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Phosphorescent bio-based resin for digital light
processing (DLP) 3D-printing¥
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Since the advent of polymer-based 3D printing technology, the scientific community has directed great
effort towards the development of new polymeric formulations that would allow applying this technique
to various fields of application, ranging from materials science to tissue engineering. However, most of
the available materials are nevertheless oil-based and cost-ineffective. This work presents a novel bio-
based resin for stereolithographic DLP 3D printing formulated by mixing a photocurable polyester
obtained from renewable resources (poly(l,3-propanediyl-co-glyceryl) itaconate-co-vanillate, PPGIV)
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with methacrylated citrate and itaconate crosslinkers (bis(HEMA) itaconate, BHI, and tris(HEMA) citrate,
THC) and appropriate photopolymerization initiators, terminators and dyes. As a proof-of-concept, a
photocurable ink is formulated with phosphorescent Ir(i) cyclometalated complexes and its potential

Open Access Article. Published on 09 September 2020. Downloaded on 8/6/2025 2:27:33 AM.

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

[{ec

rsc.li/greenchem

Introduction

Additive manufacturing (AM), or three-dimensional (3D) print-
ing, is a computer-aided production technique that translates
virtual 3D models into customized products of desired shape,
design and size. The basic principle of additive manufacturing
is building up an object layer by layer; in the first stage the
design of the desired object is created by Computer Aided
Design (CAD) and the virtual model is then digitally sliced into
horizontal layers for a printable command sequence. Via a
command file, the virtual coordinates are sent to a 3D printer,
which deposits the material in predesigned locations at the
x-y plane and the entire process is repeated along the z axis.
Compared to traditional manufacturing techniques, modifi-
cations in the shape of the 3D printed manufacts can be easily
performed by modifying the digital object, without the need
for unique tools for a single modification." Furthermore, 3D
printing is a sustainable manufacturing process, as additive
fabrication results in much less material waste.”

Amongst the various techniques that can be employed for
the construction of 3D objects, stereolithography (SLA) plays a
major role, as it allows building structures by selectively photo-
curing layer-by-layer a well formulated monomeric liquid ink.
Commercially available inks for SLA can either be composed
of acrylate- or epoxy-based mixtures. The most common
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applications have been demonstrated for both rigid and flexible structures.

approach is the employment of acrylate or methacrylate mono-
mers or polymers, such as poly(ethylene glycol) diacrylate, poly
(propylene glycol) diacrylate, bisphenol-A dimethacrylate,
methacrylic acid and methacrylated aliphatic diols, together
with pentaerythritol tetraacrylate as a crosslinker.*® However,
the hardening of the resin is sometimes performed exploiting
the ionic chain polymerization of epoxides, such as 3,4-epoxy
cyclo-methyl-3,4-epoxy cyclohexane carboxylate, with branched
diols like 1,4-butanediol diglycidyl ether.””® Novel and most
promising materials for SLA 3D printing allow for the pro-
duction of 3D printed polymers with a shape-memory effect,’
stimuli-responsive materials,'® stretchable hydrogels'" and
elastomers'? for applications ranging from tissue engineering
to materials science.’®'* In addition, functional components
are sometimes added to the inks, like organic fluorophores or
conductive nanostructures."”™"”

Amongst other applications, 3D printing technology is
taking space in the textile/fashion industry due its ability to
directly produce clothing from 3D printable raw materials in a
single manufacturing operation. The application of AM to the
textile industry is currently driven by the possibility to easily
personalize clothing and to reduce the manufacturing costs,
together with the possible implementation of a wide spectrum
of new materials that could not find a place in traditional
textile manufacturing.'® AM techniques such as SLS' and
FDM?*?! have been widely explored for applications in this
field. Surprisingly, very little effort has been yet directed
towards the employment of photocured materials (SLA/DLP)
for textile applications. This is probably due to the main chal-
lenge among the different mechanical properties needed, the
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elongation at break which has to be high but maintaining
good mechanical resistance and lower fragility. Thanks to the
possible organic manipulation of suitable building blocks
from natural sources we believe that this technique might be a
future system for the green fashion industry.

In general, most of the developed formulations for SLA/DLP
are still derived from non-renewable resources, and often cost-
ineffective.>> Only a few examples of publications in the recent
literature with strong effort toward the implementation of bio-
masses in stereolithography can be found, but the biomass
loading into these resins still remains very low (<15%).>*"°

Therefore, there is a need for the implementation of bio-
based compounds into the formulations for 3D printing to the
final consumer. This would allow the overall reduction of the
carbon footprint of 3D printing technologies as a green and
sustainable approach to rapid prototyping. The most promis-
ing bio-derived photocurable monomer is indeed itaconic
acid, obtained by distillation of citric acid or by direct fermen-
tation of glucose by specifically engineered bacterial
strains.>® % It is able to undergo slower photopolymerization
compared to acrylates and methacrylates due to its more hin-
dered unsaturation, but its polyesters have been widely
explored as class of photocurable bio-based
polymers.**?° Interestingly, a cyclodextrin derivative of itaco-
nic acid (cyclodextrin itaconate) is used for the modification of
cotton fabric, a market expected to raise remarkably.*' Indeed,
the impressive progress in the textile industry, with enormous
production of cotton, is designed to be increasingly open to
the itaconic acid market.

Herein, we present the development of a fully bio-based
resin for DLP 3D printing for applications in rapid prototyping
and modelling, and thanks to its mechanical properties a
potential outlet in the textile/fashion industry has opened. So
far, no successful attempt in developing such a total bio-based
resin has ever been reported. To improve printing resolution,
we also describe a series of crosslinkers able to make objects
in reasonable time-scales without diffusion of the polymeriz-
ation front outside the irradiated regions and with acceptable
light penetration. We show here a total bio-based content of
the novel ink as high as 96.5%, as far as we know this is the
highest percentage ever reached. To achieve the desired final
mechanical performance, ie. high elongation at break, the
suitable combination of itaconic acid and the two polyols has
been deeply investigated. Therefore, mechanical performances
of the 3D printed objects are evaluated in light of potential
applications as both rigid and flexible structures,® the latter
being potentially suitable in the textile industry.

