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Vat photopolymerization (VP) is a rapidly growing additive manufacturing technology (3D-printing), yet its reliance
on fossil-derived and potentially hazardous acrylate resins presents a significant sustainability challenge. Although
itaconic acid has emerged as a promising bio-based platform chemical, current synthetic strategies to
functionalize it often involve toxic intermediates and energy-intensive processes. This work reports
a sustainable route for the synthesis of a novel class of itaconamide monomers derived from essential amino
acids (alanine, valine, isoleucine, and phenylalanine) via the direct, solvent-minimised ring-opening of itaconic
anhydride. This approach avoids chlorinated reagents and activation steps, aligning with green chemistry
principles. The monomers were incorporated into photocurable formulations (up to 40 mol%), demonstrating
highly tunable mechanical properties: aliphatic derivatives acted as efficient plasticizers, increasing elongation at

break by up to 385%, while phenylalanine moieties provided network reinforcement via -7 interactions.
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Accepted 13th February 2026 Thermal analysis confirmed stable glass transition temperatures combined with enhanced char yields. Crucially,

a quantitative sustainability assessment yielded a Sustainable Formulation Score (SFS) of up to 51.8, significantly
outperforming current state of the art bio-based resins. The successful fabrication of high-resolution 3D
printed objects confirms these materials as viable, high-performance, and eco-friendly candidates for VP.
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Sustainability spotlight

SDG number 9 and 13. This research directly supports UN Sustainable Development Goal 9 (Industry, Innovation and Infrastructure) by enabling more
sustainable advanced manufacturing technologies, and Goal 13 (Climate Action) by promoting material solutions that reduce reliance on fossil-derived,
resource-intensive resin systems. This work advances sustainable materials development for additive manufacturing by introducing itaconamide monomers
derived from amino acids through a simplified, low-impact synthetic route. By avoiding hazardous activating agents and reducing synthetic complexity, the
study demonstrates how photocurable resins for vat photopolymerization can be redesigned to lower environmental burden while retaining high-resolution 3D
printing performance. The resulting materials exhibit tunable mechanical properties and are quantitatively assessed using a holistic sustainability metric,
moving beyond conventional bio-based content indicators.

that are mainly derived from fossil resources may release
hazardous substances during use and disposal,>® therefore
studies on VP have highlighted the urgent need for sustainable

Introduction

As declared in the last ASTM International's Wohlers Report,

the Additive Manufacturing (3D-printing) market has grown by
9.1% in 2024, confirming the positive trend that has existed for
ten years, reaching USD 21.9 billion of value.! In this field, vat
photopolymerization (VP) represents one of the most used
process, enabling the creation of a series of high-resolution
objects with micron-size detailing using UV-cured liquid
resins. VP offers unmatched resolution and design freedom, but
the sustainability of photopolymer resins remains a significant
challenge because the acrylate and methacrylate-based systems
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resin formulations. The sustainability of these resins depends
on several factors, such as the feedstock origin, the synthetic
route, the printing and post-curing energy demand, and the
end-of-life options.** About the feedstock origin, several bio-
based resins have already been explored using these
processes: vegetable oils and fatty acid derivatives can be
epoxidized or acrylated to yield flexible UV-curable mono-
mers.*” Carbohydrate-based precursors such as isosorbide,
sorbitol, and vanillin provide rigid, hydroxyl-rich frameworks
for tuneable networks.*® Lignin-derived phenolics introduce
aromatic rigidity and have been recently demonstrated as
effective components in photopolymerizable systems for VP.'***
Thiol-based monomers have been successfully integrated into
vat photopolymerization resins, leveraging radical thiol-ene
polymerization to enable rapid curing, reduced shrinkage
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Fig. 1 Synthetic pathway for the synthesis of itaconamide, which include (i) Fischer esterification of the amino acid esterification in methanol,
with sulfuric acid as the catalyst, (i) synthesis of itaconamide intermediates (IA), and (iii) a second Fischer esterification to achieve MEIA deriv-
atives. Steps (i) and (iii) were analogously performed on n-octylamine to compare AA-derived products with the analogous produced using

a primary aliphatic amine.

stress, and tuneable network degradability.” Together, these
example classes demonstrate how the natural pool can decrease
dependence on fossil-derived acrylates and support the devel-
opment of more sustainable VP resins. Within this context,
itaconic acid (IA) is particularly promising. Produced fermen-
tatively from renewable biomass, IA is recognized as a platform
chemical for sustainable polymers.”* Its derivatives have
enabled recyclable polyurethane networks and photo-
polymerizable polyesters, highlighting its potential in resin
development for VP.* The library of renewable feedstocks for
vat photopolymerization (VP) can be significantly expanded
beyond the currently explored bio-acrylates.*>'®

