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Highlights

HIGHLIGHTS

Amphiphilic polyurethanes based on PCL and PEtOx were synthesized.

The polyurethanes are heterogenous in solid state due to the immiscibility of PCL end PEtOx.
Polyurethanes presented a LCST behaviour similar to PEtOx in aqueous medium.

Polymers are applicable for 3D printing at high temperatures.

The polyurethanes are biocompatible.
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ABSTRACT

Polyurethanes (PU) have a wide variety of applications due to possessing
tailored properties which can be imparted by composition. The combination of polyols
in different ratios provide specific properties for the segmented PU, such as mechanical
strength, elasticity, hydrophilicity and so on. In this work, amphiphilic and segmented
polyurethanes, based on poly(e-caprolactone) (PCL) and poly(2-ethyl-2-oxazoline)
(PEtOx) as polyols at variable mass fractions, were synthesized by a two-step route and
characterized according to composition, molar mass, thermal, dynamic mechanical, and
rheological properties. Polyurethanes with molar masses ranging from 17.9 to 39.6 kDa,
and a molar mass dispersity in the range of 2.0 — 4.0, are capable of swelling in water,
with the swelling coefficient being modulated by the polyurethane composition and by
the temperature because of the lower critical solubility temperature (LCST) behavior of
PEtOx in an aqueous medium. PCL and PEtOx segments are partially miscible, therefore
the polyurethanes are heterogeneous, presenting a PCL/PEtOx miscible phase dispersed
in a PCL rich matrix in the solid state. PU with 50% mass fraction of PEtOx presented a
gelation temperature of 69°C, as determined by rheology, and was evaluated for Fused
Deposition Modelling (FDM) 3D printing, showing promising features, although with a
low resolution and fidelity to the computational project, mainly due to its high
viscoelasticity which may be modulated by the molar mass of the polymer. Moreover,
cell viability tests showed that the polyurethanes are compatible with biomedical

applications.
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1.

Introduction

Polyurethanes (PU) are very versatile polymers which present a wide range
of properties and applications in different areas such as painting, coatings, insulation,
automobile and aeronautical industries, biomedicine, and so on. [1-6] Particularly in the
biomedical field, these materials have been widely used due to the possibility of
achieving biocompatibility. [7-10] Such a characteristic is reached through the easy
modaulation of PU compositions, tailoring a desired polymer with specific properties for
biomedical applications. In general, the chemistry of polyurethanes is simple. It consists
of the combination of a polyol, a diisocyanate, and a chain extensor, which are joined
together by urethane linkages. [7]

Segmented polyurethanes are random copolymers constituted, in general,
by different soft and hard segments. Isocyanate fragments constitute the hard
segments, providing rigidity and strength due to hydrogen bonding, while the soft
segments and chain extensors impart softness and elasticity. [7,11] The soft segments
are generally polyethers, polyesters, polycarbonates, or aliphatic oligoglycols. [12] The
combination of several factors such as the soft and hard segment’s composition,
segments’ length, crystallinity, polymerization techniques, etc, can be used to tune the
final physical-chemical and mechanical behavior of the polymer. [13] As an example,
some studies evaluated the effects of the semicrystalline/amorphous segment ratio on
the mechanical performance of the PU, revealing that by increasing the semicrystalline
content, the elasticity and mechanical properties were enhanced. [11,14]

The control of these properties is vital for the use of polyurethanes in tissue
engineering and biomaterials. Several studies suggest that PU can be used in health
improvements such as prothesis development, tissue engineering and tissue
regeneration, and controlled drug release systems. [5,15-22] Recently, elastomeric
polyurethanes have been used to 3D print protheses, implants, and systems that mimic
the human system. [23-25]

Among the available polyols, poly(e-caprolactone) (PCL) is a well suited
polymer to be used in the preparation of segmented PU, since it is biodegradable, non-
toxic and approved by the Food and Drug Administration (FDA). [8,26] It has been used
for biomedical purposes in implants, drug delivery, and bone regeneration, since its time
of degradation in the body is similar to that of cartilaginous tissue regeneration. [26—-28]