The resin is formulated with different dyes and phosphores-
cent Ir(m) complexes as an additional proof-of-concept. We
approached the addition of phosphorescent iridium complexes
in order to demonstrate the versatility of the resin, the photo-
stability of said complexes to prolonged irradiation during 3D
printing and their effectiveness at very low concentrations. To
the best of our knowledge this has never been demonstrated
in the literature. The only implementation of transition metal
complexes in stereolithography 3D printing techniques in the

a novel
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literature is the one reported by Lim et al, in which they
employed tris-bipyridyl ruthenium as the photoinitiator, but
no photoluminescence property was discussed.*?

Experimental section

All chemicals were purchased from Sigma-Aldrich Co.
(St Louis, MO, USA) and used as received.

Synthetic procedures

Synthesis of the polyester - poly(1,3-propanediyl-co-glyceryl)
itaconate-co-vanillate (PPGIV). The polyester resin has been
synthesized by neat thermal polycondensation, similarly to
what was previously described by Barrett et al.>® In an amber
round-bottomed flask, itaconic acid (1 mol, 130.1 g), glycerol
(0.5 mol, 46 g), 1,3-propanediol (0.5 mol, 38 g) and vanillic
acid (0.22 mol, 37 g) were stirred at 145 °C under nitrogen flux.
After a homogeneous melt formed, the mixture was stirred for
two hours under nitrogen flow. The pressure was then reduced
to approximately 20 Torr and the mixture continued stirring
for at least 5 hours. After cooling, the crude product was dis-
solved in chloroform (250 mL) or ethyl acetate (200 mL) and
purified by filtration of the insoluble unreacted vanillic acid.
The solvent solution was then washed several times with a
10% NaHCOj; aqueous solution, water and brine. An oily
brown product (76 g) was then obtained after drying the
organic phase over anhydrous Na,SO, and evaporating the
solvent under vacuum. After the synthesis, the polyester was
stored at room temperature in chloroform solution (around
50 wt%) to avoid polymerization to occur. Alternatively, the
polymer can be stored in ethanol with the presence of 1-2%
chloroform as a stabilizer. Yield = 34.8%, calculated as the
ratio between the obtained mass of polymer and the sum of
the masses of the employed reagents minus the amount of
water condensed away after applying the vacuum to the reac-
tion flask (32.8 g).

Synthesis of bis(2-(methacryloyloxyethyl) itaconate (BHI). In
a round-bottomed flask, 300 pl of H,SO, were added to a
stirred dispersion of 130.1 g of itaconic acid (IA, 1 mol) and
194 mL of 2-hydroxyethyl methacrylate (HEMA, 1.6 mol) in 1 L
of toluene. Alternatively, 2-methyl THF (1 L) or methyl cyclo-
pentyl ether (1 L) can be used without significantly affecting
the resulting product and yield.

The reaction was allowed to occur for 72 h at 70 °C. The
solvent was then evaporated to obtain a yellow liquid which
was then dissolved in the minimum amount of ethyl acetate.
The organic phase was washed three times with a saturated
NaHCOj; solution to remove unreacted itaconates and then
dried over anhydrous Na,SO,, and filtered and the solvent was
evaporated to obtain the product as a pale-yellow liquid. Yield
= 77%. 'H NMR (DMSO-dg, 400 MHz, 5): 6.10-5.98 (m, 3H),
5.70-5.60 (m, 3H), 4.36 (s, 1H), 4.28 (s, 1H), 4.12 (m, 4H), 3.62
(m, 4H), 1.89 (m, 6H), Fig. S3. ESI-MS: 377 [M + Na'].

Synthesis of tris(2-(methacryloyloxyethyl) citrate (THC). In a
round-bottomed flask, 380 pl of H,SO, were added to a stirred
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dispersion of 160 g of citric acid (CA, 0.83 mol) and 300 mL of
2-hydroxyethyl methacrylate (HEMA, 2.5 mol) in 1.3 L of
toluene. The reaction was allowed to occur for 24 h at 70 °C.
The solvent was then evaporated to obtain a yellow liquid
which was then dissolved in a minimum amount of ethyl
acetate. The organic phase was washed three times with a satu-
rated NaHCO; solution to remove unreacted citrates and
HEMA, and then dried over anhydrous NaSO,, filtered and the
solvent evaporated to get the product as a pale-yellow liquid.
Yield = 81%. "H NMR (CDCl;, 400 MHz, §): 6.12 (m, 3H), 5.57
(m, 3H), 4.25 (m, 6H), 3.83 (m, 6H), 2.43 (m, 4H), 1.93 (m, 9H),
Fig. S4.f ESI-MS: 551 [M + Na']. Other solvents such as
2-methyl THF (1.3 L) or methyl cyclopentyl ether (1.3 L) can be
used to replace toluene, without significantly affecting the
resulting product and yield.

Synthesis of the phosphorescent Ir(m) complexes. The cat-
ionic [Ir(ppy)(bpy)]Cl complex has been synthesized as
reported in the literature,* while the anionic Ir(m) complexes
have been synthesized according to the procedure developed
by some of us in 2017.%°

Resin formulation

The photocurable ink was prepared by placing in a round-bot-
tomed flask a certain amount of PPGIV solution in chloroform,
after which the solvent is removed firstly by rotary evaporation
and then with high vacuum. The polyester mass was weighed
and the other components were added in their predetermined
relative proportions. Photopolymerization initiators and ter-
minators were added as pure solids, while THC and BHI were
added as purified liquids. Organic dyes and Ir(m) complexes
were added from 1 mg mL ™" stock solutions in chloroform or
methanol, depending on their solubility. Then, around 20% of
solvent (out of the total ink weight) is added and the mixture
is magnetically stirred for 30 min to ensure the homogeneous
mixing of all components; chloroform ethanol, methanol and
ethyl acetate all work well. Finally, the organic solvent is
mostly removed by rotary evaporation and then by applying
high vacuum until no bubbling was observed.