Amino acids are particularly attractive due to their abun-
dance, structural diversity, and tuneable reactivity, while short
peptides offer modular combinations that can impart biode-
gradability and bio-functionality to photopolymer networks.>*”
In parallel, platform chemicals like itaconic acid," remain
versatile intermediates for novel resin architectures.'>*
However, most synthetic routes reported to obtain itaconate-
based acrylates, polyesters, or urethanes rely on activated
intermediates such as itaconoyl chloride, epoxides, or acid
halides, which require hazardous reagents and energy-intensive
conditions.’?® For example, bio-based VP resins derived from
itaconic acid often employ chlorination with thionyl or oxalyl
chloride to form reactive esters or amides.”** These
approaches, while effective, produce stoichiometric haloge-
nated by-products and involve multiple purification steps,
resulting in high E-factors (defined as the ratio between the
mass of waste generated and the mass of the desired product)*
and increased process energy demand. Conversely, the direct
ring-opening of itaconic anhydride with bio-based nucleophiles
(amines, alcohols, or thiols) provides a more straightforward
and sustainable route to functional monomers suitable for
photopolymerization. This reaction proceeds under mild,
solvent-minimized conditions without the need for chlorinated
reagents or activation steps, offering improved atom economy
and reduced waste generation. Such a direct approach aligns
with green chemistry principles and represents a viable low-
impact alternative for producing itaconamide or itaconate-
based resins compatible with VP. Furthermore, itaconic anhy-
dride is a readily available intermediate derived from bio-
fermentative itaconic acid, simplifying the overall synthetic
pathway and reducing its environmental footprint. Within this
broader context, the design of itaconamide-based monomers
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from amino acids stands out as a promising and complemen-
tary route toward sustainable VP resins.

In this work, we report the synthesis of a new series of Methyl
Ester ItaconAmide monomers (MEIA) derived from essential
amino acids, obtained through the direct ring-opening of ita-
conic anhydride, thereby avoiding the use of reactive interme-
diates such as itaconoyl chlorides or epoxides (Fig. 1). All
reactions have been conducted according to the principles of
green chemistry, aiming to minimize the environmental foot-
print by using green solvents and low-energy purification
procedures. To study and optimize the reaction parameters and
the regiochemical outcome of the nucleophilic attack, a simple
aliphatic primary amine was initially employed as a model
substrate. Phenylalanine was selected to introduce an aromatic
moiety, while alanine, valine, and isoleucine provided aliphatic
side chains with different lengths and branching, offering
a diversified set of substituents to investigate structure-prop-
erty relationships. These monomers were incorporated into
a VP photocurable resin at up to 40 mol%, keeping the mono/
bifunctional co-monomer ratio constant, yielding sixteen
formulations. The resins were mechanically and thermally
tested and used to print high-resolution objects, confirming
that these monomers preserve the dimensional accuracy typical
of vat photopolymerization while supporting a more sustain-
able synthetic route for resin development.

Materials and methods

All chemicals were purchased from Sigma-Aldrich (St. Louis,
MO, USA) and used as received. A series of itaconamide (bis)
methyl ester derivatives were synthesized following a unified
three-step procedure involving: (i) esterification of the amino
acid (when required), (ii) formation of the itaconamide inter-
mediate (IA), and (iii) final methyl esterification to afford the
corresponding MEIA derivative.

For all reactions, commercially available reagents were used
without further purification. All solvents were dried when
necessary, and reactions were conducted under a nitrogen
atmosphere. Detailed differences between the synthesis proce-
dure of the different MEIA derivatives are reported in Table S1.

Esterification of the amino acid

The selected amino acid (0.12 mol) was dispersed in methanol
(200 mL) in a 1 L round-bottom flask equipped with a magnetic

© 2026 The Author(s). Published by the Royal Society of Chemistry
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stirrer and a reflux condenser. Concentrated sulfuric acid
(9.6 mL, 0.18 mol) was added, and the suspension was
heated to reflux under nitrogen for the required reaction time
(24-72 h depending on the amino acid). After cooling to room
temperature, the solvent was removed under reduced pressure to
afford the corresponding methyl ester hydrogensulphate, which
was used in the following step without additional purification.

Me-Ala: yield = 98%. "H-NMR (600 MHz; DMSO-d,): 8.24 (s,
2H); 4.02 (m, 1H); 3.73 (s, 3H); 1.39 (s, 3H). Me-Phe: yield =
98%. "H-NMR (600 MHz, DMSO-d,): 8.39 (s, 3H); 7.20-7.35 (m,
5H); 4.30 (q, 1H); 3.66 (s, 3H); 3.12 (dd, 1H); 3.05 (dd, 1H).

Me-Ile: yield = 98%. "H-NMR: (600 MHz, DMSO-dg): 8.27 (d,
3H); 3.95 (m, 1H); 3.73 (s, 3H); 1.86 (m, 1H); 1.43 (m, 1H); 1.24
(m, 1H); 0.87 (dt, 6H).

Me-Val: yield = 98%. 'H-NMR: (600 MHz, DMSO-d,): 8.28
(s, 3H); 3.93 (m, 1H); 3.76 (s, 3H); 2.12 (m, 1H); 0.96 (d, 3H); 0.94
(d, 3H).

Synthesis of the itaconamide intermediate

The amine or amino acid methyl ester hydrosulfate (0.12 mol)
was suspended in an appropriate organic solvent (300 mL of ethyl
acetate or 2-MeTHF, depending on the synthesis) and neutralized
with either Na,CO; (25.4 g, 0.24 mol) or NaHCO; (40.3 g, 0.48
mol). The mixture was cooled to 0 °C, and itaconic anhydride
(13.5 g, 0.12 mol), dissolved in 100 mL of solvent, was added
dropwise. After completion of the addition, the reaction mixture
was allowed to warm to room temperature and was stirred for
24 h (or 2 h in the case of n-octylamine). The resulting suspension
was filtered, and the solvent was removed under vacuum to yield
the corresponding itaconamide intermediate (IA) as a solid or
viscous liquid, typically in quantitative yield.

