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To exploit the usability of Digital Light Processing (DLP) in regen-
erative medicine, biodegradable, mechanically customizable and
well-defined polyester urethane acrylate resins were synthesized
based on poly(caprolactone-co-trimethlenecarbonate). By con-
trolling the monomer ratio, the resultant fabricated constructs
showed tunable mechanical properties, degradation and attached
hMSC morphologies.

Additive manufacturing (AM) techniques allow the fabrication
of complex three-dimensional (3D) objects with outstanding
control in dimension and resolution.'”> Among the different
types of AM techniques, digital light processing (DLP) has
emerged as an efficient, low-cost, and relatively fast technique
for complex scaffolds like gyroids,”* vascular branches® or for
microarchitectures and microwells.® Despite DLPs potential
advantages, the lack of tunable biocompatible resins, in par-
ticular those with adequate bioresorbable and mechanical pro-
perties for tissue regeneration, have yet inhibited exploitation
of this versatile photofabrication technique.”®

DLP takes the advantage of a light source (UV or visible
light) to induce a controlled photopolymerization reaction;
thus, forming solid microarchitectures from liquid polymeric
resins in a layer-by-layer approach.> Generally, commercially
available resins are based on monomers and short polymers
containing acrylate or epoxy functionalities. Inherently, these
polymers are sometimes biocompatible,” however not necess-
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ary biodegradable.’® This need within the field has spurred
recent studies on the creation of tunable and biodegradable
DLP resins, for example poly(propylenefumarate) resins*'™*?
and thiol-ene based hydrogels.*'*

Light polymerizable resins are commonly acrylate functio-
nalized polymers which are derived from poly(e-caprolactone)
(PCL),"* poly(lactic acid) (PLA),'® poly trimethylene carbonate
(PTMC),"” or poly(propylene fumarate) (PPF).'® Previous work
has developed such polymers for fabrication with stereolitho-
graphy to yield biocompatible and biodegradable scaffolds.
Such homopolymer-based resins have limited versatility in
terms of mechanical properties and degradation rates, nor-
mally fine tuning the mechanical properties only by varying
either the molecular weight or the crosslink density.” In con-
trast to homopolymers, the use of co-polymeric resins that
contain two or more polymers in the backbone have been pro-
posed as a way to increase the range of mechanical properties
of the final scaffold.’?

Poly trimethylenecarbonate (PTMC) is an amorphous
polymer, obtained by ring opening polymerization from the
cyclic carbonate. Physically, PTMC exhibits a low glass tran-
sition temperature, ranging from —25 to —15 °C (depending on
the molecular weight) and relatively low elastic modulus.*
Due to the relatively poor mechanical properties, PTMC is gen-
erally used in combination with semi-crystalline polymers
such as PCL.>' The formed random PCL-co-PTMC polymer
(PCT) offers advantages for biomedical applications due to
the formation of non-acidic side products during bio-
degradation.*® Furthermore, these materials are characterized
by a relatively low elastic modulus and ductile behavior.*

In this work, we studied the mechanical properties and
accelerated degradation profiles of a series of PCT based
photocurable resins. In total, 5 random PCT polymers (M,:
4000 g mol™") were synthesized and end-capped using acry-
lated 1-lysine isocyanate (LDI-HEA) to form the final resins
(Scheme 1). The reaction of LDI-HEA with the prepolymers
introduces urethane moieties, which have the potential to
increase the elastic modulus as well as enable other degra-
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Scheme 1 Synthetic route to PCTAc polymers based on PCT copolymerization followed by LDI-HEA endgroup functionalization.

dation pathways. Poly(urethanes) are widely used in bio-
medical devices due to their excellent mechanical response
and inherent biocompatibility.>* The mechanical properties of
cured samples were studied and accelerated degradation pro-
files were recorded for one month under basic conditions.
Finally, a series of different scaffolds was printed using diphe-
nyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO) as photo-
initiator and 2-(2-ethoxyethoxy)ethyl acrylate (EOEOEA) as a
reactive diluent to enhance the printability.

