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Digital light processing (DLP) printing offers the possibility of fabricating complex objects in a fast and
reproducible manner. A main requirement for DLP printing is the use of inks with low viscosities that can
flow under the printing platform in a short period of time. Its exploitation in tissue engineering appli-
cations has been centered on the use of hydrogel forming materials diluted in agueous solutions or the
use of polyesters in combination with diluents and heating platforms that aid in the reduction of their vis-
cosity. The use of diluents, however, modifies the mechanical properties and reduces the shape fidelity of
the printed objects and, the use of heating platforms results in vats with heterogeneous temperatures and
ink viscosities. Here, we report on the synthesis of a library of methacrylated low molecular weight
(<3000 g mol™) homopolymers ((P(o,0)LA and PCL) and copolymers (P((o,.)LA-co-CL)) of 2- and 3-arms
based on (p,)-lactide and e-caprolactone. The resulting inks possessed low viscosity that made them
printable in the absence of diluents and heating elements. DLP printing of cubical and cylindrical patterns
resulted in objects with a higher shape fidelity than their counterparts fabricated using diluents and with
printed features on the order of 300 pm. The printed materials were biocompatible and supported the
growth of human mesenchymal stem cells (nMSCs). Moreover, the variations in the composition resulted
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1. Introduction

Additive manufacturing, in particular three-dimensional (3D)
printing, has attracted exceptional interest in the last decade
due to its undeniable advantages, such as the easy and fast
fabrication of objects with complex structures at reduced costs
and has found application in numerous and varying fields
including dental applications, prototyping, tissue engineering
and tissue regeneration."” Furthermore, the wide scope of
different available 3D printing technologies enables the use of
materials with different characteristics as inks derived from
metals® to hydrogels,” passing through ceramics and poly-
mers.” Light based 3D printing technologies such as 2-photon
polymerization (2PP), digital light processing (DLP) and stereo-
lithography (SLA) offer the possibility of printing most
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adhered cell monolayers or loosely adhered cell aggregates.

complex structures commonly required in the field of tissue
regeneration and great advances have been made in the last
few years, including volumetric 3D bioprinting.*® The main
difference between them is that the last two, DLP and volu-
metric 3D bioprinting, use a light projector to create 3D
objects instead of a laser, reducing significantly the printing
time. While volumetric 3D bioprinting permits the fabrication
of objects in extremely short times, it has a very restricted
window of materials that can be used, as they have to be solid
or gel-like during the fabrication process.

The DLP printing technique has aroused great interest
since it has proven to be a fast (from 25 to 1000 mm min™ ")
and reproducible manufacturing method with high efficiency
and theoretical resolutions of a few microns (~10 pm).>™
Nevertheless, these parameters vary in function of the experi-
mental set-up, specifically in function of the viscoelastic pro-
perties of the selected resin, the intensity of the light source,
the photosensitivity of the ink and the overall concentration
and the nature of cross-linkable groups contained in the ink.’

In this regard, the choice of inks used for DLP printing is
crucial; it will not only determine the spatial resolution,
surface chemistry or mechanical properties, but will also
define the biocompatibility and degradability of the final
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model. Most of the studies using DLP printing for tissue
engineering constructs have been focused on the use of hydro-
gel forming materials such as those based on polyethylene
glycol (PEG), gelatin, hyaluronic acid or silk.*'*'* Polyester-
based polymers such as poly(lactide) (PLA),">'* poly(e-capro-
lactone) (PCL)"™"” and poly(trimethylene carbonate) (PTMC)"®
are commonly used in tissue engineered scaffolds including
those fabricated by DLP, as they can be synthesised by ring-
opening polymerization (ROP) allowing the control of the
polymer structure and chain length.'® One of the main require-
ments for good printability is the low viscosity (<10 Pa s) of the
resin and a Newtonian response to shear,>'® as it will deter-
mine the ability of the material to flow under the crosslinked
layer in between the sliced projections. Polymers with a high
molecular weight or semicrystalline structures, like the afore-
mentioned polyesters, generally result in viscous (or even
solid) resins which are incompatible with DLP printing. Thus,
they are combined with reactive or non-reactive diluents and
heating elements to lower their viscosity into the printable
regime. Reactive diluents such as 2-(2-ethoxyethoxy)ethyl acry-
late (EOEOEA) or N-vinyl-2-pyrrolidone (NVP) are incorporated
in the bulk of the printed objects compromising their mechan-
ical properties and altering the preselected chemistry of the
inks;'*'® non-reactive diluents such as ethylene lactate or
dioxane are washed away after printing, compromising the
structural stability of the object'”?° and, heating stages require
the design of home-made set-ups with vague control of the
applied temperatures and size limitations in the printed object
derived from the heterogeneous temperatures in larger vats.>!

Melchels et al.>® synthesised star-shaped methacrylated P(p,
L)LA inks with 2-, 3- and 6-arms and DLP printed them using
ethylene lactate as non-reactive diluent. All the reported mix-
tures had viscosities below 10 Pa s. They selected those with
the highest diluent concentration (19 wt%) for printing, yield-
ing inks with viscosities of approximately 1 Pa s. While the
resulting materials after DLP printing proved biocompatible,
the use of a non-reactive diluent led to a shrinkage of 10% (in
all directions) when complex gyroid structures were created.
Similarly, Paunovié et al.'® synthesised 4-arm methacrylated
P((p,.)lactide-co-caprolactone) (P((p,.)LA-co-CL)-MA low mole-
cular weight (<9000 g mol™) copolymers by ROP. The neat
polymer showed a viscosity of over 40 Pa s when heated at
60 °C, which decreased to below 5 Pa s when mixed with
7.5 wt% NVP reactive diluent. The printed objects possessed
structural features on the mm scale, probably due to the still
high viscosity of the inks that yield low-resolution objects. The
mechanical properties of the printed polymer with NVP were
of 4 MPa, which appears to be very low for a P((p,.)LA-co-CL
copolymer, probably due to the incorporation of the reactive
diluent in the bulk.

Kuhnt et al.'® reported on the synthesis of DLP inks based
on poly(caprolactone-co-trimethylenecarbonate) urethane acry-
lates and used 30 wt% EOEOEA as the reactive diluent and a
heating platform to further decrease the viscosity of some of
their ink compositions.?! They neatly showed the capability of
tuning the mechanical properties of their inks from 0.2-5.4
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MPa by varying the ratio of caprolactone to trimethyl-
enecarbonate, which also affected the morphology of adhered
cells. Nevertheless, the mechanical properties were lower than
those expected for films fabricated from these types of poly-
ester urethanes, which could be explained by the large amount
of reactive diluent required for DLP printing. The same group
recently reported on the scaled-up synthesis of P((p,L)LA-co-
CL)-MA inks for DLP printing. In this work, they studied resins
with molecular weights ranging from 1000 to 10 000 g mol ">
Despite reporting on the inks being liquid, a 30 wt% EOEOEA
reactive diluent was added to the polymer and a heating stage
was used for DLP processing.