Oct-1A: yield 53%. "H-NMR (600 MHz, CDCL,): 6.41 (s, 1H);
6.04 (s, 1H); 5.88 (s, 1H); 3.23 (m, 4H); 1.49 (m, 2H); 1.27 (m,
10H); 0.87 (t, 3H). ESI-MS [M+Na']: 264.

Ala-IA: yield = 98%. 'H-NMR (600 MHz, DMSO-d,): 11.11 (s,
1H); 9.37 (s, 1H); 5.70 (s, 1H); 5.15 (s, 1H); 4.21 (m, 1H); 3.59 (s,
3H); 2.98 (dd, 2H);1.24 (s, 3H). ESI-MS [M—1]: 214.

Phe-IA: yield = 98%. "H-NMR (600 MHz, DMSO-de): 8.37 (d,
1H); 7.19-7.30 (m, 5H); 6.05 (s, 1H); 5.54 (s, 1H); 4.44 (m, 1H);
3.58 (s, 3H); 3.09 (m, 2H); 3.00 (m, 1H); 2.89 (m, 1H). ESI-MS:
[M+Na']: 314.

Tle-IA: yield = 98%. 'H NMR (600 MHz, DMSO-d): 8.20 (d,
1H);6.09 (s, 1H); 5.64 (s, 1H); 4.23-4.19 (m, 1H); 3.62 (s, 3H);
3.22-3.12 (dd, 2H) 1.42-1.37 (m, 1H); 1.23-1.14 (m, 1H); 0.85-
0.82 (m, 6H). ESI-MS: [M—1]: 256.

Val-IA: yield = 98%. "H NMR (600 MHz, DMSO-d): 8.27 (d,
1H); 6.06 (s, 1H); 5.60 (s, 1H); 4.14 (m, 1H); 3.62 (s, 3H); 3.22-
3.12 (dd, 2H) 3.17 (m, 1H); 2.01 (m, 1H); 0.85-0.82 (m, 6H). ESI-
MS: [M—1]: 242.

Final esterification to afford MEIA derivatives

The itaconamide intermediate (0.12 mol) was dissolved in
methanol (200 mL) in a 1 L round-bottom flask equipped with
a magnetic stirrer. Sulfuric acid (9.6 mL, 0.18 mol) was added,
and the mixture was heated to reflux under nitrogen for 2 h.
After cooling to room temperature, methanol was removed
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under reduced pressure. The crude residue was dissolved in 2-
MeTHF, neutralized with solid NaHCOg, filtered, and dried over
sodium sulfate. The solvent was removed under vacuum, and
the residue was washed with diethyl ether to afford the corre-
sponding MEIA derivative, typically in quantitative yield.

Oct-MEIA: yield = 98%. "H-NMR (600 MHz, CDCl;): 6.41 (s,
1H); 6.32 (s, 1H); 5.94 (s, 1H); 3.77 (s, 3H); 3.22-3.19 (m, 4H);
1.46 (m, 2H); 1.27 (m, 10H); 0.87 (t, 3H). ESI-MS [M+Na']: 278.

Ala-MEIA: yield = 98%. "H-NMR (600 MHz, DMSO-d,): 11.11
8.37 (d, 1H); 6.14 (s, 1H); 5.70 (s, 1H); 5.74 (s, 1H); 4.25 (m, 1H);
3.59 (s, 3H); 3.66 (s, 3H); 3.61 (s, 1H); 3.17 (s, 2H); 1.24-1.27 (d,
3H). ESI-MS [M+Na']: 252.

Phe-MEIA: yield = 98%. "H-NMR (600 MHz, DMSO-d,): 8.41
(d, 1H); 7.30-7.20 (m, 5H); 6.10 (s, 1H); 5.62 (s, 1H); 4.46 (m,
1H); 3.60 (s, 3H); 3.58 (s, 3H); 3.13 (m, 2H); 3.03-2.88 (m, 2H).
ESI-MS: [M+Na']: 328.

Ile-MEIA: yield = 98%. "H NMR (600 MHz, DMSO-d,): 8.24
(d, 1H); 6.13 (s, 1H); 5.71 (s, 1H); 4.21 (m, 1H); 3.64 (s, 3H); 3.62
(s, 3H); 3.27-3.19 (dd, 2H); 1.80-1.73 (m, 1H); 1.42-1.37 (m, 1H);
1.22-1.15 (m, 1H); 0.86-0.81 (m, 6H). ESI-MS: [M—1]: 272.

Val-MEIA: yield = 98%. "H NMR (600 MHz, DMSO-d): 8.27
(d, 1H); 6.06 (s, 1H); 5.60 (s, 1H); 4.14 (m, 1H); 3.64 (s, 3H); 3.62
(s, 3H); 3.22-3.12 (dd, 2H) 3.17 (m, 1H); 2.01 (m, 1H); 0.85-0.82
(m, 6H). ESI-MS: [M+Na']: 280.

Formulation of photocurable resins

Photocurable formulations were prepared by dissolving each
MEIA derivative in a mixture of isobornyl methacrylate
(IBOMA), 2-phenoxyethyl acrylate (EGPEA) and 1,6-hexanediol
diacrylate (HDDA) with the addition of 2 g of ethyl (2,4,6-tri-
methyl benzoyl) phenyl phosphinate (Et-APO) and 1 g of 2,6-
ditert-butyl-4-methylphenol (BHT) per 100 g of base resin in
a fixed-speed planetary mixer (Precifluid P-MIX100) for 4
minutes. Each formulation, reported in details in Table S2, has
been selected so that the following conditions were satisfied in
all cases: (i) the weight ratio of IBOMA to EGPEA was 1: 1 in all
cases; (ii) the concentration of acrylate groups coming from the
crosslinking HDDA was equal to 16.8 mol% in all formulations;
(iii) the concentration of photocurable groups coming from the
MEIA derivatives was equal to either 10, 25 or 40 mol%.