PCT prepolymers were synthesized via bulk ring opening
polymerization of caprolactone (CL) and trimethylenecarbonate
(TMC) using triethylene glycol (TEG) as initiator and Sn(u)Oct as
catalyst in a ratio of 2000: 1. The prepolymers were character-
ized via "H and "*C-NMR spectroscopy and then assigned in
conjunction with previous publications.>*>>®

A series of 5 copolymers was prepared. The monomer ratios
were varied from (90:10, 75:25, 50: 50, 25:75 and 10:90) CL
to TMC. The monomer conversion after the polymerization
was evaluated using "H-NMR of the crude reaction mixture,
the ratio between the monomer peaks to the polymeric CL and
TMC signals (see ESIt). Fig. S8at depicts the '"H-NMR spectra
of the synthesized PCT prepolymer with a ratio 50:50
(CL: TMC), the region between 4.00 and 4.27 ppm was ampli-
fied to identify the methylene (-CH2-) corresponding to the
CL and TMC units in the copolymer. The presence of extra
peaks in the spectra was attributed to the formation of dyads,
formed when two units (e.g2 CL-CL vs. CL-TMC) are next to
each other in the backbone. Furthermore, the evaluation of the
random character of the PCT samples was verified via "*C-NMR.
Fig. S8bt displays the carbonyl region (C=O) of both CL and
TMC units, the evolution and extinction of peaks (e.g. TTT or
CCC) while varying the copolymer composition has been attrib-
uted to the random character of the materials.

In Table S17 the values of the monomer conversion, practi-
cal copolymer composition, number average molecular weight
(M) and polydispersity are given. According to the "H-NMR
analysis, the practical values of M, correspond closely to the
theoretical ones. Noticeably in this analysis, the CL conversion
during the polymerization remained high (exceeding 99.3%)
whereas TMC was slower to convert (lowest value at 88.4%),
suggesting that the polymerization kinetics favor the CL
monomer.

This journal is © The Royal Society of Chemistry 2019

According to the gel permeation chromatography (GPC)
traces (Fig. S29t) the PCT polymers presented dispersities (D)
in the range of 1.20 to 1.54, in line with previous reports.®
Seen in the GPC, as the amount of TMC increases, the distri-
bution of the curves tends to be broader. Moreover, the corres-
ponding M, values estimated by the GPC are higher than
those obtained with the NMR analysis. This overestimation of
the molecular weight distribution by GPC in TMC containing
polymers has been previously reported.”” Transesterification,
well-known to increase poydispersity in ring opening PCT poly-
is thought to also lead to this overestimation.

The synthesis of the LDI-HEA endcapping reagent is illus-
trated in Scheme S2} and was characterized by FTIR (ESI}). Of
note, this reaction was run in a 2:1 molar HEA: LDI ratio,
which will produce a mixture of mono (LDI-HEA), di
(HEA-LDI-HEA), and unreacted (LDI). The obtained mixture of
products was utilized without further purification.

The final printable macro-crosslinkers were prepared by
reacting the PCT prepolymers with the LDI-HEA endcapping
reagent at 40 °C in dry toluene for 24 h. The FTIR spectra of
the products show the disappearance of the broad OH band at
3550 cm™' and the appearance of signals at 3369 cm™' and
1523 ecm™' corresponding to the N-H of the amide moiety
from the attached LDI-HEA (ESIt). Shown in Fig. 1 with the
50:50 polymer as an example, the NMR spectra show
the characteristic peaks of CL (4.06, 2.31, 1.65 and 1.39 ppm),
TMC (4.24 and 2.05 ppm) and acrylate double bond (6.44,
6.15 and 5.96 ppm). All macro-crosslinkers synthesized
showed a characteristic shift in GPC traces, attributed to
chain extension via the LDI-HEA mixture (see ESI{ for GPC
traces).

PCTAc films were prepared by pouring a pre-mixed resin
(70 wt% PCTAc, 29 wt% reactive diluent, 1% TPO) into a glass
Petri dish and curing it in a UV oven with a 365 nm wavelength
for 5 min from top and bottom. All polymeric compositions
formed free-standing films, which looked clear after post
curing; however, samples with high CL (90 and 75%) content
formed semi-crystalline polymers. Opacity in the printed
samples were observed after 2 h (90:10) and 24 h (75:25) at
room temperature.