DLP 3D printing

Dog-bones for tensile and flexural tests have been drawn by
computer-assisted design (CAD), the former matching the
ISO-527-1BA specifications, while the latter was a simple 80 x
10 x 4 mm rectangular bar; otherwise, small dog-bones and a
bigger representative model have been downloaded from an
open-source website (Fig. S51).°® Afterwards, the 3D digital
models have been sliced with Creation Workshop (V2.3) soft-
ware, provided by the printers manufacturers. A Sharebot Sprit
DLP 3D printer has been employed for the 3D printing of all
the models; it is equipped with a white-light DLP projector
(3000 ANSI Lumen) capable of 1920 x 1080 pixel resolution,
related to a x-y nominal printing resolution of 50 pm. The
total printing area is 54 x 96 x 100 mm, and it allows vertical
printing speeds up to 4 cm h™" with tuneable z resolution up
to 20 pm. For the developed resin, irradiation time and plat-
form movement parameters have been optimized to increase
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the printing speed while still achieving good printing resolu-
tion and structural stability. In general, the developed resins
allowed for efficient printing with exposure times between 3
and 5 s per layer. Dog-bones for tensile tests and bars for flex-
ural tests have been printed with a 15° angle between their
normal and the building platform, to reduce the formation of
cracks during the detachment of the printed layers from the
resin tank. Since the total printing time mostly depends on
the number of layers to be printed, it could vary between 2 and
16 h depending on the height of the specimen to be printed
and the desired z resolution. For each printed model, the
required printing time is shown in Fig. S5.1 After the printing
process, the photocured resins have been detached from the
printing platform and soaked in 2-propanol for 15 min in
order to allow for the unreacted resin to be washed away.
Then, the raw 3D printed objects are allowed to cure and dry
for one week by exposing to air and environmental light.

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 spec-
trometers. In all recorded spectra, chemical shifts have been
reported in ppm of frequency relative to the residual solvent
signals for both nuclei (*H: 7.26 ppm for CDCl; and 2.50 ppm
for DMSO-d,. **C: 39.52 ppm for DMSO-d,). >C NMR analysis
was performed using 'H broad band decoupling mode.
Solvent-suppressed '"H NMR spectra have been recorded with
pre-saturation pulse sequences. Mass spectra of the cross-
linkers were recorded on a micromass LCT spectrometer using
electrospray (ES) ionisation techniques.

Size exclusion chromatography (SEC)/gel permeation chrom-
atography (GPC) was performed on a Shimadzu CBM-20A
system (controlling a LC-10AD pump equipped with a DGU-20A
degasser, a SIL-20A autosampler and a RID-20A refractive index
detector). A TSKgel G5000HHR column (5 pm particle size
0.78 cm x 30 cm) and a TSKgel HHR-H Guard (5 pm particle
size 6.0 x 40 mm) guard column were used as column systems.
The measurements were performed at 40 °C to ensure the repro-
ducibility of the measurements. HPLC grade chloroform was
used as the eluent with a flow rate of 1 min mL™". The system
was calibrated with PS standards obtained from PSS covering a
molar mass range from 370-2520000 g mol " (ReadyCal-Kit
Polystyrene). Polymer solutions with a concentration of 3 mg
mL™" were prepared by dissolving 15 mg of polymer in 5 mL
HPLC grade chloroform. Subsequently, the samples were soni-
cated for approx. 10 min at 55 °C. Prior to injection, the
samples were filtered with a 0.45 pm PTFE and a 0.2 pm PTFE
syringe filter to remove eventually occurring insoluble impuri-
ties (e.g., dust). An injection volume of 50 pL was chosen for the
measurements and a measurement time of 30 min was applied
to avoid overlapping of eventually occurring solvent signals in
the subsequent measurements.

Differential Scanning Calorimetry (DSC) has been per-
formed with a Mettler Toledo DSC 3+ Star system heating the
sample from —50 °C to +200 °C with 10 °C min~" heating rate
and 50 mL min~' N, flow. For thermogravimetric analysis

This journal is © The Royal Society of Chemistry 2020
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(TGA), a Mettler Toledo TGA 2 Star system has been employed.
The sample has been heated from 25 °C to 600 °C with a
heating rate of 10 °C min™" and 50 mL min™" N, flow.

Rheological measurements were performed using a rhe-
ometer (Malvern Kinexus Pro+) equipped with CP1/60:
PL65 geometry, meaning a 60 mm diameter with 1° angle cone
over a 65 mm plate. The temperature of the plate was varied
over the 15 °C-35 °C temperature range. Ink viscosities were
measured via a logarithmic sweep of shear rates ranging from
1 to 100 Hz. Oscillatory experiments were performed at a con-
stant frequency of 1 Hz.

For a tensile test and a flexural test, a Zwick/Roell
7010 machine was employed with a test speed of 1 mm min™"
(1S0527-1BA) and 2 mm min " (ISO178) for tensile and flexural
tests, respectively. A maximum stress of 10 kN was applied.
Impact strength was determined with CEAST 9050 impact pen-
dulum with a Charpy configuration, impact energy of 1 J at a
temperature of 23 °C (ISO 179-1eU). Hardness has been evalu-
ated with a Shore D tester TH210 (Time Group Inc.) following
1SO868 specifications.

