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A B S T R A C T   

In this work, a set of well-defined linear triblock copolymers and star block copolymers (3 and 4-arms) with semi- 
crystalline blocks consisting of poly(ethylene oxide) (PEO) and poly(ε-caprolactone) (PCL), synthesized by 
combining ring-opening polymerization and organic catalyst switch strategy, were studied as thermosensitive 
gel-forming biomaterials for applications in 3D extrusion printing. The hydrogels derived from linear copolymers 
underwent a temperature-dependent sol–gel–sol transition, behaving as a flowing sol at room temperature and 
transforming into a non-flowing gel upon heating. On the other hand, the hydrogels derived from 4-arm star 
block copolymers experienced a gel-sol transition and did not flow at room temperature. This behavior allowed 
them to be used as 3D printing inks at room temperature. 3D printing results revealed that the semi-crystalline 
hydrogels of the 4-arm star block copolymers could not only be extruded and printed with high shape fidelity, but 
they also exhibited a favorable dissolution profile for their use as sacrificial biomaterial inks. Additionally, we 
thoroughly investigated the crystalline organization of the PCL and the PEO blocks within the hydrogels through 
comparison with the results obtained in bulk. The results demonstrated evident structural ordering in the 
hydrogels associated with the crystallization of the PCL blocks. Unexpectedly, DSC results combined with SAXS 
experiments revealed the presence of PEO block crystals within the 30 % w/v hydrogels from 4-arm star block 
copolymers, in addition to the PCL block crystals. Hence, remarkable double crystalline hydrogels have been 
obtained for the first time.   

1. Introduction 

Aqueous solutions of diblock and triblock amphiphilic copolymers 
based on poly (ethylene oxide) and poly(ε-caprolactone), linear PEO-b- 
PCL, and PCL-b-PEO-b-PCL can assemble in micelles whose morphology 
and size depend on the copolymer composition, molecular weight, and 
mass fraction of hydrophilic and hydrophobic blocks [1]. The use of 

well-defined diblock and triblock amphiphilic copolymers with a narrow 
molecular weight distribution structure allows them to control their self- 
assembly in water and hence, expand the range of applications, for 
example, in drug delivery devices [2–8]. Earlier results in literature have 
reported on thermoreversible gelation of triblock PCL-b-PEO-b-PCL co
polymers due to their amphiphilic character that results in micelle for
mation and micelle packing at concentrations above the critical gelation 
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concentration. Thermoreversible gelation depends to a great extent on 
the hydrophilic/hydrophobic ratio and temperature [9–11]. 

The chain topology of the block copolymer also plays an essential 
role in establishing critical micelle concentration, micelle size, and ag
gregation number. In particular, for star block copolymers of poly 
(ethylene glycol) and poly(ε-caprolactone) consisting of at least three 
macromolecular chains (arms) radiating from a central core, experi
mental and theoretical results have demonstrated that the formation of 
micelles becomes easier for 4-arm star block copolymers than for 2 and 
3-arm star block copolymers [12]. Few studies in the literature report gel 
formation from star block copolymers in comparison to linear block 
copolymers. 4-arm PEG-b-PCL star block copolymers were reported to 
self-assemble into micelles in water and form thermoreversible hydro
gels at concentrations above 10 % w/v. Atomic force microscopy ana
lyses were employed to image the morphology of aggregates, which 
showed a core-corona spherical structure with the micelle and a 
mountain-chain-like morphology with the gel that stemmed from the 
packing of worm-like micelle clusters [13]. More recently, the physical, 
mechanical, and degradation properties of hydrogels of 8-arm star 
copolymer with PEO blocks of 4000 and 20000 g/mol and PCL blocks 
between 600 and 3500 g/mol were determined and compared to their 
linear analogs. Star block copolymers show better aqueous solubility 
and yield more homogeneous and transparent hydrogels. Also, 
increasing the PCL block length, as well as increasing the molecular 
weight, generally resulted in a larger gel window, a higher gel stiffness, 
and enhanced in vitro stability [14]. 