DSC analysis of the different photopolymerized and cross-
linked PCTAc films are shown in Fig. 2c. Films with a high

merizations,*®
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Fig. 1 'H NMR in CDCls showing the characteristic peaks for CL, TMC, LDI, and acrylate protons in the final polymer. The PCTAc 50 : 50 copolymer

is shown as a representative example.

a)_ =
© ©
o o
2 = 104 .
] E
£ E
@ g -
o .
& w
o T r T r T 04l — v v T v
0 50 100 150 200 250 300 90:10  75:25 50:50 25:75 10:90
Eng. Strain (%) Copolymer ratio (CL:TMC)
C) Tom-880°C e d) 100
5 Tg=-55.7°C il ;\?
g 75:25 @ 95
; Tg=-45.0°C E
w ‘M »
w Tg=-32.7°C e 90
2 M =
Jg=-212°C
10:90
80 60 40 20 0 20 40 60 80 0 5 10 15 2 25 30
Temperature (°C) Time (days)
Fig. 2 (a) Engineering stress—strain curves and, (b), Young's modulus of

DLP fabricated films with 90:10, 75:25, 50:50, 25:75 and 10:90
CL: TMC ratios. (c) Dynamic scanning calorimetry (DSC) traces of PCTAc
resins and (d) mass loss (%) over time during accelerated degradation
studies.

content of PCL showed melting peaks at around 40 °C (90 : 10/
AHg = 37.60 J g7') and 32 °C (75:25/AH; = 29.85 ] ¢7'). In
addition, the 75: 25 (CL : TMC) sample exhibited a cold crystal-
lization peak at —17 °C, which is attributed to the larger
amount of TMC disrupting PCL crystallization. This obser-
vation is in line with the slow crystallization kinetics observed
in the printed constructs (vide supra). Polymers with more
than 50% TMC remain amorphous. Another interesting obser-

4986 | Biomater. Sci., 2019, 7, 49844989

vation is the shift of the glass transition temperature from
—56 °C to —27 °C with an increase of TMC content.

Determination of the tensile mechanical properties was per-
formed after drying under reduced pressure. Fig. 2b illustrates
the Young’s modulus of the 5 different samples. The photo-
cured PCTAc with higher content of CL monomer (90: 10 and
75:25) displayed a stiff behavior, whereas the remaining
samples were flexible materials. Interestingly, the 90: 10 copo-
lymer sample presented a different mechanical response com-
pared to the rest of the samples. The 90 : 10 sample underwent
a color transition from transparent to white after several hours
at RT, thus it is hypothesized that the CL crystalline domains
act as physical fillers, and thus enhancing the mechanical pro-
perties of this PCTAc.>® When the amount of amorphous TMC
increased, samples became more brittle and showed lower
strain at break. The sample with equimolar amounts of CL
and TMC (50 : 50) presented the lowest mechanical properties.
PTMC chains are known to undergo a strain induced crystalli-
zation, which can be observed in a slight increase of mechani-
cal properties for the samples of 25:75 and 10:90 compared
to 50:50.°° The large effect of crystallinity on storage
modulus, coupled with the subtle effect of TMC, results in the
trends across the series.

Table S21 shows the mechanical data for all PCTAc films as
directly cured in a UV oven. Films with high CL concentrations
showed the highest values of Young’s modulus up to 61 MPa.
Films with increasing TMC content showed lower Young’s
moduli as the amorphous phase increased and the Young’s
modulus dropped to values between 0.6 and 1.6 MPa. We did

This journal is © The Royal Society of Chemistry 2019
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observe that the storage moduli of DLP printed films were
slightly lower than directly cured films (Table S37). This differ-
ence is currently hypothesized to arise from lower kinetic
chain length in the DLP fabricated films. Nevertheless, the
tensile moduli of these materials are comparable for soft
tissues like human blood vessels (E = 1.5-3 MPa) or human
myocardium (E = 0.2-0.5 MPa), currently an overlooked
mechanical range for DLP resins.>’

To investigate the potential of the PCTAc materials as tissue
regeneration scaffolds, biocompatibility studies were also per-
formed (Fig. 3). Human Mesenchymal Stromal Cells (hMSCs),
known for their sensitivity to materials mechanical and chemi-
cal properties, were cultured on DLP fabricated PCTAc films.
hMSCs readily attached after only 24 h of culture and showed
differential morphologies that were dependent on the
CL:TMC ratios (Fig. 3a). Cells cultured on copolymers with
high CL:TMC ratios (90:10 and 75:25) appeared clustered
and with small apparent surface spread area, while copolymers
with 50:50, 25:75 and 10: 90 CL: TMC ratios showed spindle-
and pancake-shapes with increasing apparent cell spread areas
and stress-fiber formation with decreased CL:TMC ratios.
Moreover, higher cell densities were observed on substrates
with lower CL : TMC ratios. In agreement with this observation,
quantification of DNA on copolymer films showed a higher
cell number, of approximately 12 000 cells, attached to copoly-