Photophysical studies on phosphorescent 3D printed
materials have been performed with an Edinburgh FLSP920
spectrofluorometer equipped with a 450 W Xenon arc lamp.
ATR-FTIR analysis has been performed using a Cary 630 FTIR
spectrometer (Agilent). SEM images were acquired with a field
emission gun scanning transmission electron microscope
ZEISS LEO Gemini 1530 (FEG-STEM).

In vitro biocompatibility tests

Human keratinocytes (HaCaT) have been used for performing
in vitro biocompatibility tests; cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) (Euroclone,
Milan, Italy) supplemented with 10% fetal bovine serum (FBS),
1% penicillin-streptomycin, and 1% glutamine (Lonza, Basel,
Switzerland). Printed samples have been rinsed with DMEM
and the eluate has been collected: cells were seeded on poly-
styrene multiwell culture plates (12 wells) with a cell density of
20000 cells per well. A DMEM-eluate volume was added to
treated samples as normal medium, control samples were
treated with bare DMEM, finally cells were incubated at 37 °C,
5% CO, overnight. Optical microscope observation and cell
counting have been performed.

Preliminary evaluation of cytotoxicity (MTT assay) and
evaluation of pro-sensitizing activity (FACS analysis) on human
monocytes (THP-1) have been performed following the norma-
tive reference OECD Guideline 442E, Annex 1 “In vitro Skin
Sensitization; Human Cell Line Activation Test (hCLAT)”.
Monocyte-like human cells THP-1 were kept in RPMI medium
containing 10% FCS and 2 mM glutamine. The sample has
been eluted in PBS for 24 hours at 37 °C. The eluted sample
was diluted in the cell culture medium, and the cell medium
exposed to the same experimental conditions was used as a
negative control. The exposure has been carried out for 24 h at
37 °C with 5% CO2. After the incubation, cells are collected,
checked under the microscope for their viability by staining
with Trypan Blue dye and counting in a cell counter chamber,
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washed in PBS and then marked with a fluorescent anti-
Intercellular Adhesion Molecule (CD54) or B7.2 (CD86) anti-
body and in both cases with a propidium iodide (PI) solution
to simultaneously measure the percentage of dead cells. Only
viable cells are included for analyses of CD54 or CD86
expression. After washing, to eliminate the excess antibody,
the MFI (Mean Fluorescence Intensity) linked to the cells is
evaluated by means of a flux -cytofluorimeter (FACS,
Fluorescence Activated Cell Sorter, Becton Dickinson,
Mountain View, CA). This value is proportional to the
expression of co-stimulatory molecules. The results are
expressed in terms of MFI (Mean Fluorescence Intensity).

As acceptance criteria, the percent of living cells (PI nega-
tive) must be above 80% in all samples. The MFI of the positive
control must be >10% of the negative control at the lowest
tested concentration of nickel (Table S2t). The MFI must
display a dose-response increasing pattern with the other two
tested doses.

Results and discussion

Photocurable polyester, poly(1,3-propanediyl-co-glyceryl)
itaconate-co-vanillate (PPGIV)

Since itaconic acid is a water-soluble solid diacid, its derivati-
zation is definitely required in order to obtain a liquid 3D-prin-
table resin. Based on a previous study by Barrett et al.,*° itaco-
nic acid was reacted with different alcohols at high tempera-
tures under vacuum to obtain photocurable liquid polyesters
that, being the main component of the developed ink, could
be formulated for the desired application. For the preparation
of the optimum liquid polyester, polycondensation under
vacuum without solvent was employed: several different bio-
based hydroxy derivatives such as alcohols, diols, polyols, and
hydroxy acids have been tested, alone or in mixtures, but even-
tually most of them have been discarded either for their low
printability, their high cost or the worse performances of their
poly-itaconates (Table S1t). Finally, the bio-based monomers
which allowed the formation of itaconic acid polyesters with
acceptable mass yield (35%), easy purification and DLP print-
ability were glycerol, 1,3-propanediol and vanillic acid (Fig. 1)
in 0.5:0.5:0.22 mixture compared to itaconic acid, respect-
ively. 1,3-Propanediol is industrially manufactured by DuPont
by fermentation of corn syrup and glycerol is the main waste
material in the production of biodiesel. In addition, vanillic
acid can be obtained by oxidation of vanillin, but it is also
naturally occurring.®”~*°

The key component that allowed the preparation of a fully
printable ink for DLP 3D printing was indeed vanillic acid
(Fig. S17%). Even though, being a hydroxy-acid, it does not
compete with the other components during the formation of
the polyester, it played a fundamental role in the light-absorp-
tion processes taking place during the photopolymerization.
In fact, most of the time, in photopolymerization-based 3D
printing techniques the addition of photoabsorbers such as
2,5-bis(5-tert-butyl-benzoxazol-2-yl)thiophene (BBOT) or dyes is
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Poly(glyceryl-co-propanediyl) itaconate-co-vanillate (PPGIV)

Fig. 1 Selected monomers and experimental conditions for the preparation of the photocurable polyester. The photopolymerizable group of itaco-

nic acid is highlighted in blue.

essential.”! This is because it is often required to limit the

diffusion of high-energy photons into the resin during the
photopolymerization process, to avoid diffusion of the
polymerization front outside the irradiated section which can
cause a drastic reduction in the x-y resolution of the printed
object. In our case, the task is performed by a combination of
the effect of the vanillic acid monomers contained in the poly-
ester chains and the dyes added to the formulation. Less
remarkably, the incorporation of vanillic acid into the resin
gives it a pleasant sweet vanilla flavour, as opposed to commer-
cial resin which displays the unpleasant characteristic smell of
acrylate compounds.