Poly(ethylene glycol) (PEG) is another polymer widely used in biomedical devices such



as hydrogels, drug delivery systems and coatings for medicaments, due to stealth
properties in the body. [29] However, the human body has developed some adverse
reactions to PEG, [30] and this has brought to light the use of poly(oxazoline)s (POx), in
particular poly(2-methyl-2-oxazoline) and poly(2-ethyl-2-oxazoline) (PEtOx), since they
present physical-chemical properties very similar to PEG. [31-33] Poly(2-alkyl-2-
oxazoline)s are a class of polymers described as analogs of poly(aminoacids), named
pseudo-polypeptides, [34] whose properties (e.g. cloud point in an aqueous medium
[35]) can be tuned by changing the side chain of the 2-oxazoline monomer [36—-39] and
the initiation/termination agents. [40] They are prepared by cationic ring opening
polymerization (CROP), which is a well-controlled route that allows tailoring the desired
molar mass with a low polydispersity (D). [38]

Segmented polyurethanes based on PCL and PEG have already been
synthesized for thermo-responsive hydrogels designed for biomedical applications. Due
to their amphiphilic character, PCL/PEG-based polyurethanes present great potential as
carriers for acidic hydrophobic drugs, and their hydrogels have shown a temperature
dependence of their water swelling capability on the polymer composition. [5,8] PEtOx,
in its turn, has been combined with PCL in block copolymers and segmented PU for
biomedical applications. [41—43] Bu et al. [41] synthesized a biodegradable amphiphilic
polyurethane, based on PCL and PEtOx segments, capable of self-assembly to form
micelles responsive to pH and reducing conditions, achieving a controlled release of
doxorubicin. In the case of block copolymers, tuning the copolymer molar mass and the
number of the mers of each block of a PEtOx-b-PCL copolymer, dictates the nature of
the nanostructure morphologies, including ellipsoids, rods, or intermediate structures.
[42] A brush-like PU-graft-PEtOx, prepared by grafting of PEtOx chains onto PCL-based
PU, were synthesized by Yang et al. [43] through polycondensation, and the protein
resistance was investigated. Films prepared from the brush-like PU-graft-PEtOx showed
a lower protein adsorption than for polymers with a higher PEtOx graft density and
longer PEtOx chain length.

Despite the promising combination between biocompatible PCL/PEtOx and
non-toxic segments to overcome problems related to toxicity and nonspecific protein
adsorption, no systematic study has been dedicated to investigating the influence of the

polyols molar ratio on the properties of the segmented polyurethanes.



Nowadays, the most explored fields in 3D printing are related to
biomaterials, drug release, prothesis, and tissue engineering. [44—48] The formulation
of the ink for these purposes often implies the use of living cells, although some works
have reported the importance of cell-free components since the quality of the
biomaterial depends on the quality of the cells and the sterility of the process. [49] The
melt state is required for the layer-by-layer three-dimensional shaping on fused
deposition modelling (FDM), a faster and cheaper process with reduced material loss
compared with conventional injection molding techniques. [50] Therefore,
thermoplastic polymers, polyurethane, and silicone elastomers are among the few
options available to produce prothesis and biomaterials. [51,52] For example,
polycaprolactone 3D printed mesh has been used as an absorbable scaffold after
implantation in rhinoplasty. [28] Blends of poly(ester amide) and PCL have been used
for the production of 3D additive manufactured scaffolds. [53]

In this work, segmented polyurethanes, based on PCL and PEtOx diols and
hexamethylene diisocyanate (HDI), have been synthesized via a reproducible two-step
polyaddition. HDI is an aliphatic isocyanate which results in polyurethanes whose
metabolites are non-toxic. [5,54,55] PEtOx, synthesized by cationic ring opening
polymerization (CROP), and commercial PCL were used as polyols at different molar
ratios to prepare PCL/PEtOx-based segmented polyurethanes. The polymers were
structurally characterized by proton nuclear magnetic resonance (*H NMR) and gel
permeation chromatography (GPC). The thermal and mechanical properties were
evaluated to study the phase behavior of the PU in the solid state, since the literature
mainly reports PCL/PEtOx-based copolymers behavior in aqueous solutions. These
polyurethanes are amphiphilic and potentially thermo-responsive due to LCST behavior
of PEtOx. [56,57] Therefore, the water swelling capability was investigated as a function
of temperature to evaluate the thermo-responsiveness of the PU. The PU was also
evaluated with respect to rheology, 3D printing capability, and cell toxicity, aiming the

investigation at the potential of using these materials to produce medical devices.