Due to the lack of biocompatible resins with a suitable vis-
cosity that can be DLP printed without the use of diluents or
heating stages, in this work, we strove to develop liquid bio-
compatible inks based on (p,.)-lactide and e-caprolactone
monomers. We hypothesised that low molecular polymers
could result in liquid inks. We created a library of homopoly-
mers and copolymers with 2- and 3-arms and investigated the
effect of the different monomers and the steric hindrance of
the chains on the viscosity of the resulting ink.

2. Experimental section

2.1. Materials

Triethylene glycol (TEG), tin(u) 2-ethylhexanoate (Sn(Oct),),
methacrylic anhydride (MMA), sodium bicarbonate (NaHCOj3),
diphenyl(2,4,6-trimethylbenzoyl)phosphine  oxide  (TPO),
sodium chloride (NaCl), and triethanolamine (TEA) were pur-
chased from Sigma-Aldrich. (p,.)-lactide and hydroquinone
were obtained from Acros. Dichloromethane (CH,Cl,) anhy-
drous and methanol were purchased from Scharlau. e-capro-
lactone, dimethyl sulfoxide (DMSO), and 2-ethyl-2-(hydroxy-
methyl)-1,3-propanediol (TMP) were supplied by Alfa-Aesar.
Deuterated chloroform (CDCl;) was obtained from VWR
Chemicals.

2.2. Synthesis of polymers and methacrylation procedure

All polymers were synthesised by ring-opening polymerization.
To synthesise 2- and 3-arm-P(p,L)LA, 25.85 g (0.18 mol) of (p,L)-
lactide was added to a round-bottom flask and heated to
130 °C under vigorous stirring until molten, under a N, atmo-
sphere. Then, 3 mL of TEG (0.022 mol) or 2 g of TMP
(0.015 mol) was added for 2- and 3-arm polymers, respectively.
Yields of 64.9% and 71.3% were obtained respectively. For the
synthesis of 2- and 3-arm-PCL, 19.0 mL of e-caprolactone
(0.18 mol) was added to a round-bottom flask under vigorous
stirring and a N, atmosphere. Then, 3 mL of TEG (0.022 mol)
or 2 g of TMP (0.015 mol) was added. Yields of 78.0% and
83.5% were obtained respectively. For the synthesis of 2-arm-P
((p,L)LA-c0-CL), 5.43 g of (p,L)-lactide (0.037 mol) was melted in
a round-bottom flask at 130 °C under a N, atmosphere. Then,
15.0 mL of e-caprolactone (0.14 mol) and 3 mL of TEG
(0.022 mol) were added to the flask. A yield of 98.2% was
obtained. For the synthesis of 3-arm-P((p,.)LA-co-CL), 5.36 g of

This journal is © The Royal Society of Chemistry 2023
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(p,L)-lactide (0.037 mol) were melted in a round-bottom flask
at 130 °C together with 2 g of TMP (0.015 mol). Later, 14.8 mL
of e-caprolactone (0.14 mol) was incorporated. A yield of 98.7%
was obtained.

To all reactions, 0.28 mL of 1:10 (vol:vol) Sn
(Oct), : toluene catalyser solution (0.088 mmol) was sub-
sequently added. The reactions were carried out for 24 hours
at 130 °C. After the reaction, the product was washed three
times by precipitation in methanol and dried under vacuum.
For the methacrylation step, 5 g of purified polymer was dis-
solved in 5 mL of anhydrous CH,Cl, by gentle ultrasonication
for 10 minutes. The solution was then poured over 5 mg of
hydroquinone (0.045 mmol) in a round-bottom flask in the
dark and under a N, atmosphere. Afterwards, 3:3 or 4: 4 ratio
(mol : mol) of TEA : MAA per mol of oligomer was added to 2-
and 3-arm polymers, respectively. The reaction was left to
proceed for 48 hours at room temperature. The product was
recovered by phase separation with both saturated NaHCOj;
and brine solutions, consecutively. The organic extract was
firstly concentrated in a rotary evaporator at 60 °C, precipitated
three times in methanol at 4 °C and dried under vacuum.
Yields between 70% and 90% were obtained after the purifi-
cation step in all the methacrylated polymers.

2.3. Characterization of polymers

2.3.1. 'H-NMR spectroscopy of synthesised polymer inter-
mediates and methacrylated polymers. Samples for NMR ana-
lysis were prepared in CDCl; and analysed on a Bruker NMR
500 MHz Advance spectrometer (Bruker BioSpin, Rheinstetten,
Germany). The efficiency of each reaction and the degree of
methacrylation (DoM) of the resulting polymers were deter-
mined by means of "H-NMR spectroscopy as the ratio between
the peaks at 1.99 ppm and at 3.65 ppm, corresponding to the
protons of CH; of MA and CH, of TEG in 2-arm polymers,
respectively. In the case of 3-arm polymers, the selected ratio
was between the peaks at 1.99 ppm and 0.91 ppm, corres-
ponding to the protons of CH; of MA and CH; of TMP, respect-
ively. Details of H'-NMR shifts are provided in the ESI file.}

2.3.2. Differential scanning calorimetry (DSC). A DSC3+
(Mettler Toledo) equipment was used for the thermal charac-
terization of all the polymers. Samples of 4-10 mg were ana-
lysed under N, atmosphere (50 ml min™") in a thermal cycle
consisting of a first heating from —80 °C to 200 °C at a heating
rate of 20 °C min™", followed by a cooling cycle from 200 °C to
—80 °C at 10 °C min™" and a last heating step from —80 °C to
200 °C with a heating rate of 20 °C min~'. The reported
thermal transitions were obtained during the second heating
cycle.

2.3.3. Gel permeation chromatography (GPC). The mole-
cular weights and distributions were measured for each
material in tetrahydrofuran (THF) as the solvent and at 1 ml
min~" flow rate. The GPC group consisted of a refractive index
detector model 2414 (Waters), LC-20AD pump (Shimadzu), 717
plus autoinjector (Waters) and low molecular weight columns:
Starygel Guard Column, Styragel HR4, Styragel HR2 and

This journal is © The Royal Society of Chemistry 2023
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Styragel HR1 (Waters) calibrated in the range of 162-436 200 g
ml ™. The temperature of the columns was 35 °C.

2.3.4. Rheological and photorheological characterization.
Rheological measurements were conducted in an AR-G2 photo-
rheometer (TA instruments) with a disposable aluminium par-
allel plate of 20 mm diameter and a UV module (365 nm). All
the resins were prepared by adding 5% (w/w) of diphenyl(2,4,6-
trimethylbenzoyl)phosphine oxide (TPO) photoinitiator and
placed in the oven at 25 °C until running the experiment. Prior
to measuring the photorheological properties of the methacry-
lated polymers, an oscillation amplitude test was performed
from 1% to 1000% strain to find the linear region of defor-
mation of the resins and the viscosity at 25 °C that would
determine the printability of the material. Subsequently,
photorheology was used to analyse both the elastic and visco-
elastic behaviour of the materials during irradiation using a
200 mW cm™? intensity UV lamp. The strain was determined
specifically for each resin depending on its linear region of
deformation from the initial rheological measurements. The
gap distance between the parallel plates and the UV module
was set to 220 pm and the frequency 1 Hz for all measure-
ments. The measurements were run for 150 seconds, with an
irradiation time of 60 s, after settling for 30 s.