The synthesized itaconic acid-based photocurable polyester
poly(1,3-propanediyl-co-glyceryl) itaconate-co-vanillate (PPGIV)
was characterized by NMR spectroscopy (‘H-, *C-, qHSQC and
gHMBC), to evaluate its purity and the effective incorporation
of all the selected components (Fig. 2, S1 and S21). NMR ana-
lysis reveals the presence of peaks related to each of the
employed monomers, but no unreacted reagents are present.

The application of ">C NMR to determine whether the gly-
cerol units lead to branched structures by reaction of their sec-
ondary alcohol moiety has been previously described by
Somisetti et al.** In their work, the authors related the middle
carbon in glycerol units to a "*C NMR peak around 69 ppm for
branched glycerol units and a peak around 65 ppm for linear
or terminal ones. In our case, we observe peaks in both
regions, suggesting the coexistence of terminal, linear and
branched glycerol units in the synthesized polyester. This is
also confirmed by the qHSQC and qHMBC spectra of PPGIV
reported in Fig. S2.t

The weight and molar compositions of the obtained poly-
meric resin were evaluated on a fully hydrolysed polyester
sample by NMR spectroscopy. Results are reported in Table 1,
and the whole calculation is available in the ESL{ Strongly

6216 | Green Chem., 2020, 22, 6212-6224

alkaline conditions such as NaOH 3 M in deionized water and
high working temperatures (around 80 °C) allowed for the
complete saponification of the polyester resin, generating
much simpler NMR spectra which display the signals for each
employed monomer (Fig. S67).

The average molecular weight of the polyester was deter-
mined by size exclusion chromatography (SEC)/gel permeation
chromatography (GPC), revealing that for the prepared
polymer M, = 1500 ¢ mol™" and M,, = 1650 g mol™", corres-
ponding to PDI = 1.1. A low polymerization degree is expected
for catalyst-free thermal polycondensations, and it is required
for the obtainment of relatively low viscosity liquid solutions
that could be efficiently formulated into liquid resins for 3D
printing.

Crosslinkers

Even though PPGIV is rich in itaconic acid, and thus in photo-
curable double bonds, their concentration is too low for appli-
cations in DLP. The photopolymerization of the polyester itself
leads to a cured polymer which does not display the mechani-
cal performances required for it to keep its shape during the
3D printing process, causing the structure collapse under its
own weight. Moreover, even at low molecular weights the vis-
cosity remains too high, preventing its diffusion onto the resin
vessel between the curing of one layer and the next during the
3D printing process, making it extremely hard to employ it as-
it-is for the final application. In order to overcome both these
problems, the new compounds bis(HEMA)itaconate (BHI) and
tris(HEMA) citrate (THC) crosslinkers have been synthesized
by adapting a procedure available in the literature for the for-
mation of the bis(isopropyl) ester of itaconic acid (Fig. 3).**
The required chemicals are cheap, and the reactions allow
producing large amounts of crosslinkers (yields for BHI of
77% and for THC of 81%) with high purity and little efforts for

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 H NMR spectrum (600 MHz, DMSO-d6) of PPGIV, with the assignment of peaks to the related monomers or functional groups.

Table 1 Monomer composition of the synthesized PPGIV and the
corresponding minimum molecular structure representing the pro-
portions between the monomers

Component Molar ratios Weight percentage
Itaconic acid 6.5 51%
1,3-Propanediol 4.7 22%
Glycerol 3.0 17%
Vanillic acid 1.0 10%
o 0
H
(o] n/\IHLOH o+ \n)'Lo/\/OH
o
HEMA

iEamipae 2-hydroxyethyl methacrylate

H,S0, Toluene

70°C,72 h

their purification. Notably, the two compounds are both
liquids with low viscosity and low volatility; they are totally bio-
based and display high density of photocurable groups. In
addition, the use of 2-hydroxyethyl methacrylate (HEMA) for
the preparation of the crosslinkers is preferred, due to its low
toxicity and low volatility compared to other acrylate
compounds,’®** and the biocompatibility and biodegradabil-
ity of many polyHEMA copolymers have been well established

o] o]
\(.H\o/\/owo/\/o#
o] o]

BHI
Bis(HEMA) Itaconate

[0}

T

m 0 on H,SO, Toluene
+ AN
oH ~I"on \")Lo 70°C, 24 h 09°% o
J%ro\/\O’U\I/U\O/\/O\n/K
Citric Acid HENA 0 o o
2-hydroxyethyl methacrylate
THC

Tris(HEMA) Citrate

Fig. 3 Chemical reactions for the synthesis of the crosslinkers. The photocurable acrylate moieties are highlighted in blue.

This journal is © The Royal Society of Chemistry 2020

Green Chem., 2020, 22, 6212-6224 | 6217


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0gc01983f

Open Access Article. Published on 09 September 2020. Downloaded on 8/6/2025 2:27:33 AM.

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

(cc)

Paper

in the literature.*®™*® Furthermore, HEMA can be obtained via
renewable oil-free processes, as it is often produced by esterifi-
cation of methacrylic acid with ethylene glycol: the former can
be produced by catalytic oxidative dehydrogenation of bio-
synthesised isobutyric acid, and the latter can be obtained by
fermentation of p-xylose in engineered E. coli.**~>?