VP 3D printing of photocurable resins

Specimens for tensile test have been designed using computer-
assisted design (CAD) following the ISO-37 Type 2 specifica-
tions (5 x 2 mm?® cross-section, 25 mm gauge length). The 3D
models were sliced using Chitubox Pro V 2.0 software. First, the
.stl files corresponding to the tensile test specimens were
imported onto the virtual plate, and then the printing parameters
(such as layer height, exposure time, and lifting speed) were
configured before slicing into the corresponding g-code. The
layer height for all specimens was 0.05 mm, and the irradiation
time per layer was optimized for each formulation, ranging from
50 to 120 seconds. The g-code files were exported, and all speci-
mens were printed using a Phrozen Sonic 8K 3D printer equipped
with a 7.1-inch 50 W monochrome 405 nm LCD-LED screen with
an XY resolution of 22 pm. Tensile dogbone specimens were

RSC Sustainability
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printed directly onto the build plate, without the use of supports,
with their longitudinal axis lying parallel to the XY plane. After
printing, the samples were detached from the build plate,
washed with isopropanol to remove uncured resin, and post-
cured for 120 min at 60 °C in a UV curing oven (FormCure,
Formlabs) equipped with a 405 nm light source (1.25 mW cm?).

Chemical and mechanical characterization

"H and "*C NMR spectra were obtained on Varian Inova (14.09
T, 600 MHz) and Varian Mercury (9.39 T, 400 MHz) NMR
spectrometers. Regioselectivity of itaconic anhydride ami-
nolysis was assessed by comparing the integrals of the signals
corresponding to the methylene group of itaconic acid, which
are different for each regioisomer. Mass spectra were recorded
on a micro mass LCT spectrometer using electrospray (ES)
ionization techniques. ATR-FTIR spectra were recorded using
an Agilent Cary 630 spectrometer with a diamond ATR module,
averaging 128 scans for each spectrum. A Remet TC10 universal
testing machine was used to perform all the tensile and flexural
tests. The instrument was equipped with a 1 KN cell, with
a crosshead speed of 1 mm min~" for tensile test, according to
the ISO 37 Type 2. Hardness was evaluated using an analogic
Shore D durometer (Remet).

Thermogravimetric analysis (TGA) was performed using
a Discovery TGA (TA Instruments, USA) under a N, atmosphere
with a gas flow of 100 mL min~" and a heating rate of 10 ©
C min~" from 30 °C to 600 °C.

Differential scanning calorimetry (DSC) measurements were
carried out using a Q2000 DSC (TA Instruments, USA) under
a nitrogen atmosphere with a flow rate of 50 mL min~". Samples
were sealed in aluminium pans and subjected to a heating-
cooling-heating cycle: first heating from room temperature to
180 °C, cooling to —80 °C, and a second heating up to 180 °C, all
at a rate of 10 °C min~'. The instrument was calibrated
according to the manufacturer's standard procedures.

Green metrics

The biobased cabon content of each formulation was calculated
according to eqn (1), as previously reported.> For a formulation
including n components i, each with its own weight fraction w;

! npc,i
. w;Cy,; ——
BCC Total biobased carbon mass = ne, (1)
Y = =
Total carbon mass 1
Zwic%.i
i=1

where Co, ; is the total carbon content of each component i, ngc ;
is the number of biobased carbon atoms in its molecular
structure and nc; is the total number of carbon atoms in the
molecules of component i.

The Sustainable Formulation Score (SFS) was calculated for
each formulation according to its definition (eqn (2)).

For a formulation including n components i, each with its
own weight fraction w;:

SFS = 100- Feor- » _ (wi-BCC;- Fiyn ) (2)

i=1
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where Fgo, iS and

n

>~ (w;*BCC;*Feyn,) is the weighted sum of the synthetic factors
i=1

Fgyn, of each component multiplied by the corresponding bi-
obased carbon content,

according to eqn (1).

defined as the end-of-life factor,

calculated for each component

Results and discussion

The synthesis of the new amino acid (AA)-derived itaconamide
monomers proceeded through three main steps (Fig. 1): (i)
esterification of the amino acid, (ii) nucleophilic ring-opening
of itaconic anhydride to form the corresponding itaconamide
intermediate (IA), and (iii) final esterification of the free
carboxyl group. In this work, selected AAs are alanine (Ala),
valine (Val), isoleucine (Ile), and phenylalanine (Phe).

Synthesis of MEIA derivatives

Methanol/sulfuric acid Fischer esterification afforded the cor-
responding methyl esters in quantitative yield, with reaction
times adjusted for each amino acid. The ring-opening of ita-
conic anhydride was then carried out following conditions
inspired by Slusher et al., with specific adjustments depending
on the nature of each amino ester.>® The optimized conditions
allowed high conversions and generally quantitative yields for
all intermediates. Following anhydride opening, a second
esterification step afforded the final MEIA monomers (Fig. 2).
Ala-MEIA and Phe-MEIA were isolated as solids, while Oct-
MEIA, Ile-MEIA, and Val-MEIA remained liquid, likely due to
different combinations of polarity, side-chain packing, and
intermolecular interactions (including m-stacking in the case of
phenylalanine). Despite these differences, all monomers were
readily soluble in the resin mixtures used for formulation. A key
advantage of this synthetic route is its high atom economy and
avoidance of hazardous activating reagents such as itaconoyl
chlorides or epoxides, which are frequently used in literature for
similar transformations.'?® In addition, under the selected
conditions the formation of Aza-Michael by-products,
commonly observed for amine reactions with itaconic deriva-
tives, was not detected, confirming that the ring-opening
pathway was strongly favoured.>®

All MEIA derivatives were characterized by NMR, ATR-FTIR,
and ESI-MS, confirming successful progression through each
step.