2.3.5. Mechanical characterization. Tensile tests were con-
ducted on a TA-HD Plus texture analyzer (Stable Micro
Systems, UK) equipped with a 30 kg load cell at 0.01 mm s™*
strain and with a preload of 0.2 N. Samples of 2- and 3-arm
copolymers and homopolymers were 3D printed or casted and
UV cross-linked to fit 5 x 20 mm samples. Young’s moduli
were calculated from stress-strain curves between 0.2 and 1%
strain.

2.4. Cell adhesion and biocompatibility studies

To study cell biocompatibility and adhesion, films of 7 x 7 x
0.4 mm were prepared using the DLP Titan 2 HR (KUDO 3D)
printer for both P((p,.)LA-co-CL)-MA copolymers of 2- and
3-arms. Homopolymer films were prepared by adding 500 mg
of each sample between two coverslips and curing them by UV
exposure with a lamp operating at 405 nm wavelength and 48
W power (post-curing LED Lamp KUDO 3D). All samples were
submerged in 1:2 (vol:vol) isopropanol : acetone solution for
10 minutes to remove the non-cured ink. Afterwards, the films
were sterilised in ethanol at 70% for 15 minutes. Samples were
then rinsed three times with PBS and placed in non-treated
24-well plates containing complete culture media 30 min
before use.

2.4.1. Cell culture. Human bone marrow mesenchymal
stem cells (hMSC) were purchased from StemCell™
Technologies (Donor 2111410009) in passage 0. hMSCs were
expanded in a monolayer culture at a density of 3.3 x 10° cells
per cm® and in o-MEM supplemented with 10% (v/v) fetal
bovine serum (FBS) at 37 °C with 5% of CO, until 80% conflu-
ence. The culture media was changed every 2-3 days.
Phosphate buffer saline (PBS) was used to wash adherent cells
before their detachment with 0.25% Trypsin/EDTA solution
(Gibco™). hMSCs resuspended in a-MEM supplemented with
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10% (v/v) FBS were seeded on the sterilized films at a density
of 60 000 cells per cm?.

2.4.2. DNA assay. The total DNA content was measured
with a CyQuant™ cell proliferation assay (Invitrogen), follow-
ing manufacturer’s instructions and assuming 6.6 x 10~° pg of
DNA per cell to estimate cell numbers. hMSCs were cultured
on the prepared films for 24 hours and washed with DPBS
three times to remove the media. Samples were first freeze—
thawed 3 times and digested using 1 mg ml™" Proteinase K
(Fisher BioReagents™) in Tris/EDTA buffer at 56 °C overnight.
Serial dilutions of the DNA standard from the CyQuant™ kit
ranging from 2 pm ml™ to 0 pm ml™" were prepared for the
standard curve. Afterwards, lysis buffer containing RNase
diluted 1:500 was added to each sample in a 1: 1 ratio, mixed
and incubated at RT for 1 hour to degrade the cellular RNA. In
parallel, the GR-dye stock solution was diluted 200-fold into
the lysis buffer. Finally, 100 pl of each sample was transferred
to a well of a black bottom microplate in triplicate. After
adding 100 pl of the GR-dye solution and incubating for
15 minutes at RT, fluorescence was measured at 480 nm exci-
tation and 520 nm emission.

2.4.3. Cell adhesion and viability. The cell adhesion to the
films was evaluated after 24 hours of culture by fluorescence
microscopy. To that end, films were washed twice with DPBS
and the cells were fixed by incubation in a solution of 4% par-
aformaldehyde (PFA) for 15 minutes. The cells were then per-
meabilized in a solution of 0.1% Triton™ X-100 (Fisher
BioReagents) in PBS for 15 minutes and then washed again
twice with PBS. Cells were stained with Phalloidin Alexa Fluor
488 (1:100) in PBS for 1 h, rinsed twice with PBS and stained
for 5 min with Hoechst 33342 (1:500) (Invitrogen, Thermo
Scientific).

The cell viability was evaluated by LIVE/DEAD™ viability/
cytotoxicity kit for mammalian cells (Invitrogen) following
manufacturer’s instructions. Briefly, 24 h after cell seeding in
the films the culture media was removed and the films were
washed 2 times with DPBS. Afterwards, 1 ml of 6 pM ethidium
homodimer and 1 pl of 1 mM Calcein were combined and
300 pL of the solution were used to cover each polymer film.
The cells were incubated for 45 min protected from light and
the staining solution was replaced with DPBS. The samples
were visualized immediately under a fluorescence microscope
at 518 nm and 540 nm for live and dead cells, respectively.

2.4.4. Fluorescence microscopy. Fluorescence images of
adhesion were recorded using an Axio Observer (Zeiss) cell
observer fluorescence microscope equipped with a metal
halide arc lamp HXP-120 (Zeiss) and an AxiocamMRR3 (Zeiss)
camera. Fluorescence images of live/dead experiments were
recorded on a Nikon Eclipse-Ti2-E equipped with an LED
based Lumencor Spectra II Illuminator and a large field
Photometrics Iris 15 sCMOS camera.

2.5 DLP printing of structures with micro-topographical
features

The models were designed using Solid Edge (Siemens) CAD
software and exported as STL file for subsequent treatment
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with Kudo 3D slicing software. PNG images were created for
each slice of 15 pm height composed of 32 bits per pixel.
Models of cubes and cylinders had a base of 7 x 7 mm and
0.35 mm in height. The surface pattern was created as a matrix
of 8 x 8 elements of 0.3 x 0.3 x 0.3 mm cubes or 0.3 @ x
0.3 mm pillars. In all cases, the first layer was irradiated for 50
seconds to ensure the attachment of the model to the plat-
form. The rest of the layers of the base were irradiated for 5
seconds and the layers corresponding to the topography for 8
seconds.

2.5.1. Scanning electron microscopy and printing error.
Visualization of the printed micro-topographies was accom-
plished by scanning electron microscopy (SEM) using a
TM3030Plus SEM (Hitachi High-Technologies) apparatus at
different magnifications operating at 15 keV. The surface of
the samples was previously gold-coated using an SC7620 mini
sputter coater/glow discharge system (Quorum).

The printing error of the models was measured from the
SEM images, taking into account the width of the cubes or the
diameter of the pillars and the height of the topography, fol-
lowing the equation:

X =X

&y = x 100

T
where ¢, is the error in the width (&), in the diameter (e4) or
in the height (ey,). X; and X, are the real and theoretical dimen-
sions, respectively.