The employment of different acrylate crosslinkers for DLP
3D printing such as isobornyl acrylate, pentaerythritol tetraa-
crylate and multifunctional acrylate oligomers was previously
reported, but these derivatives suffer from several drawbacks
such as high cost, low bio-content and the required employ-
ment of toxic acrylates during their production.’®

Ink formulation

Besides the photopolymerizable substrate, the main com-
ponents required for the 3D printing are: (i) photo-
polymerization initiators, (ii) photopolymerization inhibitor,
(iii) crosslinkers and (iv) dyes (Fig. 4). As initiators, we observed
that the fastest curing is achieved with the combination of two
acylphosphine oxides (phenylbis(2,4,6-trimethylbenzoyl)phos-
phine oxide, BAPO and diphenyl(2,4,6-trimethylbenzoyl)phos-
phine oxide, MAPO) together with 2,2-diethoxy acetophenone
(DEAPH). The initiators are required to efficiently absorb the UV
light generating reactive radicals that can propagate in the ink
leading to the polymerization of the double bonds. As a ter-
minator, 4-methoxyphenol (MHQ) has been selected as it is rela-
tively safe, low cost and very effective.’®

The crosslinkers have already been discussed in the pre-
vious paragraph. As aforementioned, dyes participate together
with vanillic acid residues in the absorption of UV light
diffusing into the resin outside of the irradiated regions, allow-
ing for better printing resolution.>®

In order to demonstrate the great versatility of the final for-
mulation, we explored four organic dyes to cover the full
visible spectrum of colours: methyl red (red), cresol red
(yellow), solvent green 3 (1,4-bis(p-tolylamino) anthraquinone,
green) and unisol blue AS (1,4-bis(p-isopropylamino) anthra-
quinone, blue) (Fig. 4).

The red and yellow dyes are commonly employed acid-base
indicators: since the prepolymer displays free carboxylic

9 9 9 o OH
; O o' WO
o o o N 0
BAPO MAPO DEAPH MHQ
L

) OO@
0% /@"“ °

Cresol Red Solvent Green 3

\rNH [}

Unisol Blue AS

G
COOH 'f/

Methyl Red

Fig. 4 Chemical structure of the selected photopolymerization
initiators (MAPO, BAPO and DEAPH), terminator (MHQ) and dyes.
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groups from terminal itaconic acid monomers, they display
their acid colour when formulated into the ink. The green and
blue dyes, instead, are anthraquinone derivatives, which can
be employed in ppm concentrations thanks to their extensive
molar absorption coefficients. The ink was then formulated by
mixing all the required components in pre-defined ratios with
organic solvents such as ethanol, methanol, ethyl acetate or
chloroform at room temperature. The evaporation of the
solvent, firstly by rotary evaporation and then by applying high
vacuum, allowed for the obtainment of a homogeneous photo-
curable ink ready to be subjected to the 3D printing process.

The optimal relative amount of the different components is
reported in Fig. 5. To recap, the final formulation contained
48.5 wt% of PPGIV, 24.0 wt% of BHI and 24.0 wt% of THC,
1.5 wt% of initiators, 2.0 wt% of terminator and 0.01 wt% of
dyes. Since the first three components can be considered as
bio-based, the herein reported formulation has a nominal bio-
based content of around 96.5%.

In order to avoid photopolymerization of the resin induced
by environmental light, the developed resins have been stored
at room temperature in amber glass containers. Under these
conditions, the resin demonstrated stability and printability
up to 12 months due to the presence of the inhibitor MHQ
that would immediately quench any possible radical species
spontaneously formed.

Rheological analysis has been performed on the formulated
resin to determine its printability vie DLP and stereolitho-
graphic technique. If the viscosity of the ink is too high, it will
require longer printing times: it will be required to reduce the
speed of the moving platform to allow the resin to fully flow
underneath it, between the irradiation of one layer and the
next. In addition, if the ink displays marked non-Newtonian
shear thickening behaviour, it will react to the movement of
the building platform inside it with a variation in its overall
viscosity, again resulting in a need for a reduction of the plat-
form movement speed. As shown in Fig. 6, the developed bio-
based ink displayed viscosity in the 0.07-0.3 Pa s range, and a
Newtonian behaviour is observed. Nevertheless, the measured
viscosity in the range of operating temperatures (15-35 °C)
would indeed allow for the resin to flow and fully cover the
printer’s resin vessel in the minimum timeframe of 3 s.

The fluid behaviour of the ink was also confirmed by oscil-
lometric viscoelasticity studies as a function of temperature
(Fig. 6). As the phase remained constant throughout all the
temperature range around 90°, the ink mostly resembled the
features of a liquid, as it is also observed by the low storage
modulus. The developed formulation was able to undergo DLP
3D printing leading to the formation of well-resolved solid
objects. Several irradiation times have been tested to minimize
the printing time while still maintaining good resolution and
structural stability. The identified optimal irradiation time was
3000 ms and accordingly, several test samples have been
printed and underwent mechanical analysis to assess the
mechanical properties of the formulated ink. In particular,
flexural and tensile strength analysis, Charpy impact test and
evaluation of shore-D hardness have been performed on 3D

This journal is © The Royal Society of Chemistry 2020
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printed specimens. The results of the mechanical tests are
shown in Fig. S7 and S8t and summarized in Table 2. For
tensile tests, dog-bones have been printed according to
ISO-527-1BA specifications, while flexural tests have been per-
formed on 80 x 10 x 4 mm rectangular bars.

3D printed objects

It is worth mentioning that the mechanical properties of
layered objects printed by AM are intrinsically anisotropic, and
the outcome of these tests is strongly dependent on the direc-
tion along which the mechanical stress is applied.”” This
makes it very trivial to evaluate mechanical performances of
commercially available resin formulations if the printing geo-
metry is not described or standardized. In our case, the tensile
stress vector was tilted 15° with respect to the z printing direc-
tion, while the bending stress vectors were tilted 75° with
respect to it (Fig. S7 and S87).

First of all, we can notice good mechanical resistance and
lower fragility which are the minimum requirements to get a
printed object. For instance, the object made with the devel-
oped formulation displays four times greater impact strength
(internal data on a commercial resin) with a value of 4.77 kJ
m~2. Moreover, the fabricated objects display good flexural
properties, enabling bending deformations up to 6%, with flex-
ural strengths around 12.6 MPa. The textile industry needs
flexibility and indeed the first thing to be noticed is the low
tensile modulus of our bio-based construct, revealing that the
polyester-based ink displays increased elasticity. Compared to
acrylate-based formulations, the presence of low molecular
weight polyesters gives higher elasticity. This is also confirmed
by its very high elongation at break up to 18%; in comparison

Green Chem., 2020, 22, 6212-6224 | 6219
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Table 2 Mechanical properties of 3D printed objects built with the developed ink

Tensile test

Hardness [Shore-D]  Impact strength [K] m~?]