PEO-b-PCL star block copolymers have mainly been used for the 
preparation of micelles to deliver pharmaceutical and biological drugs 
as well as for the design of imaging agents [15]; however, the formation 
of hydrogels from star block copolymers has been much less reported. In 
the present work, 3 and 4-arm PEO-b-PCL star block copolymers were 
synthesized. Their gel formation was studied and compared to their 
linear analogs having the same PEO and PCL block molecular weights. 
PEO and PCL molecular weight were selected to be between 1000 and 
2000 as this Mw range has been reported to yield thermoreversible 
gelation for linear PEO-b-PCL block copolymers. When the PEO block is 
too large, the aggregation of micelles is hampered, whereas the increase 
of the PCL block results in poor solubility of the copolymer in water 
[10,16–18]. The control of phase transitions associated with gel for
mation, crystallization and melting of PEO and PCL blocks was studied 
in detail. In fact, crystallinity-induced gelation in water can be employed 
to tune gelation properties and control bulk mechanical properties for 
hydrogels obtained from triblock copolymers with crystallizable hy
drophobic blocks [19,20], brush copolymers with crystalline side chains 
[21,22], as well as for semi-crystalline polymers such as polyvinyl 
alcohol [23]. The occurrence of crystallization within hydrogel net
works obtained from block and random copolymers has been employed 
as a strategy in 3D extrusion (bio) printing to improve the stability and 
mechanical strengths of the hydrogel networks, hence improving the 
construction of 3D printed hydrogel structures [24,25]. Hence, the 
viscoelastic properties associated with gel formation were determined to 
tune the use of copolymers as biomaterial inks for 3D extrusion printing. 
In particular, we provide proof-of-concept of the feasibility of using 4- 
arm PEO-b-PCL block copolymers for direct ink printing as sacrificial 
biomaterial inks, which to the best of our knowledge, has not been re
ported before. 

2. Experimental section 

2.1. Synthesis of linear triblock copolymers, 3-arm and 4-arm star block 
copolymers 

Linear PCL2-b-PEO2-b-PCL2: 6 mL difunctional initiator (H2O, 3.0 
mmol, 0.5 M in THF), 40 μL tBuP1 (0.15 mmol), 450 μL Et3B (0.45 mmol) 
and 20.7 mL THF was mixed in a Schlenk flask under Ar atmosphere. 
The Schlenk flask was connected to a vacuum line, and 6.8 mL predried 

ethylene oxide (136.2 mmol) were slowly condensed into the flask at 
0 ◦C. The flask was kept stirring at RT until it turned to be a white solid 
(~6 h). The solid was heated to melt, and half of it was taken out, dis
solved in a small amount of THF, and precipitated in diethyl ether two 
times before being dried under vacuum at 40 ◦C overnight. 5.8 mL 
ε-caprolactone (52.6 mmol) and 225 μL tBuP2 (0.45 mmol, 2 M in THF) 
were added to the remaining living polymer before stirring at RT until it 
became a white solid. The resultant polymer was precipitated in the 
mixture of diethyl ether and methanol (7:3, v/v) before being dried 
under vacuum at 40 ◦C overnight. 

Three arms copolymer (PEO2-b-PCL2)3: 825 mg of trifunctional 
initiator (trimethylolpropane [TMOP], 6.15 mmol), 144 mg tBuP1 
(0.615 mmol), 1.85 mL Et3B (1.85 mmol) and 70 mL THF were mixed in 
a Schlenk flask under Ar atmosphere. The Schlenk flask was connected 
to a vacuum line, and 14 mL predried ethylene oxide (280 mmol) were 
slowly condensed into the flask at 0 ◦C. The flask was kept under stirring 
at 40 ◦C for 12 h. Half of the reaction mixture was removed, dissolved in 
a small amount of THF, and precipitated in diethyl ether twice before 
being dried under vacuum at 40 ◦C overnight. 6.2 mL of ε-caprolactone 
(52.6 mmol) and 0.46 mL tBuP2 (0.923 mmol, 2 M in THF) were added to 
the remaining living polymer before stirring at RT until it became a 
white solid. The resulting polymer was precipitated in the mixture of 
diethyl ether and methanol (7:3, v/v) before being dried under vacuum 
at 40 ◦C overnight. 

Four arms copolymer (PEO2-b-PCL2)4: 1.52 g of tetrafunctional 
initiator {di(trimethylolpropane) [DTMOP], 6.08 mmol}, 143 mg tBuP1 
(0.608 mmol), 1.82 mL Et3B (1.82 mmol) and 70 mL THF were mixed in 
a Schlenk flask under Ar atmosphere. The Schlenk flask was connected 
to a vacuum line, and 14 mL of predried ethylene oxide (280 mmol) 
were slowly condensed into the flask at 0 ◦C. The flask was kept under 
stirring at 40 ◦C for 12 h. Half of the reaction mixture was removed, 
dissolved in a small amount of THF, and precipitated in diethyl ether 
twice before being dried under vacuum at 40 ◦C overnight. 6.1 mL 
ε-caprolactone (54.7 mmol) and 0.46 mL tBuP2 (0.923 mmol, 2 M in 
THF) were added to the remaining living polymer before stirring at RT 
until it became a white solid. The resulting polymer was precipitated in 
the mixture of diethyl ether and methanol (7:3, v/v) before being dried 
under vacuum at 40 ◦C overnight. 