2. Material and Methods

2.1. Materials

2-ethyl-2-oxazoline (> 99%, Sigma Aldrich) and acetonitrile (> 99.9%, Vetec)
were stirred overnight in calcium hydride and distilled before use. 1,4-dibromo-2-
butene (99%, Sigma Aldrich), used as initiator for CROP, was solubilized in benzene and
freeze dried. Poly(e-caprolactone)-diol (2 kDa, Sigma Aldrich) was dried under vacuum
at 40°C for 5 h before use. DMSO (99.9%, Synth) was passed through an alumina column
and stored with a molecular sieve. Hexamethylene diisocyanate (HDI, 98%), diethyl
ether (Synth, 98 %), dibutyltindilaurate (95%) and 1,4-butanediol (>99%), used as a
catalyst and chain extender, respectively, were purchased from Sigma Aldrich and used

as received.
2.2. Synthesis of Poly(2-ethyl-2-oxazoline)

PEtOx was synthesized by cationic ring opening polymerization (CROP). 2-
ethyl-2-oxazoline and 1,4-dibromo-2-butene (30 : 1 molar ratio) were introduced in a
flask with dry acetonitrile (63 %, v/v) and the reaction was conducted at 80°C for 20 h,
under argon atmosphere. The reaction was quenched by adding KOH methanolic
solution (3 equivalent). PEtOx was purified by precipitation in cold diethyl ether and
dried under vacuum. [58,59] For the polyurethane synthesis, PEtOx was further dried by
azeotropic distillation from 1,2-dichloroethane solution and stored under argon

atmosphere before use. [60]
2.3. Synthesis of Segmented Polyurethanes

Segmented polyurethanes based on PEtOx and PCL were synthesised by a
two-step route. [8] Briefly, the desired mass ratio of dry polymers (PEtOx:PCL = 0:1, 1:3,
1:1, 3:1 and 1:0) were solubilized in DMSO (15%, m/v) containing 50 pL of the catalyst
dibutyltindilaurate. Then, HDI at an NCO:OH molar ratio of 2:1 were added under argon
atmosphere. The reaction was conducted in a two-neck flask with a silicone septum,
under magnetic stirring at 60°C for 24 h. The second step consisted of the addition of
the chain extensor, 1,4-butanediol, followed by reaction at 60°C for 72 h. The
polyurethanes were precipitated in diethyl ether, solubilized in ethanol/acetone 1:1

(v/v) and finally, precipitated in cold diethyl ether. Films were obtained by solvent



casting from the polymer solution (38%, m/v) in ethanol/acetone 1:1 (v/v) and dried

under N; flow.

2.4. Characterization

'H NMR spectra of the polyurethanes and precursors (PEtOx and PCL) were
acquired using a Bruker Advanced Il NMR 500 MHz spectrometer (Germany)
instrument. Analysis conditions were: 25°C and 11.7 Tesla, pulse interval 3.0 s, 16 scans,
0.3 Hz FID resolution, and 9.0 mg samples dissolved in 0.55 mL of CDCls. The hydroxyl
indices of PEtOx (0.504 mmol OH/g) and PCL (0.978 mmol OH/g) were calculated from

the 'H NMR spectra, according to the methodology described elsewhere. [61]

Gel permeation chromatography (GPC) analyses were conducted using a
Viscotek GPC max VE 2001 equipment (Worcestershire, UK) equipped with a refraction
index (RI) detector (Viscotek VE 3580) and three columns (Shodex KD-806 M) with 80
mm x 30 cm dimensions, operating at 60°C, using a DMF/LICl solution as the eluent at a
flow rate of 1 mL min, and polystyrene standards (Malvern) for calibration. All samples

were prepared at 5 mg mL™* in DMF/LICl (10 mmol L?).