As expected, the "H-NMR spectra (Fig. S1-S20) show the
complete disappearance of the anhydride resonances and the
concomitant appearance of characteristic amide N-H and vinyl
signals, confirming the successful nucleophilic ring opening of
itaconic anhydride and formation of the corresponding itaco-
namide derivatives. The reaction proceeds regioselectively
through preferential attack at the thermodynamically favored
carbonyl, leading predominantly to the a,B-ring-opened
product. This thermodynamic regiocontrol is consistent with
the formation of a resonance-stabilized unsaturated carboxylate
intermediate and is in agreement with established literature
precedents.”” As a consequence of the newly formed stereogenic

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Chemical structure of the synthesized amino acid—based photocurable monomers.

environment, the methylene protons adjacent to the amide
group become diastereotopic in Phe-, Ile-, and Val-MEIA deriv-
atives, while they remain magnetically equivalent and appear as
singlets in the alanine- and octylamine-based analogues, in line
with the expected molecular symmetry. Notably, the minor vinyl
resonances previously attributed to the a,B-coproduct in the IA
intermediates were no longer detected after final purification of
the MEIAs, likely due to signal shifting associated with the
altered electronic environment upon ester formation.
ATR-FTIR spectra (Fig. S21) further support the successful
formation of the amide and ester groups. The N-H stretching
band at approximately 3325 cm ™" and the Amide II band near
1540 cm ™ are present for all compounds. The anhydride C=0
signals (1830-1764 cm™ ') disappear after ring opening,
replaced by the characteristic ester and amide carbonyl
stretching bands at lower wavenumbers. Mass spectrometry
analysis confirmed the expected molecular weights for all MEIA
derivatives. Together, these results verify that the synthetic
sequence reliably yields the desired sustainable monomers.

Formulation of photocurable resins and VP 3D printing

Once the desired monomers were obtained, three resin
formulations were prepared for each amino acid-derived MEIA
by progressively increasing its molar contribution to the total
amount of photocurable double bonds (10, 25, and 40 mol%,
Table S2). Each formulation was produced by incorporating the
MEIA monomer into a reference resin composed of isobornyl
methacrylate (IBOMA), ethylene glycol phenyl ether acrylate
(EGPEA), and hexanediol diacrylate (HDDA). Starting from
a baseline system composed of 45 wt% IBOMA and EGPEA and
10 wt% HDDA, the MEIA content was increased while main-
taining two parameters strictly constant across all formulations:

© 2026 The Author(s). Published by the Royal Society of Chemistry

(i) the 1:1 weight ratio between the monofunctional
components IBOMA and EGPEA, and

(ii) the molar contribution of the difunctional crosslinker
HDDA, fixed at 16.8 mol% of the total acrylate double bonds.
These constraints were intentionally imposed to isolate the
effect of the MEIA molecular structure on the final mechanical
properties, avoiding artefacts due to variations in mono-/
diacrylate ratios or changes in crosslink density.

Resin preparation was carried out by mechanical mixing.
Despite the typically limited solubility of amide-containing
molecules in hydrophobic media, all synthesized monomers
dissolved readily in the resin blend under simple mechanical
agitation. In particular, Oct-MEIA, Ile-MEIA, and Val-MEIA
showed excellent solubility, as these compounds were ob-
tained as non-crystalline amorphous materials after synthesis.
This behavior is attributed to their molecular structure,
including increased conformational flexibility, steric
hindrance, and, in the case of branched amino acid derivatives,
reduced packing efficiency and the presence of multiple
stereogenic environments, which hinder crystallization during
solvent removal rather than indicating an intrinsically liquid
phase. After achieving a homogeneous mixture, ethyl (2,4,6-
trimethyl benzoyl) phenyl phosphinate (Et-APO, 2.0 wt%) and
2,6-di-tert-butyl-4-methylphenol (BHT, 0.5 wt%) were added as
the photoinitiator and stabilizer, respectively. The resulting
formulations were processed by vat photopolymerization.
Exposure times were optimized for each MEIA content and
monomer type, resulting in values between 50 and 120 s per
layer. These irradiation times are noticeably longer than those
typically used for commercial acrylate or methacrylate systems
(around 20 s per layer), a behaviour that is fully consistent with
the intrinsically lower photoreactivity of amide-containing
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Fig. 3 3D printing performances of MEIA-based resins. High-resolution 3D-printed reproduction of Milan's Dome printed using 40 mol% of Ile-

MEIA. Object size is 39 x 60 x 33 mm, spiers are as thin as 0.5 mm.

monomers and itaconic structures, which require prolonged
exposure to achieve complete polymer conversion.”® Impor-
tantly, the exposure times required for these formulations
remain within the range previously reported for itaconic acid-
based photocurable resins, confirming that the incorporation of
MEIA monomers does not introduce additional limitations in
terms of printability. After printing, all specimens underwent
a 2 h post-curing step at 60 °C under UV irradiation to ensure
full network formation.