2.2. Phase diagram determination 

All block copolymers were dissolved in water at concentrations from 
15 to 40 % w/v in a silicone bath maintained at 80 ◦C for 30 min under 
magnetic stirring. Then, they were cooled in ice water for 10 min. Phase 
diagrams were determined via inverted vial tests and rheology. For 
inverted vial tests, polymer aqueous solutions in vials were placed in a 
Julabo ED cryostat (Julabo GmbH, Germany) at an initial temperature of 
10 ◦C. The heating rate was set at 2 min/◦C from 10 to 80 ◦C. The 
samples were inspected for the formation of a stable gel (transparent and 
cloudy), which is determined by the inverted vial test as the point at 
which the sample does not flow upon tube inversion. The criterion to 
define the sol–gel phase transition was given by the temperature at 
which the vial was inverted 180◦, and no flow of the sample was 
observed for 10 s. All gel samples were kept in the fridge after the 
measurements. 

Oscillatory temperature sweeps were measured in an AR-G2 
rheometer (TA Instruments, USA) using a 20 mm plate-plate geometry 
in the temperature range between 5 and 90 ◦C at a heating rate of 2 ◦C/ 
min. The tests were carried out at a constant strain of 0.5 % located 
within the region of linear viscoelasticity. The results were analyzed 
with the TRIOS software from TA Instruments. 

2.3. Differential scanning calorimetry (DSC) 

Thermal transitions of the gels were studied through DSC experi
ments carried out in a DSC 8000 (PerkinElmer, USA) equipped with an 
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Intracooler II, using special liquid pans for gels measurements and 
standard aluminum pans for samples in bulk. The experimental protocol 
for the gels (15–25 mg) was the following: i) 1st heating from room 
temperature to 85 ◦C, ii) cooling from 85 to 5 ◦C, and iii) 2nd heating 
from 5 to 85 ◦C. All gel samples were measured at a 2 ◦C/min scanning 
rate. Measurements with the samples in bulk (5–7 mg) were performed 
at 20 ◦C/min as indicated: i) cooling from 90 to − 30 ◦C, and ii) heating 
from − 30 to 90 ◦C. 

2.4. Polarized light optical microscopy (PLOM) 

An Olympus BX51 polarized light optical microscope was employed 
to analyze the crystalline morphology of the samples in the gel form and 
in bulk. A Linkam THMS600 hot stage with liquid N2 was used for ac
curate temperature control, and an Olympus SC50 camera was used to 
obtain images. 

Films were prepared by melting the samples in a glass slide covered 
by a glass coverslip. Cooling rates of 2 and 20 ◦C/min (for gels and 
materials in bulk, respectively) were employed to analyze morpholog
ical changes. 

2.5. Small angle and wide angle X-ray scattering (SAXS/WAXS) 

Non-isothermal simultaneous in situ SAXS/WAXS experiments were 
carried out at the ALBA Synchrotron Radiation Facility (Barcelona, 
Spain) at the beamline BL11 NCD-SWEET. DSC pans were employed as 
holders for copolymers in bulk, whereas hydrogels were placed inside 
glass capillaries. A THMS 600 Linkam (Linkam Scientific Instruments, 
UK) hot-stage device coupled to a liquid nitrogen cooling system was 
employed for the heating and cooling scans of the samples. The non- 
isothermal protocol was as follows: i) heating from room temperature 
to the melt at 20 ◦C/min (in the case of bulk copolymers) and at 2 ◦C/ 
min (in the case of gels) and ii) cooling from the melt to − 20 ◦C (bulk 
copolymers) and to 5 ◦C (gel samples) at the same rates, while SAXS/ 
WAXS data were collected simultaneously. 

The X-ray energy source amounted to 12.0 keV using a channel cut Si 
(111) monochromator (λ = 1.03 Å). For the SAXS setup, the distance 
between the sample and the detector (Pilatus 1 M detector, Dectris Ltd, 
Switzerland, with a resolution of 3070 × 3070 pixels, pixel size of 102 
µm2) was 3652 mm with a tilt angle of 0◦. Calibration was performed 
with silver behenate. Regarding WAXS configuration, a distance of 97.5 
mm was used between the sample and the detector, with a tilt angle of 
21.2◦. Chromium (III) oxide was employed for calibration, using a 
Rayonix LX255-HS detector (Rayonix L.L.C., USA), with a resolution of 
1920 × 5760 pixels; the pixel size was 44 µm2. Scattering intensity as a 
function of the scattering vector, q = 4π sinθ λ− 1 data are obtained, 
where λ is the X-ray wavelength, and 2θ is the scattering angle. 