Thermogravimetric analyses (TGA) were performed on a TGA 2950 TA
Instruments (New Castle, Delaware, USA) under argon atmosphere (100 mL min flow

rate). Samples were heated from 25°C to 700°C at a heating rate of 10°C min™.

Differential scanning calorimetry (DSC) measurements were performed on a
DSC 2910 TA Instruments (New Castle, Delaware, USA), at heating and cooling rates of
20°C min? in the temperature range from -100 to 200°C under argon atmosphere.
Approximately 7 mg of the samples were weighed and sealed in aluminum pans. The
following program was adopted for analysis: (I) heating from room temperature to
200°C, (1) 5 min isotherm, (lll) cooling to -100°C, (1V) 5 min isotherm and (V) heating to
200°C under argon flow at 40 mL min. Thermograms were normalized with respect to

the sample mass.

Dynamic-mechanical thermal analyses (DMTA) were carried out on a DMTA
V Rheometric Scientific (New Jersey, USA), in a tensile mode, 5°C min'! heating rate, 1.0
Hz, and amplitude of 0.05%. The samples of 7.9 x 10.00 x 0.9 mm?3 dimensions were

cooled to -80°C and heated to 200°C.



Swelling tests were performed with polyurethane film discs (8 mm diameter
and 0.3 mm width) previously dried under vacuum. Dry discs were submerged in distilled
water and kept in a thermostatic water bath (Julabo F12) for 24 h at constant
temperatures (25, 35, 45 and 55°C). The swelling coefficient (Q) was calculated using
Equation 1, where ms and mq are the mass of the swollen PU and the mass of the dry

PU, respectively.
Q=(ms/mg) x 100% (1)

Rheological measurements were conducted on a DHR2 Rheometer, TA
Instruments, with steel parallel-plate geometry of 25mm diameter. In order to validate
the linear domain, analyses were performed in oscillatory amplitude mode at the
temperatures of 40°C and 100°C, with the strain varying from 0.001% to 1.5%, and from
0.0125% to 2.0%, respectively, and an angular frequency of 10.0 rad/s. For temperature
sweep analyses, samples were cooled from 100°C to 50°C at a temperature step of 5°C,
an angular frequency of 10.0 rad/s, and a soak time of 5 min.

3D printing was performed using a 6-axis robotic arm BioassemblyBot®
(Advanced Solutions Life Sciences, USA). The printing temperature was fixed at 110 *
1°C. PU-50%-PEtOx was used as a printing material loaded into a 30 CC cartridge
(Nordson EFD, USA). The cartridges were fitted with a 920 um diameter conical metallic
nozzle (FISNAR) and extruded using a pneumatic pressure (80 psi). 3D printing was
controlled with TSIM software (Advanced Solutions Life Sciences, V1.1.142, USA) at a
printing speed of 0.48 mm/s. The STL file was sliced with TSIM (Advanced Solutions Life
Sciences, USA).

For cell toxicity testing, human dermal fibroblasts were used. Foreskin samples
were obtained from healthy patients undergoing circumcision, according to French
regulation including a declaration to the ministry (DC No. 2014- 2281), and procurement
of written informed consent from the patient. Fibroblasts were isolated from a 2 year-
old donor and cultivated in flasks at 37°C, 5% CO: in Dulbecco’s modified Eagle medium
(DMEM)/Glutamax TM-1 medium (Gibco Cell Culture, Invitrogen, France),
supplemented with 10% calf bovine serum (HyCloneTM, GE Healthcare Life Sciences,
France), 1% penicillin, streptomycin, and amphotericine B (Bio Industries-Cliniscience,
France). The culture medium was changed every 2 days and the cells were routinely

passaged in culture flasks until usage. Cells of passages between 7 and 9 were used. For



cell toxicity assay, cells were seeded at a concentration of 170 000 cell/cm? in a 12-well
plate and cultured until confluency. Once the confluence was reached, pieces of 3D
printed PU-50%-PEtOx were weighed, deposited in each well, and kept in contact with
the adherent cells for 24h. After 24h, the 3D printed pieces were removed and a
LIVE/DEAD™ (Invitrogen, France) labelling of the remaining adherent cell sheet
performed. Visible and fluorescent images were acquired using an Olympus IX51
microscope (Olympus, France). Cell viability was calculated as the ratio of LIVE to DEAD

labelled cell numbers.

