
to guide UK manufacturers, policymakers, and pharmaceutical scientists
toward responsible material choices that balance performance, safety, and
environmental stewardship.
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1. INTRODUCTION

Three-dimensional (3D) printing also known as additive manufacturing has rapidly transitioned from a
prototyping tool into a transformative technology in modern pharmaceutical production. By enabling precise
control over dosage form geometry, internal structure, and drug distribution, 3D printing supports the
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development of personalised medicines, on-demand production models, and new drug-release architectures that
are difficult or impossible to achieve through conventional manufacturing approaches (1,2). Within the United
Kingdom, interest in pharmaceutical 3D printing has expanded significantly, driven by NHS digital
transformation initiatives, academic research networks, and industrial strategies targeting both personalised
therapeutics and sustainable, low-waste manufacturing systems (3).

Among 3D printing technologies, fused deposition modelling (FDM) stands out as the most widely explored in
pharmaceutical research. FDM relies on thermoplastic filaments that are heated, softened, and deposited layer
by layer to form a solid structure (4,5). The success of this process depends heavily on the selection of an
appropriate filament material. A pharmaceutical filament must not only support precise printing but must also
demonstrate compatibility with active pharmaceutical ingredients (APIs), maintain structural integrity, ensure
patient safety, and critically align with environmental sustainability goals. As the UK moves toward Net Zero
commitments, sustainable material choices are becoming increasingly relevant to manufacturers, regulators, and
healthcare organisations (6).

Three major classes of polymeric filaments dominate current pharmaceutical FDM research: polylactic acid
(PLA), polyvinyl alcohol (PVA), and cellulose-based materials. Each offers unique advantages but also presents
limitations that influence its suitability for large-scale or clinical-grade printing. PLA and cellulose are often
promoted as environmentally favourable due to their biodegradability and biobased origins (7,8), whereas PVA
is widely regarded as the most pharmaceutically versatile due to its water solubility and long-standing
recognition as a pharmaceutical excipient (9). However, the environmental persistence of PVA and its
contribution to aquatic micro-residue pollution challenge its acceptability within sustainable manufacturing
frameworks (10).

In the context of UK pharmaceutical operations, sustainability concerns are becoming increasingly intertwined
with material selection decisions. The NHS’s “Net Zero” strategy encourages greener supply chains and low-
carbon production models, placing pressure on manufacturers to adopt environmentally responsible materials
(6). Simultaneously, the growth of decentralised and on-demand pharmaceutical printing particularly within
hospital settings requires materials that are not only sustainable but also operable under variable environmental
conditions. Evidence from industry interviews conducted in the dissertation Material Selection and
Sustainability in 3D Printing for Pharmaceutical Manufacturing in the UK highlights substantial challenges
faced by UK practitioners, including PVA’s moisture sensitivity, PLA’s brittleness, and printability issues
associated with cellulose-based filaments.

Furthermore, the concept of sustainability in pharmaceutical manufacturing extends beyond biodegradability
alone. A holistic evaluation must consider:
e feedstock origin and renewability,
energy consumption during printing,
material toxicity and end-of-life fate,
waste generation and recyclability, and
compliance with emerging environmental regulations (11,12).

Life-cycle assessment (LCA) frameworks are increasingly recommended by regulatory bodies and sustainability
auditors, yet standardised LCA applications for pharmaceutical 3D printing materials remain limited (13). This
gap poses challenges for UK companies attempting to evaluate the environmental performance of filament
options in a meaningful and comparable way.

PLA is frequently positioned as the environmentally responsible default due to its renewable agricultural
feedstock origins and its ability to biodegrade under industrial composting conditions (7). Its low carbon
footprint relative to petroleum-based plastics makes it attractive for sustainability-focused applications.
However, PLA’s mechanical brittleness, high extrusion temperatures, and limited compatibility with hydrophilic
APIs constrain its pharmaceutical utility (14). Thus, while PLA may support environmentally aligned
objectives, it may not consistently deliver the performance required for complex patient-centric dosage forms.

PVA occupies the opposite end of the spectrum. It is widely viewed as the most pharmaceutically useful
filament due to its solubility, printability, and established safety profile (9,15). PVA supports immediate-release,
modified-release, and high-drug-load formulations, making it the preferred material for clinical or near-clinical
FDM research. Despite these advantages, PVA’s environmental profile is poor: it dissolves in water but does not
biodegrade effectively, contributing to persistent micro-pollution in wastewater systems (10). For UK
manufacturers aiming to reduce environmental burden, this represents a major drawback and may conflict with
emerging environmental standards.

Cellulose-based materials present a promising middle ground. Derived from renewable biomass such as wood
pulp or cotton, cellulose is inherently biodegradable, non-toxic, and abundant (8). These properties align closely
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with UK sustainability objectives and global interest in renewable bioeconomy-based polymers. However,
cellulose’s lack of natural thermoplasticity imposes technical constraints; extensive modification or blending is
required to make it suitable for extrusion or FDM printing (16). Even then, print performance can be
inconsistent, leading to nozzle clogging and weak mechanical structures—limitations confirmed in UK
laboratory experiences.