E, tensile modulus [MPa]
62 +5

oy ultimate tensile strength [MPa]
54+0.7

e, elongation at break [%]
18.0 2.9

72+1 4.77 +£2.81

Flexural test

orm Mmaximum flexural
strength [MPa]
12.6 £+ 1.8

E; flexural modulus
[MPa]
350 £ 25

commercial resins give values in the range of 2-5%. The devel-
oped ink also displays low ultimate tensile strength: due to the
fact that the tensile test has been performed in the direction
perpendicular to the printed layers, it is reasonable to suppose
that the lower value is due to a lower adhesion between the
printed layers which, upon traction, detach from each other by
weaker forces.

The effective polymerization of the mixture was confirmed
by ATR-FTIR spectroscopy performed on the 3D printed
objects compared to the uncured resin (Fig. S9t). The absorp-
tion at 1636 cm™’, attributed to the stretching of the C=C
group, and the ones at 944 and 815 cm™?, related to C=C-H
deformations, are strongly reduced in intensity, suggesting the
effective formation of a network of saturated C-C bonds at the
expense of itaconic and methacrylate groups.

Then, scanning electron microscopy (SEM) was employed to
assess the actual printing resolution achievable with the devel-
oped resin (Fig. S107), allowing not only the visualization of
the juncture of the printed layers, but also the size of the
actual pixel irradiated by the DLP projector, confirming the 50
x 50 pm x-y resolution declared by the printer manufacturers
and the 50 pm layer thickness set in the slicing phase. It is
also possible to notice the great homogeneity of the printed
surface at the micron scale, with little or no fractures and well-
defined edges and vertices.

Finally, thermal analyses (DSC and TGA) have been per-
formed on the printed objects (Fig. S11 and S127). DSC reveals
the presence of one T, for the polyester-based photocured
material, which can be attributed to the glass-to-plastic tran-
sition of the polyester chains in the polyacrylate network. On
the other hand, TGA reveals thermal decomposition of the
printed objects starting at around 120 °C, with a first 50%
mass loss below 400 °C. Compared to a commercial mono-
meric analogue, it degrades faster with increasing tempera-
ture, but it allows reaching comparable ash residue after calci-
nation in air at 600 °C.

Phosphorescent inks

Undoubtedly, the textile/fashion industry is increasing its
demands towards luminescent materials, as they are widely
employed, for example, in safety clothing where the lumine-
scence allows increasing the visibility of the wearer in danger-
ous environments. Moreover, in recent years luminescence of
textiles has not been strictly employed as a purely functional

6220 | Green Chem., 2020, 22, 6212-6224

£ deformation at
maximum strength [%]
5.4+0.7

£q, deformation
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5.4+0.7

opp ultimate flexural
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12.6 £+ 1.8

attribute, but more and more to add a novel touch on basic
design.®® Currently, phosphorescent textiles are produced
by deposition or chemical linking of phosphors to polymer
fibres, which are then employed in the manufacturing of
clothing.>®%°
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Fig. 7 Compatible dye-complex pairs selected for the formulation of
the four phosphorescent resins. (la) Unisol Blue AS and (1b)
[Ir(dfppy).(b-trz)]"K*. (2a) Solvent Green 3 and (2b) [Ir(ppy)a(b-trz)] K™ .
(3a) Cresol Red and (3b) [Ir(ppy).(bpy)]*Cl". (4a) Methyl Red and (4b)
[Ir(pqu),(b-trz)] " TBA*Emission spectra of 3D printed luminescent dog-
bones revealed that the emissive behaviour of the complexes has been
maintained after the photopolymerization (Fig. 8a). Moreover, it was
possible to notice with the naked eye the increase of emission intensity
after the printing, induced by the molecular rigidity given by the liquid-
to-solid transition of the polymer matrix in which the complexes have
been dissolved.

This journal is © The Royal Society of Chemistry 2020
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Herein, as a proof-of-concept, four luminescent inks have
been prepared by addition of phosphorescent iridium(u) cyclo-
metalated complexes to the developed resin; this allowed the
obtainment of inks capable of light emission throughout all
the visible spectrum by excitation in the near UV range. The
selected complexes are [Ir(dfppy),(b-trz)] "K' as a blue emitter,
[Ir(ppy)a(b-trz)] K" as a green emitter, [Ir(ppy).(bpy)]'Cl™ as a
yellow emitter and [Ir(pqu),(b-trz)] TBA" as a red emitter.>**®
Considering that the dyes added to the formulation can
absorb the light produced by the above-listed phosphors, a
proper selection of suitable complex-dye pairs (Fig. 7) which
displayed compatible emission and absorption behaviours was
found to be fundamental; i.e. the dye should absorb in a
region different from the emission region of the complex in
order to avoid auto-absorption. It should be mentioned that
cyclometalated Ir(ur) complexes have been previously employed
to generate reactive radical species upon light irradiation.®*™®*
Therefore, we explored the possibility of employing the lumi-
nescent additives as photopolymerization initiators, but no
hardening of the resin was observed for concentrations up to
0.5 wt% and irradiation times up to 10 s. Emission spectra of
3D printed luminescent dog-bones revealed that the emissive
behaviour of the complexes has been maintained after the
photopolymerization (Fig. 8a). Moreover, it was possible to
notice with the naked eye the increase of emission intensity
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after the printing, induced by the molecular rigidity given by
the liquid-to-solid transition of the polymer matrix in which
the complexes have been dissolved.