Results and Discussion

3.1. Synthesis

Dihydroxylated PEtOx was synthesized by cationic ring opening
polymerization [38] using 1,4-dibromo-2-butene as a bifunctional and symmetric
initiator (Scheme 1a). Polymerization resulted in PEtOx polyol with a narrow molar mass
distribution (D = 1.4) as determined by GPC, and with a yield of 90%. The PEtOx molar
mass determined from 'H NMR data was 4.0 kDa, equivalent to a degree of
polymerization of 40. The signals in the *H NMR (Figure S1, Supporting Information) at
3.97 ppm, 2.83 ppm and 1.13 ppm were assigned to hydrogens Ha, on the carbon of the
initiator (-CH.CH=), to Hp at the end group (HOCH»-), and to Hc the pendent methyl
groups of the mers (-CH,CHs), respectively. Polymer chain branching of PEtOx resulting
from chain-transfer reactions has been reported in the literature. [39,62] Branching is
undesirable for a polyol, because polyols with functionality higher than 2 lead to
crosslinked polyurethanes. [8] However, the similarity of the integral values of the
signals at 3.97 ppm and 2.83 ppm, and the narrow molar mass distribution of the PEtOXx,
indicates that the PEtOx polyol is linear.

Segmented polyurethanes were synthesized from commercial PCL-diol (2
kDa) and dehydroxylated PEtOx (Scheme 1b) at 60°C, to prevent by-products (e.g.
allophanate and biuret, etc.), [63] under an argon atmosphere to guarantee the
formation of linear polyurethanes. Segmented polyurethanes with different
hydrophobic/hydrophilic balances were successfully prepared through different
PCL/PEtOx mass ratios. The *H NMR spectrum of a PU prepared using a PCL/PEtOx mass

ratio of 1:1 (PU-50%-PEtOx) and the assignment of the main signals, is shown in Figure



1. The signal at 4.07 ppm was assigned to Ha from the PCL segments, that at 3.47 ppm
to the Hp from the PEtOx segments, and at 3.16 ppm, to the H. from HDI fragments. 'H
NMR spectra of the other PUs can be found in Figure S2 (Supporting Information). The
composition of the PU, estimated from the relative areas of these signals (Equations S1

and S2, Supporting Information), is summarized in Table 1.
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Figure 1 - 'H NMR spectrum in CDCl3 of PU-50%-PEtOx.
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Table 1 — Nomenclature, PCL/PEtOx mass fraction in the reactional medium and in the PU, molar mass

and dispersity, and thermal properties of the PU.

PEtOx /PCL
. Mn Tgl ng Tm Tc Tonset
Nomenclature | Mass ratio (%) (kDa) pD**
Feed | PU* (°C)

2.0*
PCL - - 1.5 -56 - 40 18 | 240

4.0%*

4.0%
PEtOX - ; 1.4 - 55 . . 270

4.7* *
PU-0%-PEtOX 0 0 39.6%* | 24 -49 ; 40 5 | 200
PU-25%-PEtOx | 25.0 | 24.3 | 29.4** | 25 58 - 42 - 200
PU-50%-PEtOx | 51.5 | 43.4 |17.9** | 26 38 | 38 43 . 180
PU-75%-PEtOx | 74.6 | 80.4 | 33.0%* | 4.0 ; 29 ; ; 220
PU-100%-PEtOx | 100 | 100 | 12.9** | 2.0 - 47 - - 210

* Determined by *H NMR

** Determined by GPC in DMF

GPC chromatograms show a broad peak for PU-50%-PEtOx and a bimodal

molar mass distribution for the other PU (Figure S3, Supporting Information). However,

the molar mass dispersity D of the PCL/PEtOx-based PUs varied in the range of 2.0 — 2.6,

except for PU-75%-PEtOx, for which D = 4.0 (Table 1), a characteristic behavior of

