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Sustainable approaches in vat
photopolymerization: advancements,
limitations, and future opportunitiest
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Vat photopolymerization (VP) is reshaping advanced manufacturing, yet its dependence on petrochem-
ical-derived resins poses significant sustainability challenges. This review critically evaluates conventional
photocurable formulations, highlighting the limitations of standard metrics such as the biobased carbon
content (BCC%), and introduces the sustainable formulation score (SFS) as a comprehensive alternative.
By integrating factors like atom economy, hazardous reagent usage, solvent selection, and end-of-life
considerations, SFS offers a more holistic measure of environmental impact. The analysis encompasses
diverse resin systems, including (meth)acrylated vegetable oil derivatives, biobased small molecules from
lignin and other renewable sources, non-isocyanate urethanes, and thiol-ene formulations. For vegetable
oil-based systems, a key trade-off is observed between achieving high biobased content and maintaining
optimal mechanical properties, driven by variations in the degree of acrylation and processing conditions.
In contrast, the synthesis of small biobased molecules often involves toxic reagents and less favorable
atom economies, reducing their overall green appeal. Moreover, non-isocyanate urethanes and thiol-ene
systems emerge as promising routes for improving sustainability while preserving performance. Overall,
this review underscores the need for unified green metrics and optimized synthesis strategies to bridge
the gap between environmental sustainability and material performance in photopolymer formulations,
paving the way for more responsible and efficient additive manufacturing technologies.

1. The review introduces the sustainable formulation score (SFS), a new comprehensive metric that integrates atom economy, synthetic hazards, solvent selec-
tion, and end-of-life properties to assess the sustainability of photocurable resins, offering a more complete picture of sustainability. Advances include the
development of bio-based resin components from vegetable oils, lignin derivatives, terpene derivatives, and non-isocyanate urethanes, highlighting trade-offs

between green credentials and material performance.
2. This field addresses urgent environmental concerns tied to plastic waste and fossil-derived materials. Vat photopolymerization is central to multiple high-

impact sectors (healthcare, automotive, and electronics) and greener formulations align with growing regulatory and consumer pressures. The interdisciplin-
ary nature of this work also fosters innovation across chemistry, materials science, and engineering.

3. The SFS framework will help standardize sustainability assessments and guide formulation design. Future directions include replacing hazardous reagents,
improving recyclability, and achieving high performance without compromising environmental goals.

Introduction

In recent years, additive manufacturing has emerged as a
transformative technology, offering unprecedented precision
and design freedom across various industries."* Among the

“Departamento de Ciencia de los Materiales, I. M.y Q. I., IMEYMAT, Facultad de different additive manufacturing techniques, vat photo-
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Cddiz, Spain (SLA) and digital light processing (DLP), have gained signifi-
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cant traction due to their ability to produce highly detailed
and mechanically robust components.”® VP has experienced
remarkable growth, driven by advancements in light-based
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Fig. 1 Vat photopolymerization process. (a) Overview of the VP setup
photopolymerization.

curing mechanisms, resin formulations, and processing tech-
niques. SLA and DLP have become dominant in industries
such as healthcare, automotive, aerospace, and consumer
goods, enabling rapid prototyping and production of complex
geometries with high resolution and excellent surface finish.
The increasing accessibility of VP systems, coupled with
ongoing material innovations, has led to a proliferation of
applications ranging from dental implants and medical
devices to microfluidics and customized electronics.”™

VP relies on the selective curing of liquid photopolymer resins
by a light source that initiates polymerization. The process starts
with a vat of resin containing a photocurable liquid mixture. In
SLA, a laser cures the resin point by point, while in DLP, a digital
projector cures entire cross-sections simultaneously, layer by
layer. After each layer, the build platform moves to expose fresh
resin, repeating until the object is complete (Fig. 1). Post-proces-
sing steps, such as washing, additional UV curing, and support
removal, are usually required to improve the printed part’s
mechanical and structural properties.'®
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As VP technologies continue to evolve and expand, so do
the concerns regarding their environmental footprint. The
reliance on petrochemical-derived resins raises critical sustain-
ability challenges, necessitating a shift toward greener alterna-
tives to ensure the long-term viability of VP-based manufactur-
ing. Despite these technological breakthroughs, the environ-
mental impact of photopolymer-based materials remains a sig-
nificant concern, calling for the development of more sustain-
able solutions.

Conventional photopolymer resins are predominantly for-
mulated using fossil-derived acrylates, methacrylates, and
epoxides, many of which pose environmental and health risks
due to their limited biodegradability and potential toxicity.
Furthermore, the production and disposal of these materials
contribute to carbon emissions and plastic waste accumu-
lation, exacerbating global ecological challenges.'"'?
Regulatory pressures and consumer demand for eco-friendly
products are driving the transition toward greener photopoly-
mer technologies. Ultimately, the sustainability imperative in
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VP underscores the need for continued innovation in materials
science, ensuring that the benefits of additive manufacturing
are aligned with environmental responsibility. To address
these issues, researchers and industry stakeholders are actively
exploring bio-based, recyclable, and degradable photopoly-
mers as potential substitutes for traditional resin
formulations.”® ™ The integration of renewable monomers,
along with the development of recyclable resin systems, rep-
resents a promising avenue toward reducing the environ-
mental burden of VP-based manufacturing.

Sustainability assessments of photopolymer resins often
rely on metrics that provide valuable information about the
proportion of renewable content in a formulation but fail to
capture the full sustainability profile of a material. For
instance, a resin with a high bioderived content may still
involve energy-intensive synthesis routes or generate hazar-
dous by-products. Additionally, these metrics do not account
for end-of-life considerations, such as recyclability, degra-
dation behaviour, or toxicity of degradation products, which
are crucial for holistic sustainability assessments. The environ-
mental footprint of photopolymer resins is not solely deter-
mined by their raw material sources but also by the chemical
processes involved in their synthesis. Many bio-based resins
require complex chemical modifications that involve hazar-
dous reagents, high energy consumption, and the generation
of unwanted by-products. These factors can offset the sustain-
ability benefits of using renewable feedstocks. Additionally,
certain functionalization steps necessary to impart photo-
polymerization reactivity may introduce non-biodegradable or
toxic moieties, further complicating the environmental profile
of the final material. Given the limitations of conventional sus-
tainability assessments, there is a need for a more comprehen-
sive metric that accounts for both the production and disposal
phases of photopolymer resins.

The sustainable formulation score (SFS) is herein proposed
as an integrative metric that evaluates the sustainability of a
photopolymer formulation based on multiple factors, includ-
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ing atom economy, synthesis parameters, and end-of-life con-
siderations. Unlike traditional metrics that focus solely on bio-
based content, SFS incorporates (i) atom economy, which
accounts for the efficiency of chemical reactions in minimizing
waste, (ii) synthesis parameters, based on the eventual use of
hazardous reagents, energy consumption, and emissions, (iii)
End-of-Life factors, which considers recyclability, biodegrad-
ability, and toxicity of degradation products. By incorporating
these elements, SFS provides a more holistic evaluation of
resin sustainability. This metric ensures that formulations
with a high renewable content are not undermined by energy-
intensive or hazardous synthesis routes. Additionally, SFS
helps manufacturers and researchers prioritize formulations
that balance performance with environmental responsibility,
facilitating the transition toward truly sustainable photopoly-
mer materials.

The primary goal of this review is to critically assess current
sustainable resin strategies in VP, highlighting their strengths,
limitations, and potential for improvement. By analysing the
existing approaches to bio-based, recyclable, and degradable
photopolymer formulations, this review aims to provide a com-
prehensive overview of the progress made in developing
greener alternatives. Furthermore, it seeks to identify knowl-
edge gaps and future research directions that could accelerate
the transition toward truly sustainable VP resins. The discus-
sion will emphasize the need for improved sustainability
metrics, such as the proposed Sustainable Formulation Score,
and explore novel material design strategies that balance
environmental considerations with the functional require-
ments of advanced manufacturing applications.

Sustainability formulation score (SFS)

In the recent scientific literature, the sustainability of photo-
curable formulations for VP is often asserted in a qualitative
and arbitrary manner. Claims of sustainability are frequently
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based on the mere presence of bio-derived components, the
incorporation of some sustainable building blocks, or the
partial or complete recyclability of the material, without a com-
prehensive assessment of the formulation’s overall environ-
mental impact."®"” Only a limited number of studies quanti-
tatively assess the sustainability of their approaches using
green metrics, primarily focusing on biobased mass content
(BMC%, eqn (1))."*2° For a formulation including n com-
ponents i, each with its own weight fraction w;:

n
MW,
BMCY% = E wi~w‘m*l
l,

=1

(1)

where MW; is the molecular weight of component i and
MWrgg; is the molecular weight of the biobased portion of its
molecules. Even though BMC% gives good indications on the
biobased content of each formulation, and it can be easily cal-
culated knowing the molecular structure of each component of
the formulation, the definition of MWgg is not always trivial,
especially during the condensation of small molecules. For
example, during the formation of acrylate esters with biobased
diols, the ester oxygen atom is arbitrarily assigned either to the
biobased diol portion or to the non-biobased acrylate residue,
causing significant oscillations in the BMC% value, especially
for small molecules or heavily acrylated ones. Furthermore,
this parameter is impossible to assess if the composition of
the formulation and the chemical structure of its components
are unknown. To overcome this, BMC has been replaced with
the biobased carbon content (BCC%) defined according to eqn
(2).*81921 For a formulation including n components i, each
with its own weight fraction w;:

S wiCop BC,i
total biobased carbon mass /= i ne,i
BCC% = = = (2)
total carbon mass n
> wiCy;
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where Co,; is the total carbon content of each component i,
npc,; is the number of biobased carbon atoms in its molecular
structure and n¢, is the total number of carbon atoms in the
molecules of component i{. With this approach, it is much
easier to define the biobased portions of each molecule, but
relating the sustainability of a formulation only to its carbon
content leads to significant deviations from BMC% when the
formulation is rich in heteroatoms, which are not accounted
for in this definition. Nonetheless, the definition of BCC% was
introduced with ASTM D6866,>* as it can be fully determined
and verified by combining *C-radiocarbon analysis with the
determination of the total carbon content of the formulation,
with no a priori knowledge of the materials’ composition.>*

However, the use of BMC and BCC as the only sustainability
parameters for a photocurable formulation is not satisfactory,
since the environmental impact of the synthesis of each com-
ponent is not taken into account. This is particularly impor-
tant in photocurable formulations, as many partially biobased
monomers and reactive diluents are prepared by reacting vola-
tile, toxic and polluting (meth)acrylic acid derivatives such as
acryloyl chloride in environmental unfriendly halogenated sol-
vents. Moreover, excess of reagents or the formation of high
amounts of sub-products are neglected by both BMC% and
BCC%, but their effect on the sustainability of each synthetic
procedure can be evaluated using atom economy (AE), defined
in eqn (3).>**” For each component i of a formulation:

MW;
> (nj - MW))

J

AE; =

3)

where MW; is the molecular weight of component i and
> (nj-MW;) is the sum over all reagents j used in the syn-

J
thesis of component i of their molecular weight MW; multi-
plied by 7;, the number of equivalents of reagent j used for the
synthesis of 1 equivalent of component i. Additional green
metrics such as the E-factor,”®° process mass intensity,*"*?
energy efficiency,®® and eco-scale***> might be introduced, but
their evaluation require a quantitative assessment and analysis
of process parameters such as the amount of produces waste,
the energy consumption for synthesis and workup, amongst
others. The lack of a unified parameter integrating multiple
aspects of sustainability, such as atom economy, biobased
content, and the impact of component synthesis, complicates
direct comparisons across different processes and materials.
Developing a new green metric capable of encompassing these
factors in a single value would provide a more holistic and
adaptable sustainability assessment, facilitating decision-
making in diverse industrial and research scenarios.>®

To address this issue, herein we define a new green metric,
denoted as the Sustainable Formulation Score (SFS), defined
according to eqn (3). For a formulation including n com-
ponents i, each with its own weight fraction w;:

n

SFS = 100 - Fgop, - Z (w; - BCC; - Foyn ;) (4)

i=1
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where Fg,;, is defined as the end-of-life factor, and Zn:(wi~

i=1
BCG; - Fgyn) is the weighted sum of the synthetic factors Fgyn of
each component multiplied by the corresponding biobased
carbon content, calculated for each component according to
eqn (2). The end-of-life factor Fg,, is included to account for
the possible biodegradability, recyclability and/or reprocessa-
bility of the 3D printed formulation, while the synthetic factor
Fg,, relates to green chemistry aspects of the synthesis of each
component of the formulation.

In particular, Fy,, is, for each component, defined by the
combination of several sub-factors, each one representing
different aspects of the sustainability of the synthetic pro-
cedure which assign a penalty or bonus based on predefined
criteria, according to eqn (4):

Fsyn :fhaz 'fsol 'fT+t -AE (5)

where fp,, relates to the use of hazardous chemicals; fior,
relates to the sustainability of the employed solvents; fr; is
defined as the temperature-time factor, defined according to
eqn (6) for the synthesis of each component i of the
formulation:

fT+t :le/ft (6)

where fr relates to reaction temperature and f; to reaction time.
This definition allows for increasing the impact of the time
factor as the temperature factor decreases, but time has no
impact on the overall sustainability if the temperature factor is
equal to 1 (room temperature synthesis); AE is to the atom
economy of the synthetic process, according to eqn (3).

When syntheses are performed in consecutive steps, the
sub-factors used to calculate the synthetic factor (Fyy) corres-
pond to the lowest value in each sub-factor category across all
steps. With this approach, sub-factors equal to 1 have no effect
on the SFS, subfactors below 1 act as penalties, and subfactors
higher than 1 act as bonuses. Furthermore, components of the
formulation characterized by BCC; = 0 will not contribute to
SFS, regardless of their synthesis conditions. The criteria used
to assign values to each parameter considered in this review
are summarised in Table 1.

To ensure a consistent and meaningful application of the
SFS, each factor in the formula must be evaluated systemati-
cally according to a defined benchmark:

+ Hazard factor (fia,): penalty and reward values ranging
from 0.5 to 1.2 are assigned based on hazard classifications
from the Globally Harmonized System (GHS).*” Substances
with severe health risks (e.g., carcinogens) are penalized with a
value of 0.5, while inherently safe or biobased reagents are
rewarded with a value of 1.2. This range reflects a deliberate
compromise: it imposes a significant penalty for hazardous
chemicals without adding undue complexity or distorting
scores with arbitrarily low values. Each formulation com-
ponent is assigned an f,,, value based on the most hazardous
reagent used (excluding catalysts).

8714 | Green Chem., 2025, 27, 8710-8754
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+ Solvent factor (fio1): evaluated using the CHEM21 solvent
selection guide,*® where halogenated solvents receive the
lowest score (0.5), and solvent-free protocols the highest (1.2).
Each formulation is assigned the f;, value corresponding to
the most hazardous solvent used.

+ Temperature-time factor (fr.): this factor is computed
from reaction temperature and time using eqn (6). For multi-
step reactions, the overall reaction time and average tempera-
ture are considered. This formulation balances energy
efficiency with practical feasibility in synthetic design.

+ End-of-life factor (Fg,): values range from 0.5 to 2,
rewarding fully biodegradable or circular systems.

All thresholds were carefully tuned to prevent any single
factor from disproportionately influencing the overall
Sustainability Formulation Score. The SFS thus offers a multi-
dimensional assessment framework, encompassing hazardous
reagent use, solvent selection, reaction conditions, atom
economy, and end-of-life attributes. Each formulation com-
ponent contributes to the final score according to its weight
fraction in the resin, biobased carbon content, and environ-
mental impacts associated with its synthesis.

To further clarify how the SFS accounts for the mass of
hazardous reagents used in a formulation, it is important to
note that the amount of each reagent is inherently reflected
through the atom economy (AE) parameter, which penalizes
reactions requiring large stoichiometric excesses. In this
framework, formulations involving high quantities of reagents,
regardless of their hazard level, will display lower AE values
and thus contribute to a reduced SFS. Simultaneously, the
hazard factor (fi,.,) ensures that the intrinsic toxicity of indi-
vidual substances is considered independently of their quan-
tity. This dual approach allows the SFS to capture both the
material inefficiency of a synthesis and the associated health
and environmental risks. Moreover, although solvents are not
accounted for in AE calculations due to potential recovery and
recycling in industrial settings, the solvent factor (fso)
imposes penalties for the use of toxic or environmentally per-
sistent solvents, regardless of quantity.

The scoring criteria (Table 1) assign equal weight to the
main synthesis-related parameters, namely hazardous reagent
use, solvent selection, and reaction conditions. However, the
end-of-life factor (Fgor) is intentionally assigned a broader
range of values (0.5 to 2) than the other factors. This reflects
its overarching importance for long-term environmental per-
formance, as it captures sustainability dimensions, such as
biodegradability, recyclability, and alignment with circular
economy strategies, that are often excluded from conventional
green chemistry metrics focused solely on synthetic efficiency.

This design choice ensures that formulations offering
improved disposal, reprocessing, or material recovery are
strongly incentivized within the SFS framework. Nevertheless,
we recognize that this weighting may, in some cases, cause
Fgop, to exert a larger influence on the overall score, particularly
when compared to synthesis-level factors. This is a deliberate
trade-off to foreground end-of-life considerations, but it also
highlights the need for flexibility.

This journal is © The Royal Society of Chemistry 2025
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Table 1 Values assigned to the different sustainability factors that define the SFS based on experimental conditions employed for their preparation
and their end-of-life properties

Factor Value Criteria
Jfhaz 1.2 Negligible hazard (safe for routine use)
Chemicals with little to no known health or environmental risks under normal use conditions.
No H-statements or only extremely mild warnings
1.0 Low hazard (minimal health risks but still require safe handling)
Mildly hazardous substances with temporary or minor effects but still requiring safe handling and disposal.
H320: Causes eye irritation H303: May be harmful if swallowed
H313: May be harmful in contact with skin H333: May be harmful if inhaled
0.9 Moderate hazard (irritants, flammables, and short-term risks)
Chemicals that can cause moderate harm to humans or the environment, including strong irritants, flammables, and oxidizers.
H315: Causes skin irritation H319: Causes serious eye irritation
H225: Highly flammable liquid and vapor H270: May cause or intensify fire; oxidizer
H412: Harmful to aquatic life with long-lasting effects
0.7 High hazard (severe health or environmental damage)
Highly toxic, corrosive, or reactive substances that can cause serious health or environmental harm but are not immediately
fatal in small doses.
H301: Toxic if swallowed H311: Toxic in contact with skin
H331: Toxic if inhaled H314: Causes severe skin burns and eye damage
H318: Causes serious eye damage H400: Very toxic to aquatic life
0.5 Extreme hazard (life-threatening & irreversible damage)
Severe toxicity, carcinogenicity, mutagenicity, reproductive toxicity, or fatal effects in small amounts. Includes highly persistent
environmental toxins.
H300: Fatal if swallowed H310: Fatal in contact with skin
H330: Fatal if inhaled H340: May cause genetic defects
H350: May cause cancer H360: May damage fertility or the unborn child
H370: Causes damage to organs H372: Causes damage to organs through prolonged exposure
Ssol 1.2 No solvent
1.0 Use of recommended solvents (e.g., water, alcohols, acetone, anisole, ethyl acetate)
0.8 Use of problematic solvents (e.g., toluene, tetrahydrofuran, heptane, dimethylsulfoxide)
0.7 Use of hazardous solvents (e.g., dichloromethane, dimethyl formamide, N-methyl pyrrolidone)
0.5 Use of highly hazardous solvents (e.g., diethyl ether, benzene, chloroform)
fr 1.0 Room temperature
0.9 Mild heating or cooling (5-15 °C or 35-79 °C).
0.8 Significant heating or cooling (=10 to 5 °C or 80-150 °C)
0.7 Extreme conditions (<—10 °C or >150 °C)
fe 1.2 <30 min
1.0 30 min < time < 6 hours
0.9 6 hours < time < 12 hours
0.8 12 hours < time < 24 hours
0.7 >24 hours
FgoL 2 Fully recyclable and biodegradable
1.7 Either highly recyclable or biodegradable (but not both).
1.5 Partially recyclable or compostable, with minor waste generation
1.2 Limited recyclability, requiring specialized processing (e.g., mechanical grinding or dissolution in organic solvents). Healable
1.0 Non-recyclable but with low environmental persistence
0.8 Non-recyclable, generating long-term waste but no hazardous degradation products
0.5 Non-recyclable and producing hazardous waste upon degradation (e.g., halogenated polymers).

To maintain broad applicability, the SFS is designed to be
comparative, modular and adaptable. Users may recalibrate
the relative weightings of Fg,;, or other sub-factors to align the
metric with specific application domains, regulatory environ-
ments, or sustainability goals. This flexibility ensures that the
SFS remains a robust yet context-sensitive tool for assessing
and guiding the development of environmentally responsible
materials.