2.6. 3D extrusion printing of the hydrogels 

Rheological properties were determined for selected compositions of 
the hydrogels to assess their printability. Two types of experiments were 
carried out in an AR-G2 rheometer (TA Instruments, USA): i) a frequency 
sweep from 10 to 0.01 Hz at a constant strain of 0.5 % to determine the 
elastic moduli and ii) consecutive time sweeps at 0.1 and 100 % strain to 
determine recovery of the elastic moduli. 

Hydrogels were subjected to 3D extrusion printing tests in an 
adapted filament Creality Ender 3 [26]. A first test was carried out to 
define the printing conditions where the pressure was varied from 0.6 to 
1.8 bar. For the stacking test, cylinders with diameters (12 and 16 mm) 
were defined with a fill distance between lines of 1 mm. Printed struc
tures were visualized through scanning electron microscopy analysis 
performed on a PHILIPS XL30 ESEM (Koninklijke Philips N.V., 
Netherlands) unit operated at 25 kV. The samples, previously frozen in a 
refrigerator and lyophilized for 24 h, were prepared by the gold coating 
technique using a Thermo VG Scientific Polaron SC7640 Sputter Coater 

(Quorum Technologies, UK) power supply in direct current at 1 kV, 
applying vacuum. 

To determine the ability of hydrogels to be employed as sacrificial 
biomaterial inks, dissolution tests were carried out in the water at 37 ◦C, 
where the mass loss was recorded at specific times. Then, two hydrogels 
were printed simultaneously with a coaxial nozzle (0.8 mm internal 
diameter, 2 mm external diameter) into a calcium chloride CaCl2 solu
tion (200 mM). A medium viscosity alginate hydrogel at 8 % w/v that 
crosslinks with the CaCl2 solution was printed as the outer layer, 
whereas selected compositions of the 4-arm star copolymers were 
printed as the inner part. 

3. Results and discussion 

3.1. Synthesis of the copolymers 

The linear triblock copolymers and the 3- and 4-arm star block co
polymers (Fig. 1) were synthesized according to previous reports 
[27,28]. The molecular characteristics of the resulting copolymers are 
summarized in Table 1. The details of the experimental procedures and 
molecular characterization (1H NMR spectra, SEC traces, and MALDI- 
TOF spectra) are presented in the supplementary information (SI, 
Figure S1 –Figure S8). 

3.2. Determination of phase diagrams 

To determine the phase diagram (temperature vs. concentration) 
corresponding to the aqueous solutions of the triblock copolymers under 
study and to evaluate the dependence of gel formation on the molecular 
topology, inverted vial tests were performed for aqueous solutions of 
polymer concentrations between 15 and 40 % w/v and at temperatures 
ranging from 10 to 80 ◦C. The results are shown in Fig. 2a. 

Linear block copolymers, PCL1-b-PEO1.2-b-PCL1 and PCL2-b-PEO2.1- 
b-PCL2, exhibit a thermoreversible behavior with a sol–gel-sol phase 
transition (Tsol-gel-sol) for copolymer concentrations in the range of 15–30 
% w/v. The Tsol-gel of PCL1-b-PEO1.2-b-PCL1 decreases with increasing 
copolymer concentration from 34 to 31 ◦C, whereas the Tgel-sol increases 
with concentration from 49 to 54 ◦C. For the PCL2-b-PEO2.1-b-PCL2 
copolymer, the Tsol-gel decreases with increasing copolymer concentra
tion from 64 to 52 ◦C, and the Tgel-sol increases with copolymer con
centration from 74 to 80 ◦C. The gel window is shifted to lower polymer 
concentration and higher temperatures with the increase of Mw of the 
PEO and PCL blocks at the same PEO/PCL ratio, as reported in similar 
studies [11]. 

As to the 4-arm star copolymers, hydrogel formation was observed 
upon cooling to 0 ◦C, aqueous solutions at polymer concentrations above 
15 % w/v. For both samples, (PEO1.2-b-PCL1)4 and (PEO2.5-b-PCL1.4)4, 
only one Tgel-sol transition temperature (gel melting transition) is ob
tained that increases with polymer concentration. Such increase with 
increasing polymer concentration has been widely reported for linear 
and star block copolymers. It is associated with the formation of a larger 
number of micelles and bigger aggregates that yields more intense 
physical interactions in the resulting hydrogels [14,16]. 