10



polyaddition. [4,63,64] The number average molar mass Mn varied in the range of 17.9
to 39.6 kDa, however no clear relation with the PU composition could be observed. 'H
NMR revealed that PEtOx contents in the PU were lower than in the feed ones. Both PCL
and PEtOx present primary hydroxyls, therefore, the differences in the composition is
not due to hydroxyl reactivity. However, PCL and PEtOx presented Mn values equal to 2
and 4 kDa, respectively, as determined by *H NMR. This difference possibly becomes
more important as the polymerization proceeds and the viscosity of the reaction
medium increases, affecting the polymerization kinetics due to diffusional control. [65]
The higher molar mass of the PEtOx precursor imparts a higher viscosity, as predicted
by the Mark-Houwink equation for diluted solutions. [66] This hypothesis of diffusional
control on the PU composition is reinforced by comparing the Mn values of the PU from
PCL and PEtOx, 36.9 kDa and 12.9 kDa for PU-0%-PEtOx and PU-100%-PEtOx,
respectively; prepared under similar reaction conditions. Moreover, the molar mass
dispersity presents an inverse behavior, and the lower dispersity for PU-100%-PEtOx is

possibly due to a lower polymerization rate. [64,67]

3.2. Thermal and Mechanical Properties of the PCL/PEtOx-based PU

Segmented PU were thermally stable up to 200°C, being around 50 - 80°C
less stable than PCL and PEtOx precursors, depending on the PU composition, as shown
in Figure S4 (Supporting Information). This is due to the introduction of carbamate
linkages which degrade around 250°C for polyurethanes from HDI. [68] PU degraded in
multi events at temperatures summarized in Table S2 (Supporting Information). The

onset temperature (Tonset) for the degradation of the PU is shown in Table 1.

DSC analyses were performed up to 200°C and the results are shown in
Figure 4. While PEtOx is amorphous with a glass transition temperature (Tg) at 55°C, PCL
is semicrystalline with Tg at -56°C and melting temperature (Tm) at 40°C. Segmented PUs

are amorphous or semicrystalline, depending on the composition.

The first DSC heating scan for PU will be discussed together with the DMA
data. The second heating scan for PU-100%-PEtOx (Figure 2c) showed only a glass
transition close to the Tg of PEtOX, indicating the amorphous nature of this PU. PU-75%-
PEtOx was also amorphous and the glass transition was shifted to lower temperatures

compared with PU-100%-PEtOx, suggesting the miscibility of the PCL and PEtOx
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segments in the PU. [69] However, the increase of PCL contents in the PU led to the
formation of a PCL crystalline phase with Tm in the range of 40 — 43°C, close to the Ty
for PU-0%-PEtOx and slightly lower than Tm of the PCL. A glass transition below -25°C
can be observed in the DSC curves for PU containing PCL in the range of 50 — 100 wt.%
and attributed to a PCL richer phase. The presence of such a phase with similar
characteristics to the PLC precursor, suggests immiscibility and the existence of another
phase. However, the glass transition of a second phase was probably overlapped by the
melting of the PCL phase, as already described for PEtOx-b-PCL block copolymers. [70]
The cooling curves (Figure 2b) evidenced a clear crystallization peak at -5°C for PU-0%-

PEtOx.
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Figure 2 — DSC curves of the polyurethanes and macrodiol precursors. (a) First heat, (b) cooling and (c)

second heat DSC curves.

Dynamical mechanical properties of segmented polyurethanes may be very
complex due to the relaxations of the soft and hard segments, the presence of
heterogeneities, and intermolecular interactions. [4,60,71] Figure 3 shows storage (E’)
and loss (E”) moduli and loss factor (tand) of the segmented polyurethanes. For PU-0%-
PEtOx, the storage modulus (Figure 3a) decreased continually from -70°C to 10°C,
followed by a slight increase around 20°C, probably due to cold crystallization, and a
second drop around 40°C due to the melting of PCL segments. Loss modulus curves
(Figure 3b) presented a broad peak with a maximum at -53°C, attributed to the glass
transition, and a second peak around 20°C followed by a drop at 27°C due to cold