Although the SFS remains a semi-quantitative tool, it is
intended to support meaningful comparisons between formu-
lations and guide the development of more sustainable
alternatives. Importantly, it is not intended to provide an
absolute metric of sustainability, but rather a flexible frame-
work that can be adapted by adjusting the weighting of indi-
vidual sub-factors to prioritise specific sustainability goals

This journal is © The Royal Society of Chemistry 2025

(e.g., reducing energy consumption or maximising end-of-life
compatibility). For the purpose of this review, we adopt a
balanced implementation of the SFS, in which all critical sus-
tainability dimensions relevant to the preparation and use of
photocurable formulations are equally considered. This
approach aims to support a more rational and comprehensive
sustainability assessment, consistent with the principles of
green chemistry and the development of environmentally
responsible materials for advanced manufacturing techno-
logies. The SFS is conceived as a comparative, formulation-
level metric to evaluate the relative sustainability of photopoly-
mer resin formulations, both conventional and emerging,
based on synthesis and end-of-life considerations. It is not
intended as an absolute indicator of “green” status. To aid
interpretation, we classified the reviewed formulations into

Green Chem., 2025, 27, 8710-8754 | 8715
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five color-coded sustainability categories based on their
observed SFS distribution (Table 2). This system enables a
rapid assessment of relative greenness and provides a bench-
marking tool for positioning new formulations within the
current state of the art.

One limitation of the current SFS framework is that it does
not incorporate the durability or functional lifetime of the
final printed materials. While such attributes are crucial for
comprehensive sustainability assessment, especially when
comparing short-lived biodegradable products with durable,
non-degradable alternatives, they are seldom reported in the
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VP resin literature. Most studies lack data on aging, fatigue re-
sistance, or end-use performance, making it difficult to
include these factors systematically. In such cases, the SFS
should be complemented by life cycle assessments, particu-
larly when use-phase impacts are significant.

The SFS is derived from data typically reported in labora-
tory-scale studies, which facilitates broad applicability but also
imposes limitations. It does not account for process-level
improvements that may arise during industrial scale-up, such
as solvent recovery, reagent recycling, or energy efficiency.
Similarly, upstream impacts related to feedstock extraction and

Table 2 Classification of VP resin formulations by sustainability formulation score (SFS) based on the observed distribution in the literature. The
table defines five sustainability categories, each associated with a colour code, SFS range, and a generic example of typical formulation character-
istics. The number of articles in each class is calculated from the full dataset, providing a data-driven benchmark for interpreting and comparing the

sustainability of new formulations

Number of
reviewed
formulations

Sustainability Description

Examples

Very low 43

o environmental impact

15-29 Low 61

improvements needed

30-44  Moderate 38

to end-of-life aspects

45-59  Good 13

Predominantly petrochemical origin, little or
no use of green chemistry principles, high

Some initial adoption of renewable content or
greener synthesis, but significant

Noticeable integration of biobased materials
and/or green processes, with partial attention

High biobased content, greener synthesis, and
clear end-of-life or recyclability strategies

Most commercial formulations, primarily based
on fossil-derived monomers or heavily modified
biobased molecules, synthesized using
hazardous reagents and solvents, with poor atom
economy and high energy requirements. The
final material is non-biodegradable, non-
recyclable, and poses significant environmental
and health risks at end-of-life, essentially
representative of conventional, non-sustainable
photopolymer resins

A resin that uses a mix of biobased and fossil-
derived components, with significant chemical
processing involving hazardous chemicals, low
atom economy, and/or high energy
consumption. End-of-life options are poor or
limited to incineration or landfill, and the overall
environmental impact is only modestly improved
compared to conventional resins

A formulation with a high proportion of
biobased content, but requiring more extensive
chemical modification (e.g., acrylation or
methacrylation of natural oils or small
molecules) that involves hazardous reagents,
non-green solvents, or moderate energy input.
End-of-life options may be limited (e.g., partial
biodegradability or recyclability), and atom
economy is moderate

A resin formulation in which the main
components are minimally modified biobased
macromolecules (such as lightly functionalized
natural polymers or oils) using mild, low-hazard
chemistry and sustainable solvents. The
synthesis is energy-efficient and avoids toxic
byproducts. The final material is designed for
biodegradability or easy recycling, though some
minor synthetic steps or additives may be
present

High 6

8716 | Green Chem., 2025, 27, 8710-8754

Leading-edge, fully or nearly fully biobased,
circular, or recyclable systems with minimal
synthesis penalties and advanced end-of-life
design

A formulation composed entirely of unmodified,
naturally occurring biopolymers or small
molecules (e.g., vegetable oils, polysaccharides)
that are directly photocurable, requiring no
chemical modification, hazardous reagents, or
solvents. All synthesis is performed at room
temperature with perfect atom economy, and the
final material is fully biodegradable and/or
recyclable. This represents the ideal, maximum
sustainability scenario

This journal is © The Royal Society of Chemistry 2025
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purification are excluded due to the lack of consistent report-
ing. A more refined, process-aware SFS could be developed in
the future to capture these aspects and better reflect formu-
lations optimized for industrial application. However, within
the current boundaries of available data, the SFS provides a
pragmatic and consistent comparative framework.

For commercially available, partially biobased (meth)acry-
lated components for which the synthesis process is unknown,
the synthesis sustainability factors have been estimated using
the most common synthetic pathways used in common indus-
trial practice. In particular, acrylate and methacrylate esters
are assumed to be synthetized by the reaction of 1.5 eq. of the
alcohol with 1 eq. of acrylic or methacrylic acid under acid cat-
alysis for 5 h at 100 °C in solventless conditions.**™*' For
hydroxyethyl acrylate and methacrylate, the common industrial
synthetic pathways includes the reaction of 1 eq. of acrylic or
methacrylic acid with 1.5 eq. of ethylene oxide (at 100 °C for
2 h), while glycidyl methacrylate is prepared by reacting 1 eq.
of methacrylic acid with 1.5 eq. of epichlorohydrin (at 100 °C
for 3 h).*>*® Co-reagents employed at concentrations below
1 wt% are not included in the calculation of atom economy for
simplicity, due to their negligible contribution. Natural pro-
ducts used without any chemical modification were assigned
with the highest values for each sub-factor while, if chemical
modification is required for their production, each sub-factor
is assigned the value of 1. Inorganic solid fillers such as silica
are not considered in the resin’s composition for the calcu-
lation of the SFS. With respect to the end-of-life parameter
Feor, for formulations where neither recyclability nor biode-
gradability were evaluated, the standard value of 0.8 was
assigned. Only in the case of resins composed of biomacro-
molecules (see the “functionalized natural polymers” section)
and reactive diluents below 10 wt%, the biodegradability of the
3D printed materials is assumed, and Fg,, was set equal to 1.7.
For water-based formulations such as 3D printable hydrogels,
the resin composition is calculated on its dry mass. When eval-

(Unsaturated ponesters)d—
Functionalized
Synthetic Polymers

Photocurable
Macromolecules

SFS
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uating the biobased carbon content of surface-functionalized
nanomaterials such as nanocellulose, as the functionalities are
only introduced on the surface, their contribution is con-
sidered negligible, and the biobased content of the nano-
material and its molecular weight are considered unchanged
during functionalization. According to the provided definition,
SFS can range from 0 for a non-biobased formulation to a
maximum value of 345 for a theoretical fully biobased, recycl-
able and biodegradable formulation whose components are
produced without the use of toxic compounds, at room temp-
erature, and with perfect atom economy. A spreadsheet file
containing the composition of all the resins discussed in this
review, the calculation of their SFS together with the details on
the values assigned to each sustainability subfactor, is pro-
vided as ESL.}

Sustainable resin systems

In the quest to develop greener alternatives for VP, photocur-
able components can be broadly classified into three main cat-
egories, each characterized by distinct structural features, syn-
thetic strategies, and sustainability trade-offs (Fig. 2). The first
category encompasses (meth)acrylated small molecules, com-
prising low-molecular-weight monomers and reactive diluents
derived from renewable feedstocks (e.g:, lignin-derived
phenols, itaconic acid derivatives), which are valued for their
tuneable properties and printability, but whose sustainability
is often compromised by the use of hazardous reagents and
solvents in their synthesis. The second class includes photo-
curable macromolecules, such as functionalized biopolymers,
which typically exhibit high biobased carbon content and
enable solvent-free formulations, though they often require
functionalization steps that impact mechanical performance
and crosslinking efficiency. The third and most forward-
looking category comprises recyclable and reprocessable

—0<Vegetable Qil Derivatives)
Thiol-Ene Systems

(Meth)acrylated
Small Molecules

Non-Isocyanate

Functionalized Natural
Polymers

Recyclable and
Reprocessabile Systems

Polyurethane

—( )

Reprocessability by inclusion of
transesterification catalysts

Reprocessability via dynamic or
reversible covalent bonds

C Monomer Upcycling )

Fig. 2 Classification of sustainable components of photocurable formulations for VP reviewed in this work, in the SFS framework.
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systems, which aim to improve the end-of-life profile of VP
materials by enabling chemical recycling, reshaping, or degra-
dation under mild conditions.

(Meth)acrylated small molecules

(Meth)acrylated small molecules play a crucial role in photo-
polymerization-based 3D printing, particularly in VP tech-
niques such as stereolithography (SLA) and digital light proces-
sing (DLP). These molecules serve as reactive monomers or oli-
gomers that undergo photopolymerization upon exposure to
UV or visible light, forming crosslinked polymer networks that
define the final properties of the printed structures. Acrylates
generally exhibit faster polymerization kinetics due to their
higher double-bond reactivity, while methacrylates offer
greater thermal and mechanical stability due to the steric hin-
drance of the methyl group.** In photopolymerization-based
3D printing, (meth)acrylated small molecules function as
primary monomers or reactive diluents in resin formulations.
They reduce viscosity, improving printability and resin flow,
while also influencing the degree of crosslinking and final
mechanical properties. The choice of (meth)acrylated small
molecules directly affects critical performance aspects such as
mechanical strength, toughness, chemical resistance, and bio-
compatibility. Highly crosslinked systems exhibit superior
mechanical and thermal stability but may suffer from brittle-
ness, whereas monomers with flexible linkages improve tough-
ness and elongation at break. Despite their advantages, (meth)
acrylated small molecules also present important challenges.
The polymerization process can lead to shrinkage, residual
stress, and oxygen inhibition, affecting print resolution and
mechanical integrity. Moreover, many commercial (meth)acry-
lated resins exhibit cytotoxicity due to unreacted monomers,
limiting their direct use in biomedical applications.*’
Furthermore, they are derived from petrochemical sources,
contributing to resource depletion and greenhouse gas emis-
sions. These monomers are often toxic, with potential carcino-
genic, mutagenic, and irritant effects on human health and
the environment.”®*” Research efforts focus on developing
bio-based alternatives and low-toxicity monomers to enhance
sustainability and performance.

Vegetable oil derivatives. Vegetable oils are naturally occur-
ring triglycerides extracted from plant seeds, nuts, or fruits.
They serve as essential dietary components, industrial feed-
stocks, and renewable resources for bio-based materials and
chemicals. Beyond food applications, vegetable oils play a
crucial role in industrial and technological fields.*® They are
key raw materials for biofuels, including biodiesel, which is
produced through the transesterification of triglycerides with
alcohols while, in the chemical industry, they serve as renew-
able feedstocks for biopolymers, lubricants, surfactants, and
coatings.*®*® Epoxidized vegetable oils (EVOs) are derivatives
of vegetable oils in which the C=C double bonds of unsatu-
rated fatty acids have been converted into epoxide groups
through an oxidation process, typically carried out using pera-
cids such as peracetic or performic acid, or via metal-catalyzed

hydrogen peroxide oxidation (Scheme 1a).>*?> However,
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Scheme 1 Acrylation reaction on vegetable oils. (a) Epoxidation reac-
tion, (b) Acrylation of epoxidized vegetable oils (TEA = triethylamine),
and (c) direct acrylation of vegetable oils. The bioderived portion of each
structure is depicted in green.

increasing concerns regarding the sustainability of the epoxi-
dation process have led the research community to explore
more environmentally friendly alternatives, such as chemoen-
zymatic oxidation and the use of acid ion-exchange resins.> >
Common epoxidized vegetable oils include soybean oil (ESO),
linseed oil (ELO), sunflower oil (ESFO), and castor oil (ECO).
Due to differences in fatty acid composition, the choice of oil
affects the degree of epoxidation and, consequently, the reac-
tivity of the final product. EVOs are widely used as bio-based
plasticizers and stabilizers in PVC formulations, enhancing
flexibility and thermal stability.>® Their renewable nature
makes them attractive for sustainable material development,
including bio-based adhesives, coatings, and composites.>” *°
The epoxide functionality in EVOs is susceptible to nucleophi-
lic attack, allowing for further reaction with acrylic and
methacrylic acids to graft the corresponding acrylate a-hydroxy
esters onto the fatty acid chains. The (meth)acrylation reaction
is typically performed in the presence of Lewis bases such as
triethylamine (Scheme 1b), which deprotonates the carboxylic
acid and facilitates the nucleophilic ring-opening of the
epoxide by the resulting carboxylate ion, or Lewis acids, which
protonate the oxirane oxygen atom weakening the epoxide
ring.®' More efficient modifications have been achieved using
acyl chlorides, but their high volatility, toxicity, and environ-
mental impact raise significant concerns.®® Alternative strat-
egies involve the direct acrylation of vegetable oils with acrylic
acid, using boron trifluoride diethyl etherate (BF;-Et,0) as a
Lewis acid catalyst.®>®* In this process, BF;-Et,O activates the
double bonds of the fatty acid chains, making them more sus-
ceptible to attack by carboxylic acids. However, this method
requires overstoichiometric amounts of BF;-Et,O, which is
highly unstable, volatile, toxic, and corrosive, and a large
excess of acrylic acid. Additionally, the resulting acrylated vege-
table oils lack hydroxyl groups on the fatty acid chains, leading
to thermosetting materials with lower mechanical properties

This journal is © The Royal Society of Chemistry 2025
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due to the absence of hydrogen bonding interactions between
the acrylated monomers (Scheme 1c).

It is indeed remarkable that acrylated EVOs (AEVOs) can be
3D printed in most cases without the addition of reactive dilu-
ents, thus leading to photocurable formulations with BCC%
above 85%, but the assessment of their SFS allows for a more
comprehensive evaluation of their sustainability as photocur-
able components for VP 3D printing. In 2023, Mendes-Felipe
et al. compared the properties of 3D printed acrylated epoxi-
dized soybean oil (AESO) and acrylated soybean oil (ASO),
revealing that the two step epoxidation-acrylation strategy
allowed for obtaining thermosets with significantly higher
Young’s modulus and tensile strength than those of the
BF;-Et,O-catalyzed one-step approach.®® This was thought to
be related to a lower crosslinking density in ASO-based resins,
together with a lower degree of intramolecular H-bonding, and
supported by the acrylation degree data extracted from NMR
analysis which corresponded to 2.46 and 1.44 acrylates per tri-
glyceride molecule in AESO and ASO, respectively.

Significant variability in acrylation efficiency has been
detected amongst different works employing similar substrates
with similar synthetic approaches. In fact, in 2021 Vazquez-
Martel et al. described the direct acylation of vegetable oils
using acrylic acid and BF; etherate for 3D printing appli-
cations, comparing the obtained products in terms of the
number of acrylate groups introduced per oil molecule.®® They
reported consistent conversions of double bonds into acrylate
groups amongst different vegetable oils (59-68%), but the
obtained acrylation degrees (2.34 for ASO) differ significantly
from other works (1.44 from Mendes-Felipe et al,*® for
example). Analogously, Wu et al. produced a sustainable
photocurable 3D printable formulation by direct BF;-catalyzed
acrylation of waste cooking oil collected from a local
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McDonald’s restaurant.®’ It this case, an acrylation degree of
2.01 was achieved, but the used mixture of oils was character-
ized by approximately 3.3 double bonds per triglyceride, lower
than what has been reported for soybean oil (around 4.18).
Perez et al. reported acrylation degrees of 1.6-2.5 using similar
direct acrylation approaches, while Zhang described acrylation
efficiencies up to 3.09 acrylate groups per triglyceride.®*°®
Finally, many authors employed commercial AESO, which is
declared to be characterized by 2 acrylate moieties per
triglyceride,®®”® but some authors employed NMR analysis to
assess its acrylation degree achieving results ranging from 2.7
to 3.5."7> By comparing the SFSs calculated for each of the
described formulations (Table 3), AVO-based resins (SFS ~ 22)
are generally less sustainable than AEVO-based ones (SFS > 40)
with comparable BCC,,, as the direct acrylation reaction is
often performed with harsher experimental conditions and
with lower atom economy. In this context, Pezzana et al
recently developed a photocurable resin for vat photo-
polymerization based solely on epoxidized soybean and
linseed oils (ESO and ELO), without the use of acrylates or
reactive diluents.””> The formulation employed SbFs -based
organic salts as photoinitiators to trigger the cationic polymer-
ization of epoxides. This innovative acrylate-free strategy
enabled the production of 3D printed materials with excep-
tional biomass carbon content (BCC%) and among the
highest static flexural strength (SFS) values reported in this
section, 97% and 43, respectively. However, the epoxidation via
hydrogen peroxide restricted the synthetic factor (Fgn) to
approximately 0.5. Moreover, the cationic polymerization
required elevated printing temperatures (up to 100 °C), neces-
sitating specialized VP equipment and increasing the energy
demand, thus limiting the resin’s broader applicability. The
resulting printed parts were mechanically soft, with Young’s

Table 3 Acrylation degree, sustainability indexes and mechanical properties of AEVOs, AVOs, and EVOs employed in reactive diluent-free vegetable

oil-based formulations for VP 3D printing

Molecular Number of Elastic Tensile

Triglyceride Weight” acrylate groups modulus Elongation strength

derivative (g mol™) per triglyceride BCC% SFS (MPa) at break (%) (MPa) Ref.

AESO2.46 1136 2.46 88.5% 42.8 1.433 £0.370 3.44 + 0.46 3.46 £ 0.25 65

ASO1.44 1097 1.44 93.0% 34.1 0.085 + 0.007 11.04 +1.31 0.43 + 0.07

ACO2.57 1062 2.57 88.4% 21.8 13 +0.42 — — 66

ASu02.5 1067 2.5 88.5% 21.9 10 + 0.37 — —

AS0O2.34 1088 2.34 89.0% 22.1 10 + 0.44 — —

ASe02.25 1036 2.25 89.4% 21.6 8+0.23 — —

AOO0O1.85 1004 1.85 91.0% 21.3 6 +0.15 — —

AESO2 1096 2P 90.5% 47.2 — — — 69-70, 74 and 76
44.5+5.5 15.5 2.5 3.61+1.04 78
101.9+7.1 114 +1.7 6.60 + 1.40 79

ESO — — 97.5% 41.0 0.27 + 0.02 59+1.3 1.1+0.3 73

ELO — — 97.4% 42.5 3.3+£1.3 3.3+1.3 10.0 £ 0.3

“Calculated as the sum of the average MW of the triglyceride (920 g mol™" for soybean oil, 877 g mol™" for canola oil, 887 g mol™" for sunflower
oil, 874 g mol™" for sesame oil and 871 g mol™" for olive o0il) and the mass of acrylate moieties (71 ¢ mol™") multiplied by the number of acrylate
groups per triglyceride. In the case of AEVOs, an additional 17 g mol™ " are added per acrylate group to account for the OH group generated by
the epoxide ring opening. In the case of AVOs, an additional 1 g mol™" is added per acrylate group to account for the added proton in the same

position. ” Declared by the manufacturer.

This journal is © The Royal Society of Chemistry 2025

Green Chem., 2025, 27, 8710-8754 | 8719


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5gc02299a

Open Access Article. Published on 02 July 2025. Downloaded on 1/21/2026 7:13:18 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Critical Review

moduli ranging from 0.3 to 3 MPa depending on the type of
vegetable oil used.

From this overview, it appears clear that, when talking
about AEVOs and AVOs, the scientific literature refers to a
great variety of acrylated triglycerides from different sources,
with different sustainability indexes and with different acryla-
tion degrees, which lead to 3D printed materials characterized
by a wide range of mechanical properties. Due to their low
acrylic acid content, when printing AEVOs and AVOs as the
only component of photocurable formulation the achieved
mechanical properties are usually very low, with tensile
strengths that hardly surpass a few MPa, far from the 50 MPa
that are typical of most commercial formulations. Therefore,
when aiming at proposing materials possessing actual
mechanical stability that can really compete with commercial
non-sustainable photocurable resins, AEVOs and AVOs need to
be formulated with appropriate reactive diluents that are, in
most cases, the acrylate or methacrylate esters of green and
bioderived building blocks. Such (meth)acrylated building
blocks are often characterized by high biobased carbon con-
tents (BBC;), but the experimental conditions required for
their synthesis significantly impact on their synthetic factor
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Fgn,; (especially for acrylate esters) thus limiting significantly
their contribution to the sustainability of the overall formu-
lations. The sustainability indexes and mechanical properties
of said formulations are collected in Table 4.

In 2021, Barkane et al. compared the properties of 3D
printed AESO with its formulation prepared by mixing it at
63 wt% with 1,6-hexanediol diacrylate (HDDA) and trimethyl-
olpropane triacrylate (TMPTA), to study the effect of the photo-
initiator concentration on the curing degree and kinetics of
the system during 3D printing.”* Unfortunately, the authors
did not experimentally measured the acrylation degree of the
employed AESO nor the mechanical properties of the 3D
printed formulations, but from the presented data it is poss-
ible to assess the use of HDDA and TMPTA has significantly
affected the sustainability of the proposed approach, thus lim-
iting and SFS to 36, compared to the score above 47 usually
achieved when printing AESOs with no reactive diluent.