2.6. Statistical analysis

The statistical analysis was performed using GraphPad Prism 8
(GraphPad Software, San Diego, CA, USA). One-way and two-
way analyses of variance (ANOVA) were carried out for complex
viscosity, storage modulus G’ values, Young’s modulus, elonga-
tion at break, maximum stress and cell viability assays to calcu-
late the significance and including a post-hoc Tukey’s multiple
comparison test. All the results are expressed as mean values +
standard deviation.

3. Results and discussion

3.1. Synthesis and characterization of low molecular weight
PCL- and P(p,L)LA-based polymers and copolymer inks

Polylactide (P(p,.)LA) and polycaprolactone (PCL) are among
the most commonly used polyesters for the biofabrication and
additive manufacturing of tissue engineering and regeneration
scaffolds due to their biocompatibility, their ease to be pro-
cessed and shaped into complicated structures, their structural
stability and their relatively high mechanical properties.
However, their application in DLP printing is restricted due to
their high viscosity at room temperature, requiring the use of
(reactive) diluents or heating platforms that make the fabrica-
tion process difficult and limit the resolution of the obtained
structures.'®'®'®21 We hypothesised, that low molecular
weight P(p,L)LA and PCL homopolymers and copolymers
thereof, would result in materials of lower viscosity and that

This journal is © The Royal Society of Chemistry 2023
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after methacrylation, could be exploited in the DLP biofabrica-
tion process without the use of heating platforms and/or dilu-
ents. Hence, low molecular weight (<3000 g mol™") resins were
synthesised from (p,)-lactide (LA) and e-caprolactone (CL)
monomers. Homopolymers and copolymers were synthesized
as 2- and 3-arm polymers to obtain, after methacrylation, a
high density of photoreactive motifs that could speed up the
printing process and yield materials with higher cross-linking
densities and printing resolutions. 2-arm and 3-arm polymers
and copolymers were synthesised by ring-opening polymeriz-
ation using triethylene glycol (TEG) or 2-ethyl-2-(hydroxy-
methyl)-1,3-propanediol (TMP) at 8:1 and 12:1 monomer to
initiator ratios, respectively (Scheme 1A). P((p,L)LA-co-CL) copo-
lymers were synthesized using the same monomer to initiator
ratio with a 1:3.76 LA : CL ratio and with the addition of stan-
nous octanoate as catalyst (Table 1). H'-NMR spectroscopy was

View Article Online

Paper

used to evaluate the successful polymerization of the polymers
(Fig. S1}). For 2-arm polymers, chemical shifts at § =
3.65 ppm, corresponding to CH, adjacent to the terminal
monomer-bound TEG, were observed as a triplet, while term-
inal -OH groups corresponding to free TEG were not detected
(expected as a triplet at § = 3.56 ppm). For 3-arm polymers,
monomer-bound TMP showed a singlet at § = 4.02 ppm as
opposed to the singlet at § = 3.39 ppm of TMP-free terminal
—-OH groups. Moreover, in the case of PCL homopolymers and
copolymers, a peak at § = 2.23 ppm corresponding to the CH,
nearest to the formed ester bond was detected (labelled in grey
in Fig. S1t). The ratio of LA: CL in the copolymers was calcu-
lated using the integrals of CH protons appearing at § =
3.51 ppm for P(p,L)LA and CH, nearest to carboxylic proton,
appearing at § = 2.23 ppm for PCL (shown respectively as black
and grey dots in Fig. 2). This ratio was slightly lower than the

OH o HO o o}
A \/\0/\/ \/\OH M \/\0/\/ \/\ONMMOH
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TEG or TMP as co-initiator, respectively, and Sn(Oct), as catalyst. (B) Methacrylation reaction that introduces photocross-linkable terminal groups on
2- (top) and 3-arm (bottom) homopolymers and copolymers employing hydroquinone as catalyst.

Table 1 Synthetic properties of methacrylated polymers measured by *H-NMR and GPC

Theor-LA: CL ratio Product LA: CL ratio D of

Theor. M,, M,, M,
(gmol™) M,/M, Appearance

Polymer (mol : mol) (mol : mol) methacrylation (%) (gmol™") (g mol™)

2-arm-P(p,L)LA 1:0 1:0 88 1303.18 1264 1572 1.24 Very viscous liquid
2-arm-PCL 0:1 0:1 61 1063.33 1670 2310 1.38 Waxy solid
2-arm-P((p,L)LA-co-CL) 1:3.76 1:2.93 98 1123.29 1559 2197 1.40  Viscous liquid
3-arm-P(p,L)LA 1:0 1:0 100 1863.69 2093 2559 1.22 Very viscous liquid
3-arm-PCL 0:1 0:1 96 1503.9 2187 2606 1.19 Waxy solid
3-arm-P((p,.)LA-co-CL) 1:3.76 1:3.12 99 1593.85 2188 2918 1.33  Viscous liquid

This journal is © The Royal Society of Chemistry 2023
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feed ratio and we hypothesised that LA has a higher reactivity
than CL monomers.

Gel permeation chromatography revealed that all polymers
had a low molecular weight ranging from ~1200 to 2200 g
mol-1 (Table 1 and Fig. S2}), which varied slightly with respect
to the calculated theoretical value. This low molecular weight
resulted in polymers with lower viscosities as compared to the
traditional solid powders obtained for high molecular weight
PLA, PCL and copolymers thereof. Indeed, 2- and 3-arm P(p,L)
LA appeared as very viscous liquids, while 2- and 3-arm PCL
resulted in waxy solids and, the 2- and 3-arm P((p,L)LA-co-CL)
copolymers in viscous liquids.

Analysis of the thermal properties of the synthesised inks
via dynamic scanning calorimetry (DSC, Fig. 1) showed, as
expected, that 2- and 3-arm P(p,L)LA resulted in amorphous
polymers with no melting transitions (Ty,) and with glass tran-
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T T T
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Fig. 1 DSC thermograms of second heating scans (top) and cooling
scans (bottom) of synthetized 2-arm (A) and 3-arm (®) P(p,L)LA, 2-arm
(A) and 3-arm (@) PCL and 2-arm (A) and 3-arm (®) P((p,L)LA-co-CL)
polymers.
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sition temperatures (T) of —8 °C and 17 °C, respectively. 2-
and 3-arm PCL homopolymers presented T, at —65 °C and
—58 °C, respectively. PCL homopolymers showed in both cases
two distinct T, of 32 °C and 42 °C for the 2-arm-PCL and
15 °C and 28 °C for the 3-arm-PCL. The double melting peaks
observed in PCL polymers are relatively common in polyesters.
We hypothesised that these two peaks correspond to the reor-
ganization of the crystal structures during the heating process
whereas the thinner lamellar structures formed during the
cooling process melt, recrystallizing into thicker lamellae that
melt at a higher temperature. Another possibility would be the
formation of extended-chain and folded-chain crystal struc-
tures, due to the low molecular weight polymers, that results
again in lamellae of different thicknesses. This behaviour is
not observed during the cooling process, where a single crys-
tallization peak is detected at 16 °C and —8 °C for the 2- and
3-arm homopolymers respectively, as this one is generally
dominated by the density of active nucleating sites. 2- and
3-Arm P((p,L)LA-co-CL) copolymers showed a thermal response
characteristic of amorphous polymers with T, at —55 °C and
—48 °C, respectively and no associated melting transitions,
further confirming the formation of copolymers.