To evaluate the printing resolution achievable with the
MEIA-based formulations, a complex architectural model
(Milan's Dome, Fig. 3) was fabricated using 40 mol% of Ile-
MEIA. The printed structure reproduced spires with diameters
below 0.5 mm, confirming the suitability of these monomers for
high-precision features. A second benchmark object was also
successfully produced (Fig. S24), incorporating challenging
geometrical elements such as a vertical through-hole, bridges
up to 16 mm in length, sharp spikes, overhangs with inclina-
tions up to 70°, and walls progressively thinning down to 0.1
mm. The successful reproduction of these fine and demanding
details demonstrates that, under the adopted photo-
polymerization conditions, the amino acid-derived resins
retain excellent print fidelity and support the high-resolution
performance typically associated with VP processes.

Mechanical properties of 3D printed materials

Tensile tests performed on ISO 37 Type 2 specimens (Table S8
and Fig. S22) reveal that the incorporation of MEIA monomers
consistently softens the photocrosslinked network relative to
the blank formulation, while the extent and nature of this effect
depend strongly on the structure of the amino acid residue.
Across all monomers, the elastic modulus decreases upon MEIA
addition, accompanied by variable reductions in tensile
strength and, except for the phenylalanine derivative, signifi-
cant increases in elongation at break. These observations
indicate that the introduction of itaconamide units disrupts the
packing and regularity of the acrylate-methacrylate network,
lowering stiffness and promoting segmental mobility.

Clear structure-property relationships emerge when
comparing the mechanical responses of the different MEIAs.
Oct-MEIA, containing a long linear C8 chain, acts as an efficient
internal plasticizing segment and provides the most ductile
materials in the series, with the elongation of the 40 mol%

RSC Sustainability

formulation increasing by +385% relative to the blank, accom-
panied by substantial decreases in modulus and tensile
strength. Ile-MEIA, bearing a branched aliphatic chain,
produces a similarly pronounced softening effect, with elonga-
tion improving by +300% at 40 mol% loading, consistent with
reduced packing efficiency and enhanced chain mobility, while
gradually decreasing modulus and tensile strength. Val-MEIA,
with a shorter branched side group, yields intermediate
behaviour: elongation increases by +186% at high loading,
while tensile strength and modulus remain comparatively
higher than for Oct- or Ile-based systems, reflecting the weaker
steric disruption imparted by its smaller substituent. Despite
the relatively small molecular difference between Val-MEIA and
Ile-MEIA, a marked increase in elongation at break is observed
upon incorporation of the slightly bulkier comonomer. Similar
sensitivity to subtle variations in (meth)acrylate side-chain
structure has been reported in the literature, where minor
structural changes between monofunctional comonomers such
as isodecyl acrylate and 2-ethylhexyl methacrylate were shown
to induce pronounced differences in thermal behavior and
elastic modulus.*

In contrast, Ala-MEIA exhibits an unexpectedly strong
reduction in modulus (—68%) and tensile strength (—49%) at
40 mol% despite its minimal steric bulk. This behaviour is likely
related to its reduced solubility in the resin mixture and the
formation of local inhomogeneities in the printed network,
which increase defect density and compromise mechanical
performance. A distinct trend is observed for Phe-MEIA: at low
incorporation levels (10 mol%), the aromatic residue reinforces
the network slightly, increasing tensile strength to 40 MPa
(+20% compared to blank resin). At higher contents, however,
both strength and ductility decline markedly, with elongation
dropping below that of the blank. This non-monotonic
response is consistent with m-m interactions between phenyl
groups, which may promote micro-aggregation or partial gelling
at elevated concentrations, impairing resin homogeneity and
restricting extensibility.?***

Finally, hardness remains largely unaffected across the
series, with several formulations matching or slightly exceeding
the reference material. This confirms that surface rigidity is
preserved upon incorporation of these monomers (Table S8).

Overall, the tensile results highlight a consistent and largely
advantageous effect of AA-MEIA incorporation on the mechan-
ical performance of the printed materials relative to the blank

© 2026 The Author(s). Published by the Royal Society of Chemistry
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resin (Fig. 4). Increasing MEIA content systematically amplifies
the trends described above and is accompanied by a larger
dispersion of the measured values, reflecting the heightened
sensitivity of the photocrosslinked network to monomer
distribution, local polymerization kinetics, and compositional
heterogeneities at higher loadings. While the introduction of
itaconamide units invariably reduces network stiffness, this
effect is coupled with pronounced gains in deformability and, in
several cases, only moderate reductions-or even local
improvements-in tensile strength, resulting in mechanically
more compliant yet still robust materials. In particular:

o the elastic modulus decreases consistently across all MEIA
derivatives, confirming effective network softening regardless of
side-chain chemistry and indicating progressive disruption of
acrylate-methacrylate packing as MEIA content increases;
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Fig. 4 Tensile properties of MEIA-based resins. Data are represented
as mean + SD of a minimum of 5 independent replicates.
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o the elongation at break exhibits the most pronounced and
systematic enhancement, especially for aliphatic MEIAs, with
long or branched side chains promoting substantial flexibility
gains, while smaller substituents induce softening but may
introduce local heterogeneities when solubility becomes
limiting.

e the tensile strength averages consistent or slightly higher
values to the blank ones for 10% formulations, despite the
general decrease observed with increasing MEIA loading; still, it
remains comparatively well preserved for intermediate aliphatic
residues and can even increase at low aromatic contents,
whereas higher concentrations of Phe-MEIA lead to embrittle-
ment, consistent with the onset of m-m interactions and
reduced network homogeneity.