Lublin et al. formulated AESO (with known acrylation
degree of 3.5) with isobornyl methacrylate (IBOMA) in
different ratios, analysing the micro- and nanoscale stiffness
of 3D printed materials by quasi-static nanoindentation and
comparing these finding with tensile testing data.””> As IBOMA

Table 4 Sustainability indexes and mechanical properties of 3D printed photocurable formulations including AEVOs and partially sustainable reac-

tive diluents
Triglyceride Elastic Elongation Tensile
Formulation acrylation degree BCC% SFS modulus (MPa) at break (%) strength (MPa) Ref.
AESO 65% 2° 72.3% 36.0 — — — 74
HDDA 30%
AESO 70% 3.5 79.3% 39.4 ~700-900 ~14-17 ~15-23 75
IBOMA 30%
AESO 40% 75.4% 33.9 ~1600-1850 ~4-13 ~30-41
IBOMA 60%
AESO 80% 2“ 85.9% 44.1 — — — 76 and 77
IBOA 20%
AESO 50% 83.5% 38.1 — — —
IBOA 50%
AESO 80% 2¢ 86.7% 45.5 16.9+2.4 20.3+1.9 2.37 +0.25 78
LA 20%
AESO 50% 84.9% 41.4 1.4+0.2 8.2+2.0 0.22 + 0.20
LA 50%
AESO 80% 2¢ 86.7% 45.5 21.8+0.5 23.1+2.9 4.02 £ 0.42 79
LA 20%
AESO 50% 84.9% 41.4 10.0 £ 0.7 9.8 £2.3 0.87 £ 0.25
LA 50%
AESO 80% 85.4% 44.0 32.1+£2.5 17.1+4.6 3.75+0.86
LMA 20%
AESO 50% 82.6% 38.0 12.5 £ 0.2 17.7+1.4 1.77 £ 0.13
LMA 50%
AESO 80% 85.9% 44.1 50.4 + 8.6 44.6 + 3.4 10.13 £ 0.58
IBOA 20%
AESO 50% 83.5% 38.1 508.3 £17.4 8.0+£0.2 21.57 £ 0.22
IBOA 50%
AESO 80% 84.5% 43.8 140.9 +£ 3.5 35.6 +4.3 13.59+£1.13
IBOMA 20%
AESO 50% 80.9% 37.4 531.4 +£20.0 9.3+£0.5 26.57 +1.93
IBOMA 50%
AESO 63% 2“ 72.3% 36.0 125 4.5 4.4 80
HDDA 29%
TMPTA 5%

“Declared by the manufacturer.
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is characterized by BCCy, and Fgyn; (71% and 0.47, respect-
ively), quite significant for a commercial methacrylate, when
its concentration was increased from 30 wt% to 60 wt%, a
moderate improvement was observed for all mechanical pro-
perties, both at the macroscopic and microscopic scale,
without affecting severely the sustainability of the formu-
lations. In fact, such increase in the IBOMA content only led to
a reduction of SFS from 39 to 34.

Parallelly, isobornyl acrylate (IBOA) has a higher BCC%
(77%) since the lighter acrylate residue have less impact on the
carbon atom count, but an almost identical Fyy,, ; of 0.46. This
reactive diluents was used in two similar works from the same
authors, Bergoglio et al., which describe the preparation of
AESO/IBOA-based photocurable resins including up to 30 wt%
of bioactive glass for possible future applications in tissue
engineering.”>”” As the IBOA concentration was increased
from 20 to 50 wt%, the biobased content of the formulations
decreased slightly from 85.9% to 83.5%, but a more significant
difference can be detected using SFS, which decreased from 44
to 38.

An additional sustainable reactive diluent was employed by
Bodor et al. in 2024, who formulated AESO with increasing
amounts of lauryl acrylate (LA).”® Due to the long fatty acid-
derived aliphatic chain, LA possesses BCCqy, (80%), but the
need for the acrylation reaction has an impact on its Fg,
(0.55). Furthermore, the use of acrylated reactive diluent with
high biobased contents is inherently accompanied by a low
concentration of photoreactive groups in their formulations,
leading to low crosslinking densities in the 3D printed photo-
polymer, and therefore poor mechanical properties. In fact,
unlike IBOMA and ACMO, when LA is added to AESO at
increasing concentrations, the mechanical properties of the
3D printed material decrease consistently, with tensile
strengths that fall below 1 MPa when LA concentration is
40 wt%, accompanied by a reduction of the SFS to 41. These
findings suggest once again that the use of acrylated and
methacrylated building blocks for the formulation of resins for
VP is not often the optimal strategy for achieving both high
sustainability and state-of-the-art mechanical properties, as
good mechanical properties are achieved with high density of
(meth)acrylate groups, which often lead to significant
reduction in their overall bioderived contents.

Similar findings were reported the same year by Porcarello
et al., who studied the effect of increasing concentrations of
LA, IBOA, IBOMA and lauryl methacrylate (LMA) in AESO-
based photocurable formulations on the mechanical pro-
perties of the corresponding 3D printed materials.”® In this
work, it has been demonstrated how reactive diluents charac-
terized by a long aliphatic chain such as LA and LMA have
negative effects on the mechanical performances of AESO-
based resins, while IBOA and IBOMA led to significant
increases in elastic modulus and tensile strength when their
concentration was increased. These findings suggest that,
when targeting improvements in mechanical properties in 3D
printed photopolymer, the crosslinking density is not the only
determining factor, but intermolecular weak forces play a fun-

This journal is © The Royal Society of Chemistry 2025
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damental role. While IBOA and LMA are characterized by com-
parable biobased carbon contents (77% and 75%, respect-
ively), and therefore comparable proportion of photocurable
with respect to their molecular mass, their effect on the
mechanical properties of AESO-based 3D printed formulations
is opposite.

An alternative strategy has been followed by Jurinovs et al.,
who formulated AESO with HDDA and trimethylolpropane tri-
acrylate (TMPTA) using low concentrations of surface modified
nanocellulose (<0.1 wt%) as a reinforcement filler.*® Thanks to
this approach, the reported resin was characterized by good
sustainability indexes (BCC% = 72% and SFS = 36) and good
mechanical properties, ensured by a covalent interaction
between the surface of nanocellulose and the AESO-based
polymer matrix.

Epoxidized soybean oil has been also reacted with different
carboxylic acids, producing the corresponding ester bound to
the fatty acid backbone. A summary of the differently functio-
nalized epoxidized vegetable oils and their formulations,
together with the corresponding sustainability indexes and the
mechanical properties of their 3D printed materials is pro-
vided in Table 5. A first example has been reported by Guit
et al. in 2020, who described the synthesis of methacrylated
epoxidized 40.

Soybean oil (MAESO) by reacting methacrylic acid with
epoxidized soybean oil using triphenylphosphine as the Lewis
base catalyst.®’ By adjusting the reaction conditions and the
molar ratios between the reagents, the authors of this work
have been able to produce MAESOs with different acylation
degrees (2.3 and 3.0), which have been formulated at 60 wt%
with IBOMA as the reactive diluent. The presented results
show clearly that, despite having the same functionalization
degree, resins formulated with MAESO; were characterized by
higher stiffness and tensile strength compared to AESOj;, and
when the acylation degree of the epoxidized vegetable oil was
increased from 2.3 to 3.0 the printed material display higher
elastic modulus and lower elongation at break. The type of
modification of the triglyceride did not affect significantly the
sustainability of their formulations, as they were all character-
ized by a BBC% in the 77-79% range and SFS around An orig-
inal approach has been subsequently reported by Zhu et al.,
who developed a partially-biobased photocurable gallic acid
derivative to be employed for the epoxide ring-opening reac-
tion in epoxidized soybean 0il.* By reacting a slight excess of
methacrylic anhydride with biobased gallic acid, they have
been able to produce a mixture of gallic acid trimethacrylate
(GATA) and methacrylic acid that was employed for the
functionalization of ESO in the same pot (Scheme 2a). The
obtained modified triglycerides, named GMAESO, were charac-
terized by pendant methacrylate and GATA moieties with an
overall methacrylate content of 3.29 per triglyceride molecule.
However, the number of gallate groups per triglyceride was not
determined, thus hindering the possibility for a quantitative
assessment of the sustainability indexes that characterize the
macromer. If we assume that GATA and methacrylic acid
possess similar reactivity towards the epoxide ring opening,
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Table 5 Sustainability indexes and mechanical properties of 3D printed photocurable formulations including functionalized EVOs

Triglyceride
functionalization Elastic Elongation Tensile
Formulation degree BCC% SFS modulus (MPa) at break (%) strength (MPa) Ref.
MAESO, 60% 2.3 79.1% 35.6 870 + 44 18+3 36.4£0.4 81
IBOMA 40%
MAESO; 60% 3 77.0% 34.6 1007 + 30 10£2 43.7£0.3
IBOMA 40%
AESO; 60% 3 79.1% 38.2 727 £12 24+3 28.3+£0.3
IBOMA 40%
GMAESO 80% 3.29 73.4% 34.0 350.0 + 33.2 4.4+0.6 15.5+0.8 82
HEMA 20%
GMAESO 60% 64.7% 28.7 442.9 +£18.1 8.4+1.2 32.1+£0.6
HEMA 40%
GMAESO 40% 55.1% 23.4 601.1 +27.2 9.7+1.1 441 +£1.1
HEMA 60%
IPESO 80% 3.5 47.2% 14.8 [ ) 269.72 + 22.65 8.30 £ 0.55 25.01 +0.71 83
TMPTA 20%
IPESO 50% 29.6% 9.3 o 521.09 + 29.76 9.03 £0.73 47.40 +1.58
TMPTA 50%
ESO_HEA 100% 4.2 82.3% 25.5 — — 0.14 84
ESO_HEA 80% 66.4% 20.4 — — 1.13
TMPTA 20%
ESO_HEMA 100% 78.2% 25.3 — — 0.51
ESO_HEMA 80% 63.2% 20.2 — — 2.44
TMPTA 20%
MBSS 42% — 44.2% 15.1 1700 1 17 85
HHDA 7.4%
BPAEDA 49.4%
DMSS 42% — 40.6% 13.8 (] 600 3 13
HHDA 7.4%
BPAEDA 49.4%
AESS 42% — 46.1% 20.0 450 6 8
HHDA 7.4%

BPAEDA 49.4%

o
a) /U\fo A
(0]

o )Lfo 0°
HO o o

oH 0 _owe 6 £0.Tep.H 0

90°C, 6 h o 110°C, 2h
HO o 0 OR (0] OH
OH o
OH 0
(0]
RO

Gallic acid Methacrylic GATA GMAESO
anhydride Fsyn =0.60 BCCq, = 83%

) \ e
o o
\ % o P>
\ o) % o} /\ﬂ/o O
iO j\/ . Ox-0 DMAP _ ODCOJ\/ ESO, TPP, MEHQ o Q
= ODCO 7 0 120°C, 4 h /\ﬂ/ o 110°C, 2 h o
/\r.j OH o omo OR o
OH %OW/VMMV
Pentaerythritol Itaconic IAPETA RO (e} OH
triacrylate anhydride

o)

IPESO
Feyn =0.39 BCCy, = 60%

Scheme 2 Functionalization of epoxidized soybean oil (ESO) using partially biobased polyacrylated carboxylic acids. DMAP = 4-dimethyl-

aminopyridine, TPP = triphenylphosphine, HQ = hydroquinone, MEHQ = methyl hydroquinone. The bioderived portion of each structure is depicted
in green. Re-drawn from ref. 82 and 83.
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the BCC; and Fy,,, of GMAESO can be estimated to be around
83% and 0.60, respectively. Therefore, the use of GATA com-
pared to methacrylic acid has allowed for a slight increase in
the achievable acrylation degree of the triglyceride, but the sus-
tainability of the overall macromer has not been significantly
improved. Furthermore, GMAESO was formulated with
2-hydroxyethyl methacrylate (HEMA), which has low BCC;
leading to formulations printed into materials that indeed
possess good mechanical properties, but with limited SFS (23
to 34, depending on the composition).

Similarly, it has been recently reported by Lin and co-workers
the analogous production of an itaconic acid-based triacrylate
derivative, to be employed for the epoxide ring opening of ESO.%*
By reacting itaconic anhydride with the free OH group of pentaer-
ythritol triacrylate, the triacrylate itaconic acid ester IAPETA was
synthesized and grafted to the epoxidized fatty acid chains of
soybean oil producing the photocurable triglyceride named
IPESO (Scheme 2b). In this case, the acrylate moieties were quan-
tified to be equal to 14 per triglyceride, including the acrylic
C=C functionality of itaconic acid, representing an acrylation
degree higher than those previously reported in the literature.
However, as the grafted IAPETA moiety has a low bioderived
mass content, the extensive functionalization of the fatty acid
chains causes a severe reduction of BCC;, which fall to 60%.
Furthermore, the synthesis of IPESO involves the use of dichloro-
methane as the solvent, which causes a reduction of its Fy, to
0.39. IPESO was then formulated at different concentrations with
non-bioderived TMPTA, causing a further reduction in the sus-
tainability of the formulations (SFS < 15, depending on the com-
position) with no significant improvements in terms of achieved
mechanical properties.

Finally, Bodhak et al. recently reported a different strategy
for the acrylation of epoxidized soybean oil employing 2-hydro-
xyethyl acrylate and methacrylate (HEA and HEMA) for the
epoxide ring-opening reaction using hydrogen tetrafluoroborate
as the catalyst.** Even though the authors did not calculate the
actual degree of acrylation of the macromolecule, they employed
ESO characterized by 7.33 g of epoxide oxygen per 100 g of oil,
corresponding to a total of around 4.2 epoxide groups per trigly-
ceride. By assuming that all epoxide groups have reacted with
HEA and HEMA, as it is claimed in the work, this number also
corresponds to the degree of functionalization, and it allows us
to calculate their BCC;, and Fgyn (84% and 0.38 for ESO_HEA
and 80% and 0.40 for ESO_HEMA, respectively). Despite the
high functionalization degrees achieved, this approach led to 3D
printed materials with very low tensile strength values, able to
slightly surpass 1 MPa only when formulated with 20 wt% of
non-renewable TMPTA. Nonetheless, the harsh experimental
conditions and the low biobased mass of HEA and HEMA resi-
dues led to SFSs below 26.

A different epoxidized substrate was employed by Silbert
et al. in 2020, who employed epoxidized sucrose soyate (ESS)
in a similar way.®®> EES is composed by a sucrose core functio-
nalized on all its hydroxylic sites with soybean oil-derived fatty
acids, which is then epoxidized similarly to what has been
described for vegetable oils. LCA applied to the ESS recently

This journal is © The Royal Society of Chemistry 2025
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confirmed its potential for lower carbon footprint and
improved circularity.®®

In this work, ESS was functionalized with one acrylic acid
molecule per epoxide (AESS), two methacrylic acid groups per
epoxide (DMESS) or one acrylic and one butyric acid group per
epoxide (MBESS) and formulated with around 50 wt% of
bisphenol A ethoxylate diacrylate (BPAEDA) (Scheme 3). Due to
the high amount of non-biobased crosslinker used, the sus-
tainability of the proposed formulations is indeed low (BCC%
ranging from 40% to 46% and SFS from 14 to 20), but this
work suggests the potential of functionalized ESS as a bio-
based building block for photocurable 3D printable formu-
lations, thanks to its good Fgyn (0.5-0.6) and high biobased
carbon content (above 70%).

In conclusion, the use of vegetable oil-derived photocurable
components, such as AEVOs and AVOs, enhances the sustainabil-
ity of VP formulations due to their high bioderived mass.
However, their inherently low degree of functionalization limits
photocrosslinking, which increases the biobased content but
compromises mechanical performance, often requiring the
addition of (meth)acrylate-based diluents that reduce the overall
SFS. The (meth)acrylation process itself results in varying
functionalization degrees, complicating comparisons across
studies—a factor often overlooked in the literature. While epoxi-
dation routes have been more successfully optimized, direct acry-
lation and epoxide ring-opening methods still rely on hazardous
chemicals, elevated temperatures, and long reaction times, all of
which negatively impact the overall sustainability profile.*”
Moreover, the continued reliance on acrylic and methacrylic acid
derivatives generally restricts SFS values.

(Meth)acrylated monomers. Green chemistry offers a wide
range of biobased building blocks that display functionalities
exploitable for chemical modification with photopolymerizable
moieties. Among these, lignin-derived phenolic compounds
such as eugenol®®®® guaiacol,”® syringol,”* gallic acid,”*°® and
vanillin®*®> have emerged as promising candidates for the syn-
thesis of (meth)acrylated monomers. These compounds are
naturally occurring or derived from lignin depolymerization,
offering renewable alternatives to conventional petrochemical-
based monomers while retaining reactive functional groups
that facilitate chemical modification.”®*”

By leveraging these lignin-derived phenolic building blocks,
researchers have designed sustainable photopolymerizable
materials with reduced environmental impact while maintain-
ing excellent mechanical properties and functional versatility.
However, when compared to other strategies developed to
improve resins sustainability, the use of (meth)acrylated mole-
cules usually leads to lower sustainability indicators, as the
introduced (meth)acrylic groups occupy a higher proportion of
the molecular weight of these molecules. Furthermore, (meth)
acrylation is often performed using acyl chlorides in haloge-
nated solvents, furtherly impacting their sustainability. A
summary of the formulations presented in this section,
together with the corresponding sustainability indexes and the
mechanical properties of 3D printed materials is provided in
Table 6.
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Epoxidized Sucrose Soyate
(ESS)

Sucrose Soyate Methacrylate Butyrate
(MBSS)
Fsyn =0.51 BCCo, = 80%

(XN 0]
X

Sucrose Soyate Dimethacrylate
(DMESS)
Fsyn =0.50 BCCo, =73%

Sucrose Soyate Acrylate
(AESS)
Fsyn = 0.64 BCCo,=87%

¢

Scheme 3 Photocurable epoxidied sucrose soyate derivatives used in photocurable formulations for VP. The bioderived portion of each structure is
depicted in green. Re-drawn from ref. 85.

Table 6 Sustainability indexes and mechanical properties of 3D printed photocurable formulations including (meth)acrylated phenolic compounds
from lignin and glycidyl methacrylate derivatives

Formulation (wt%) BCC% SFS Elastic modulus (GPa) Elongation at break (%) Tensile strength (MPa) Ref.
4pGA 50% 78.3% 46.7 — 1700 + 100 0.20 + 0.06 98
LA 50%

4pGA 60% 75.9% 30.9 — 4.7 £0.9 20+2

LA 10%

SA 30%

SMA 100% 66.5% 24.0 — 24+04 309

SMA 50% 71.0% 38.3 — 3+1 1.9+ 0.6

LMA 50%

Eu-BzMA 98% 48.9% 8.1 ) 2.71 + 0.59° — 43.5 + 3.40° 99
Gu-BzMA 98% 40.2% 6.4 () 1.91 + 0.01% — 36.2 + 0.63°

MGA 99% 36.4% 7.5 () — — — 100
GuM 20% 58.8% 17.3 1.02 + 0.02° 6.9 + 1.1 44.6 + 1.8° 105
EA 60%

VDM 20%

GuM 40% 59.1% 18.5 1.09 + 0.02° 7.6+ 1.6° 49.7 + 2.8°

FA 40%

VDM 20%

GuM 60% 59.4% 19.8 1.23 + 0.07° 8.9 + 1.6° 61.7 +5.1¢

EA 20%

VDM 20%

VM 48% 46.6% 26.4 4.903 +0.120 0.27 + 0.05 12.49 + 1.63 106
GDM 50%

BHMP2 99% 54.8% 29.6 1.563 3.42 31.1 108
BHMP3 99% 57.1% 30.8 4.480 0.84 45.2

DAS 43% 17.7% 3.7 () 0.106 + 0.013 6.7 0.9 5.8+ 0.7 110

PEGDA 55%

“ Assessed on bulk-photocured resins, not on 3D printed samples. ? Tested under flexural conditions.
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As a first example, Chin et al. have recently described the
synthesis of (meth)acrylated derivatives of 4-propylguaiacol
and syringol by acylation of the corresponding sustainable
phenols with (meth)acryloyl chloride.’® The produced 4-propyl-
guaiacol acrylate (4pGA), syringyl acrylate (SA) and syringyl
methacrylate (SMA) were then formulated in different pro-
portions with LA (for 4pGA and SA) or LMA (for SMA) to
produce photocurable resins which were efficiently 3D printed
by means of a custom-made VP system using no multifunc-
tional crosslinker. The reported syntheses involved the use of
acyl chlorides and halogenated solvents, as well as equimolar
amounts of triethylamine, leading to low fi.,, fsorw and AE,
which led to Fg, factors below 0.3. Interestingly, the absence
of crosslinking allowed the photopolymers to be soluble in
organic solvents, allowing for the recovery of the 3D printed
materials by dissolution in organic solvents and their reform-
ing by solvent-casting. This fact is considered in the evaluation
of Fgo, which compensated for the low sustainability of the
synthetic steps leading to SFS values as high as 47.
Furthermore, this crosslinker-free approach allowed for the
obtainment of very soft thermoplastic elastomeric 3D printed
materials, with elongations at break as high as 1700%, but
very low tensile strengths.

A different strategy was followed by Zhou et al, who
exploited the phenolic moieties of guaiacol and eugenol to
transform them into the corresponding benzoxazine upon
reaction with formaldehyde and a 2-(2-aminoethoxy) ethanol,
followed by methacrylation (Scheme 4).°° The prepared mono-
mers, Eu-BzMA and Gu-BzMA, had sufficiently low viscosity to
be formulated and processed via VP with no added reactive
diluent, leading to 3D printed materials BCC% that resembles
those of their monomers (49% for Eu-BzMA, and 40% for Gu-
BzMA, respectively). However, as the syntheses were conducted
using chloroform, acyl chlorides, high temperatures and pro-
longed times, the corresponding SFSs are very low in both
cases (8.1 for Eu-BzMA, and 6.4 for Gu-BzMA, respectively).
Interestingly, as the benzoxazine ring is notoriously able to
undergo ring-opening polymerization upon heating above
200 °C, thermally cured 3D printed materials displayed very
high elastic moduli with no need for the presence of multi-
functional crosslinkers, but with limited biobased contents.