It is important to note that at polymer concentrations below 25 % w/ 
v, the Tgel-sol temperatures are higher for (PEO1.2-b-PCL1)4 hydrogels 
than those corresponding to (PEO2.5-b-PCL1.4)4 hydrogels, which could 
be attributed to their lower total molecular weight. A shorter block 
length is expected to produce a smaller inter-micellar space, which 
should favor lattice structures with a lower coordination number and 
thus increase the stability of the gel phase with temperature [29]. 

For linear block copolymers, it has been reported that an increase in 
total molecular weight causes the gel phase window to shift to higher 
temperatures. In contrast, the gel phase window shift observed in 4-arm 
star copolymers could be associated with an increase in the molecular 
weight of the hydrophilic PEO block in (PEO2.5-b-PCL1.4)4 [11,30]. At 
this point, it is important to note that only hydrogels obtained from the 
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(PEO1.2-b-PCL1)4 sample were transparent whereas the rest of the 
hydrogels were opaque (see Fig. 2b-g). 

Aqueous solutions of (PEO2.9-b-PCL1)3 and (PEO1.1-b-PCL0.5)3 3-arm 
star copolymers did not form hydrogels at any concentration and tem
perature, remaining as transparent/translucent aqueous solutions (see 
Fig. 2d-e), and hence they are not represented in Fig. 2a. To explain 
these results, besides the molecular weight of each block, it is important 
to take into account that for amphiphilic diblock and triblock co
polymers, the hydrophilic-hydrophobic ratio has been reported to be 
one of the main factors affecting mobility, the strength of physical in
teractions and the mechanism for micelle packing [31]. For our study, 
gel formation upon heating is favored for linear copolymers that present 
the lowest PEO/PCL ratio (~0.6), being the 3-arm star block copolymers 
that did not form hydrogels, the two samples that presented the highest 
PEO/PCL ratio (~2.2). Hence, the absence of gel formation in aqueous 
solutions of 3-arm star block copolymers could be associated with the 

synergy between the high proportion of the PEO hydrophilic blocks with 
respect to the hydrophobic PCL blocks and the decrease in the number of 
branches compared to 4-arm star block copolymers. Both factors 
possibly decreased the ability of the copolymer to form strong enough 
hydrophobic interactions to stabilize the gel phase [9,32]. 

The behavior of the aqueous solutions of the 3-arm star copolymers, 
as observed in Fig. 2d-e, and the lack of gel formation prevented any 
further study of these materials. The rest of the tests regarding gels were 
conducted exclusively with the linear and 4-arm star copolymers. 

Phase diagrams obtained through inverted vial tests were further 
confirmed via oscillatory temperature sweeps, as shown in Fig. 3. Gel 
formation for linear triblock copolymers is accompanied by an abrupt 
change in the storage (G’) and the loss (G’’) moduli, depicted as a 
function of temperature in Fig. 3a. The temperature sweep corre
sponding to the PCL2-b-PEO2.1-b-PCL2 (20 % w/v) sample shows an 
abrupt increase in Ǵ starting at 47 ◦C –corresponding to the sol-to-gel 
transition (Tsol-gel)–, followed by a decrease in both moduli at 78 ◦C 
due to the gel-to-sol transition (Tgel-sol). For the PCL1-b-PEO1.2-b-PCL1 
(20 % w/v) copolymer, gel formation was recorded upon cooling from 
70 ◦C, as an increase in G’ and G’’ occurs at 58 ◦C caused by the sol-to- 
gel transition. It is important to note that gel-to-sol transition occurring 
at 30 ◦C could not be measured by this technique. The gel phase window 
is located between 50 and 75 ◦C for the PCL2-b-PEO2.1-b-PCL2 (20 % w/ 
v) sample and shifts to lower temperatures for the PCL1-b-PEO1.2-b-PCL1 
(20 % w/v) sample. Hence, the results confirm that at the same PEO/PCL 
ratio, gel formation is favored for samples with lower molecular weight 
of the PEO and PCL blocks, as shown through inverted vial tests. 