Three-dimensional emission maps are shown in Fig. S13-
S16.f Good emission intensities have been obtained with
complex concentrations as low as 0.05 wt% for blue, green and
yellow complexes, while it required 0.15 wt% of the red
complex to give a noticeable emission, owing to the avowed
lower phosphorescence quantum yield of the red complex.*®

Very interestingly, reversible flexibility of the printed
objects is clear from Fig. 8d and this confirms the very high
elongation at break obtained and finally, in order to prove the
overall performances of the developed ink in terms of print-
ability and resolution, a bigger model was printed. The
selected model represents the historical towers “Le Due Torri”
from the city of Bologna, Italy (Fig. 8e). The selected ink con-
tained the green complex-dye pairs and allowed for the repro-
duction of high-resolution details in the overall construction.

In vitro biocompatibility tests

Since a possible future target is the use of our resin in textile
applications, an in vitro analysis of the pro-sensitising poten-
tial was carried out. For assessing the biocompatibility of our
printed samples and with the aim of demonstrating that there
is no intrinsic cytotoxicity, we carried out two different tests: a

l Bending

Fig. 8 DLP 3D printing of flexible and phosphorescent resins. (a) Normalized emission profiles of the iridium-containing 3D printed dog-bones.
Each curve colour corresponds to the emission colour of the corresponding Ir(i) complex. The excitation wavelength is 360 nm for all emission
spectra. (b) Optical camera pictures of the phosphorescent dog-bones exposed to visible and (c) UV (365 nm) light. Dog-bone dimensions are
6 x 1.8 x 35 mm. (d) Demonstration of the reversible flexibility of the printed objects. Dog-bone dimensions are 77 x 10 x 2 mm. (e) Picture of a 3D
printed green phosphorescent model of “Le Due Torri" of the city of Bologna, under UV irradiation. Structure dimensions are 56 x 40 X 96 mm.

This journal is © The Royal Society of Chemistry 2020
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human keratinocyte viability test and an evaluation of pro-sen-
sitising activity (according to OECD 442E) on human mono-
cytes through FACS analysis.

Human keratinocytes seeded on polystyrene Petri dishes
and exposed for 24 h to the sample eluate did not display any
difference in terms of morphology, adhesion and proliferation.
Optical microscopy observation and cell counting demon-
strated that HaCaT cells can adhere and proliferate in the pres-
ence of sample’s eluate (Fig. S187).

For what concerns the pro-sensitising activity, the purpose of
the test was to assess the absence of pro-sensitising skin effects
from finished products or raw materials intended for contact
with the skin or mucous membranes. In the assay, human
monocytes cell line (THP-1) as a prototypic blood-derived immu-
nologically active cell was used. On these cells, the expression of
two costimulatory molecules, CD54 (Intercellular Adhesion
Molecule) and CD86 (B7.2), was tested, using as a positive
control Nickel sulphate, a well-known contact sensitising agent.
Nickel sulphate is able to cause in vivo allergic immune reac-
tions (skin sensitization) and it is also widely used to study
in vitro immune response modulation. The increasing
expression level of CD54 and CD86 on monocytes is a signal of
activation of the immune response derived from the exposition
to a potentially sensitising contact antigen.

The expression of co-stimulatory molecules on the dendritic
cells means activation of the immunological response in terms
of capability to present the antigen in the typical tissues (skin
in this case), where, in vivo, the immune protective response is
triggered. The costimulatory molecule expression is compared
to the behaviour of nickel characterised by (a) high increase of
both the markers; (b) direct correlation between concentration
and intensity of the response; (c) relevant effects even at very
low doses. The tested dose of 4 ug ml™" of nickel sulphate
(NiSO,4-6H,0) corresponds to more or less 1 ppm of Ni, dosage
that is around the minimal sensitising threshold in already
sensitised individuals with irritated skin. The concentration
that is able to cause an allergic reaction in most of the sensi-
tive subjects is anyway around higher value, over the 100 ppm
of NiSO,-6H,0 in contact with safe and intact skin.

The assay has been recognized as valid in compliance with
the aforementioned method acceptance criteria, namely a per-
centage of living cells >80% tested by MTT assay (see Table SX
in ESIf) and an MFI value of the NiSO, control (at the lower
tested Ni concentration) >10% compared to the negative
control with culture medium. The MFI must display a dose-
response increasing pattern with the other two tested doses.

As the final result of the sensitisation assay in this in vitro
model, the eluted samples do not affect the expression of the
investigated markers in immunocompetent cells, and hence it
does not show any stimulating potential on the immune cellu-
lar response mediated by monocytes/macrophages (Table S31).

Conclusions

With the present work, we have been able to develop a new
resin for stereolithography-based 3D printing with a bio-based
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content as high as 96.5% and by the employment of cheap com-
ponents. The proposed inks offer a reliable green and low-cost
alternative to oil-based formulations available on the market.
The presented ink allows for the 3D printing of rigid structure
with better mechanical resistance and lower fragility compared
to most commercial equivalents, demonstrating that it is not
required to lose performances when moving from fossil to bio-
based sources. Moreover, the 3D printed object features good
mechanical properties for applications in the textile industry;
remarkably the elongation at break was 18%, which is higher
than a recent manuscript based on the photocuring of similar
methacrylates that did not contain a polyester component.®*
Biocompatibility has been checked confirming that no cyto-
toxicity or sensitisation stimulating immune cellular response
are present. Taken together the last two features suggest a poss-
ible future focus on the development of DLP/SLA-based formu-
lation of green textiles that would allow the employment of the
reported formulation for the rapid prototyping of fashion pro-
ducts and accessories.®> Finally, we demonstrated how it is
possible to add functional components at very low percentage
to the formulation without any influence on its printability,
leading to functional 3D printed objects that reflect the physi-
cal-chemical properties of the additive.
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