OH O/\N/\/OI

O O
Z z OH
\© + HO/\/O\/\NHZ \<>)
R R

R =H - Guaiacol
o

R = CH,CHCH;, - Eugenol Yk
cl

EtOAc, 0°C, 12 h

CH,0, CHCI3
_
Reflux, 12 h

O/\N/\/O

/0@)

R

LI

R = H - Gu-BzMA
Fen=0.20 BCCy, =41%

R = CH,CH=CH, - Eu-BzMA
Fen=0.20 BCCy, = 50%

Scheme 4 Synthesis of guaiacol and eugenol-derived acrylate benzox-

azines. The bioderived portion of each structure is depicted in green.
Re-drawn from ref. 99.
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This effect is even more pronounced for Eu-BzMA, as its
pending allylic group provides an additional crosslinking site
during thermally induced polymerization.

The same year, Sesia et al. reported the microwave-assisted
synthesis of methacrylated gallic acid (MGA) using biobased
gallic acid and methacrylic anhydride.'®® Even though the use
of acid anhydrides is indeed more sustainable than acid chlor-
ides, especially if no catalyst or solvent is used as in this case,
concerns must be raised in terms of atom economy, as one
methacrylic acid molecule is wasted per molecule of
methacrylic anhydride reacted.'® In fact, the AE of 0.37
caused a significant reduction of the corresponding Fiyy,
widely compensating for the sustainability bonuses introduced
by the solventless microwave-assisted approach. Furthermore,
the presence of three methacrylic acid residues per gallic acid
molecule have a tremendous effect on the BCC% of MGA,
which is only 37%. When formulated with the appropriate
photoinitiator, MGA was able to produce high-resolution 3D
printed objects with SFS as low as 7.5, and mechanical pro-
perties of the 3D printed material were not evaluated.

Vanillin is a very versatile green building block for the
development of reactive monomers and advanced sustainable
materials thank to the presence of an aldehyde group in
addition to its phenolic nature.'®® This functionality can be
reacted with (meth)acrylated amines to form the corres-
ponding photocurable imines,'® which have been widely
exploited for the production of self-healing and recyclable
photocurable resins. This approach will be presented in more
detail in the section dedicated to recyclable and reusable resins.
Upon reaction with mild reducing agents, vanillin can be con-
verted into vanillyl alcohol, which can be employed as a diol for
the synthesis of sustainable polyesters or further acetylated with
carboxylic acids of interest.'®® For example, in 2019 Ding et al.
employed vanillin dimethacrylate (VDM) as the reactive diluent
for photocurable resins based on guaiacyl methacrylate (GuM)
and 3,6-dioxa-1,8-octanedithiol eugenol acrylate (DOEA),
obtained by thiol-ene addition of eugenol on both sides of 3,6-
dioxa-1,8-octanedithiol, followed by acrylation with acryloyl
chloride.’® A series of formulation with different proportions
between the monomers were 3D printed and tested, allowing
the authors to achieve Young’s moduli as high as 1.23 GPa.
However, the use of a non-sustainable long-chain dithiol had a
severe impact on the maximum achieved sustainable mass
content (BCC% = 59%), and the use of acryloyl chloride heavily
impacts on their sustainability claims (SFS < 20).

An atom-economic approach has been subsequently
reported by Bassett et al. in 2020, who employed a one pot,
two-step approach to synthesise a photocurable resin com-
posed of equimolar amounts of vanillin methacrylate (VM)
and glycerol 1,3-dimethacrylate (GDM).'°® This has been
achieved by reacting vanillin with methacrylic anhydride,
leading to a mixture of VM and methacrylic acid, followed by
the addition of a stoichiometric amount of glycidyl methacry-
late (GMA), which reacted with methacrylic acid to quantitat-
ively form GDM (Scheme 5). The formulation for VP was
simply prepared by adding the photoinitiator to the VD/GDM

Green Chem., 2025, 27, 8710-8754 | 8725
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Scheme 5 One-pot two-step synthesis of an equimolar mixture of
vanillin methacrylate and glycerol dimethacrylate. The bioderived
portion of each structure is depicted in green. Re-drawn from ref. 106.

mixture, leading to the obtainment of a very rigid and brittle
photopolymer, characterized by a biobased carbon content
below 50%. Nonetheless, the atom economy and solventless
nature of the one-pot two-step synthetic strategy employed are
considered in the calculated SFS, which is as high as 26.4.

Thanks to its reactivity towards carboxylic acid, GMA has
also found application for the methacrylation of biobased
acids and diacids to produce reactive diluents, but its sustain-
ability is closely tied to the environmental impact of its key
precursor, epichlorohydrin (ECH). Traditionally, ECH is syn-
thesized from petrochemical-based propylene, a process that
generates significant carbon emissions and toxic byproducts.
However, a more sustainable alternative has been
implemented at the industrial scale, to produce ECH from gly-
cerol, a renewable byproduct of biodiesel production, signifi-
cantly reducing reliance on fossil resources and lowering
greenhouse gas emissions.'®”'°® By incorporating bio-based
ECH into GMA synthesis, the overall sustainability of GMA-
derived reactive diluents can be improved, making them more
environmentally friendly while maintaining their high per-
formance in photopolymerization applications.

o T & TPP
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In 2020, Miao et al. described the synthesis of bis(2-
hydroxy-3-(methacryloyloxy) propyl) succinate (BHMP2) and
bis(2-hydroxy-3-(methacryloyloxy) propyl) itaconate (BHMP3)
by reacting GMA with succinic and itaconic acid, respectively,
using triphenylphosphine as the catalyst (Scheme 6)."% The
syntheses were performed in sustainable conditions and with
good atom economies, leading to Fy, of 0.67 for both reactive
diluents. As the obtained esters were liquid at room tempera-
ture, it was possible to mix them with the appropriate photo-
initiator without the need for additional reactive diluents,
leading to a photocurable formulation with higher BCC%
(55% for BHMP2 and 57% for BHMP3) and SFS (30 for BHMP2
and 31 for BHMP3) than previous MA biobased systems. The
3D printing of such difunctional monomers allowed to achieve
photopolymers with high elastic moduli (1.5-4.5 GPa) and
tensile strengths (31-45 MPa), especially in the case of
BHMP3, where the acrylate functionality of itaconic acid was
able to participate in the photopolymerization process.

It is worth mentioning the recent work of Hodasova et al.,
who reported a photocurable formulation for VP 3D printing
using allylic esters instead of the more conventional acrylic
acid derivatives.''® In this work, succinic acid was reacted with
allyl bromide to produce the corresponding diallyl succinate
(DAS), which was formulated with an excess of poly(ethylene-
glycol) diacrylate (PEGDA) and a photoinitiator to be 3D
printed into partially biodegradable materials. Although the
sustainability of the reported approach is very low (SFS = 3.7),
this is mainly due to the use of toxic and volatile allyl bromide
in the synthesis (Fs, = 0.27) and the high content of non-
renewable PEGDA in the formulation. Nevertheless, the intro-
duction of common C=C moieties into photocurable systems
for VP paves the way for the incorporation of new unsaturated
green building blocks, such as terpenes, into these appli-
cations. The scientific literature clearly shows that the incor-
poration of (meth)acrylated green molecules in photocurable
formulation for VP present several advantages, including a
wide range of mechanical properties achievable, often without

Bis(2-hydroxy-3-(methacryloyloxy)propyl) Succinate (BHMP2)
Fsyn =0.67 BCCe, = 56%

Bis(2-hydroxy-3-(methacryloyloxy)propyl) Itaconate (BHMP3)
Fsyn =0.67 BCCy, = 58%

Scheme 6 Synthesis of itaconic and succinic acid-based reactive diluents proposed by Miao et al. The bioderived portion of each structure is

depicted in green. Re-drawn from ref. 109.
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the addition of reactive diluents. The chemical versatility of
such building blocks allows for the development of new and
original chemical modification strategies that could allow to
expand further the range of materials properties, but their
overall sustainability is still low, from a green chemistry per-
spective. To date, the chemical modification of these com-
pounds frequently relies on toxic reagents, hazardous solvents,
and energy-intensive conditions involving prolonged reaction
times and elevated temperatures, factors that significantly
undermine their sustainability. Addressing these limitations is
essential for advancing greener photocurable formulations,
with a promising first step being the replacement of acrylic
and methacrylic acid by fully biobased alternatives, such as ita-
conic acid.

Photocurable non-isocyanate urethanes. Photocurable
urethanes are widely used in vat photopolymerization-based
3D printing due to their exceptional mechanical properties,
chemical resistance, and versatility in formulation. These
materials are typically based on urethane acrylates or urethane
methacrylates, which undergo rapid -crosslinking upon
exposure to UV or visible light, forming highly durable
polymer networks. Compared to purely acrylate-based photo-
polymers, urethane-based resins offer improved toughness
and reduced brittleness, making them particularly attractive
for applications demanding mechanical resilience.!'*™**?
Despite their advantages, the synthesis of photocurable
urethanes presents significant sustainability challenges, pri-
marily due to their reliance on petroleum-derived raw
materials and the environmental impact of their production
processes. These materials are synthesized through the reac-
tion of polyols with isocyanates to form the urethane back-
bone, followed by functionalization with acrylate or methacry-
late groups to enable photopolymerization. The isocyanates
used in the formation of the urethane linkage further exacer-
bate sustainability concerns. Compounds such as toluene dii-
socyanate (TDI) and methylene diphenyl diisocyanate (MDI)
are produced using highly hazardous reagents, most notably
phosgene, a toxic gas that requires strict handling and contain-
ment measures.''* The synthesis of isocyanates also generates
byproducts that contribute to atmospheric pollution and
require extensive purification, increasing both the energy con-
sumption and environmental footprint of these materials.
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Furthermore, the reactive nature of isocyanates poses occu-
pational health risks, necessitating strict safety protocols
during production and handling."*>''® To address these
issues, non-isocyanate urethanes have emerged as a promising
alternative to conventional isocyanate-based systems. These
materials eliminate the use of toxic isocyanates in their syn-
thesis, relying instead on alternative chemistries such as the
reaction between cyclic carbonates and amines to form
urethane  linkages."'”''®  Additionally,  non-isocyanate
urethanes can be synthesized from biobased sources, such as
CO,-derived carbonates and bio-based diamines, further
enhancing their environmental profile. Details on the sustain-
ability and mechanical properties of the isocyanate-free
urethanes and reactive diluents discussed in this section are
summarized in Table 7. In the context of VP 3D printing, this
approach was first introduced by Schimpf et al. in 2019, who
reported the synthesis of partially biobased hydroxyurethane
dimethacrylates (HUDMs) by reacting a series of aliphatic dia-
mines, including biobased 1,5-pentanediamine (cadaverine),
with glycerol carbonate methacrylate (GCM)."*° (Scheme 7).
Glycerol carbonate is a promising highly sustainable building
block, as it is commonly produced by reaction of glycerol with
CO, in the presence of a catalyst, and it can be quantitatively
transformed into hydroxyurethanes upon reaction with ali-
phatic amines.'®" Nonetheless, direct synthesis of GCM from
CO, has been performed using GMA under catalytic con-
ditions, leading to partially renewable methacrylated
urethanes for 3D printing. Furthermore, as aliphatic amines
can react with methacrylates via aza-Michael addition, the use
of a slight excess of diamine has allowed for partial oligomeri-
zation via the formation of secondary amine bonds. The
authors showed, as a proof-of-concept the printability of one
of the synthesized HUDM, which was prepared with a non-bio-
based diamine (4,9-dioxa-1,12-dodecanediamine).  Such
HUDM, named DODA12-G, was mixed with ACMO and VP 3D
printed into solid materials that displayed very good elastic
modulus and tensile strength, even though the use of non-
renewable ACMO and a non-renewable diamine negatively
affected the sustainability of the formulation, which was
characterized by a BCC% of 16.1% and a SFS of 8.2. Beyond
the formation of the urethane backbone, the functionalization
of these materials with photoreactive acrylate or methacrylate

Table 7 Sustainability indexes and mechanical properties of 3D printed photocurable formulations including photocurable non-isocyanate

urethanes

Formulation BCCy, SFS

Elastic modulus (GPa)

Elongation at break (%) Tensile strength (MPa) Ref.

DODA12-G 60%
ACMO 40%

16.1% 8.2 3.16 £ 0.04

UDO5-1 50% 63.5% 0.685 % 0.044
GPT 20%
GDM 20%
UDO,-1 50%
GPT 5%
GDM 5%

LB, 30%

88.1% 0.910 + 0.025

This journal is © The Royal Society of Chemistry 2025

42+1.4 81+7 120

1.60 + 0.3 10.6 +1.9 20
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Scheme 7 Sustainable synthesis of glycerol carbonate methacrylate (a)
and hydroxyurethanes dimethacrylate. The bioderived portion of each
structure is depicted in green. TBAB = tetrabutylammonium bromide.
Re-drawn from ref. 120.

groups introduces additional challenges. This issue can be
addressed by replacing (meth)acrylic acid with sustainable ita-
conic acid. Itaconic acid, also known as 2-methylenesuccinic
acid, is a photocurable dicarboxylic acid that was traditionally
derived from the distillation of citric acid but is now produced
through biomass fermentation.'*>'** Additionally, itaconic
acid was recently recognized by the US Department of Energy
as one of the top 12 building block chemicals due to its sus-
tainable production process, low toxicity, and wide range of
potential applications.'***** Similar to (meth)acrylates, itaco-
nic acid can react with alcohols, including non-isocyanate
urethanes to form liquid homodiesters or heterodiesters,
which are suitable for efficient 3D printing.

In 2024, Carmenini et al. reported the synthesis of a fully
biobased liquid urethanediol diitaconate (UDOj;-I), obtained
by reacting biobased putrescine with CO,-derived propylene
carbonate, followed by the functionalization of the derived
diurethanediol with monomethyl itaconoyl chloride.>® The
obtained UDO;-I was successfully formulated with glycerol-
derived acrylated reactive diluents (glycerol dimethacrylate,
GDM, and glycerol propoxylate triacrylate, GPT) and a liquid
itaconic acid bifunctional diester (1,4-butanediol bis(methyl-
itaconate), I,B,). With this approach, and including 7.2 wt% of
a castor oil-derived plasticizer in all formulations, the authors
have been able to achieve elastic moduli as high as 1 GPa with
very high BCCy,, almost touching 90%. It is worth to point out
that the use of itaconic acid chloride for the synthesis of
UDO;-I (Fgyn = 0.18) indeed impacts on the sustainability of its
synthetic process, but I,B; (Fgn = 0.71) was instead prepared
by tin-catalyzed solventless transesterification of dimethyl ita-
conate with 1,4-butanediol, suggesting how the sustainability
of itaconic acid-based formulations could be further improved
by exploiting the reactivity of both its carboxylic acid residues.
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Thiol-ene systems. In thiol-ene photopolymerization, thiols
and electron-rich alkenes undergo rapid addition polymeriz-
ation via a radical-mediated step-growth mechanism, where
photogenerated radicals initiate a sequence of alternating
thiol-ene additions."®®'*” Unlike conventional free-radical
(acrylate) polymerization, which is prone to oxygen inhibition
and uncontrolled propagation, thiol-ene polymerization
remains highly efficient even in the presence of oxygen, as
thiyl radicals can readily regenerate.'*®***° Due to its distinct
polymerization pathway, thiol-ene photopolymerization offers
several advantages over traditional acrylate-based systems in
terms of reactivity, network homogeneity, and sustainability.
The step-growth nature of thiol-ene polymerization leads to
uniform network formation with near-stoichiometric con-
sumption of functional groups, significantly reducing shrink-
age and improving mechanical stability. Additionally, thiol-
ene systems exhibit rapid polymerization kinetics, often
achieving full conversion within seconds under UV or visible-
light irradiation, making them highly suitable for high-speed
manufacturing processes. Beyond improved processing charac-
teristics, thiol-ene photopolymerization also offers notable
sustainability benefits."*""*> Especially for application in
photocurable resins for VP, where liquid formulations are
required, sustainable alkenes are often selected amongst ter-
penes and terpenoids. Terpenes and terpenoids are a large
and diverse class of naturally occurring organic compounds
derived from isoprene units. They are widely found in plants,
particularly in essential oils, resins, and secondary metab-
olites, and are responsible for many characteristic aromas and
flavors.>*™'*> These compounds play crucial roles in plant
physiology and have extensive applications in pharmaceuticals,
materials science, and sustainable chemistry."*® Terpenes are
hydrocarbons composed solely of carbon and hydrogen,
whereas terpenoids, also known as isoprenoids, often contain
additional functional groups such as hydroxyl, carbonyl, or
ester groups, which enhance their chemical diversity and bio-
logical activity. Industrially, terpenes and terpenoids are used
as bio-based solvents, adhesives or coatings and chemical
modifications strategies are being explored to enhance their
functionality for various industrial and biomedical appli-
cations, including photopolymerization-based 3D printing."?’
A summary of the formulations presented in this section,
together with their sustainability indexes and mechanical pro-
perties is provided in Table 8.

A first example of this approach has been reported in 2019
by Weems et al.,, who described the preparation of thiol-ene
photocurable resins for VP using pure terpenes like limonene,
geraniol, nerol or linalool as the alkenes and stoichiometric
amounts of pentaerythritol tetrakis(3-mercapropropionate)
(PETMP) as the crosslinking thiol.’*® Interestingly, the formu-
lation included 1.5 wt% of carotenoids extracted from paprika
(mainly capsanthin) as the radical stabilizer. The photocurable
mixtures have demonstrated to be able to easily harden under
UV irradiation, leading to solid 3D objects with mechanical
properties strictly related to the nature of the used alkene.
Limonene led to soft and highly deformable materials with

This journal is © The Royal Society of Chemistry 2025
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Table 8 Sustainability indexes and mechanical properties of 3D printed photocurable formulations including thiol—ene systems

Elastic Elongation Tensile
Thiol Ene BCC% SFS modulus (MPa) at break (%) strength (MPa) Ref.
PETMP 62% Limonene 35% 54.2% 41.9 43.8 180 24.4 138
PETMP 59% Linalool/Geraniol/Nerol 38% 54.3% 45.3 0.4/0.5/0.4 107/93/111 2.8/2.4/2.4
PETMP 71% Polymyrcene 44.7% 8.3 o — 120% 2.6 140
PETMP 48% PLcoM 41% 58.8% 21.4 ~25% ~95% ~10“ 141
~250" ~20” ~22°
TTT 8.2% ~700° ~5¢ ~37¢
>10007 ~2¢ ~534
PETMP 49% Linalool 30% 61.7% 51.5 0.3+0.3 118 + 24 4.4+1.5 142
PETMP 52% Allyl-Lin 27% 49.4% 22.8 1.3 +0.7 84 +14 0.8+0.1
PETMP 40% HDI-Lin 39% 54.0% 27.9 125+ 34 16.5+18 15.7+7.4
PETMP 38% IPDI-Lin 41% 50.7% 25.7 77.5 +12.7 70 +10 9.6 +1.2
PETMP 37% MDI-Lin 42% 48.5% 25.4 12.6 £ 1.9 113 £ 15 3.0£1.2
TMPTMP 59% Perlt 23% 48.2% 27.7 56.9 + 4.5° 220 * 3° 10.6 + 0.4° 143
Limonene 12%
TMPTMP 58% Perlt 23% 48.2% 29.1 6.3 +1.0° 158 + 3¢ 3.3+0.3°
Linalool 13%
TMPTMP 58% Perlt 23% 48.2% 29.0 5.0 + 0.9° 101 + 4° 2.7 +0.5°
Perillyl alcohol 13%
Thiocure 332 68% TALG 28% 12.7% 1.6 [ ) 8.92 + 0.12 244+5.1 2.06 +0.38 145
PETMP 46% LGO.M1 53% 26.1% 7.7 [ ) 12.3 £ 1.0 143 +5 8.2+0.6 146
PETMP 43% LGO.M2 55% 24.0% 7.2 [ ) 7.4+1.0 110 +9 5.0+x04
PETMP 3.2% AESO2 87% 80.9% 43.4 — — — 147
VDM 7.6%
PETMP 57% Allyl PAEL 5% 2.7% 0.5 [ ) 1800 + 30 3+1.6 28.1+3.1 148
TTT 38%
PETMP 54% Allyl PAEL 10% 5.4% 0.9 [ ) 1100 £+ 20 8+1.6 214 +1.1
TTT 36%
PETMP 54% Allyl PAEL 5% 5.0% 1.3 [ ) 1400 + 40 6+1.5 25.0+£4.2
ISMP 5% TTT 36%
PETMP 52% Allyl PAEL 10% 7.7% 1.8 [ ) 1000 =10 101 191 2.2
ISMP 5% TTT 33%

“PLcoM made using 10% limonene and 90% myrcene. ® PLcoM made using 25% limonene and 75% myrcene. ° PLcoM made using 35% limo-
nene and 65% myrcene. ¢ PLcoM made using 100% limonene and 0% myrcene. ° Not determined on 3D printed materials, but on photocured

2D films.

good tensile strength, while the thiol-ene polymerization of
terpenoids proved to be less effective due to the presence of
OH groups that stabilize radical species.'*® With respect to the
sustainability indexes, the use of a large amounts of non-sus-
tainable PETMP had a severe effect on the overall BCC%
(54%). Nonetheless, the use of unmodified natural products in
the formulations led to significantly high SFSs, which reached
42 and 45 for terpene- and terpenoid-based formulations,
respectively.