The temperature sweeps corresponding to (PEO1.2-b-PCL1)4 and 
(PEO2.5-b-PCL1.4)4 4-arm star block copolymers are shown in Fig. 3b. 
Both samples, measured at polymer concentrations of 20 and 30 % w/v, 
are hydrogels formed upon cooling, as shown by the fact that G’ is higher 
than G’’ at temperatures below 20 ◦C. As temperature increases, G’ and 
G’’ gradually decrease until the Tgel-sol is reached (the Tgel-sol tempera
tures are marked as dashed lines in Fig. 3b). The Tgel-sol is highly influ
enced by polymer concentration being ~50 ◦C for hydrogels at 20 % w/v 
and ~60 ◦C for hydrogels at 30 % w/v. 

The results are consistent with the phase diagrams obtained through 
inverted vial tests depicted in Fig. 2a and confirm sol–gel-sol behavior 
for linear copolymers and only a gel-to-sol transition corresponding to 
gel melting for 4-arm star block copolymers. 

Fig. 1. Schematic representation of the synthesis of linear triblock copolymer PCL-b-PEO-b-PCL, and 3-arm and 4-arm star block copolymers (PEO-b-PCL)x.  

Table 1 
Molecular characteristics of the studied copolymers.  

Samples Mn (g/ 
mol) 

Mn, SEC 

(PEO)a 
Mn, NMR 

(PEO)b 
Mn, MALDI- 

TOF (PEO)c 
PEO/ 
PCLd 

Linear 
copolymers      

PCL1-b-PEO1.2-b- 
PCL1 

1 k–1.2 
k–1 k  

1.1 1.2  1.2  0.6 

PCL2-b-PEO2.1-b- 
PCL2 

2 k–2.1 
k–2 k  

1.9 2.1  2.2  0.53 

3-arm star 
copolymers      

(PEO1.1-b- 
PCL0.5)3 

(1.2 
k–0.5 k)3  

3.1 3.6   2.4 

(PEO2.9-b-PCL1)3 (4.1 
k–1.4 k)3  

6.8 12.3   2.9 

4-arm star 
copolymers      

(PEO1.2-b-PCL1)4 (1.2 k–1 
k)4  

4.6 4.8   1.2 

(PEO2.5-b- 
PCL1.4)4 

(2.5 
k–1.4 k)4  

8.6 10   1.8  

a Molecular weight by SEC (DMF, 40 ◦C, PEO standards). 
b Molecular weight by 1H NMR (500 MHz, CDCl3, 25 ◦C) and; 
c MALDI-TOF MS. 
d PEO/PCL mole fraction by 1H NMR. 

E. Centeno et al.                                                                                                                                                                                                                                



European Polymer Journal 201 (2023) 112526

5

3.3. Structural organization and morphology of hydrogels as determined 
through DSC and synchrotron radiation SAXS 

Earlier reports in the literature showed that the crystallization of the 
hydrophobic PCL blocks occurs when aqueous solutions of triblock PCL- 
b-PEO-b-PCL initially as a sol phase are left at room temperature for at 
least 1 h giving rise to the formation of opaque gels with reinforced 
mechanical properties with respect to “fresh” hydrogels [10]. 

To investigate the occurrence of crystallization in polymer hydrogels 
obtained from linear and 4-arm star block copolymers, the thermal 
transitions of bulk copolymers determined by DSC were compared to 
those obtained for gels (30 % w/v composition), and the results are 
shown in Fig. 4. For comparison purposes, all DSC experiments were 
carried out at a rate of 2 ◦C/min. It is important to note that thermal 
transitions corresponding to the hydrogels could not be observed when 
DSC experiments were performed at higher scan rates. 

In bulk, the PCL1-b-PEO1.2-b-PCL1 linear copolymer shows a single 
crystallization peak at 18.8 ◦C (although it also shows a shoulder at the 
crystallization onset at around 25 ◦C) with two endothermic peaks at 
32.7 and 38.7 ◦C, both attributed to the melting of PCL blocks crystals 
(Fig. 4a, red curves). The in-situ corresponding WAXS measurements 
performed at 20 ◦C/min are shown in the SI (see Figure S9a in the 
supplementary information, SI), where the presence of the PCL re
flections (PCL110 at 15.1 nm− 1 and PCL200 at 16.7 nm− 1) revealed that 
the crystallization of the PCL block started at 22 ◦C during cooling from 
the melt. PEO block characteristic reflections are first detected at 15 and 
− 14 ◦C, as evidenced by the appearance of very small intensity peaks 
attributed to the PEO120 and PEO032/112/132/212 reflections, which were 
observed at 13.8 and 16.3 nm− 1, respectively [33]. Given the extreme 
differences between the WAXS intensities corresponding to the PCL and 
PEO reflections, it can be deduced that in this PCL1-b-PEO1.2-b-PCL1 
triblock copolymer, as the PCL block crystallizes first (with a PCL/PEO 