Having characterized the homopolymers and copolymers
synthesized, we proceeded with the methacrylation of the
terminal -OH groups (Scheme 1B). For that, the dry polymers
were reacted with methacrylic anhydride in the presence of tri-
ethanolamine and hydroquinone. The methacrylated polymers
were then analysed by H'-NMR (Fig. 2), where the character-
istic doublets associated to the CH,=—C bond of the
methacrylic group were detected in all compounds. These
protons associated to the methacrylic groups in methacrylated
P(p,L)LA and PCL (P((p,.)LA-MA and PCL-MA) presented
slightly different shifts at § = 6.23 ppm and § = 5.69 ppm, and
4 =6.15 ppm and § = 5.60 ppm, respectively. These peaks were
also detected in the methacrylated copolymers (P((p,.)LA-co-
CL)-MA), indicating that the arms had different compositions
and terminal repeating units. We hypothesized that these mild
differences are due to the charge deshielding that carboxylic
groups from PLA repeating units induce into methacrylic
protons, which results in an increase in their chemical shifts.
The degree of methacrylation of 2- and 3-arm methacrylated
polymers was calculated from the ratio of the mentioned
peaks and both CH, signals from TEG at § = 3.65 ppm and § =
4.33 ppm, or CH; signal from TMP at § = 0.91 ppm, ranging
from 61 to 100% (Table 1).

3.2 Printability and viscoelastic properties of DLP resins

To evaluate the printability of the synthesized resins via DLP
or lithographic techniques, the viscoelastic properties were
measured by rheological analysis (Fig. 3). Too viscous resins
require the use of diluents that reduce the viscosity and enable
the fast penetration of the ink underneath the printing plat-
form and object when the platform is raised between the
printed layers. Moreover, inks presenting a non-Newtonian
response to shear-stresses could change their viscosity upon
displacement of the printing platform, reducing their capa-

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 H-NMR spectrum of 2- (A) and 3-arm (B) methacrylated polymers in CDCls. (top) P(p,L)LA-MA, (middle) PCL-MA and (bottom) P((p,L)LA-co-
CL)-MA. The identified proton signals are associated to the molecular structure with coloured circles.

bility to flow and cover the printing vat and the speed at which
the platform can be displaced. All resins presented a
Newtonian response, as evidence by the constant complex vis-
cosity recorded for the tested oscillation rates and the linear
increase in oscillation stress with the oscillation rate (Fig. 3A).
Complex viscosity values ranged from 1-70 Pa s, depending on

This journal is © The Royal Society of Chemistry 2023

the polymer composition and the number of arms. The
complex viscosity appeared to decrease for all polymers and
copolymers with an increasing number of arms (although not
statistically significant for all), probably as a result of the
higher electrostatic hindrance between adjacent arms in a
same polymer chain (Fig. 3A). PCL-based polymers presented

Biomater. Sci., 2023, 1, 5163-5176 | 5169


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3bm00581j

Open Access Article. Published on 03 July 2023. Downloaded on 5/7/2026 3:03:05 PM.

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

(cc)

View Article Online

Paper Biomaterials Science
A B C
10° 5 o - . o aa

1008 s s s s aaa . s A A s s e
- F10¢ o 10° o N -
4 NP PP sl © O o A A AAAAAAAA :
g 10! o o6 ooooso$10 % %104_ /-’ g
= - ‘ = B P(d,)LA-MA
§ pre e 8 g B PCL-MA

J b 1]
210 o 08 £k ] g B P((d,|)LA-co-CL-MA
3 z 3 b
o 35 - 10! En -y
5 g E P 5
o 8 10° 4 o
10" T T T T 1
0 30 60 90 120 150
Time (s)
E

g =
§1o°- % 5
B 104] S 4 HP(d,))LA-MA
S 102 » HE PCL-MA
5] 2 3 _co-CL-
3 1073‘% ] _§ ) W P((d,l)LA-co-CL-MA
EWJ' *A—l =
© 10° . ©
S s 0
» 10° n

1074 T r T T ) r r r - S v

0 30 60 90 120 150 0 30 60 90 120 150
Time (s) Time (s)

—a— 2-arm-P(d,|)LA-MA —a— 2-arm-PCL-MA —a— 2-arm-P((d,|)LA-co-CL)-MA
—e— 3-arm-P(d,|)LA-MA —e— 3-arm-PCL-MA —e— 3-arm-P((d,|)LA-co-CL)-MA
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before photocross-linking. Statistical significance was calculated from two-way ANOVA with Tukey's multiple comparison test. For complex viscosity:
interaction F(2,12) = 35.28, p < 0.0001; arm number F(1,12) = 58.04, p < 0.0001; material type F(2,12) = 33.90, p < 0.0001. Adjusted p-values: p < 0.1
(ns), p < 0.0322(*), p < 0.0021 (**), p < 0.0002 (***) and <0.0001 (****). (D) Elastic (left, Storage Modulus G') and viscoelastic (right, Loss Modulus G")
response of the inks upon irradiation with 200 mW cm™2 UV light module (365 nm) for 60 seconds after a settling time of 30 seconds. (E) Storage
Modulus G’ of crosslinked materials at plateau. Statistical significance was calculated from two-way ANOVA with Tukey's multiple comparison test.
For complex viscosity: interaction F(2,12) = 4.098, p = 0.0440; arm number F(1,12) = 20.04, p = 0.0008; material type F(2,12) = 183.2, p < 0.0001.

Adjusted p-values: p < 0.1 (ns), p < 0.0322 (*), p < 0.0021 (**), p < 0.0002 (***) and <0.0001 (****),

the highest viscosity with values of 65 + 16 Pa s for the 2-arm-
PCL-MA and decreasing to 1.5 + 0.1 Pa s when presenting
3-arms. PLA-based inks presented a viscosity of 16 + 2 and 5 +
3 Pa s for the 2-arm and 3-arm-PLA-MA, respectively.
Copolymers of P((p,.)LA-co-CL)-MA showed the lowest viscos-
ities with values of 1.4 + 0.2 and 0.72 + 0.05 Pa s for the 2- and
3-arm versions. The optimal viscosity of inks for DLP and SLA
printing has been set in the range of 0.1-10 Pa s.® Thus,
2-arm-PCL-MA and 2-arm-P(p,.)LA-MA polymers appeared to
be too viscous to be printed without the incorporation of dilu-
ents or the use of heating sources (Fig. 3C).