The following year, the same group reported a second strat-
egy following a similar approach, and using myrcene as the
alkene and PETMP as the thiol.'*° In this work, the authors
pre-polymerized myrcene by radical or anionic polymerization
to afford polymyrcene, which was then formulated with the
thiol and 3D printed into solid materials that displayed high
elongation at break but low tensile strength. As thiol-ene
resins require an accurate balancing of the stoichiometry
between the thiol and the ene to achieve effective polymeriz-
ation, the use of highly unsaturated hydrocarbons such as
myrcene requires low mass fractions compared to the thiol,
affecting the sustainability of the formulation. In fact, stoichio-

This journal is © The Royal Society of Chemistry 2025

metric proportions were achieved using only 28 wt% of bio-
based polymyrcene, and the harsh experimental conditions
required for its synthesis (e.g. the use of strong oxidizers such
as H,0, or pyrophoric reagents such as n-Buli) negatively
impacted on its Fyy, leading to an overall SFS as low as 8.3. A
similar strategy was once again proposed by the same group in
2022, who studied the effect of the ratio between myrcene and
limonene in their polyolefinic copolymers on the properties of
the 3D printed materials obtained upon their formulation with
PTMPTA and 1,3,5-triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione
(TTT).**! Since myrcene and limonene are isomers, their rela-
tive content did not affect the SFS of the formulations, which
was assessed to be around 21 for all formulations.
Nonetheless, the authors demonstrated that increasing limo-
nene content in the prepolymer can cause a significant
improvement in mechanical properties, achieving tensile
strengths as high as 50 MPa, apparently overcoming what was
previously believed to be a limitation in the mechanical pro-
perties achievable with thiol-ene photocurable systems.

The same authors reported one more approach to thiol-
ene-based photocurable resins for VP, by formulating PETMP

Green Chem., 2025, 27, 8710-8754 | 8729
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with linalool-derived diurethanes, compared to pristine lina-
lool and Allyl-Lin, its allylic ether (Scheme 8).'**

Diurethanes were prepared by reaction of 2 equivalents of
linalool with either 1,6-hexanediisocyanate (HDI-Lin), isophor-
one diisocyanate (IPDI-Lin) or methylene diphenyl diisocya-
nate (MDI-Lin) under DBU catalysis. All formulations were
composed of equimolar amounts of SH groups and C=C
double bonds, and 20 wt% sustainable propylene carbonate
was added as non-reactive diluent. By analysing the proposed
syntheses for the linalool-based reactive diluents, it appears
clear that the proposed linalool-derived components have
reduced sustainability, either because of the use of allyl
bromide (for Allyl-Lin) or because of isocyanates. However, SFS
> 20 have been achieved for all formulations, mostly because
of the presence of a significant amount of sustainable propy-
lene carbonate, which contributes with a net of 16 SFS units in
each formulation. The use of a non-reactive diluent severely
affected the mechanical properties of the 3D printed materials,
which are generally quite low and with a significant error that
is symptomatic of high variability in the mechanical behaviour
of the prepared materials. A very sustainable approach was
reported recently by Chiaradia et al,, who synthesize the
monoester of itaconic acid with perillyl alcohol (Perlt) via
enzyme catalysis to produce a fully biobased trifunctional com-
ponent for thiol-ene photoresins.'*® Interestingly, itaconic
acid had previously demonstrated to be able to react both with
thiols and with another itaconic acid residue, leading to
double thiol-ene and polyitaconate networks during radical
polymerization processes.'** Perlt was then formulated with
trimethylolpropane tris(3-mercaptopropionate) (TMPTMP) and
either perillyl alcohol, linalool or limonene as reactive diluents
to achieve solid materials upon photopolymerization during
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TEA, 65°C, 12 h

NCO N
50°C, 48 h
OCN JE lNCO

80°C,24 h

HO o
W

Linalool

OCN II Il NCO

80°C,12h

JESEVen el SSUT

View Article Online

Green Chemistry

3D printing. The mechanical properties of the obtained
materials are in line with previously presented data, with limo-
nene-containing formulations displaying better mechanical
properties due to the absence of the free OH group of linalool
and perillyl alcohol that interferes with the formation of
radical species. Furthermore, the presented approach displays
high sustainability indexes, with SFSs around 30 even though
their BCC% is limited to below 50% due to the required pres-
ence of equimolar amounts of the non-biobased thiol.

In addition to terpenes, which naturally carry the unsatura-
tions required for thiol-ene photopolymerization, many
authors explored the possibility of functionalizing hydroxyl-
ated biobased building blocks with allyl bromide, forming
their corresponding allyl ethers. This has been demonstrated,
for example, by Porwal et al. in 2023, who described the allyla-
tion of cellulose-derived levoglucosan into triallyl levoglucosan
(TALG).'* The prepared TALG was then formulated with a stoi-
chiometric amount of ethoxylated trimethylolpropane tris(3-
mercaptopropionate) (Thiocure 332) and 13 wt% fumed silica
as a rheology modifier, and 3D printed using a custom UV-
assisted direct ink writing setup. The 3D printed materials dis-
played hydrogel-like mechanical properties with low elastic
modulus and tensile strength, but they were able to fully
degrade in 1 M NaOH solution in less than 48 hours due to
alkaline hydrolysis of the ester bonds of the thiol crosslinker.

This was taken into account for the evaluation of the Fg, of
the formulation, but the harsh conditions required for the syn-
thesis of TALG, the low atom economy of its production and
the limited biobased content of the formulation (BCC% =
12.7%) reveal the poor sustainability of the presented
approach (SFS = 1.6). The following year, Pezzana et al
reported the esterification of (1R,2S,5R)-6,8-dioxabicyclo[3.2.1]

Allyl Linalool
Fsyn =0.39 BCCy, =77%

HDI Linalool
Fsyn =0.52 BCCoq =71%

IPDI Linalool
Fsyn =0.45 BCCq, =63%

MDI Linalool
Fsyn = 0.47 BCCq, =57%

Scheme 8 Synthesis of linalool-based allyl ether and diurethanes. The bioderived portion of each structure is depicted in green. Re-drawn from ref.

142.
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octane-2,4-diol (LGOL-OH), obtained from levoglucosenone
prepared by cellulose pyrolysis, with either 3-butenoic or
4-pentanoic acid (named LGO.M1 and LGO.M2, respect-
ively)."*® These partially biobased alkenes were then formu-
lated with PETMP and 3D printed to afford once again solid
photopolymers  degradable in alkaline environments.
Nonetheless, the low atom economy of the employed Steglich
esterification combined with the use of halogenated solvents
for the synthesis of LGO.M1 and LGO.M2, and their low bio-
based carbon contents, led to the obtainment of resins with
low sustainability indexes (BMC% = 26% and 24%, SFS = 7.7
and 7.2 for LGO.M1 and LGO.M2, respectively). As it is
common for thiol-ene formulations, soft 3D printed materials
with low elastic moduli and high deformation at break were
obtained with this approach (12.3 and 7.4 MPa, respectively).

A mixed acrylate/thiol-ene approach has been reported by
Sereikaite in 2022, who described the formulation of acrylated
epoxidized soybean oil (AESO) with vanillin dimethacrylate
(VDM) and PETMP.'*” However, in the reported approach a
very small amount of thiol was used (3.2 wt%), leading to
material properties and sustainability indexes that are compar-
able to those of previously described vegetable oil-based
approaches (BCC% = 81%, SFS = 43), rather than those of
thiol-ene systems. Furthermore, mechanical properties of 3D
printed materials were not evaluated.

Finally, Pal et al. recently released a work where they
reported the synthesis of acryloyl ethyl lactate and acryloyl allyl
lactate copolymers (allyl PAEL) and thiolated isosorbide
(ISMP), which were formulated with TTT and PETMP to
achieve photocurable formulations for VP that were easily
degradable by alkaline hydrolysis (Scheme 9)."*® However, due
to the high number of synthetic steps required for the prepa-
ration of the partially biobased thiol (ISMP) and ene (allyl
PAEL), their synthetic factor Fy, is quite low (0.35 and 0.20,
respectively), even if their biobased carbon content is around
50% for both compounds. Moreover, very small amounts of
partially biobased monomers have been used in the formu-
lations, which were mainly composed of TTT and PETMP,
which granted the good mechanical properties measured by
the authors. For this reason, all formulations were character-
ized by SFS below 2 and BCC% below 10%, making the sus-
tainability of the proposed approach almost negligible.
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However, this work represents an interesting use of non-photo-
curable biobased ethyl lactate into photoreactive components,
opening for the possibility to adapt the proposed strategy in
more sustainable fashions.

To summarize, the analysis of the recent literature of thiol-
ene networks demonstrated that good sustainability indexes
can be achieved using unmodified terpenes, but also that the
mechanical performances of thiol-ene 3D printed photopoly-
mers are still far from those of acrylate-based systems.
However, when targeting soft materials with high deformabil-
ity, thiol-ene systems have proven great potential.
Nonetheless, the sustainability of such formulations could be
greatly improved by developing sustainable and biobased thiol
crosslinkers which have proven to be able to efficiently cross-
link under photoradical conditions, such as
derivatives. 7>

cysteine

Photocurable macromolecules

Photocurable macromolecules in liquid formulations for VP
3D printing represent an advanced class of materials designed
to overcome the limitations of conventional low-molecular-
weight acrylate or thiol-ene systems. Unlike small monomers,
these pre-polymerized macromolecules incorporate photocur-
able moieties along their polymer backbone, allowing for con-
trolled crosslinking upon exposure to light. Their inclusion in
resin formulations significantly influences rheological behav-
iour, curing kinetics, and final material properties. One of the
primary advantages of using pre-polymerized macromolecules
is the ability to tailor viscosity while maintaining a high
degree of reactivity. Since VP 3D printing relies on precise light
penetration and rapid curing, the balance between resin flow-
ability and polymerization rate is critical. For this reason,
macromolecular building blocks used in VP formulations are
typically designed with relatively low molecular weights, often
in the range of several hundred to a few thousand g mol ™, to
ensure the viscosity remains compatible with high-resolution
layer-by-layer processing. Excessively high molecular weight
polymers increase resin viscosity beyond practical limits, hin-
dering recoating, light penetration, and layer fidelity."*
Additionally, lower molecular weight macromers provide a
higher density of reactive functionalities per unit mass, enhan-
cing crosslinking efficiency and mechanical homogeneity in

O O
OH
LIOH
12 11
THF/HQO K2C03 DMF
24 h, 80°C
\/O \/O

Hydrolized PAEL Allyl PAEL

Feyn=0.20 BCCq, =47%

Scheme 9 Synthesis of acryloyl ethyl lactate and acryloyl allyl lactate copolymer Allyl PAEL. The bioderived portion of each structure is depicted in

green. Re-drawn from ref. 148.
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the printed object. Low-viscosity monomers often lead to
brittle networks with high volumetric shrinkage, whereas
macromolecular precursors enable the formulation of resins
with reduced shrinkage, improved toughness, and enhanced
mechanical stability.">® This is particularly relevant for appli-
cations requiring structural integrity, such as biomedical
implants or functional components in engineering.">*
Moreover, their reduced volatility and lower toxicity contribute
to safer handling and processing conditions.

Unsaturated polyesters. Unsaturated polyesters (UPs) are
emerging as promising components for VP formulations due
to their versatile structural properties, photopolymerizability,
and potential for incorporating biobased components. These
polyesters are synthesized through the polycondensation of
unsaturated dicarboxylic acids, such as itaconic acid, with bio-
based diols like ethylene glycol or 1,4-butanediol, amongst
others. The presence of unsaturated bonds in their backbone
enables radical crosslinking under UV or visible light exposure,
forming durable polymer networks suitable for 3D printing
applications. In particular, the double carboxylic acid func-
tionalities of itaconic acid have allowed for its polymerization
with biobased diols, to produce fully biobased liquid UPs able
to form a secondary polymeric network by photoradical
polymerization during 3D printing. However, their relatively
high viscosity can hinder printability, requiring the addition of
reactive diluents to achieve optimal flow properties. Whit this
approach, when highly biobased reactive diluents are selected,
resin formulations with very high sustainability indexes can be
achieved. A summary of the formulations presented in this
section, together with their sustainability indexes and mechan-
ical properties is provided in Table 9.

A first example of this approach was reported in 2020 by
Maturi et al., who reported the synthesis of poly(propanediyl-
co-glyceryl itaconate-co-vanillate), PPGIV, by thermal polycon-
densation of itaconic acid with vanillic acid, 1,3-propanediol
and glycerol."”® The obtained polyester was then formulated
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with HEMA-esters of itaconic and citric acid (named BHI and
THC), and 3D printed into high resolution 3D objects with
good sustainability indexes (BCC% = 72% and SFS = 39). This
approach opened for the possibility of the development of new
biobased diols and diacids to be polymerized with itaconic
acid introducing additional chemical functionalities, with the
aim of improving the processability of the resins and the
mechanical properties of their 3D printed materials. For
example, itaconic acid was polymerized with sustainable dia-
midodiols prepared by ring-opening e-caprolactone on both
sides of putrescine, a sustainable aliphatic diamine, leading to
the obtainment of a fully biobased poly(ester amide), PEA."*° A
similar formulation approach based on BHI and THC has
allowed to achieve 3D printed materials with significantly
higher deformation at break, thanks to the presence of inter-
molecular interaction amongst the amide linkages in the UP
structure. This approach allowed to achieve substantially high
sustainability indexes, with an SFS close to 47. In a further
work, partially biobased thioether-polyols have been synthe-
tized by thiol-ene addition of 2-mercaptoethanol to the unsa-
turations of naturally occurring terpenes (such as limonene,
linalool and geraniol), which have been once again polymer-
ized with itaconic acid with or without the addition of bio-
based linear diols (Scheme 10)."°

The obtained poly(ester thioether)s were then formulated
with the itaconic acid-based bifunctional reactive diluent I,B,,
leading to the obtainment of the fist (meth)acrylate-free for-
mulation for VP, characterized by biobased carbon contents
surpassing 85% and SFSs above 41. Finally, the same authors
reported the synthesis of a sustainable diester by Diels-Alder
cycloaddition of dimethyl itaconate on the conjugated unsa-
turation of myrcene, which was polymerized with dimethyl ita-
conate and biobased 1,4-butanediol to achieve, once again,
fully biobased UPs for VP applications (named 1BM).'® By tai-
loring the macromolecular features IBM (such as molecular
weight and ratio between the different monomers) and its for-

Table 9 Sustainability indexes and mechanical properties of 3D printed photocurable formulations including unsaturated polyesters

Unsaturated polyester Reactive diluents BCC% SFS Elastic modulus (MPa) Elongation at break (%) Tensile strength (MPa) Ref.

PPGIV 48.5% BHI 24% 72.2% 389 62+5 18.0 £ 2.9 5.4+0.7 155
THC 24%

PEA 48.5% BHI 25% 77.1% 46.8 84.7 £ 5.9 34.2+2.4 5.4+0.6 156
THC 8%
HEMA 7.5%

IA-Lim 60% 1,B; 28.7% 85.7% 41.8 218 + 26 6.9 +0.8 10.2 £ 0.5 19

IA-Lin 60% 1,B; 28.7% 85.9% 42.0 122 £ 10 7.3+13 6.2 £0.6

IA-Ger 60% I,B; 28.7% 91.5% 43.6 171 11 7.2+0.9 9.0 £ 0.6

IBM 70% BHDD 17% 79.1% 35.2 19.7 £ 1.0 17.3+2.1 2.78 £ 0.41 18
L-HEMA 10%

IBM 50% 1,B; 20% 96.5% 43.4 370 + 35 6.36 + 0.87 18.7 +1.9
iPr-MONO 20%

PE-SebA 50% ACMO 47% 50.9% 16.6 22.3+6.1 59.2 +3.7 4.6 £0.4 157

PE-FDCA-DoDO 50%  IBOMA 47% 82.4% 29.7 137 £ 19 24.8+3.8 7.3+13

PE-SA-DoDO 50% IBOMA 47% 82.4% 29.5 71+7 25.2+1.2 1.8+0.2

MASAPA 60% PEGDA 40% 15.9% 4.2 — 20° 0.44¢ 161

“From compressive testing.
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Scheme 10 Synthesis of thioether polyols by thiol-ene photoradical addition of 2-mercaptoethanol on the unsaturation of terpenes (top) and their
polymerization with itaconic acid to achieve photocurable poly(ester thioether)s. The bioderived portion of each structure is depicted in green. DMI
= dimethyl itaconate, DBTO = dibutyltin(iv) oxide, BDO = 1,4-butanediol. Re-drawn from ref. 19.

mulation with sustainable reactive diluents, a wide range of
mechanical properties were achieved, with elastic moduli
ranging from 6.8 to 504 MPa. Furthermore, many of the pre-
sented resins were characterized by the highest BCC,, ever
reported so far (96.5%), as all the resins components were
fully biobased, except for the photoinitiating system.

Similar approaches have been recently reported in a series
of works from Papadopoulos et al., who analysed the effects of
the inclusion of different secondary acids in itaconic acid-
based polyesters on the properties of their 3D printed formu-
lations with (meth)acrylate-based reactive diluents.'>”~*¢°
However, this strategy led to materials with lower sustainability
(SFS = 17-30) and poorer mechanical performances.

As an alternative strategy, Barker et al., introduced fumaric
acid as a new photocurable diester for applications in VP for-
mulations.'®" Due to its unsaturated dicarboxylate structure,
fumaric acid can participate in free-radical polymerization,
even though it has lower reactivity compared to acrylic,
methacrylic and itaconic acid due to steric and electronic
effects.'®*™'%* With this concept in mind, the authors of this
work prepared a copolyester of maleic acid, phthalic acid and
succinic acid with diethyleneglycol using the corresponding
cyclic anhydrides (MASAPA), followed by amine-catalysed iso-
merization of the maleic acid units into fumaric acid. The
polyester was then formulated with PEGDA and 3D printed into
solid high-resolution structures. Even though the sustainability

This journal is © The Royal Society of Chemistry 2025

of the presented approach is low due to the use of non-biobased
co-monomers in the polyester chain and of non-biobased
PEGDA as the reactive diluent (BCC% = 16%, SFS = 4), this work
suggests the potential of biobased fumaric acid as photocurable
building block in sustainable formulations for VP.

Itaconic acid polyesters have also been recently grafted onto
graphene oxide surface to produce 3D printed photopolymer
composites, improving its dispersibility and mechanical
matrix-to-filler stress transfer through a sustainable photocur-
able polymeric coating.'®

Overall, biobased unsaturated polyesters, mainly rep-
resented by itaconic acid polyesters, signify a versatile
approach to produce 3D-printable formulations with high bio-
based contents (BCC% up to 96.5%) and high overall sustain-
ability (SFS up to 46). Nonetheless, their syntheses conditions
are indeed improvable, as they commonly require long reac-
tion times and high temperatures, affecting the sustainability
of their formulations due to high energy consumption.
Moreover, their high viscosity prevents them from being for-
mulated at concentrations above 50-60 wt%, thus limiting the
achievable sustainability when formulated with (meth)acry-
lated reactive diluents, and the achieved mechanical properties
are generally good but not outstanding.

Functionalized synthetic polymers. Terminal or lateral
chemical functionalities of synthetic polymers have been often
exploited to introduce photocurable groups in their structures,
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with the aim of performing a secondary radical crosslinking.
This is usually done to achieve photocurable formulations that
can lead to VP 3D printed materials that possess the mechani-
cal, thermal or functional properties of the functionalized syn-
thetic polymer they contain. One of these polymers is indeed
polycaprolactone (PCL). PCL is a biodegradable, semicrystal-
line aliphatic polyester known for its good mechanical pro-
perties,  biocompatibility, and ease of chemical
modification.'*®'®” Its hydroxyl end-groups provide reactive
sites for functionalization, allowing the incorporation of
photocurable moieties that enable its use in VP, where it can
be processed into high-resolution structures with tunable
mechanical properties and degradation rates. Its slow hydro-
lytic degradation under physiological conditions makes it par-
ticularly attractive for biomedical applications, including
tissue engineering scaffolds and controlled drug delivery
systems.'®® Furthermore, it is synthesized by ring-opening
polymerization of e-caprolactone (CL), whose sustainable syn-
thesis from biobased 6-hydroxyhexanoic acid is well consoli-
dated in the scientific literature and is currently being
implemented at the industrial scale.'*'7°

A summary of the formulations presented in this section,
together with their sustainability indexes and mechanical pro-
perties is provided in Table 10.

A first example of its use for 3D-printable photocurable
resins dates back to 2011, when Elomaa and co-workers
reported the synthesis of low molecular weight three-armed
polycaprolactone which was further functionalized at its chain
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termini with methacrylic acid using methacrylic anhydride
and triethylamine in DCM."”" Interestingly, no reactive dilu-
ents were used, and the obtained PCL-MA; macromers (M, =
1.5-6 kDa) were only added to the photoinitiating system and
heated to around 45 °C to ensure the rheology required for 3D
printing.