crystallization and melting, respectively. The cold crystallization was not observed in the
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DSC first heating (Figure 2a) probably because the starting temperature of the first
heating scan (room temperature) was close to the temperature range of the cold
crystallization. The broadness of the glass transition of the PU-0%-PEtOx is highlighted
in the loss factor curves, indicating a broad relaxation spectrum and suggesting the
presence of different microenvironments. For PU-25%-PEtOx, the storage modulus also
decreased continuously in the same temperature range, however cold crystallization
was not present. The loss modulus curve showed an even broader peak, which possibly
resulted from the overlap of peaks centred at -53°C and -20°C, indicated by arrows in
Figure 3b. This hypothesis is reinforced by the tan delta curve which presented a peak
at 0°C and shoulders at -50 and -40°C, attributed to the glass transitions of PEtOx and
PCL richer phases. The storage modulus for the PU-50%- and -75%-PEtOx (Figure 3b)
presented two drops starting around -40°C and 30°C, due to the glass transitions of PCL
and PEtOx richer phases. On the other hand, the loss modulus showed a well-defined
peak centered at 30°C and another less intense peak at around -40°C. From DSC and
DMTA data, it is possible to conclude that segmented PU based on PCL and PEtOx are
partially miscible, presenting one or more phases whose glass transitions were shifted
from the values for one component. [72] PU-100%-PEtOx could not be analysed due to

the lack of dimensional stability.
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Figure 3 — (a) Storage and (b) loss moduli (Pa) and (c) loss factor (tané): A PU-75%-PEtOx, NV PU-50%-

PEtOx, 0 PU-25%-PEtOx, o PU-0%-PEtOx.
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3.3. Swelling properties of the PCL/PEtOx-based PUs

PU synthesized with different PEtOx/PCL mass fractions are supposed to
show particular characteristics, as already described for PEtOx-b-PCL amphiphilic block
copolymers. These block copolymers are known to self-assemble in different
morphologies depending on the mass fraction of the blocks. [42] Here, the combination
of hydrophobic and hydrophilic polyols, PEtOx and PCL, respectively, resulted in
amphiphilic and segmented polyurethanes, however with a random distribution of the
segments or blocks. PU-based on PEtOx and PCL showed different water uptake
capabilities, depending on the polyols mass fraction (Figure 4). The greater the mass
fraction of the hydrophilic segment, the more water could be swollen. The swelling
coefficient at 25°C varied in the range from 100 to 291% for PU-0%-PEtOx and PU-75%-
PEtOx. PU-100%-PEtOx disintegrated during the swelling experiment due to the high
sorption rate imparted by the high hydrophilicity, and the swelling coefficient could not
be determined. Poly(oxazoline) presents a lower critical solution temperature (LCST)
phase behavior in aqueous solution for a degree of polymerization higher than 100.
[39,56,57] The degree of polymerization of the PEtOx precursor was 40, for which LCST
behavior was not expected. However, the combination of PEtOx with hydrophobic PCL
segments in a polyurethane chain resulted in a responsiveness of the segmented PU to
temperature. This behavior has been reported for PEtOx-b-PCL block copolymers in
which the increase of the mass fraction of PCL led to a lowering of the critical
temperature of the aqueous solutions, and the formation of a gel. [73]

Figure 4 shows a decrease of the swelling coefficient from 291 to 246% with
increasing temperature from 25°C to 55°C for PU-75%-PEtOx. For PU-50%-PEtOx, the
swelling coefficient was practically constant, while PU-25%-PEtOx presented a slight

decrease of Q with increasing temperature.
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3.4. 3D Printing of the PCL/PEtOx-based PU:

Loss factor curves, determined by DMTA (Figure 3c), show that the
segmented PU with different compositions presented a gel point, defined as the
temperature in which tan(é) = 1, in a narrow temperature range of 50 — 80°C (region
highlighted by a gray rectangle). PU-50%-PEtOx was the PU of choice for 3D printing
studies since it presents an intermediate composition and lower molar mass compared
with the other PU (Table 1).