Oscillatory measurements were carried out during UV
exposure to evaluate the kinetics of the curing process. Upon
irradiation with UV light, the viscosity of all the materials
increased rapidly and exponentially, reaching a plateau as
soon as 1-2 s after the irradiation was started, demonstrating
the fast crosslinking speed of the resins (Fig. 3B and Fig. S37).
The complex viscosity of the photocross-linked materials was
the highest for 2- and 3-arm-P(p,.)LA-MA polymers, followed
by 2- and 3-arm-PCL and P((p,.)LA-co-CL) copolymers (Fig. 3C).
In all cases, 3-arm polymers displayed a higher complex vis-

5170 | Biomater. Sci, 2023, 11, 5163-5176

cosity after cross-linking than their 2-arm counterparts, as a
result of the higher cross-linking density. P(p,.)LA-MA,
PCL-MA and P((p,L)LA-co-CL)-MA films prepared from 2-arm
and 3-arm polymers were attributed for a complex viscosity of
502 + 36 and 572 + 9, 42 + 6and 150 + 0.9 and, 162 + 1 and
185 + 1 kPa s, respectively.

To evaluate the viscoelastic properties of the liquid resins
and the cross-linked materials, the storage (G') and loss
moduli (G") of the resins were measured before and after UV
irradiation during oscillatory photorheological experiments
(Fig. 3D and E). G’ and G” represent the elastic and viscous
components of a viscoelastic material, respectively. Readily
upon UV irradiation both, G’ and G”, increased over five orders
of magnitude in all inks demonstrating the cross-linking of
the chains. 2-arm-PCL-MA, which was initially a waxy solid,
suffered an increase of G’ and G" of only 3 orders of magni-
tude, yet, indicating the cross-linking of the resin. 2- and
3-arm P((p,L)LA-MA, 2-arm PCL-MA and P((r,0)LA-co-CL)-MA
inks displayed a G’ that was lower than G” at the beginning of
the measurement and before UV irradiation, which increased
upon UV irradiation crossing at the gelling point, to give rise

This journal is © The Royal Society of Chemistry 2023
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to solid resins with an elastomeric response (G’ above G")
(Fig. S47). 3-arm-PCL-MA and 2-arm-P((p,L)LA-co-CL)-MA inks
however, displayed a G' above G” along the entire experiment,
before and after UV irradiation, showing a higher elastic com-
ponent in the resin already before irradiation. This was
ascribed to certain chain ordering in the liquid resins or to a
partial cross-linking of the ink.

The G’ after cross-linking of the formed films was 3 + 0.4
and 4 + 0.5 MPa, of 0.4 + 0.2 and 1 + 0.1 MPa and of 0.9 + 0.1
and 1.1 £ 0.1 MPa for the 2- and 3-arm- P(p,L)LA-MA, PCL-MA
and P((p,)LA-co-CL)-MA materials (Fig. 3E), showing again a
higher G' for materials presenting 3-arms than the 2-arm
counterparts. The flexibility of this system allowed us to create
materials with a wide range of mechanical properties which
were well on the range of several soft tissues such as the arter-
ial wall, hyaline cartilage or the skin.*?

3.3 Tensile properties of 3D printed and cross-linked
materials

The mechanical properties of the 3D printed 2- and 3-arm
copolymers and UV cross-linked 2- and 3-arm homopolymers
were tested under tension (Fig. 4). All materials showed a
rather stiff and brittle response, without plastic deformation,
as observed by the absence of a clear strain hardening or
necking before sample rupture (Fig. 4A).

A
25+
g
<
» 05
20 8
2]
©
o
S 159 O
%] Strain (%)
]
= 10 ——2-arm-P(d,)LA-MA
»n 2-arm-PCL
= 2-arm-P((d,|)LA-co-CL)-MA
—— 3-arm-P(d,)LA-MA
54 3-arm-PCL-MA
= 3-arm-P((d,|)LA-co-CL)-MA
0 5 10 15 20 25 30 35 40 45 50
Strain (%)
C
25 -
© P(d,)LA-MA
&£ 20 (d.)
S 15 @ PCL-MA
§ B P((d,|)LA-co-CL)-MA
b 3 ns
(2]
¢ 2 ns ns
o]
= 1
0

Q&@ 'b&& 'b&&

S S K
'l«'s'b’bn,o'lon,z

View Article Online

Paper

The 2-arm based polymer films displayed in all cases a
lower Young’s modulus than their 3-arm counterparts,
although this was only significantly different for the P((p,L)
LA-MA based inks, with values of 6.2 + 2.6 MPa and 624.6 +
58.7 MPa for 2- and 3-arm P((p,.)LA-MA, 4.5 + 0.6 MPa and 7.2
+ 0.7 MPa for 2- and 3-arm PCL-MA and 8.4 + 0.3 MPa and 9.7
+ 0.9 MPa for 2- and 3-arm P((p,L)LA-co-CL)-MA films (Fig. 4B).
As expected, P((p,L)LA-MA films showed the highest stiffness
and PCL-MA the lowest, with P((p,.)LA-co-CL)-MA films
showing an intermediate response. Maximum stresses fol-
lowed the same trend with values of 1.7 + 0.8 MPa and 19.6 +
3.7 MPa for 2- and 3-arm P((p,.)LA-MA films; 0.2 + 0.1 MPa and
0.4 + 0.2 MPa for 2- and 3-arm PCL-MA films and 1.1 + 0.3
MPa and 0.9 + 0.1 MPa for 2- and 3-arm P((p,L)LA-co-CL)-MA
films, respectively (Fig. 4C).

The maximum strain measured followed the opposite
trend, with elongation at breaks that were the highest for the
2-arm based inks as compared to their 3-arm counterparts,
although this was only significantly different for P(p,.)LA-MA
films. Again P(p,L)LA-MA films showed the highest elongation
at break and PCL-MA the lowest, with P((p,L)LA-co-CL)-MA
copolymers showing an intermediate behaviour. 2- and 3-arm
P(p,L)LA-MA films showed an elongation at break of 38.9 =
18.5% and 8.5 + 1.3%, respectively; 2- and 3-arm PCL-MA films
of 7.1 + 2.4% and 6.6 = 2.7%, respectively and 2- and 3-arm
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Fig. 4 Representative tensile test traces (A) of 2- and 3-arm copolymers and homopolymer films fabricated via 3D printing and UV cross-linking,
respectively. Inset shows a zoom-in of the region labelled with a grey box. n > 3 for all samples. (B) Young's modulus, (C) maximum stress and (D)
elongation at break calculated from tensile tests. Statistical significance was calculated from two-way ANOVA with Tukey's multiple comparison. For
Young's modulus: test interaction F(2,12) = 329.9, p < 0.0001; arm number F(1,12) = 336.3, p < 0.0001; material type F(2,12) = 329.3, p < 0.0001.
Adjusted p-values: p < 0.1 (ns), p < 0.0322 (*), p < 0.0021 (**), p < 0.0002 (***) and <0.0001 (****). For maximum stress: interaction F(2,12) = 65.48, p
< 0.0001; arm number F(1,12) = 66.37, p < 0.0001; material type F(2,12) = 81.43, p < 0.0001. Adjusted p-values: p < 0.1 (ns), p < 0.0322 (*), p < 0.0021
(**), p < 0.0002 (***) and <0.0001 (****). For elongation at break: interaction F(2,12) = 5.230, p = 0.0233; arm number F(1,12) = 8.738, p = 0,0120;
material type F(2,12) = 9.613, p = 0,0032. Adjusted p-values: p < 0.1 (ns), p < 0.0322 (*), p < 0.0021 (**), p < 0.0002 (***) and <0.0001 (****).
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P((p,L)LA-co-CL)-MA films of 14.8 + 3.4% and 10.7 *
respectively.