Given the competing demands of pharmaceutical performance and environmental sustainability, selecting the
optimal filament for pharmaceutical 3D printing in the UK requires a careful balance. The decision landscape
intersects technical feasibility, regulatory approval, drug—polymer interactions, operational constraints, and
sustainability metrics. Despite growing interest, the absence of standardised guidance from the MHRA or
international regulatory agencies hampers widespread adoption and material optimisation efforts (17).

Thus, this review aims to systematically evaluate PLA, PVA, and cellulose-based filaments with a specific focus
on sustainability and applicability within the UK pharmaceutical manufacturing sector. Through a combination
of peer-reviewed evidence and practitioner insights, it provides a detailed assessment of printability, drug-
polymer compatibility, environmental performance, regulatory status, and operational practicality. By
consolidating these dimensions, the review supports UK manufacturers, researchers, and policymakers in
making informed, sustainability-aligned material decisions as the pharmaceutical sector transitions toward
digital and eco-efficient production paradigms.

2. DISCUSSIONS

Material selection determines the feasibility, performance, and sustainability of pharmaceutical fused deposition
modelling (FDM). In the UK, where Net Zero manufacturing goals, NHS sustainability priorities, and digital
pharmaceutical innovation intersect, the choice of filament materials such as PLA, PVA, and cellulose-based
polymers requires a multidimensional assessment (18). This section evaluates each material across printability,
drug—polymer compatibility, environmental sustainability, regulatory status, and practical manufacturability
within UK settings.

2.1 Printability and Mechanical Performance

Printability directly affects the reliability, efficiency, and repeatability of FDM-based pharmaceutical
production. PLA, PVA, and cellulose derivatives differ substantially in thermal transitions, melt flow behaviour,
and mechanical stability, shaping their suitability for drug-loaded dosage forms.

2.1.1 PLA

PLA is recognised for its excellent dimensional stability and smooth extrusion due to its low shrinkage, semi-
crystalline structure, and moderate melting temperature (19). Its rigidity enables precise manufacture of oral
tablets, implantable structures, and fixed-dose combination devices. However, its brittleness can lead to filament
snapping, especially under long production cycles or suboptimal storage conditions—a challenge repeatedly
reported by UK practitioners in the dissertation. In addition, PLA’s hydrophobicity limits its use with
hydrophilic APIs, and its processing temperatures can degrade thermolabile drugs (20).

2.1.2 PVA

PVA demonstrates excellent layer adhesion, consistent melt flow, and mechanical flexibility, making it highly
suitable for immediate-release and modular dosage forms (21). Its water solubility further supports dissolution-
controlled architectures and multi-drug polypills. However, PVA is extremely hygroscopic; filament swelling,
irregular diameter changes, and moisture-induced nozzle blockages remain major operational constraints (22).
UK laboratory insights emphasise that humidity instability frequently compromises print reliability in non
climate-controlled environments.

2.1.3 Cellulose-Based Materials

Cellulose and its derivatives align well with sustainability and biocompatibility requirements, but their printability
remains limited (23). Native cellulose lacks thermoplasticity, requiring plasticisers or chemical modification such
as acetylation. Even with modification, cellulose filaments often exhibit inconsistent melt viscosity, weak interlayer
bonding, and high nozzle clogging frequency. These challenges currently restrict large-scale or clinical-grade use
in the UK, despite growing interest in nanocellulose composites and hybrid bio-based blends.
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Table 1. Comparative Evaluation of Sustainable Filament Materials (PLA, PVA, Cellulose) for

Pharmaceutical FDM
Parameter PLA PVA Cellulose-.Based
Materials
Source Renewable (corn, Synthetic Renewable (wood pulp,
sugarcane) cotton)
. - Industrially Poor biodegradability; .
Biodegradability compostable dissolves but persists Fully biodegradable

Environmental Impact

Low carbon footprint

High water and energy
usage; micro-residue risk

Very low; circular
bioeconomy compatible

Stable extrusion, brittle

Excellent adhesion,

Inconsistent melt flow;

Printability . o .
moisture-sensitive clogging
API Compatibility Hydrgphoblc APIs; Hydrophlhc APIs; high Broad compatlblllty;
sustained-release drug loading mucoadhesive
Mechanical Strength Rigid, brittle Flexible, strong adhesion Varies by derivative

Recognised for implants

Strong regulatory

Established for excipients;

Regulatory Status

acceptance limited FDM guidance
oy Good for prototypes & | Best for clinical Best sustainability
Suitability for UK eco-aligned products formulations potential; printability

Manufacturing

barriers

2.2 Drug—Polymer Compatibility and Release Behaviour

Drug compatibility influences dosage uniformity, drug stability, and therapeutic performance. PLA, PVA, and
cellulose-based materials exhibit distinct drug—polymer interactions that define their potential roles in UK
pharmaceutical manufacturing.