The use of PCL as the only photocurable component led to
fully biocompatible 3D printed materials, able to host fibro-
blasts due to its interconnected pore structure. Nonetheless,
the synthetic strategy involved using halogenated solvents and
hazardous compounds, thus reducing the Fy,, of the macro-
mer to 0.34. However, the biodegradability of the 3D printed
material was taken into account in the evaluation of Fggy,
which led to an SFS of 45. A few years later, the same authors
reported an analogous strategy, where CL was instead copoly-
merized with an t-alanine-derived depsipeptide (3-methyl-
morpholine,2-5-dione, MMD), leading to three-armed poly
(depsipeptide-co-caprolactone) copolymers, named PDPCL
(Scheme 11).'7?

By adjusting the relative amount of MMD to CL, the
authors were able to prepare different copolymers with 0%,
5%, and 10% molar depsipeptide content, named PCL,
PDP5CL, and PDP10CL. Analogously to their previous work,
the so obtained poly(ester amide)s were functionalized at their
chain ends with methacrylic acid units, leading to PCL-MA;,
PDP5CL-MA; and PDP10CL-MA; photocurable copolymers. As
before, the photocurable macromers were formulated with the
photoinitiator with no additional reactive diluents. Compared

Table 10 Sustainability indexes and mechanical properties of 3D printed photocurable formulations including functionalized synthetic polymers

Reactive Elastic Elongation Tensile
Synthetic polymer diluents BCC% SFS modulus (MPa) at break (%) strength (MPa) Ref.
PCL-MA; 95% — 75.8% 44.7 15.4 £ 0.7 19.3 £ 0.5 2.55+0.12 171
PCL-MA; 97% — 76.2% 60.2 o 60 21° 25° 172
PDP5CL-MA; 97% — 75.7% 11.1 [ ) 75 234 40°
PDP10CL-MA; 97% — 74.4% 10.6 ) 110 40° 95¢
PCL-OCON-MA 96% — 94.0% 44.4 100-230° 70-160” — 173
Allyl-PCL-Allyl 38% PETMP 1.2% 38.6% 8.7 . 148 + 24 483 + 118 11.1 £ 2.8 174
PCL-Allyl; 48% PETMP 2.2% 46.6% 10.6 [ ) 78 £15 238 + 68 6.9+0.9
PCL-Allyl, 47% PETMP 3.0% 45.8% 10.3 () 46 +£18 76 £ 36 4.6+1.4
SH(PCI) 40% Me-MONO 20% 86.6% 33.2 157 £ 4 10.8 £ 1.1 10.7 £ 0.5 176
12B1 20%
PETA 10%
SH(PCI) 50% DOIT 20% 96.6% 36.7 22.1+2.0 20.0+2.9 3.6 0.4
OligoPDI 20%
SH(PCI) 72% GPT 9% 82.8% 23.6 41.9+1.7 18.4+2.4 5.2+0.5
GDM 9%
PCTAc 69% EOEOEA 30% 26.5% 4.0 [ ) 1.2 £0.0 78.2+10.4 0.7+0.1 177
PCL-MMA 1:1 99% — 47.1% 12.6 [ ) — — 107 + 3¢ 180
PCL-MMA 2:1 99% — 56.5% 16.4 — — 100°
PCL-MMA 3 :199% — 62.1% 19.0 — — 90°
PCL-MMA 4:1 99% — 71.1% 23.6 — — 83 + 3¢
PvCHC-PDL-PvCHC 67% TMPTMP 3% 82.0% 40.4 0.120 + 0.049 113 £ 10 0.145 + 0.015 181
PvCHC-PDL-PvCHC 66% TMPE3TMP 5% 80.4% 39.5 0.093 + 0.009 115 £ 12 0.139 + 0.006
PvCHC-PDL-PvCHC 63% TMPE7TMP 9% 77.4% 37.8 0.069 + 0.028 115+ 12 0.127 £ 0.016

“Determined at yield, not at break. ”Varies in the reported range depending on the methacrylation degree of the PCL macromer. °Flexural

strength.

8734 | Green Chem., 2025, 27, 8710-8754

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5gc02299a

Open Access Article. Published on 02 July 2025. Downloaded on 1/21/2026 7:13:18 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Green Chemistry

o 0 O
9 i N NaOH R TEA Y\O
2 — — HN
C'\)I\u \HLOH CI/\IC])/ OH W/&O
Chloroacetic acid L-alanine 2. y 3. pholine-2,5-dione
chloride alanine MMD

OY\O 0.0
HN\(&O + (j

MMD g-caprolactone

HO
Ho M jﬁL o
— . RO o o
Sn(oct, RO i B I OH

PDPCL

Methacrylic anhydride
TEA
3-armed

2 . p 0 [0}
methacrylate RO (o} 0.
PDPCL-MA; RO N o
o o

Feyn=0.09 BCCy =78%

Scheme 11 Synthesis of photocurable PDPCL-MA3. The bioderived
portion of each structure is depicted in green. TEA = triethylamine, Sn
(oct)2 = tin(n) bis(2-ethylhexanoate). Re-drawn from ref. 172.

to their previous work, the macromers were characterized by
lower molecular weight (around 700 Da), and they could be
printed at room temperature, leading to fully biocompatible
materials with mechanical properties enhanced relative to dep-
sipeptide-free analogues also thanks to the higher density of
methacrylate groups that derives from the lower molecular
weight of the macromers. Nonetheless, the use of hazardous
solvents and reagents in the preparation of the MMD
monomer as well as the low atom economy of such chemical
reactions severely affected the synthetic factor Fyy, of the
macromers, which was as low as 0.09 in both depsipeptide-
containing polymers.

A similar reactive diluent-free approach was presented in
2016 by Zarek et al., who functionalized PCL with higher mole-
cular weight (around 10 kDa) using isocyanatoethyl methacry-
late, to achieve a photocurable macromer for the 3D printing
of shape-memory materials."”® Once again, PCL was formu-
lated with the photoinitiator and printed with no added reac-
tive diluent, but the high molecular weight employed required
higher printing temperatures, around 90 °C. The non-biobased
nature of the photocurable pending group became negligible
when measured in proportion to the long biobased PCL chain,
but its chemical modification conditions, involving dioxane
and isocyanates, severely impacted on its Fy,. Nonetheless,
this approach allowed to produce functional PCL-based photo-
cured materials with very high biobased mass (BCC% = 94%)
and good sustainability index (SFS = 44), mostly increased by
their biodegradability. However, the complexity of the system
required for its 3D printing should be also considered when
evaluating the overall sustainability of this approach.

A different approach was recently reported by Quaak et al.,
who prepared telechelic and star-shaped PCL which were func-
tionalized at their chain ends with allyl isocyanate, with the
aim of introducing the unsaturations required for thiol-ene
photopolymerization.'”* Due to the high molecular weight of
the synthetized PCLs (around 8 kDa), the formulation required
very low amounts of thiol for its photocrosslinking, but the for-
mulations contained high amount of non-sustainable and

This journal is © The Royal Society of Chemistry 2025
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non-reactive N-methyl pyrrolidone (NMP) to dissolve the
polymer, thus enabling 3D printing at room temperature. This,
together with the negative impact of the isocyanate-based PCL
modification strategy and the absence of biodegradability
studies, heavily affected the sustainability of the formulations,
which displayed BCCy, in the 36%-48% range and SFSs from 8
to 11. Nonetheless, the materials with tensile strength up to
10.7 MPa and elongation of 20%, exceeding benchmarks for
similar systems. The same year, the authors of this work
reported a further application of said formulations for volu-
metric 3D printing.'”®

A further functionalization approach for PCL has been
reported by Spanu et al., who designed the ring-opening
polymerization of CL on biobased sorbitol, and the following
one-pot functionalization of the hydroxylated chain termini
with itaconic acid to produce fully biobased sorbitol hexa(pen-
tacaprolactone) methylitaconate, SH(PCI).'”® In addition, new
itaconic acid based reactive diluents have been presented in
this work, including methyl (4-hydroxybutyl) itaconate (Me-
MONO), dodecyl methyl itaconate (DOIT) and oligo(dodecane-
dioyl itaconate) (Oligo PDI). The itaconic acid-based macromer
was a liquid at room temperature and could be formulated
and 3D printed with itaconated and (meth)acrylated reactive
diluents at loadings of up to 72 wt%. Despite achieving high
biobased content values (BCC% up to 97%), the use of mono-
methyl itaconoyl chloride, prepared by chlorination of the
corresponding carboxylic acid with oxalyl chloride, signifi-
cantly reduced the synthetic factor Fyy, (0.30), thereby limiting
the overall SFS of the formulations to below 40. Nonetheless,
SH(PCI) has proven to be an efficient biobased macromer for
acrylate-based formulations, enhancing their sustainability
while yielding softer and more deformable materials.

In a further work, CL was co-polymerized with trimethylene
carbonate (TMC) using diethylene glycol as the initiator, leading
to poly(caprolactone-co-trimethylene carbonate) random copoly-
mer diols (PCT) that were further functionalized on both sides
with acrylated 1-lysine isocyanate, leading to photocurable acry-
lated PCT (PCTAc)."”” From the sustainability perspective, TMC
is not considered biobased since its synthesis requires stoichio-
metric amounts of hazardous and oil-based ethyl chloroformate,
even though its production from biobased 1,3-propanediol has
been reported,. Another synthetic strategy involves the reaction
of CO, with oxetane, but these processes are still far from being
considered sustainable and biobased."”®'”® Once formulated
with 30 wt% of 2-(2-ethoxy-ethoxy) ethyl acrylate (EOEOEA),
PCTAc led to 3D printable formulations with generally low sus-
tainability (BCC% = 27% and SFS = 4), due to the use of a non-
sustainable reactive diluent and to the low sustainability of the
synthetic steps required for the synthesis of the photocurable
polymer, which involved the use of acrylates, isocyanates and
halogenated solvents. Nonetheless, the prepared materials dis-
played remarkable biocompatibility, but the reported mechani-
cal properties (Young’s modulus of 1.2 MPa and tensile strength
of 0.7 MPa) are far from being competitive.

A different yet fascinating strategy for including sustainable
polymers in photocurable resins for VP has been recently
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reported by Figalla et al.'®* The authors of this work efficiently
depolymerized poly(lactic acid) waste using varying amounts
of propylene glycol (PG) under titanium(iv) butoxide catalysis,
and the obtained diols were efficiently methacrylated using
methacrylic anhydride, and 3D printed after the addition of
the photoinitiator only (Scheme 12). When analysing the sus-
tainability of this approach, it appears clear that when the
PLA-to-PG ratio is increased from 1:1 to 1:4, the sustainabil-
ity increases too, since less methacrylate groups are required
per gram of PLA. However, the harsh experimental conditions
required for PLA depolymerization, as well as the use of
methacrylic anhydride which affects the atom economy of the
preparation, prevented Fyy, to grow significantly, leading to
overall sustainability scores ranging from 13 to 24.

Nonetheless, the materials displayed good mechanical per-
formances, as it is suggested by the presented flexural strength
data. In all the examples discussed up to this point, photocur-
able groups were introduced at the chain termini of synthetic
polymers. However, in some cases photopolymerization can
take place by exploiting pending functionalities that can react
with the opportune reactive diluents to achieve crosslinked
photopolymer systems during the 3D printing process. This
strategy has been exploited by Poon et al in 2024, who
reported the block copolymerization of biobased poly(e-decalac-
tone) with vinylcyclohexene oxide and CO,, leading to linear
poly(ester-co-carbonate) ~ with ~ pending  vinyl  groups
(PvCHC-PDL-PvCHC) that were exploited for thiol-ene photo-
polymerization.'®  After formulation with stoichiometric
amounts of trifunctional thiols such as TMPTMP and its ethoxy-
lated variants TMPE,;TMP and TMPE,TMP (with 3 and 7 ethyl-
ene glycol units, respectively) and the addition of 30 wt% of
ethyl acetate, the authors were able to achieve 3D printable for-
mulations with high sustainability indexes (BCC% from 77% to
83% and SFS from 37 to 41). However, a high contribution to
the resins’ sustainability is given by the addition of biobased
ethyl acetate in high concentrations, whose evaporation after 3D
printing led to materials with extremely low tensile strengths
and elastic moduli (around 100 kPa in all cases).

%ow)?\} oj)oqoijH
Ao Ao b e

AcOK, 70°C
Methacrylated PLA oligomers
Fsyn =0.33-0.38 BCCo, =48 - 63%

OH
)\/0H

Ti(BuO),, reflux H

Scheme 12 Alcoholysis of waste PLA and functionalization with
methacrylic acid residues, for applications in VP. The bioderived portion
of each structure is depicted in green. Re-drawn from ref. 180.
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To summarize, the recent literature has shown that the
functionalization of synthetic polymers such as PCL with
photocurable functionalities allows for the fabrication of bio-
degradable and biocompatible materials via VP 3D printing,
which generally leads to non-biodegradable polyacrylate net-
works. This is mainly due to low concentration of photocur-
able groups in their resins, which causes the final photopoly-
mers to mostly resemble the physical-chemical properties of
the synthetic polymers formulated in the photocurable
mixture. Nonetheless, the lower concentration of photocurable
groups often reflects in poorer mechanical properties or the
requirement of harsh conditions during the printing process if
the use of reactive diluents is avoided.

Functionalized natural polymers. Natural polymers, includ-
ing polysaccharides, polypeptides and polyphenols, have
emerged as promising candidates in materials science due to
their intrinsic biocompatibility, biodegradability, and sustain-
able sourcing.'®*'®* However, their direct use in advanced
manufacturing techniques like vat photopolymerization (VP)
3D printing is often hindered by their lack of photocurable
functionalities and poor solubility in conventional resin
systems. To overcome these limitations, chemical modification
strategies have been employed to introduce photoreactive
groups, such as (meth)acrylates and vinyl groups, by leveraging
their abundant hydroxyl, amine, and carboxyl functional
groups. These modifications enhance their processability while
retaining their unique physicochemical properties, such as
hydrophilicity, bioactivity, and mechanical tunability.
Functionalized natural polymers have been widely explored for
biomedical applications, including tissue engineering scaffolds,
drug delivery systems, and bioinks for 3D bioprinting.'®>"8°
Beyond biomedical applications, their use in sustainable photo-
polymer formulations aligns with the growing demand for
greener alternatives in additive manufacturing, enabling the
development of high-performance, renewable-based materials.
Many works describe the modification of biomacromolecules to
use them in low concentration (below 10 wt%) as reinforcement
filler for acrylate-based photopolymer composites.*®”*#%, It must
be noted that, due to the rheological requirements of liquid
resins for VP 3D printing, many natural polymer-containing for-
mulations reported in the literature cannot be processed with
this technology and require different 3D printing strategies such
as direct ink writing (DIW). These studies will not be included
in this review, as we will only focus on formulations for VP 3D
printing where the biopolymers participate substantially in the
formation of the photopolymer, in concentrations of at least
10% of the total resin dry mass (thus excluding water in the
case of 3D printed hydrogels). A summary of the formulations
presented in this section, together with their sustainability
indexes and mechanical properties is provided in Table 11.

As the most common biopolymer on earth, cellulose and its
chemically modified variants have been widely used for produ-
cing sustainable and biocompatible 3D printable formulations
for VP. Cellulose in its native form is highly crystalline and
insoluble in most organic mixtures, and its mechanical
strength has been widely exploited to produce reinforced

This journal is © The Royal Society of Chemistry 2025
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Table 11 Sustainability indexes and mechanical properties of 3D printed photocurable formulations and hydrogels including functionalized natural

polymers
Natural Polymer Reactive diluents BCC% SFS Elastic modulus (MPa) Elongation at break (%) Tensile strength (MPa) Ref.
Polysaccharides
F-MCC 5% AESO2 46.5% 70.5%  30.3 39.64 — 4.56 191
HEA 46.5%
F-MCC 13% AESO2 42.5% 70.8%  28.9 76.35 — 5.94
HEA 42.5%
F-MCC 20% AESO2 39% 71.0% 27.6 298.24 — 10.30
HEA 39%
mCMC 98% — 64.7% 37.0 — — 0.044 195
mCMC 65.8%  — 76.1%  50.8 — — 0.038
mNC 32.9%
CHI-MA 50% PEGDA 50% 40.4% 15.3 0.049 + 0.005 — — 196
Pul-NB 89.3% DTT 9.8% 63.7%  42.7 0.0013¢ — 0.005“ 197
Nor-HAcp 84.4%  DTT 8.4% 67.5% 19.2 0.06“ — — 198
SA-CSA 49.5%  — 89.7%  26.5 0.044 + 0.003° 27 0.019 199
SA-NOR 49.5%
GGMMA 97.5%  — 89.5%  47.8 — 90 0.090 200
Polypeptides
Silk-GMA 99.8% — 89.6% 18.0 0.015 + 0.003 124.2 + 41 0.075 = 0.008 201
MA-BSA 75% PEGDA 25% 67.1%  24.8 473¢ 754 130° 203
Gel-NB 46.7% PEG-SH4 46.7% 21.0% 9.0 @ — — — 204
PEG-NB4 3.9%
Lignins
Lignin-M 15% SR494 34% 12.5% 62 @ 370+20 7.6+1 15+8 206
Ebecryl 8210 34%
Genomer 1122 17%
UALS 35% ACMO 51% 31% 43 @ 1.53%0.05 471+ 4.7 0.65 + 0.057 208
ACC 12%

“Maximum strength determined by compression testing.

nanocomposites."®*>'%° A first example of its use in VP 3D

printing in high concentrations has been recently reported by
Parikh et al.,, who described the synthesis of methacrylated
microcrystalline cellulose (F-MCC) and its formulations at con-
centrations up to 20 wt% with a mixture of AESO and HEA,
describing the first example of cellulose-bases VP-printed ther-
moset material.'®" From the perspective of printability and
mechanical properties, increasing concentration of F-MCC in
the photocurable resin has allowed for a remarkable increase
in its mechanical properties, demonstrated by a 10-fold
increase in elastic modulus and a 3.5-fold increase in tensile
strength when the composite with 20 wt% F-MCC is compared
to the polymer matrix with no cellulose added. However, from
the sustainability point of view, the use of methacrylic anhy-
dride and DMF for the functionalization of MCC affected
importantly its synthetic factor Fy,. This, and the fact that
highly sustainable AESO was employed as reactive diluent in
high concentrations, had as a consequence a slight reduction
in the SFS of the formulations (from 30 to 28) with increasing
F-MCC content. Nonetheless, this issue could be easily solved
by developing more sustainable cellulose functionalization
approaches such as, for example, surface oxidation or Lewis
acid-catalysed esterification."®>™*%*

This path was followed in some way by Cafiso et al, who
reported in 2022 the functionalization of nanocellulose (NC)
with 2-(methacryloyloxy)propyl trimethoxysilane (MTEOS) and
its formulation in hydrogels of methacrylated carboxymethyl

This journal is © The Royal Society of Chemistry 2025

cellulose (MCMC) containing water-soluble photoinitiators, to
achieve a 3D printable hydrogels fully based on cellulose
derivatives."”® Since the silanization of NC is limited to its
surface, its biobased carbon content is not affected by the
functionalization reaction, unlike its atom economy, which
reduced the synthetic factor Fy,, to 0.56. Once again, the exten-
sive functionalization of carboxymethyl cellulose with
methacrylic anhydride led to lower biobased carbon content
and Fyy,, but the assumed biodegradability of the material
(which was not tested by the authors but considered due to its
cellulosic nature) boosted their SFSs up to 50. As it could be
expected, higher sustainability indexes are achieved with
higher methacrylated NC (mNC) contents.

A similar strategy was described by Zanon et al, who
described the preparation of methacrylated chitosan (CHI-MA)
for its 3D printing with potential applications in tissue engin-
eering."®® Prepared by reaction of chitosan acetate with
methacrylic anhydride under microwave irradiation, CHI-MA
with a methacrylation degree of 24 mol% was dissolved in
water together with methacrylated quinizarin dyes and the
photoinitiator to achieve biocompatible 3D printed hydrogels.
The addition of photocurable dyes affected positively the print-
ing speed and resolution, and the sustainable conditions for
the synthesis of CHI-MA would allow to reach good SFS values,
but the presence of non-renewable PEGDA in high concen-
trations prevent us from assuming the biodegradability of the
3D printed hydrogel, leading to an overall SFS of 15.
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In addition to cellulose and chitosan, other polysaccharides
have been functionalized with photocurable groups for appli-
cations in VP 3D printing, often exploiting thiol-ene chemistry
in place of acrylate radical polymerization. A popular strategy
involves the functionalization of the biomacromolecule of
choice with norbornene units, which bear a C=C unsaturation
susceptible to attack by photogenerated thiyl radicals
(Scheme 13).

A fist example of this strategy has been recently reported by
Feng et al., who described the functionalization of pullulan, a
polysaccharide produced from starch by the fungus
Aureobasidium pullulans, with carbic anhydride, leading to the
corresponding ester (Pul-NB).'®” The functionalized polysac-
charide was then dissolved in water with dithiothreitol (DTT),
a water-soluble dithiol, and the appropriate photoinitiator and
3D printed into 3-dimensional hydrogel structure. Due to
hydrogel nature of the material, its mechanical properties are
indeed very low, but the high porosity and cytocompatibility of
the prepared formulation open for their application in 3D bio-
printing. Nonetheless, the use of a large excess of carbic anhy-
dride, which is hazardous and non-biobased, and the extensive
functionalization degree (30 mol%) required for efficient
hydrogelation during 3D printing affected the SFS of its formu-
lation, but this was greatly compensated by the biodegradabil-
ity of the material, accounted for in the evaluation of the end-
of-life factor Fgo. In fact, the proposed approach led to
materials with SFS = 43 with BCC% = 64%.