Fig. 2. a) Sol-gel transition phase diagrams of block copolymers under study: PCL1-b-PEO1.2-b-PCL1, ■ PCL2-b-PEO2.1-b-PCL2, (PEO1.2-b-PCL1)4, (PEO2.5-b- 
PCL1.4)4. 3-arm star copolymers did not show gel formation, and therefore they are not represented. Macroscopic appearance of the hydrogels at 30 % w/v: b) PCL1-b- 
PEO1.2-b-PCL1, c) PCL2-b-PEO2.1-b-PCL2, d) (PEO1.1-b-PCL0.5)3, e) (PEO2.9-b-PCL1)3, f) (PEO1.2-b-PCL1)4 and, g) (PEO2.5-b-PCL1.4)4. Note that solutions at 30 % w/v 
from 3-arm star block copolymers do not form hydrogels, remaining as transparent/translucent aqueous solutions. 

Fig. 3. Dynamic oscillatory temperature ramp experiments showing storage, G’ (close) and loss, G’’ (open) moduli corresponding to a) linear copolymers: PCL1-b- 
PEO1.2-b-PCL1 (20 % w/v), ■ PCL2-b-PEO2.1-b-PCL2 (20 % w/v) and b) 4-arm star copolymers: (PEO1.2-b-PCL1)4 (30 % w/v), (PEO1.2-b-PCL1)4 (20 % w/v), 
(PEO2.5-b-PCL1.4)4 (30 % w/v), (PEO2.5-b-PCL1.4)4 (20 % w/v). Dashed lines mark the Tgel-sol. 
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ratio of 1.66), it severely restricts the crystallization of the short PEO 
blocks. This is why the two endothermic peaks in Fig. 4a for this 
copolymer are assigned to the melting of PCL blocks crystals, in which 
the melting of folded (low melting peak) and extended chains (high 
melting peak) lamellar crystals can account for the two melting transi
tions. It has been recently shown that PCL chains start to fold at Mn = 2 
kg/mol [34]. 

The PCL2-b-PEO2.1-b-PCL2 linear triblock copolymer (Fig. 4a, black 
curves) showed two crystallization exotherms, at 30.1 and 18.1 ◦C, 
corresponding to the crystallization of the PCL blocks and the PEO block, 
respectively. This was confirmed by WAXS results (see Figure S9b, SI), 
where the presence of the PCL110 and PCL200 reflections revealed that 
crystallization of the PCL blocks started at 22 ◦C, whereas the crystal
lization of the PEO block began at 4 ◦C, as evidenced by the appearance 
of the peaks attributed to the PEO110 and PEO032/112/132/212 reflections. 
The differences in the crystallization temperatures detected by WAXS 
and DSC are due to the differences in scanning rates. Figure S10 in SI 
shows DSC traces for the bulk materials at 20 ◦C/min, for comparison 
purposes. Regardless of the quantitative differences in Tc values due to 
different cooling rates, the fact remains that the PCL blocks crystallized 
first and to a larger extent (as judged by the WAXS signals relative in
tensities) than the PEO block. Also, in DSC, the crystallization enthalpy 
for the PCL blocks is much higher than that of the PEO block, as shown in 
Table 2 for the experiments measured at 2 ◦C/min, and in Table S1 in 
the supplementary information, for the materials in bulk measured at 
20 ◦C/min. The subsequent DSC heating scan showed a first very small 
endothermic transition at 32.7 ◦C attributed to the melting of the PEO 
block crystals, followed by two larger melting peaks at 48.3 and 53.3 ◦C 
corresponding to the melting of PCL block crystals. 

Regarding the 4-arm star block copolymers, the bulk (PEO1.2-b- 
PCL1)4 exhibits two main crystallization exotherms during cooling from 
the melt: a first peak at 29.3 ◦C corresponding to the crystallization of 
the PCL blocks and a second bimodal peak at 10.1 and 7.0 ◦C that can be 
attributed to the crystallization of the PEO blocks (Fig. 4a, blue curves). 
WAXS results confirmed this crystallization behaviour, since the pres
ence of the PCL110 and PCL200 reflections evidenced that the PCL blocks 
were the first blocks to crystallize (18 ◦C), whereas the PEO block did it 
at lower temperatures (12 ◦C) (see Figure S9c, SI). The subsequent DSC 
heating scans show a very complex set of thermal transitions upon 
increasing temperature. First, there is a very small melting peak at 

23.7 ◦C, assigned to the melting of the PEO blocks crystals. Then there is 
a broad and small cold-crystallization shallow exotherm possibly due to 
additional PCL block crystallization during the scan. Then there are 
three consecutive endothermic peaks at 39.4, 46.3 and 50.7 ◦C that 
correspond to the melting of PCL blocks crystals. 