View Article Online
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mers with 50:50, 25:75 and 10:90 as compared to the
approximately 5000 cells attached to 75:25 and 90:10
CL:TMC ratios (Fig. 3b). These results suggest that the
addition of TMC promotes a better cell adhesion as compared
to traditional PCL homopolymers, known for their poor cell
adhesive properties. Cell viability studies showed values of
nearly 100% viable cells, similar to that of TCP controls
(Fig. 3a and c). In accordance to the viability test, cells cultured
on PCTAc films showed similar or lower lactate dehydrogenase
(LDH) release values than the negative controls, supporting
their high cytocompatibility (Fig. 3d). PCTAc films of
25 :75 monomer ratio showed a slightly higher LDH release of
10%, which are comparable with other biocompatible resins
and materials.*”

These PCTAc materials were designed as biocompatible and
bioresorbable formulations for soft tissue regeneration.
Therefore, we performed an accelerated degradation test for 30
days under basic conditions (Fig. 2d). The polymeric resin
with equimolar monomer composition (PCTAc 50 : 50) showed
the fastest degradation, while a higher content of TMC slowed
down the degradation rate. This effect has been already
reported, and it is known that TMC is less sensitive to hydro-
lytic degradation than PCL.** Furthermore, dimensional ana-
lysis of the materials during the degradation was conducted
and results can be found in the ESIL.{ Ruling out any skew in
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Fig. 3 Fluorescence microscopy images of hMSCs cultured on DLP films consisting of various ratios of CL: TMC as well as tissue culture poly-
styrene plate (TCP) control. (a) To characterize cell attachment and morphology, hMSCs were stained after 24 h of culture with Hoestch (nucleus,
blue) and phalloidin (F-actin, red) and, with calcein (green, nucleous, alive) and ethidium bromide homodimer-1 (Eth) (red, nucleus, dead) for viability
experiments. Scale bar is 200 pm. (b) Cell number of attached cells to polymer films and TCP controls after 24 h of seeding. (c) Cell viability as quan-
tified from images in (a). (d) Lactate dehydrogenase (LDH) release from hMSCs cultured on the films and of non-treated (+ control) and chemically
lysed (— control) cells cultured on TCP. (d) Data is presented as mean + SD, n = 3.
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Fig. 4 DLP fabricated 3D scaffold of PCTAc 25:75 resin with gyroid
structure. (a) Optical microscopy image (scale bar 2 mm), (b) Scanning
Electron Microscopy (SEM) image and (c) zoom-in showing the different
printing layers. Scales are 1 mm and 500 um, respectively.

the data due to swelling of the constructs, we also observed
negligible (<2%) swelling of the films at 37 °C over 5 days
(ESIY).

In order to evaluate the processability of PCTAc resins, 3D
scaffolds of each resin type were prepared for printing by
adding 2-(2-ethoxyethoxy)ethyl acrylate (EOEOEA) (30 wt%)
and TPO (1 wt%). The sample of a printed structure is shown
in Fig. 4.

The synthesis of a well-defined co-polymer library has
allowed us to explore a range of DLP polymerizable resins,
with tunable mechanical properties and degradation rates,
which show control over cell adhesion and spreading in fabri-
cated scaffolds. By changing the monomer ratios of the poly-
ester copolymer segment, the mechanical properties and the
degradation rate are tunable and can be used to target specific
tissues. All formulations are cytocompatible, and all formu-
lation are capable of DLP scaffold fabrication into complex
geometries. The polymers with a monomer ratio of 50:50
showed the lowest mechanical properties and the fastest degra-
dation time.

These materials are straightforward to synthesize on large
scales and are based on industrially translatable procedures.
Through rational changes in the network and comonomer
ratios, scaffolds with diverse degradation times and mechani-
cal properties can be quickly fabricated into complex shapes
using a single polymer platform. The versatility of this
approach lends these polymers well to further in vitro and
in vivo testing of DLP printed biodegradable scaffold for soft
and medium-soft tissue regeneration. Future work will include
the incorporation of functional handles and stimuli responsive
elements within the polymer matrix.
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