A very similar strategy was presented the same year by
Galarraga et al., who used DTT to photocrosslink hyaluronic
acid (HA) during VP 3D printing.'*® With a synthetic protocol
analogous to the one just described, the authors produced nor-
bornene-functionalized HA (NorHA(,) using carbic anhydride
in water. Aqueous mixtures were prepared including norbor-
nene-modified HA with a functionalization degree of 40 mol%,
DTT, and a water-soluble photoinitiator, to achieve VP 3D prin-
table and biodegradable hydrogels. In this case, a huge excess
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Scheme 13 Functionalization of polysaccharides with carbic anhydride
and following thiol—-ene crosslinking.
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of carbic anhydride has been used for the synthesis, and the
corresponding low AE prevented this formulation from reach-
ing a significant sustainability score.

Instead of using a small molecule thiol such as DTT, thio-
lated biomacromolecules can be exploited to achieve efficient
crosslinking without the need for small molecular weight addi-
tives. This was the case in the study reported by Zanon et al. in
2023, who separately produced norbornene-functionalized and
cysteamine-functionalized alginate (SA-NOR and SA-CSA,
respectively) with the objective of coupling them via thiol-ene
photopolymerization during 3D printing, without the addition
of any reactive co-monomer.'*® With this approach, they have
been able to achieve biocompatible hydrogels with good
mechanical properties and high biobased carbon contents
(BCC% = 90%). However, the carbodiimide-mediated amida-
tion performed for both modifications of sodium alginate
involved the use of large excess of reagents, and the waste of
many equivalents of carbodiimide, which affected significantly
the atom economy of the two synthetic processes (AE = 0.13
and 0.27 for SA-CSA and SA-NOR, respectively), leading to an
overall sustainability score slightly above 26. Analogously, in
2022 Wang et al. produced methacrylated O-acetyl galactoglu-
comannan (GGMMA) with methacrylic anhydride, and they
employed it as the sole photocurable components of VP 3D
printed hydrogels.>*® With this approach, and thanks to the
low methacrylation degree of 0.25 which preserved most of the
biobased carbon content of the biopolymer, highly sustainable
soft hydrogels (SFS = 48 and BCC% = 90%) with antimicrobial
properties were efficiently prepared, and 3D printed with high
spatial accuracy.

In addition to polysaccharides, polypeptide and proteins
offer many functional groups for their functionalization, and
their good solubility in water allow for their use for the prepa-
ration of water-based photocurable hydrogels. As the aminoaci-
dic composition of natural polypeptides may vary depending
on their sources, a detailed evaluation of the biobased carbon
content after chemical modification is difficult to perform if
the degree of functionalization of the macromolecule is not
carefully evaluated by the authors of each work. In any case,
for the purposes of this review, we have made a few assump-
tions that will allow us to estimate the sustainability of poly-
peptide-based formulations: (1) the biobased carbon content
(BCC%) is assumed that functionalized polypeptides retain
90% biobased carbon content when functionalization is per-
formed using non-biobased molecules. This reflects the domi-
nance of the polypeptide backbone, which remains biogenic,
while accounting for a moderate reduction due to the incor-
poration of fossil-derived functional groups; (2) the total
carbon content of the polypeptides is approximated to 53%,
corresponding to the average carbon content of the most abun-
dant naturally occurring amino acids. This assumption simpli-
fies the analysis by avoiding the need for detailed compo-
sitional analysis for each specific polypeptide; (3) the atom
economy is calculated as the ratio of the mass of polypeptide
successfully functionalized to the total mass of all reagents
employed in the functionalization reaction. This approach pro-
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vides a first-order approximation of the synthetic efficiency in
terms of material usage.

A first example has been reported by Kim et al., who has
been able to efficiently VP 3D bioprint solutions of glycidyl
methacrylated silk fibroin (Silk-GMA) with living cells for carti-
lage tissue engineering.”**°> GDM was reacted with the
pending amino groups of abundant lysine residues, leading to
extensively methacrylated Silk-GMA which was formulated in
water with a photoinitiator and 3D printed. With this
approach, thanks to the assumed biodegradability of polypep-
tides and to the absence of reactive diluents, the calculated
SFS would reach outstanding values; however, the dissolution
of silk fibroin for chemical modification required huge
amounts of LiBr (around 4 times the mass of silk fibroin)
which must be taken into account in the evaluation of the AE.
Therefore, notwithstanding the great biocompatibility and
mechanical properties demonstrated by this approach, Silk-
GMA-based hydrogels are still far from being considered
highly sustainable solutions (SFS = 18).

In addition to silk fibroin, also bovine serum albumin
(BSA) has been functionalized with methacrylic acid residues
and formulated in water-based photocurable mixtures for
achieving 3D hydrogels via VP. This has been reported by
Smith et al, who efficiently functionalized BSA with
methacrylic anhydride to produce methacrylated BSA
(MA-BSA).>”® Compared to the methacrylation with GDM
reported by Kim et al.,>* the authors of this work managed to
achieve methacrylated BSA by using only a slight excess of
methacrylic anhydride, allowing to maintain good atom
economy for the functionalization of the biomacromolecule.
MA-BSA was then formulated with PEGDA in aqueous solution,
and 3D printed into biocompatible hydrogels. Interestingly,
when water was removed from the hydrogels, the obtained bio-
plastics displayed high compressive modulus (up to 638 MPa),
especially after a thermal curing that enabled the formation of
intermolecular interactions between the BSA chains.
Regardless for the presence of 25 wt% of non-renewable
PEGDA, good sustainability indexes were achieved, with an SFS
of 25 for a BCC% of 67%.

Gelatine is another protein of interest for the preparation of
photocurable formulations. In 2023, Duong et al. reported its
functionalization with carbic anhydride to produce norbor-
nene-functionalized gelatine (Gel-NB) which was then formu-
lated with a four-armed thiol-terminating PEG (PEG-SH,.
10 kDa) and four-armed norbornene-terminating PEG
(PEG-NB,) and 3D-printed by VP.>** As previously discussed
with polysaccharides, the modification with carbic anhydride
is usually accompanied by low atom economy, which ulti-
mately affects the sustainability of the overall formulation. In
fact, due to the use of high concentrations of PEG-SH,, the
reported approach was possessed a low sustainability score of
9, accompanied by a total biobased carbon content as low as
21%. In addition to polysaccharides and polypeptides, another
widely used biomacromolecule that display plenty of func-
tional groups for chemical modification is indeed lignin. We
have already discussed the synthesis of reactive diluent from
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lignin-derived small molecules, but lignin itself can represent
the central core of a new set of photocurable macromolecules.
However, when lignin is formulated for VP applications, its
chemical modification should involve the vast majority of its
phenolic OH groups, to prevent it from trapping the photo-
generated radical species thanks to its well-described radical
scavenger capacity.’”>?°® Due to the high heterogeneity of
lignin structure, which heavily depends on the source and the
extraction processes, the same assumptions made for polypep-
tides regarding the calculation of the sustainability indexes are
applied here. A first lignin methacrylation approach was
reported by Sutton in 2018, who extracted lignin from pulp-
grade wood chips of hybrid poplar and proceeded with its
methacrylation using methacrylic anhydride in the presence of
DMAP.>*” The obtained methacrylated lignin (Lignin-M) was
efficiently VP 3D printed after its formulation at concen-
trations up to 15 wt% with non-renewable high performance
reactive diluents, leading to photocurable formulations with
good mechanical properties but very low sustainability. In fact,
the calculated SFS was limited to a value of 6 due to the high
amount of non-biobased reactive diluents, but the good Fg,
value for methacrylated lignin (0.56), together with its high
biobased carbon content (90%), make it a promising candi-
date for the development of highly sustainable formulations.
In a recent work by Yang et al, a more complex chemical
modification of lignin has been performed with analogous
purposes. In this work, the authors functionalized lignosulfo-
nate, usually obtained as lignin-based byproduct of wood pulp
production, with a difunctional isocyanate (hexamethylene dii-
socyanate, HDI) followed by a further functionalization with
2-hydroxyethyl acrylate, to introduce the photocurable moieties
required for photopolymerization, producing lignosulfonate
urethane acrylate (UALS) (Scheme 14).>°® Compared to the
work of Sutton et al previously described, this approach
allowed lignin to be formulated at higher concentrations (up
to 35 wt%) including ACMO as the main component and
aqueous acrylated choline chloride (ACC, 80% in water) as
reactive diluent. However, the higher lignin-derived content of
the formulations is widely compensated by the extensive
functionalization with toxic isocyanates, leading to even lower
sustainability scores. In fact, the calculated SFS is only 4 for
the formulation with the highest lignin content, and the total
biobased content is as low as 31%. Furthermore, the prepared
materials displayed very low tensile strengths, hardly reaching
1 MPa.

To summarize, this analysis has shown that functionalized
natural polymers are still far from representing valuable sus-
tainable components for the preparation of liquid formu-
lations for VP aiming at the production of solid objects with
good mechanical properties, but it demonstrated success in
achieving printability and hydrogel formation suitable for bio-
medical applications.

Recyclable and reprocessable systems

Thus far, this review has provided a comprehensive assess-
ment of sustainable partially biobased resin systems, empha-
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Scheme 14 Acrylation of lignosulfonate through intermediate formation of urethane linkages. The bioderived portion of each structure is depicted

in green. Re-drawn from ref. 208.

sizing green metrics such as biobased carbon content (BCC%)
and the Sustainable Formulation Score (SFS) to quantify the
environmental impact of photocurable formulations. While
these approaches improve the renewable content of photopoly-
mers, they often face limitations in mechanical performance
and process efficiency that challenge their broader applica-
bility. In contrast, a new paradigm is emerging in which the
design of recyclable systems is prioritized as a key sustainabil-
ity parameter.”*>"" These innovative formulations are engin-
eered to achieve superior overall sustainability by incorporat-
ing dynamic covalent bonding, reversible crosslinking, and
self-healing functionalities, although sometimes they feature
lower bioderived content,. Such approaches enable closed-loop
processing and end-of-life reprocessing, thereby reducing
waste and facilitating material recovery. In this section, we
focus on the development of these recyclable systems, critically
examining how they reconcile lower biobased contents with
enhanced environmental performance and how they pave the
way toward a circular economy in additive manufacturing.
Nonetheless, this section will focus only on recyclable
systems that are at least partially biobased, in line with the
scope of the review. As a result, formulations with BCC% = 0,
and thus SFS = 0 according to eqn (4), are not considered,
regardless of their recyclability or reprocessability.
Reprocessability by inclusion of transesterification catalysts.
The incorporation of transesterification catalysts into photo-
curable resin formulations offers a promising approach to
introduce reprocessability through dynamic covalent chem-
istry. These catalysts promote transesterification reactions, the
exchange of ester bonds, within the polymer network when the
material is subjected to elevated temperatures. As a result, the
covalent bonds in the crosslinked network can rearrange
without leading to a loss of overall network connectivity. This
bond exchange mechanism enables the material to soften,
flow, and be reshaped, while still maintaining its structural
integrity once cooled, thus allowing for recycling or repair of
crosslinked thermoset materials.>"*>>'* This vitrimer-like be-
havior not only enables stress relaxation and reprocessing but
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also helps maintain the material’s mechanical integrity over
multiple recycling cycles. By strategically integrating these cat-
alysts, researchers have demonstrated that it is possible to
create closed-loop systems where 3D printed objects can be
efficiently remolded or repaired, thereby significantly reducing
material waste and enhancing the overall sustainability of the
process. A summary of the formulations presented in this
section, together with their sustainability indexes and mechan-
ical properties before and after reprocessing is provided in
Table 12.

A particularly popular approach for the inclusion of transes-
terification catalysts involves the use of Miramer A99, a bifunc-
tional PEG chain with a methacrylic acid residue on one side
and a phosphoric acid group on the other. Phosphoric acids
are known for their ability to activate esters towards their trans-
esterification by reducing the electron density on the car-
boxylic carbon, especially at high temperatures and pressures,
and its covalent binding to the photopolymer ensured by the
presence of the methacrylate group prevent its leaking after 3D
printing.>'®> This approach was used by a series of works pub-
lished since 2022, where methacrylated phosphate esters were
formulated in concentrations ranging from 5 to 15 wt% with
partially biobased photocurable hydroxylated building blocks,
including acrylated epoxidized lineseed oil (AELO), AESO,
HEMA, tetrahydrofurfuryl methacrylate (THFMA), glycerol 1,3-
diglycerolate diacrylate (GDGDA), malic acid bis(glyceryl meth-
acrylate) (MAMA), and dihydroxypropyl methacrylate
(DHPMA), and VP 3D printed into thermally healable
thermosets.>'®>?! In all the reported works, upon treating a
broken piece of 3D printed material with temperatures in the
range of 140-200 °C for several hours, transesterification reac-
tion between free OH groups in the monomers and methacry-
late esters could take place, thus forming new covalent inter-
actions throughout the broken interface, leading to healed
materials without significant losses in mechanical properties.
For what concerns the sustainability of the formulations, it
must be pointed out that even though the thermal treatment
required for triggering the self-repair process is sometimes

This journal is © The Royal Society of Chemistry 2025
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Table 12 Sustainability indexes and mechanical properties of reprocessable 3D printed photocurable formulations including transesterification

catalysts

Elastic Tensile
Formulation Catalyst Reprocessing modulus  Elongation strength  Tensile strength
(Wt%) (Wt%) conditions BCC% SFS (MPa) at break (%) (MPa) recovery (%) Ref.
AELO 70% DMEP 8% 180°C4h 60.3%  32.7 — 19 0.58 100% 216
EGMP 20%
THFMA 40% Miramer A99 5% 200 °C 3 bar 22.1% 128 @ — 31.7 0.5 340% 217
HPPA 50% 1h
GDGDA 54% Miramer A99 5% 180°C5h 48.5%  30.1 — 38 5 500% 218
THFMA 36%
MAMA 70% Miramer A99 15% 200 °C 40 kN 43.2% 32.3 3710+ 67 3.14£0.78 659*6.2 35% 221
HEMA 15% 1h
DHPMA 68% Miramer A99 15% 140°C 8 h 37.7% 22.3 — 6.3 56 95% 220
GDGDA 16%
PHI 83.5% ZnCl, 2% 230 °C 20 MPa 97.8%  52.5 — 6.5 43 53% 222
BA 15% 1h
VGEA 68% Zn(acac), 5% 140°C 1500 psidh  49.3% 40 @ 3222 5.5 22.1 93%* 223
DGEVDA 25%
VGEA 68% 49.3% 35 @ 3222 5.5 22.1 93%*
DGEVDA 25%
GuGEA 66% 46.8% 31 @ 3018 7.6 12.5 —
DGEVDA 27%

“Percentage of recovery of compressive strength.

accompanied by a significant improvement in the materials’
mechanical performances, the high temperatures and pro-
longed times needed may limit the overall energetic benefit
granted by the reprocessability. This is particularly true for the
formulations reported to this day, which are characterized by
significantly low BCC,,. Nonetheless, the extended lifespan of
the 3D printed materials, taken into account in the evaluation
of the end-of-life factor Fg,;, has led in some cases to SFSs that
are comparable to those of previously discussed biobased for-
mulations (in the 15-30 range) but with significantly lower
BCC%, (in the 20-60% range) suggesting how the translation
of this approach to formulations that possesses inherently
higher biobased content might lead to 3D printed materials
with outstanding sustainability.

This was in fact the strategy of Huang et al., who recently
reported the VP of reprocessable resins composed poly(hexane-
diyl itaconate) (PHI) and butyl acetate (BA), using this time
ZnCl, as the transesterification catalyst.”**> The 3D printed
material was efficiently reprocessed after grinding into fine
powder by hot press moulding, leading to partial loss in
mechanical properties but still presenting good tensile
strength. Furthermore, by using a fully biobased itaconic acid
polyester as the main component of their formulations, the
authors of this work reached biobased carbon contents as
high as 97.8% and sustainability scores surpassing 52, the
highest reported in this review so far.

A further approach involving zinc-based transesterification
catalysis has been described by Cortes-Guzman et al., who
included 5 mol% of zinc acetylacetonate (Zn(acac),) in formu-
lations based on vanillin, eugenol and guaiacol-derived acry-
lates.”®* In order for the reactive diluents to display the free
OH group required for self-healing via transesterification,
vanillin, eugenol and guaiacol were separately reacted with epi-

This journal is © The Royal Society of Chemistry 2025

chlorohydrin to produce the corresponding glycidyl ether, fol-
lowed by opening the oxirane ring using acrylic acid
(Scheme 15). Analogously, a bifunctional crosslinker was also
prepared, by firstly reducing vanillin into the corresponding
diol and then performing the analogous attack with ECH fol-
lowed by acrylation. As it could be expected, the use of hazar-
dous epichlorohydrin and of a large excess of reagents
(especially acrylic acid) during the synthetic steps had a huge
impact of the F,, of the acrylated components (which was as
low as 0.06 in all case) leading to very low sustainability scores
(around 3-4).

Nonetheless, the inclusion of the transesterification catalyst
allowed to reprocess ground 3D printed objects by hot press
moulding, with no significant losses of material performances
after reforming.

Monomer upcycling. An additional strategy to enhance the
sustainability of photocurable resins involves the upcycling of
specific building blocks within the resin network. The objec-
tive is to recover part of the original chemical constituents
used during resin synthesis, which can then be reused to
produce new resin formulations or other products. Given that
most of the resins discussed thus far are based on poly(meth)
acrylate esters, this strategy leverages their known suscepti-
bility to alkaline hydrolysis or alcoholysis. Under alkaline con-
ditions in aqueous or alcoholic media (typically methanol),
the ester bonds in poly(meth)acrylates can be cleaved, effec-
tively replacing the alcohol moiety originally linked to the
(meth)acrylic acid unit with either a water molecule or an
alcohol molecule from the reaction medium. This controlled
bond cleavage enables the selective recovery of monomers or
oligomers, facilitating material circularity. Nonetheless, even
though this approach is virtually compatible with any poly
(meth)acrylate thermoset network, its use is not widespread,
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Scheme 15 Synthesis of (a) eugenol, guaiacol and vanillin-based reactive diluents (GUGEA, VGEA and EGEA) and (b) difunctional crosslinker
(DGEVDA) for healable resins containing Zn-based transesterification catalyst. The bioderived portion of each structure is depicted in green. Re-

drawn from ref. 223.

since it requires plenty of heat and harsh alkali conditions to
recover only a small fraction of the components of the photo-
curable resins. Furthermore, the recovered alcohols, are
usually the least concerning component of the formulation,
from a sustainability perspective, as they would need to be
(meth)acrylated again with impactful processes before being
3D printed one more time.

An exception is represented by the work of Yue et al., who
recently described the formulation of poly(d-valerolactone)
acrylate with 30 wt% ACMO, to achieve a 3D printed polyester-
based network that could be thermally decomposed into
§-valerolactone upon heating at 200 °C for 4 h under high
vacuum.”** However, the high amount of energy required for
the upcycling of d-valerolactone almost fully compensates for
the sustainability advantages introduced by the recovery of a
fraction of the 3D printed photopolymer mass.

Reprocessability via dynamic or reversible covalent bonds.
Integrating dynamic or reversible covalent bonds into photo-
polymer networks offers an innovative approach to recycling,
as these bonds can undergo reversible reactions in response to
external stimuli such as heat, light, or chemical triggers. By
designing polymer structures that incorporate reversible chem-
istries, the material can be depolymerized or reconfigured
under controlled conditions, facilitating repair, reshaping, or
complete recycling of the 3D printed object. This strategy pre-
serves the integrity of the polymer network during reproces-
sing, enabling multiple recycling cycles without a significant
loss in mechanical performance. Moreover, the dynamic
behaviour of these bonds contributes to self-healing capabili-
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ties, further extending the lifespan of the materials.
Ultimately, leveraging dynamic covalent bonds supports the
development of a circular economy in additive manufacturing
by reducing waste and promoting resource-efficient material
recovery. A summary of the formulations presented in this
section, together with their sustainability indexes and mechan-
ical properties before and after reprocessing is provided in
Table 13.

For example, imine bonds, also known as Schiff bases, are
dynamic covalent bonds formed by the reaction of a primary
amine with an aldehyde or ketone. Their reversible nature
allows for bond dissociation and reformation under mild con-
ditions, making them highly suitable for self-healing
materials.”*>>*” The ability of imine bonds to break and
reform in response to environmental stimuli such as tempera-
ture, humidity, pH, or solvent exposure enables autonomous
or stimuli-responsive self-healing.