Melchels et al. synthesised P(p,.)-LA based resins using
ethyl lactate as non-reactive diluent.”® They investigated the
impact of the number of arms (2-, 3- or 6-arm) of the syn-
thesised resin on the mechanical properties of the prepared
films by 3-point bending mechanical analysis. In contrast to
our results, no relationship between the number of arms and
the mechanical properties was observed. However, they
observed a clear decrease in the flexural modulus with increas-
ing molecular weight of the inks, that ranged from 2.5 to 3.6
GPa, approximately. Moreover, the resulting films were brittle,
as expected for PLA-based inks, with the maximum elongation
at break of 6.2% approximately. Similarly, Elomaa et al. pre-
pared resins from PCL oligomers with molecular weights
ranging from 800 to 6000 g mol~" and showed a clear decrease
of the tensile Young’s modulus from 15 to 6.7 MPa with
increasing molecular weight, which appear to be well on the
range of the PCL based homopolymers synthesised here."> As
expected, PCL based films accounted for an elongation at
break higher than that reported for P(p,L)-LA based resins,
with values ranging from 19 to 78% that were lowest for lower
molecular weight inks.

0.3%,

3.4 Biocompatibility and cell adhesion support of the cross-
linked materials

In order to evaluate the applicability of the synthesised inks as
tissue engineering scaffolds and cell culture platforms, their
capability to support cell adhesion and survival was tested
in vitro with human bone marrow mesenchymal stem cells
(hMSCs). hMSCs are known to readily respond to differences
in their chemical and mechanical environment, making them
ideal candidates to evaluate biocompatibility, adhesion and
growth on novel materials.>***> To do so, films of the different
resins were fabricated by DLP printing, in the case of 2- and
3-arm-P((p,L)LA-co-CL) copolymers, and via casting and UV
cross-linking in the case of 2- and 3-arm-PCL-MA and P(p,L)
LA-MA polymers. Cell-material interactions are a key para-
meter determining the integration of biomaterial scaffolds.
The first step towards guiding cell processes through material
interactions is the adhesion to the materials’ surface. Analysis
of the material’s capability to support cell adhesion (Fig. 5)
showed that after 24 h of culture PCL-MA films supported the
highest cell adhesion with a total of 38 709 + 9100 and 36 164
+ 2203 cells per film for 2- and 3-arm polymers, respectively.
P(p,L)LA-MA showed the poorest cell adhesiveness with a total
of 5643 + 1000 and 5603 + 388 cells per film for 2- and 3-arm
polymers. PLA is known to display poor cell adhesion due to
the hydrophobicity of its surface that limits the absorption of
growth factors and proteins (and hence, cells) and multiple
strategies have been developed to introduce negative charges
through functionalization or formation of surface radicals.?®™>®
Moreover, previously reported comparative studies of PLA and
PCL polymers demonstrate the highest cell attachment sup-
ported by PCL-based materials.”® 2- and 3-arm copolymers
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Fig. 5 hMSC adhesion after 24 h of culture on 2- and 3-arm-P(p,L)
LA-MA, PCL-MA and P((p,L)LA-co-CL)-MA polymer films. Error bars rep-
resent standard deviation; n = 3. Statistical significance was calculated
from two-way ANOVA with Tukey's multiple comparison test. For
complex viscosity: interaction F(2,12) = 8.049, p = 0.0061; arm number
F(1,12) = 4.558, p = 0.054; material type F(2,12) = 95.62, p < 0.0001.
Adjusted p-values: p < 0.1 (ns), p < 0.0322 (*), p < 0.0021 (**), p < 0.0002
(***) and <0.0001 (****),

showed a behavior intermediate of that of the two homopoly-
mers, with attached cell numbers of 9115 + 2846 and 23 928 +
1304 for 2- and 3-arm-P((p,.)LA-co-CL)-MA copolymers, respect-
ively. Interestingly, this intermediate behavior made evident a
higher cell attachment when the resins presented 3- instead of
2-arms, probably due to the higher storage modulus of the
materials.

After initial adhesion (generally within 4 h), cells continue
sensing their microenvironment and can adopt various cell
morphologies and orientations, a process in which the sub-
strate mechanical properties and topographical features play
an important role.?®*' Cell observation via fluorescence
microscopy revealed that, despite having a higher number of
adhere cells, hMSCs cultured in PCL-MA films for 24 h pre-
sented a rounded morphology together with the formation of
large cell aggregates, suggesting that cell-cell interactions were
stronger than cell-material interactions (Fig. 6). Cells cultured
in P(p,.)LA-MA films, however, presented an elongated and
well-spread morphology in both, 2-arm and 3-arm-based
polymer films, which could be ascribed to the higher mechani-
cal properties of the substrates (Fig. 3E and 4). Cells cultured
on P((p,0)LA-co-CL)-MA copolymers presented a cell mor-
phology that was intermediate to the observed for the two
homopolymers. In fact, hMSCs cultured on 2-arm copolymers
displayed rounded cells forming aggregates, while hMSCs cul-
tured on 3-arm-copolymers presented a morphology more
similar to the observed in PCL-MA substrates, with higher cell
spread areas. After 24 h, cells cultured in all ink types were
mostly viable with few cells dead, as demonstrated by the live/
dead stain with red cells denoting compromised membranes
and green stain showing live cells (Fig. 6B and Fig. S57).

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Fluorescence microscopy images of hMSCs after 24 h of culture in homopolymer and copolymer films. (A) Morphology of the cells stained
for F-actin (green, cytoskeleton) and nuclear DNA (blue, nucleus). Scale bar is 50 pm. (B) Live/Dead images of hMSCs stained for ethidium homo-

dimer (red, dead), and calcein (green, alive). Scale bar is 50 ym.