Taken together, these results demonstrate that the
mechanical response of MEIA-based materials can be finely
tuned through rational modulation of the amino acid side-
chain structure and its concentration. Long or branched
aliphatic substituents primarily enhance flexibility, small resi-
dues soften the network with a higher sensitivity to dispersion
effects, and aromatic groups introduce secondary interactions
that can either reinforce or embrittle the network depending on
loading. This structure-property tunability provides a versatile
and effective strategy for tailoring the performance of bio-based
photocurable resins for vat photopolymerization.

Finally, hardness remains largely unaffected across the series,
with several formulations—particularly Phe-MEIA40 and the
aliphatic derivatives at 10-25 mol%—matching or slightly
exceeding the reference material. This confirms that surface rigidity
is preserved upon incorporation of these monomers (Table S8).

Thermal properties of 3D printed materials

Thermogravimetric analysis (TGA) was performed on the 3D-
printed materials to evaluate the effect of AA-MEIA incorpora-
tion on thermal stability (Fig. 5a, S23 and Table S9). The blank
resin and Oct-MEIA 40 display two main degradation steps, with
DTG maxima at approximately 300-310 °C and 410-415 °C,
attributable to the decomposition of the acrylate matrix fol-
lowed by the breakdown of more stable crosslinked fragments.
In contrast, all amino acid-derived MEIA formulations exhibit
an additional degradation event at lower temperature, which
becomes clearly resolved for Phe-MEIA and Ile-MEIA (DTG
maxima at ~250 °C and ~238 °C, respectively) and appears as
a shoulder for Ala-MEIA and Val-MEIA. This low-temperature
process is attributed to the initial decomposition of the amino
acid-derived itaconamide segments, consistent with reported
degradation pathways of amino acids involving decarboxylation
and deamination in the 200-300 °C range.

The clearer separation observed for Phe- and Ile-MEIA is
likely related to the increased steric bulk and hydrophobicity of
their side chains, which promote a more kinetically distinct
degradation step, whereas smaller residues lead to overlapping
processes with the onset of matrix decomposition. A further
distinguishing feature is the residue at 600 °C. While the blank
resin leaves only 1.2 wt% residue and Oct-MEIA 40 reaches
4.0 wt%, all amino acid-containing formulations yield
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Fig. 5 TGA (a) and DSC (b) curves of photocured resins containing
40 mol% of the different synthesized itaconamides.

significantly higher char contents (8-9 wt%). This trend indi-
cates that nitrogen-containing itaconamide units enhance
condensed-phase stabilization during pyrolysis, in agreement
with literature on amide-bearing polymer networks. The
markedly lower residue of Oct-MEIA highlights the decisive role
of the substituent chemistry, with amino acid-derived struc-
tures being more effective than simple aliphatic chains in
promoting char formation.

Differential scanning calorimetry (DSC) thermograms of all
formulations are essentially identical (Fig. 5b), showing only
a weak and broad glass-transition-like step near room temper-
ature. This behaviour is typical of densely crosslinked acrylate
networks and indicates that MEIA incorporation, irrespective of
amino acid side-chain structure, does not significantly affect
the pre-decomposition thermal transitions or segmental
mobility of the matrix.

Sustainability of MEIA-based formulation

Assessing the sustainability of photocurable formulations
cannot be limited to reporting the bio-based carbon content
(BCCy), which is still the most frequently used indicator in the
literature but provides only a partial view of a material's overall
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environmental performance. Recent analyses have clearly
demonstrated that the renewable origin of a feedstock does not
necessarily correlate with lower environmental impact, as other
factors - such as the degree of functionalization, the use of
catalysts or additives, the energy intensity of synthetic steps,
and the end-of-life compatibility of the resulting networks - play
equally significant roles. Standard metrics like BCCy, fail to
capture these aspects and can be misleading if used in isolation,
motivating the development of more holistic sustainability
indicators.* To obtain a more comprehensive and comparable
assessment, in this work we quantify the sustainability of our
formulations using the Sustainable Formulation Score (SFS),
following the criteria and weighting scheme established in
recent literature.® The SFS enables integration of multiple
dimensions of sustainability beyond bio-based content,
capturing aspects of molecular design, synthetic efficiency, and
expected end-of-life behavior. A summary of the calculated SFS
values for all formulations is provided in Table 1. The values
assigned for each synthetic subfactor for the calculation of the
SESs are provided in Table S10. The SFS analysis highlights
a substantial differentiation in sustainability performance
across the series, with several formulations achieving values
that place them among the most sustainable photocurable
systems reported to date. While the incorporation of MEIA
monomers results in only moderate increases in bio-based
carbon content, the corresponding rise in SFS is much more
pronounced. In particular, formulations enriched in Ala-MEIA,
Phe-MEIA, Ile-MEIA, and Val-MEIA at 40 wt% consistently reach
SFS values between 46.7 and 51.8. These values exceed those
reported for the vast majority of bio-based or partially bio-
derived resins surveyed in recent literature, where SFS scores
above 40 remain relatively uncommon and only a few advanced
systems surpass the threshold of 50. This positioning is espe-
cially evident for Phe-MEIA40 (SFS = 51.8), which stands at the
uppermost end of the sustainability spectrum among currently
published photocurable formulations, with Ala-MEIA40, Ile-
MEIA40, and Val-MEIA40 following closely. Even at