As anticipated in a previous section of this review, the alde-
hyde functionality of biobased vanillin is perfectly suited for
this purpose, as its reaction with amines leads to imines with
good efficiency and in mild conditions. This approach was
exploited by Cortes-Guzman et al. in 2022, who developed mul-
tifunctional vanillin methacrylate imines by reacting vanillin
methacrylate with Jeffamine, composed of linear and star-
shaped amine-terminating poly( propyleneglycol)s
(Scheme 16).>*® These were formulated with vanillin acrylate
(VA) and VP 3D printed into healable solid objects.
Analogously to what reported for the use of transesterification
catalysts, upon the application of heat and pressure, damaged

This journal is © The Royal Society of Chemistry 2025
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Table 13 Sustainability indexes and mechanical properties of reprocessable 3D printed photocurable formulations including dynamic or reversible

covalent bonds

Elastic Tensile Tensile
Dynamic modulus Elongation at  strength strength
Formulations bond Recycling conditions BCC% SFS (MPa) break (%) (MPa) recovery (%) Ref.
VA 44% Imine 140 °C 52.6% 14.4 7.2¢ 48.7¢ 155.6% 122% 228
JT403-MA-VA 54%
VA 20% 24.0% 6.7 @ 0.07° 61.6° 13.5¢ 69%
JT3000-MA-VA 78%
VA 50% 1500 psi 52.7% 135 @ 1.9° 57.6° 125.2° 112%
JD400-MA-VA 48%
VA 26% 3h 27.6% 74 @ 0.05 68.7° 18.1¢ 92%
JD2000-MA-VA 72%
VA 36% 375% 9.9 @ 0.11° 75.7° 231.6° 94%
JED900-MA-VA 62%
BDG 79% 150 °C 78.5% 22.3 1300 8.5 25 100% 228
IBOMA 20%
CROSS 5% 77.1% 219 1380 5 27.5 90%
BDG 74% 40 kN
IBOMA 20% 5 min
CROSS 10% 75.7% 21.5 1450 3 34 74%
BDG 69%
IBOMA 20%
POPIT 49% Urea 400 wt% TBEM 53.6% 32.6 466 + 30 10.28 £ 0.81 48.2£0.61 98% 233
IBOA 49%
COIT 98% 90°C4h 45.3% 21.2 44116 90 +2.1 14.7 £ 0.53  95% 234
ACMO 40% Disulfide 90 °C 10 min or 43.1% 846 @ 0.7 574 0.5 96% 238
NVP 10% solvent casting or
TA 50% monomer-added
reprinting
DIS-Lip, 90% 0.05 M DBU in DCM  74.2% 37.2 7 16 1.1 82% 239
nBA 10%
IsoLp2 70% Thiophenol 97.3% 148 @ — 25 3 83% 240
(P,-t-Bu) 80 °C
MenLp1 30% 15 min
Citric acid 36% H- Monomer-added 38.0% 119 @ 144.35+8 212 +7 37.2+0.8 100% 247
Glycerol 13% bonding reprinting

Acrylamide 13%
Dimethylacrylamide
37%

“Determined by compressive testing.

3D printed materials were able to fully recover their original
mechanical properties thanks to the reorganization of imine
bonds at the broken interface, expanding the lifespan of 3D
printed objects. Nonetheless, the use of high molecular weight
non-biobased cores in the photocurable imines, together with
the use of high amounts of VA, severely impacted on the sus-
tainability of the formulations, that reached a maximum SFS
of 14.4 and a maximum BCC,, of 53%. However, this worked
proved the potential of vanillin imines for the manufacturing
of healable materials, but the use of biobased amines and/or
more sustainable reactive diluents could greatly improve the
sustainability of the overall approach. This was in fact the path
followed the following year by Stouten et al., who produced a
photocurable vanillin imine using Priamine 1075 as the
amine.””® Priamine 1075 is an aliphatic fatty acid derived
diamine, which is certified to be composed of 100° renewable
carbon. The obtained diamine, named BDG, was formulated
with a less sustainable trifunctional vanillin imine analogue
(CROSS) and IBOMA, to achieve VP 3D printable resins with
higher sustainability scores. When ground in fine powder and

This journal is © The Royal Society of Chemistry 2025

subjected to elevated temperature and pressures, the 3D
printed material was able to regenerate most of its original
mechanical properties, with no significant differences detected
after up to three reprocessing cycles. Nonetheless, the harsh
experimental conditions used to synthetized BDG and CROSS
heavily affect their synthetic factor Fy, to below 0.2, thus
leading to SFSs around 24 regardless of the high biobased
carbon contents, in the 75-80% range. This once again
demonstrates the importance of considering green metrics
related to the experimental conditions required for the syn-
thesis of bioderived resin components, since the only evalu-
ation of the BCC,, might be misleading. In addition to imines,
urea bonds have attracted significant interest in the develop-
ment of self-healing materials due to their ability to enable
reversible bonding and restore material properties after
damage. These bonds are based on hydrogen bonding inter-
actions between the urea group (-NH-CO-NH-) and other
functional groups, such as carbonyl or amine groups. The
dynamic nature of urea bonds, as part of dynamic covalent
chemistry, allows them to break and re-form under certain

Green Chem., 2025, 27, 8710-8754 | 8743
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Scheme 16 Synthesis of vanillin methacrylate-functionalized linear and star-shaped amine-terminating poly(propyleneglycol) imines. The bioder-

ived portion of each structure is depicted in green. Re-drawn from ref. 228.

conditions, such as exposure to heat or solvents. This revers-
ible bonding is crucial for self-healing, as it enables the
material to repair itself upon mechanical stress or damage,
restoring its original structure and functionality.>*°">%*

These properties of urea linkages have been recently
exploited by Zhu et al. in two similar works, where the authors
described the development of urea-functionalized plant oil
derivatives which were efficiently 3D printed and then depoly-
merized to achieve a recycled liquid resin that could be once
again printed by means of VP.>***** In particular, OH-rich
plant oils such as castor oil (CO) or thiol-ene adducts of plant
oils and 2-mercaptoethanol (POPs) were firstly functionalized
with isophorone diisocyanate (IPDI), followed by functionali-
zation of the free isocyanate pending group with 2-(tert-butyla-
mino) ethyl methacrylate (TBEM), which led to the formation
of sterically hindered urea linkages (Scheme 17). The steric
hindrance on one side of the urea linkage made it susceptible
to nucleophilic substitution in the presence of an excess of
free amine: in fact, when the 3D printed materials were
ground into fine powder and placed in the presence of an
excess of TBEM at 90 °C the solution became clear, and after
the addition of some fresh co-monomers and photoinitiators
the mixture could be 3D printed without loss of mechanical
performance or print resolution. However, it must be con-
sidered that this approach led to the accumulation of linear
poly(TBEM) during recycling, which limit the amount of waste
material that can be included into the recycled resins due to
viscosity constraints.

Furthermore, the use of isocyanates such as IPDI heavily
affects the sustainability of the formulations, strongly compen-
sating for the increase in sustainability related to the improved
end-of-life of the material. In fact, regardless for the high value
of Fgo (1.5) the formulations were associated to SFSs of
around 22.
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Disulfide bonds (S-S) play a crucial role in self-healing
materials due to their dynamic and reversible nature. These
covalent bonds can undergo exchange reactions under specific
conditions, such as the presence of a catalyst, changes in pH,
or exposure to light or heat. The reversibility of disulfide
bonds allows the material to break and reform its network,
enabling the restoration of mechanical integrity after
damage.”*"**” This property is particularly useful in polymeric
materials, where disulfide linkages facilitate self-healing
without the need for external additives. In addition to their
use in autonomous self-healing systems, disulfide bonds con-
tribute to material recyclability, as they allow for reprocessing
and reshaping under controlled conditions. The disulfide that
has been employed in most cases for this purpose is a-lipoic
acid (ALA), a biobased derivative of caproic acid bearing a 1,2-
dithiolane pending group at its end.

A first example of ALA-containing resins has been reported
by Zhu et al. in 2024, who prepared photocurable mixtures of
ACMO and N-vinyl pyrrolidone (NVP) containing up to 50 wt%
of free lipoic acid.>*® Upon exposure to UV light, ACMO and
NVP were able to polymerize into stiff non-crosslinked thermo-
plastic poly(ACMO-co-NVP), but when VP 3D printed materials
were subjected to a thermal treatment at 90 °C for 10 min, free
ALA polymerized into the corresponding polydisulfide, leading
to the formation of a soft double thermoplastic polymer
network, thus achieving tuneable mechanical properties
ranging from a few tenths to thousands of MPa. The uncros-
slinked double polymer network was found: (i) to be soluble in
organic solvents, which allowed for reprocessing by solvent
casting, (ii) to show self-healing properties, due to the ther-
mally driven reorganization of dynamic disulfide bond at the
interface between two broken pieces, (iii) to allow for full re-
printing, by dissolving the 3D printed materials in a monomer
mixture, and (iv) to optimize a protocol for the separation of

This journal is © The Royal Society of Chemistry 2025
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Scheme 17 Synthesis of plant oil-derived photocurable urethanes bearing a pendant labile urea linkage. The bioderived portion of each structure is

depicted in green. Re-drawn from ref. 233 and 234.

the polydisulfide thermoplastic and its depolymerization, to
achieve close-loop recycling of lipoic acid. This quadruple
reprocessability opportunity, together with the high concen-
tration of biobased and unmodified lipoic acid, have granted
this approach a sustainability score of 85, even if the BCC is as
low as 43%. A similar strategy was reported the same year by
Han et al., who employed n-butyl acrylate (nBA) as the photo-
curable component and the diester of 2-hydroxyethyldisulfide
with lipoic acid (DIS-Lip,) as the source of disulfides.>*®
Analogously, materials able to self-heal, to dissolve in organic
solvents, and to be reprinted after the base-catalysed dis-
solution of 3D printed objects in solutions containing fresh
monomers were successfully obtained. However, with respect
to the work from Zhu et al. of the same year, the authors of
this work achieved lower SFS due to impactful chemical modi-
fication process for synthesis of DIS-Lip, (SFS = 37) even
though their formulation was characterized by significantly
higher BCCy, (74%). A further and most significant advance-
ment in this field has been published the same year by

This journal is © The Royal Society of Chemistry 2025

Machado et al., who successfully formulated, and VP 3D
printed, a (meth)acrylate resin purely based on lipoic acid
esters of biobased diols. Amongst many tested formulations,
one stands out specifically, composed of isosorbide bis
(lipoate) (IsoLp,) and menthol lipoate (MenLp,) in 7 : 3 weight
ratio and no additional reactive diluent or crosslinker.>*°
Furthermore, a sustainable bulk esterification approach has
been optimized to produce in a single step the mixture of
IsoLp2 and MenLp2 with the exact weight ratio used for 3D
printing, which only required the addition of 1 wt% photo-
initiator. In these conditions, the disulfide bonds of lipoic
acid were able to generate thiyl radical upon light exposure,
leading to the formation of polydisulfide networks which can
be fully depolymerized into a reprintable photocurable liquid
mixture, upon treatment with thiophenol and ter¢-butylimino-
tri( pyrrolidino)phosphorane (P;-t-Bu) at 80 °C for 15 min in
MeTHEF, as it has been previously described. In this work, sus-
tainability was maximized in all the aspects of the VP process,
from the composition of the photocurable mixture to the

Green Chem., 2025, 27, 8710-8754 | 8745
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possibility of closed-loop recycling of the printed resins, which
were finally characterized by an SFS of 148 and BCC% of 97%,
the highest values reported in this review.

In addition to imines, ureas and disulfides, thiourethane
bonds, formed through the photoradical reaction of thiols
with isocyanates, have emerged as a key component in self-
healing materials due to their dynamic and reversible
nature.?*!42

Compared to conventional urethanes, thiourethanes exhibit
stronger hydrogen bonding and enhanced chemical resistance,
which contribute to improved mechanical properties and dura-
bility. Their self-healing capability arises from the reversibility of
the thiourethane bond exchange under thermal or chemical
stimuli, allowing for network reformation after damage. This was
applied to VP by Lopez de Pariza et al. in 2023, who developed a
photocurable isocyanate-thiol mixture for 3D printing and chemi-
cal recycling of the resin, but since no sustainable monomer was
employed in the synthesis, the sustainability of the resin, as
defined in this review, is as low as zero.*** Furthermore, isocya-
nate-based resins are extremely toxic, and particular care must be
taken when handling them, since they can give rise to severe res-
piratory issues and persistent skin sensitization.>**

Finally, self-healing and reprocessability of 3D printed
materials can be ensured by the presence of extensive
H-bonding.>****® This phenomenon has been exploited by Liu
et al. in 2023 who reported the preparation of a photocurable
deep eutectic solvent (PDES) composed of acrylamide, N,N-di-
methylacrylamide, citric acid and glycerol, where the non-reac-
tive sustainable additives were able to crosslink the poly(acryl-
amide) linear chains through hydrogen bonding.>*” After 3D
printing, the material exhibited self-healing behaviour, thanks
to the reorganization of H-bonding between the broken inter-
faces placed in contact upon heating. Furthermore, the
material was fully recyclable upon treatment at 90 °C with the
correct amount of fresh monomers and H-bonding cross-
linkers, which were able to dissolve the poly(acrylamide)
chains and to reform the PDES, which could be effectively re-
printed with no detected loss in mechanical properties. Due to
the absence of any synthetic step in the preparation of the
photocurable mixture, as well as due to the high concentration
of natural products in the formulations and the closed-loop
recyclability of the proposed resin, the described approach was
associated with a very high sustainability score (SFS = 119)
even though the total biobased carbon content was not very
high (BCC% = 38%).

Photoinitiators, photoabsorbers and radical inhibitors

Photoinitiators are central to the success of VP, as they serve to
convert light energy into the reactive species necessary to
initiate polymer network formation. The analysis of the com-
position of the formulations presented in this review (detailed
in the ESIT) revealed that the vast majority of the photocurable
formulations employ acylphosphine oxides, in their lipophilic
versions (diphenyl (2,4,6—trimethylbenzoyl)phosphine oxide,
MAPO, phenyl bis(2,4,6—trimethylbenzoyl)phosphine oxide,
BAPO and ethyl phenyl(2,4,6-trimethylbenzoyl)phosphinate,

8746 | Green Chem., 2025, 27, 8710-8754
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Et-APO) or in their water-soluble analogues (lithium phenyl-
2,4,6-trimethylbenzoylphosphinate, LAP, or bismesitoylpho-
sphinic acid, BAPO-OH) depending on the physical-chemical
nature of the resin being developed (Scheme 18).>*® The devel-
opment of new sustainable photoinitiators has received less
attention compared to the development of biobased mono-
mers, partly because photoinitiators typically constitute a
minor fraction of resin formulations (generally less than
3 wt%). Although conventional photoinitiators—often syn-
thesized from petrochemical sources—are highly effective in
initiating polymerization under UV or visible light, they can
pose environmental concerns due to their toxicity and the
generation of hazardous byproducts upon photolysis. In recent
years, growing interest in sustainable manufacturing has
stimulated research into photoinitiators based on green chem-
istry principles, including the use of naturally occurring
chromophores such as flavonoids, coumarins, and lignin
derivatives. However, since the focus of this review is on the
sustainability of resin components, the development of sus-
tainable photoinitiators is considered outside the scope of this
work. Readers are referred to several recent reviews that com-
prehensively address this topic.>*°7>%?

In addition to photoinitiators, photoabsorbers and radical
inhibitors, though present in minor amounts, play crucial

3o

Diphenyl (2,4,6-trimethylbenzoyl) phosphine oxide
MAPO / TPO

Phenyl bis(2,4,6-trimethylbenzoyl) phosphine oxide
BAPO / Irgacure 819

o
O . .
P-0O Ethyl Phenyl (2,4,6-trimethylbenzoyl) phosphinate
5 N Et-APO/ TPO-L
[0}
P-OLi Lithium Phenyl (2,4,6-trimethylbenzoyl) phosphinate
L LAP
o
[0} 9 (o]
P
6 Bismesitoylphosphinic acid

BAPO-OH

Scheme 18 Chemical structure of the most common photoinitiators
employed in photocurable formulations for VP.
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roles in regulating the performance and stability of photocur-
able formulations used in VP. Photoabsorbers are commonly
incorporated to limit light penetration depth and enhance
spatial resolution during layer-by-layer curing. Traditional
photoabsorbers, such as Sudan dyes and anthraquinone
derivatives, are derived from petrochemical sources and raise
concerns due to their toxicity, persistence, and potential
environmental impact.>***® In light of this, the development
of biobased alternatives has emerged as a promising yet under-
explored strategy to enhance the sustainability of VP resin for-
mulations. Naturally occurring chromophores, including flavo-
noids (e.g., quercetin®®®), diarylheptanoids (e.g., curcumin®®’),
and betalain pigments (e.g. betanin®*®), have demonstrated
significant potential as biobased photoabsorbers (Scheme 19).
These molecules exhibit strong absorption in the UV-visible
spectrum and are derived from renewable sources such as
fruits, vegetables, and medicinal plants. Nevertheless, chal-
lenges persist with regard to their solubility in hydrophobic
resins, photostability under prolonged exposure, and reactivity
under curing conditions.

Radical inhibitors, typically added at concentrations below
0.5 wt%, increase the printing resolution by preventing the

Curcumin

Quercetin

View Article Online
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polymerization front to diffuse outside of the irradiated area
during 3D printing. Widely used stabilisers such as methyl-
hydroquinone (MHQ), butylated hydroxytoluene (BHT), are
effective but are derived from non-renewable feedstocks and
may leach from cured networks under physiological or
environmental conditions. This has spurred investigations
into naturally derived radical scavengers as more benign
alternatives. Polyphenolic compounds such as tannic acid,
gallic acid, and rosmarinic acid, rich in phenolic hydroxyl
groups, have shown promising radical-inhibiting properties
owing to their electron-donating capabilities and resonance-
stabilised radical forms (Scheme 20).>°° However, their incor-
poration requires careful formulation optimisation, as exces-
sive radical inhibition can suppress polymer conversion and
compromise mechanical performance.

Overall, while the contribution of photoabsorbers and
inhibitors to resin mass is minor, their impact on formulation
behaviour and environmental compatibility is substantial. The
development and incorporation of biobased analogues for
these additives are key to advancing fully sustainable photopo-
lymer systems and should be pursued in parallel with efforts
on green monomers and oligomers.

OH
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Scheme 19 Chemical structure of emerging sustainable photoabsorbers for VP formulations.
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Scheme 20 Chemical structure of emerging sustainable radical inhibitors for VP formulations.
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Conclusions

This review has critically examined the progress and chal-
lenges in developing sustainable photopolymer resins for vat
photopolymerization (VP) 3D printing. The field of sustainabil-
ity in VP formulations has seen a growing emphasis on
alternative resin formulations, incorporating biobased and
non-toxic components to reduce environmental impact while
maintaining mechanical integrity comparable to conventional
SLA/DLP resins. Various strategies have been explored, includ-
ing vegetable oil derivatives, biobased molecules, non-isocya-
nate urethanes, and thiol-ene systems. Each of these
approaches presents unique advantages in terms of sustain-
ability, mechanical properties, and processability, yet no single
formulation has emerged as a definitive solution. Instead, the
choice of material depends on balancing renewable content
with performance and manufacturing feasibility.

A key challenge in assessing the sustainability of these
resins is the reliance on conventional green metrics. While
these parameters provide valuable insights into the proportion
of renewable raw materials in a formulation, they fail to
account for the broader environmental implications of resin
synthesis and end-of-life behaviour. A resin with a high BCC%
may still involve energy-intensive processing steps or generate
hazardous by-products, offsetting its presumed sustainability
benefits. Additionally, these traditional metrics do not ade-
quately capture factors such as recyclability, degradation
behaviour, or the potential toxicity of breakdown products. To
address these gaps, the Sustainable Formulation Score (SFS)
has been proposed as a more comprehensive metric that inte-
grates multiple sustainability parameters, including atom
economy (AE), synthesis efficiency, and end-of-life consider-
ations. This approach allows for a more holistic assessment,
ensuring that sustainability claims extend beyond raw material
selection to encompass the entire lifecycle of the resin.

Despite these advancements, several challenges remain in
improving the synthesis and processing of sustainable photo-
polymer resins. Many promising biobased or degradable
resins require multi-step chemical modifications, some of
which involve hazardous reagents or high-energy reactions
that diminish their overall environmental benefits.
Furthermore, the functionalization of bio-based monomers to
enhance photopolymerization may introduce structural modi-
fications that negatively impact their biodegradability or recycl-
ability. The development of new synthetic strategies that mini-
mize the use of toxic solvents, toxic catalysts, and energy-inten-
sive reaction conditions is essential for making truly sustain-
able resins viable at an industrial scale. Techniques such as
enzymatic polymerization, solvent-free synthesis, and the
incorporation of dynamic covalent chemistry hold potential
for improving both sustainability and performance.

Looking ahead, optimizing the synthesis routes of biobased
resins will be a crucial step toward enhancing both their
environmental and mechanical properties. This includes
exploring milder reaction conditions, identifying alternative
reagents with lower toxicity, and designing formulations that
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maintain their structural integrity without relying on petro-
chemical-based stabilizers. Additionally, the field would
benefit from the development of new or refined sustainability
metrics that provide a more nuanced evaluation of resin per-
formance, considering aspects such as material circularity,
long-term durability, and compatibility with industrial-scale
VP processes.

Another key area of future research involves integrating
these sustainable resins into large-scale manufacturing. Many
biobased photopolymers still face limitations in terms of print-
ability, curing efficiency, and mechanical stability when com-
pared to their petrochemical-based counterparts. Addressing
these challenges will require a combination of material inno-
vation and process optimization, including tailored photo-
initiator systems, improved crosslinking strategies, and the
incorporation of reinforcing additives that enhance mechani-
cal robustness while maintaining biocompatibility. Scaling up
these technologies while ensuring cost-effectiveness and con-
sistency in performance remains a priority for widespread
adoption in industries such as healthcare, automotive, and
consumer goods.

Ultimately, the future of photopolymer resin design will be
shaped by the ability to balance sustainability with perform-
ance. The shift towards fully biobased reactive diluents, novel
polymerization mechanisms, and scalable green-compatible
formulations represents a promising direction for research
and development. By leveraging interdisciplinary approaches
that combine chemistry, materials science, and engineering,
the next generation of photopolymer resins can be tailored to
meet both functional and environmental requirements. As
regulatory pressures and consumer demand for eco-friendly
materials continue to grow, adopting sustainable strategies in
photopolymer resin development will be essential for ensuring
that VP-based 3D printing remains a viable and responsible
manufacturing technology.
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