3.5 Shape fidelity in DLP printed topographies

After proving the biocompatibility of (P(p,.)LA-co-CL)-MA inks,
the shape fidelity post printing was evaluated. Shape fidelity is
dependent on the printing resolution, cross-linking efficiency
and structural stability of the fabricated objects.> For DLP
printing and SLA techniques, the printing resolution is deter-
mined by the equipment (theoretical) but, is affected by the
absorbance and scattering of light by the ink and the diffusion
of radicals within the resin. To this end, light blockers that
absorb light at the irradiation wavelength and limit scattering
are very often included in the ink mixture. However, the
inclusion of such molecules compromises the biocompatibility
of the ink and supposes an extra component that can be
released to the culture media when the fabricated structures
are biodegradable. The cross-linking efficiency determines the
light exposure time required to cross-link the object and the
presence of unreacted species (monomers or prepolymers) in

This journal is © The Royal Society of Chemistry 2023

the final object. The latter affects the shape stability after
washing and leaching the final object. This effect is further
enhanced when non-reactive diluents are included in the reac-
tion mixture, which will escape or leach during washing steps
(or during culture in media).

The biocompatible P((p,.)LA-co-CL)-MA inks developed here
were printed in the absence of light blockers and diluents,
which facilitated shape stability after printing. A comparison
between structures printed with reactive, non-reactive and
without diluent revealed that the objects printed without
diluent achieved a higher shape fidelity than those printed
with diluent (Fig. S6 and Table S17). Objects printed with reac-
tive diluent presented also a good shape fidelity but, as
explained earlier, included the reactive diluent in the final for-
mulation which would alter the predesigned mechanical and
chemical properties of the substrates.

To further investigate the achievable shape fidelity and
resolution, repeating patterns of cubes, cylinders and cones
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were fabricated via DLP printing (Fig. 7). Cubes and cylinders
were designed to have dimensions of 300 x 300 pm (with x
depth) and 300 pum diameter, respectively, with a constant
height of 300 um. The objects appeared to reproduce the
designed pattern successfully across the entire surface of the
chips, with printing errors lower than 21% in all dimensions
(Table 2). Of note was that 3-arm-copolymers appeared to have
an overall lower printing error than 2-arm-copolymers, prob-
ably due to the higher density of photoreactive groups.
Fabrication of conical structures was designed with decreasing
size, informing about the printing resolution of these challen-
ging shapes. These structures usually require to set a gradient
of exposure times that decreases as the height of the cone
increases and the printed circle decreases in size. Hence, the
highest error measured was for the height of the cones, reach-
ing values as high as 126 + 3% for the smallest printed cones.
Indeed, the height printing error increased with decreasing
size of the printed cone and was again smallest for the topo-
graphies printed with the 3-arm copolymer. Nevertheless,

P((d,l)LA-co-CL)

NMUD99 x30

View Article Online

Biomaterials Science

Table 2 Printing error of cube and pillar micro-topographies. e
average error in the width of cubes; ¢,: average error in the height; ey:
average error in the diameter of the cylinders and at the base of the
cones; all calculated from SEM images

Cubes Cylinders Cones
2-arm 3-arm 2-arm  3-arm 2-arm 3-arm
ew(%)+SD 15+14 12+11 — — — —
£g (%) £ SD — — 21+15 9+7 2+1Conel 5+2 Cone 1
5+ 1 Cone 2 8 +1 Cone 2
19+7Cone3 5+7Cone3
en(%)£SD 21+4 54 11+4 9+5 35+04Conel 35+1Conel
57+1Cone2 42 +1Cone?2

126 +3 Cone 3 75 +23 Cone 3

further optimization of the printing parameters would yield
lower errors. The printing error at the base of the cones was
much smaller than that of the height, with errors that ranged
from 2-19% and increased again with the smaller cone sizes.

2mm |7

20210914 16.18 NMU

Fig. 7

20211110 1327 NMU

(A) Computational design and dimensions of micro-topography models with cubes (left) and cylinders (right). (B and C) SEM images of top-

view (top) and cross-view (bottom) of micro-topography using 3-arm- (left) and 2-arm-P((p,L)LA-co-CL) (right) as printable resins: (B) cube- and (C)
pillar-surface structures were shown. Scale bar is 2 mm in all images. (D and E) SEM images of cones on gradient structures printed with 3-arm- (D)
and 2-arm-P((p,L)LA-co-CL)-MA (E). Scale bars of 2 mm and 500 pm are shown in the left and right images, respectively.

5174 | Biomater. Sci, 2023, 11, 5163-5176

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3bm00581j

Open Access Article. Published on 03 July 2023. Downloaded on 5/7/2026 3:03:05 PM.

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

(cc)

Biomaterials Science

4 Conclusions

Here, we report the synthesis of a library of P(p,.)LA and
PCL-based low molecular weight homopolymer and copoly-
mer inks with 2- and 3-arms. Methacrylation of the poly-
mers yielded 2- and 3-arm-PCL-MA, P(p,.)LA-MA and P((p,L)
LA-co-CL)-MA with high degrees of methacrylation that
enabled a fast photocross-linking of the resins in 1-2 s.
Analysis of the viscoelastic properties demonstrated that
3-arm PCL-MA, P(p,L)LA-MA, P((p,L)LA-co-CL)-MA and 2-arm-P
((0,L)LA-co-CL)-MA accounted for a low viscosity and met the
main requirements to be used in DLP printing, that is to
behave as Newtonian fluids with a viscosity <10 Pa s. 2- and
3-arm-P((p,L)LA-co-CL)-MA copolymers were selected for DLP
printing as they presented the lowest viscosities (1.4 + 0.2
and 0.72 + 0.05 Pa s). We showed that these inks were prin-
table at room temperature and without the use of diluents,
resulting in structures with higher shape fidelity and resolu-
tion as compared to prints of the same inks using non-reac-
tive diluents. The inks were exploited to print micro-topogra-
phies in the shape of cubes, cylinders and cones, showing
printing errors that decreased with increasing number of
arms in the copolymer. Analysis of the biocompatibility and
cell adhesion of the resulting materials showed that the
materials supported hMSC adhesion and viability. hMSCs
cultured in P((p,L)LA-co-CL)}-MA copolymer films presented
an intermediate behaviour to that of cells cultured in
PCL-MA and P(p,L)LA-MA films. PCL-MA films showed the
highest cell adhesion followed by P((p,L)LA-co-CL)-MA and
P(p,L)LA-MA films. The apparent cell spread area appeared
to be highest in P(p,L)LA-MA films, followed by P((p,L)LA-co-
CL)-MA and PCL-MA films. Being hMSCs highly sensitive to
their chemical, structural and mechanical microenvironment
and having shown good biocompatibility to the developed
materials, extrapolation of these resuls to other cell and
tissue types is expected. Altogether, these data demonstrate
the synthesis of novel DLP biocompatible inks that can be
processed at room temperature and in a solvent free
environment, yielding high resolution objects that could be
further exploited as cell culture platforms or tissue engineer-
ing scaffolds. Extrapolation of these findings to 3D architec-
tures for cell immunomodulation would be an interesting
possibility as it would allow for precise control of sizes and
topographies up to a scale that could enable cell polariz-
ation on command.
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