For FDM 3D printing, the temperature dependence of the rheological
behaviour of a polymer is the key point for printability evaluation of any material.
Rheological analysis was performed using the temperature sweep mode and a strain
rate of 0.20%, which assures viscoelastic behavior for the temperature range studied, as
determined by oscillatory amplitude assays (Figure S5, Supporting Information). The
temperature range was chosen based on the DSC and DMTA data, in which 50°C is close

to the glass transition of PU-50%-PEtOx, and above 60°C, this PU is supposedly molten.

15



So, decreasing the temperature from 100°C, both storage and loss moduli increase at
different rates (Figure 5). The gelation temperature was more accurately determined
from this experiment as 69°C. Below the gel temperature, molecular interactions
between the chains retain the three-dimension structure and dimensional stability,
while at higher temperatures, the density of these interactions is strongly reduced,
allowing the melted polymer to flow. [74] In other words, 69°C is the minimum

temperature to print PU-50%-PEtOx.
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Figure 5 — Rheology: Temperature Sweep for PU-50%-PEtOx from 100°C to 50°C.

For the printing, simple computational designs (STL file) were used to
optimize the printer parameters, such as temperature, pneumatic pressure, and the
velocity of the printer. The main challenge was the high temperature required to melt
the polymer and decrease the viscosity (complex viscosity of 2.8 kPa.s at 69°C). The
printing was performed at 110°C to ensure the melting of the PU. The obtained viscosity
at this temperature was around 0.9 Pa.s. Nevertheless, temperature loss from the nozzle
tip toward the surrounding environment prevented the ideal flow, so forcing the use of
a larger aperture nozzle (920 um), leading to resolution loss. Besides, high elasticity of
the molten polymer leads to the stretching of the extruded filament and to deformation

of the object during printing, hindering the achievement of the 3D shapes with fidelity
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towards the computational design. Figure 6 shows the printed samples obtained using
different parameters. The effect of the velocity on the quality of the printed objects is
noticeable. A lower velocity (sample C) resulted in a higher fidelity shape compared to
the computational project (STL). This result opened a broad perspective for 3D printing
of biocompatible PCL/PEtOx-based polyurethane and promising possible applications

for biomedical devices.

STL

1.0cm

Figure 6 — STL: 1 cm diameter tube. Printed samples with different printing parameters: sample A: 84 psi
and 0.60 mm/s; sample B: 80 psi and 0.55 mm/s; sample C: 80 psi and 0.48 mm/s.

3.5. Cell toxicology testing

The developed polyurethanes are composed of biocompatible polyols and
aliphatic diisocyanate, which does not generate toxic metabolites in the body. [8,38,55]
Nevertheless, cell viability in contact with the 3D printed filaments of PU-50%-PEtOx was
evaluated and the results are presented in Figure 7. Cell viability loss was not detectable
whatever the developed polyurethane quantities in contact with the cells for a period
of 24 h. These results demonstrate the safety of the developed polyurethanes for

biomedical applications.
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Figure 7 — Cell toxicology test of the PU-50%-PEtOx with different PU masses: M 62 mg, ® 118mg.
Control does not contain any polymer.

4. Conclusion

The synthesis of PCL/PEtOx based PU was successfully achieved, resulting in
polymers with different polyols mass ratios, a number average molar mass in the range
of 12.9 — 39.6 kDa, and a dispersity index between 2.0 and 4.0, values expected for a
polyaddition. In general, the PCL mass fraction in the PU chains was higher than planned,
suggesting that the PU composition was diffusion controlled because of the higher
viscosity of the reaction medium, imparted by PEtOx rather than the PCL precursors. The
segmented polyurethanes were heterogeneous, however, DSC and DMTA provided
evidence of a partial miscibility. The combination of hydrophilic and hydrophobic
segments into a PU chain imparted amphiphilicity and the capability of water uptake.
Moreover, PU richer in PEtOx presented thermo-responsiveness. Cell viability testing
showed that the PU are safe for biomedical applications. The 3D printing of PU-50%-
PEtOx showed a promising application, even if the high viscoelasticity of the PU was
found to be a real problem. The properties of these PUs, such as water swelling,
mechanical properties, and biocompatibility, opens up a broad set of possible
applications, from developing drug release systems, coating for medical devices, and

furthermore, the 3D printing of medical devices themselves.
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