PLA

PLA’s hydrophobic matrix is well suited for hydrophobic or moderately lipophilic APIs, supporting sustained-
release implants and long-acting delivery systems (24). However, changes in crystallinity during printing may
alter drug-release kinetics, requiring strict thermal control during manufacturing.

PVA

PVA is the most pharmaceutically versatile among the three materials due to its well-established excipient status
and compatibility with numerous hydrophilic APIs (25). Its solubility enables design of rapid-release tablets,
microchannelled dosage forms, and personalised drug combinations. PVA’s ability to form uniform drug
dispersions supports precision dosing an important requirement in personalised medicine initiatives in the UK.

Cellulose-Based Materials

Cellulose derivatives, widely used in conventional oral dosage forms, offer excellent mucoadhesive properties,
biocompatibility, and broad API compatibility (26). Their print-related structural inconsistencies, however, can
lead to variable drug-release behaviour unless advanced modification methods are applied.

2.3 Environmental Sustainability

Sustainability is increasingly central to UK pharmaceutical manufacturing due to legislative and NHS-driven
commitments to carbon reduction and waste minimisation (6). Material selection therefore requires lifecycle
thinking, including feedstock origin, biodegradability, and end-of-life impacts.

PLA

PLA performs strongly in sustainability assessments due to its renewable biomass origins, industrial
compostability, and comparatively low carbon footprint (7). As UK pharmaceutical organisations adopt
lifecycle assessments, PLA’s environmental advantages make it a favourable candidate despite limitations in
API compatibility.

PVA

PVA dissolves readily in water but does not biodegrade effectively, leading to accumulation of micro-residues
in aquatic systems (10). This characteristic conflicts with the UK’s broader environmental priorities. High water
consumption during PV A dissolution also increases its environmental burden.

Cellulose-Based Materials

Cellulose is the most environmentally aligned polymer of the three. It is renewable, biodegradable under natural
conditions, and compatible with circular bioeconomy principles (8). For the UK pharmaceutical sector aiming to
integrate sustainability metrics into GMP and MHRA-compliant processes, cellulose offers long-term strategic
potential—once printability challenges are addressed.
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2.4 Safety and Regulatory Considerations
Regulatory acceptance remains uneven across these materials.

PLA is widely used in biomedical devices and accepted by EMA and MHRA for certain implantable
applications (27).

PVA has the strongest regulatory standing due to its longstanding use as a pharmaceutical excipient in
oral and ophthalmic products (28).

Cellulose derivatives (e.g., HPMC, HPC, CA) are recognised excipients, but cellulose-based FDM
filaments have limited regulatory guidance (29).

For the UK, the absence of MHRA-specific FDM material standards highlights the need for harmonised
regulations supporting sustainable material adoption.

2.5 Operational Constraints in UK Manufacturing
Evidence from the dissertation confirms several recurring challenges faced by UK practitioners
Comparative Study of PLA

PVA — severe moisture sensitivity

PLA — brittleness and snapping during feeding

Cellulose — frequent nozzle clogging

Limited UK suppliers of pharmaceutical-grade sustainable filaments

Lack of workforce training in polymer science and FDM-specific processing

These constraints underscore the need for improved supply chains, humidity control solutions, and training
programmes within the UK manufacturing landscape.

2.6 Future Directions for Sustainable UK Pharmaceutical 3D Printing

Development of next-generation bio-based materials such as nanocellulose composites
Creation of PLA—cellulose hybrid filaments optimised for sustainable printing
Establishment of MHRA sustainability metrics in pharmaceutical additive manufacturing
Adoption of Al-assisted material selection tools

Investment in UK-based filament production to reduce import dependencies

These innovations will help align pharmaceutical 3D printing with environmental and clinical priorities.
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3. CONCLUSION

The evaluation of PLA, PVA, and cellulose-based materials demonstrates that sustainable material selection is
central to advancing pharmaceutical 3D printing within the UK’s evolving manufacturing landscape. PLA offers
strong environmental benefits, including a renewable origin and industrial biodegradability, aligning closely
with the UK’s Net Zero ambitions. However, its limited compatibility with hydrophilic APIs and brittleness
restrict its pharmaceutical flexibility. PVA remains the most pharmaceutically adaptable filament due to its
solubility, drug-loading versatility, and well-established regulatory acceptance. Yet its poor biodegradability and
high moisture sensitivity create significant environmental and operational challenges, particularly for
decentralised and hospital-based printing environments.

Cellulose-based materials present the most promising long-term solution, offering outstanding sustainability and
biocompatibility. Despite their current printability limitations such as inconsistent melt flow and nozzle
clogging ongoing advancements in nanocellulose engineering and modified cellulose derivatives suggest strong
potential for future adoption. Practitioner insights from UK settings emphasise the importance of improving
filament reliability, expanding local supply chains, and integrating sustainability metrics into regulatory
assessments.

Overall, achieving sustainable pharmaceutical 3D printing in the UK requires coordinated progress across
materials engineering, regulatory development, and life-cycle assessment. Hybrid bio-based filaments and
improved manufacturing standards are likely to play key roles in enabling environmentally responsible, patient-
centred additive manufacturing.
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