Table 1 Sustainability metrics for the reported formulations. BCCy, =
biobased carbon content and SFS = sustainable formulation score

Resin ID BCCy, SFS

Blank 45.0% 18.1 (]
Oct-MEIA 10 44.6% 20.3 { ]
Oct-MEIA 25 44.0% 23.4 [ ]
Oct-MEIA 40 43.5% 26.3 { ]
Ala-MEIA 10 49.4% 25.3 (]
Ala-MEIA 25 56.5% 36.1 { ]
Ala-MEIA 40 64.2% 46.7 { ]
Phe-MEIA 10 51.8% 27.6 { ]
Phe-MEIA 25 61.5% 40.4 (]
Phe-MEIA 40 70.4% 51.8 { ]
Ile-MEIA 10 50.3% 26.6 (]
Ile-MEIA 25 58.3% 38.6 { ]
Ile-MEIA 40 66.5% 49.7 (]
Val-MEIA 10 50.5% 26.6 { ]
Val-MEIA 25 58.8% 38.5 (]
Val-MEIA 40 67.2% 49.7 { ]

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6su00014b

Open Access Article. Published on 16 February 2026. Downloaded on 3/17/2026 5:05:00 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

intermediate MEIA loadings (25 wt%), several systems attain
SFS values in the 36-40 range, already aligning with or
exceeding those of the most competitive bio-based resins
described in the literature benchmark. Overall, these results
demonstrate that MEIA-based formulations do not simply
match existing sustainable materials but outperform them in
many cases, positioning this molecular platform as one of the
most promising routes toward genuinely high-sustainability
photocurable resins.

This comparison becomes particularly meaningful when
contextualized within the broader literature on so-claimed bio-
based or bio-derived photocurable resins. In many reported
systems, sustainability claims are largely driven by the renew-
able origin of the monomers, while formulation complexity,
often involving highly functionalized acrylates, petroleum-
derived reactive diluents, photoinitiators, and stabilizers,
substantially limits the resulting sustainability performance.
Consequently, despite bio-based carbon contents that are
sometimes comparable to those reported here, SFS values
frequently remain below 35-40, highlighting the limited impact
of renewable feedstock substitution alone when not accompa-
nied by molecular- and formulation-level simplification.***** In
particular, a large fraction of bio-based photocurable formula-
tions relies on multifunctional monomers derived from plant
oils, lignin fragments, terpenes, or sugars, which require
extensive chemical modification to introduce photoreactive
groups.’**” These additional functionalization steps increase
synthetic complexity, energy demand, and auxiliary reagent use,
factors that are explicitly captured by the SFS methodology but
remain invisible when sustainability is assessed solely through
BCCy,. As a result, even formulations marketed as “highly bio-
based” frequently achieve only moderate SFS scores, under-
scoring a structural limitation of many current bio-monomer
strategies.*®%°

Against this backdrop, the performance of MEIA-based
formulations is particularly noteworthy. The pronounced
increase in SFS observed upon MEIA incorporation reflects not
only the renewable origin of the amino acid feedstocks, but also
the favorable balance between molecular simplicity, limited
functionalization, and effective performance at relatively high
loadings. This combination allows MEIA-rich formulations to
surpass the sustainability benchmarks of most reported bio-
based systems, rather than merely aligning with them. Conse-
quently, these results position amino acid-derived itacona-
mides as a distinct and highly competitive class of building
blocks, capable of delivering genuinely high-sustainability
photocurable resins rather than incremental improvements
over existing bio-based formulations.

Conclusions

This work presents a sustainable and modular strategy for the
development of photocurable resins for vat photo-
polymerization based on amino acid-derived itaconamide
monomers. By exploiting the direct ring-opening of itaconic
anhydride with amino acid derivatives, a family of biobased
monomers was synthesized through a simple, high-atom-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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economy route that avoids hazardous activating agents and
multistep functionalization, in full alignment with green
chemistry principles. The incorporation of MEIA monomers at
up to 40 mol% enables effective and predictable tuning of
mechanical properties while preserving excellent printability
and resolution. Aliphatic amino acid derivatives act as efficient
internal plasticizers, producing large increases in elongation at
break (up to +385% relative to the blank) while maintaining
adequate tensile strength and surface hardness. In contrast, the
phenylalanine-based monomer introduces secondary aromatic
interactions that allow selective network reinforcement at low
loadings, demonstrating how side-chain chemistry can be used
to modulate network response. Importantly, all formulations
retain thermal stability and dimensional accuracy fully
compatible with vat photopolymerization requirements.

Beyond material performance, the sustainability of the
developed formulations was quantitatively assessed using the
Sustainable Formulation Score (SFS), providing a holistic eval-
uation that extends beyond conventional biobased carbon
content metrics. Several MEIA-rich formulations achieve SFS
values between 46.7 and 51.8, placing them among the most
sustainable non-recyclable photocurable resins reported to date
and clearly outperforming the majority of state-of-the-art bio-
based VP systems.

Overall, this study demonstrates that meaningful advances
in sustainable 3D-printing vat photopolymerization require the
integration of renewable feedstocks with simplified synthetic
routes and formulation-level efficiency. Amino acid-derived
itaconamides (MEIA) emerge as a versatile and competitive
molecular platform, capable of delivering high-resolution,
mechanically tunable, and quantitatively more sustainable
photocurable resins, and represent a promising pathway toward
next-generation additive manufacturing materials.
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