The bulk (PEO2.5-b-PCL1.4)4 star block copolymer shows a well- 
defined large crystallization peak at 32.0 ◦C upon cooling from the 
melt, corresponding to the crystallization of the PCL blocks (Fig. 4a, 
green curves), and a small peak at lower temperatures (22.9 ◦C), related 
to the crystallization of the PEO blocks. WAXS results confirmed this 
crystallization behaviour (see Figure S9d, SI), since the presence of the 
PCL110 and PCL200 reflections confirmed that the PCL block was the first 
block to crystallize (24 ◦C), whereas the peaks ascribed to the PEO block 
appeared at lower temperatures (15 ◦C). The subsequent DSC heating 
scans revealed some small endothermic transitions at 29.5 and 33.5 ◦C, 
probably due to the melting of PEO block crystals, while the main 
endothermic event occurring at higher temperatures is due to the 

Fig. 4. DSC cooling and 2nd heating scans at 2 ◦C/min in a) bulk samples and b) gel samples (30 % w/v) for PCL1-b-PEO1.2-b-PCL1, — PCL2-b-PEO2.1-b-PCL2, 
(PEO1.2-b-PCL1)4, (PEO2.5-b-PCL1.4)4. The DSC traces are normalized by the mass of the polymer present in the samples. 

Table 2 
DSC cooling and heating thermal transitions of the linear and 4-arm star co
polymers, measured in bulk and in 30 % w/v gels at 2 ◦C/min. Total enthalpies 
are provided when transitions are overlapped.   

Sample 
state 

Tc (peak) 
[◦C] 
PCL or 
PEO 

ΔHc 

[J/g] 
Tm (peak) 
[◦C] 
PCL or PEO 

ΔHm [J/g] 

PCL1-b- 
PEO1.2-b- 
PCL1 

Bulk 18.8 50.2 32.7; 38.7 25.5; 23.4 
Gel 30 % 
w/v 

17.3 60.1 33.9; 40.5 24.4; 30.2 

PCL2-b- 
PEO2.1-b- 
PCL2 

Bulk 18.1; 30.1 12.9; 
44.8 

32.7; 48.3/ 
53.3 

9.2; 23.1/ 
19.3 

Gel 30 % 
w/v 

35.3 41.6 50.4; 54.2 24.3; 14.2 

(PEO1.2-b- 
PCL1)4 

Bulk 7.0/ 
10.1;29.3 

16.2; 
30.2 

23.7; 39.4/ 
46.3/50.7 

14.2; 33.5 

Gel 30 % 
w/v 

20.6; 28.6 46.6 31.4/ 
36.9;47.1/ 
51.6 

0.9/ 
1.4;15.3/ 
0.3 

(PEO2.5-b- 
PCL1.4)4 

Bulk 22.9; 32.0 17.8; 
37.1 

29.5/ 
33.5;50.9 

15.1; 40.3 

Gel 30 % 
w/v 

19.5; 28.2 29.2; 
23.7 

28.8; 51.0 28.3; 17.0  
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melting of the PCL blocks at 50.9 ◦C. 
The final superstructural bulk morphology obtained by PLOM at 0 ◦C 

of PCL1-b-PEO1.2-b-PCL1 and PCL2-b-PEO2.1-b-PCL2 linear triblock co
polymers and (PEO1.2-b-PCL1)4 and (PEO2.5-b-PCL1.4)4 4-arm star block 
copolymers are shown as supplementary information (Figure S11, SI), 
after cooling the samples at 20 ◦C/min. All micrographs show very small 
spherulites. Since, in all cases, the PCL blocks are the first blocks to 
crystallize in accordance with DSC results, small PCL spherulites are 
firstly formed. These PCL blocks spherulites can be considered templates 
within which the covalently bonded PEO blocks crystallize during 
finally forming in all cases, double crystalline spherulites, as we have 
demonstrated in previous works recently reviewed [35–37]. 

Now we focus on the DSC results obtained for hydrogels (30 % w/v) 
shown in Fig. 4b. The 30 % w/v hydrogel from the PCL1-b-PEO1.2-b-PCL1 
triblock copolymer (Fig. 4b, red curves) revealed a single exothermic 
peak located at 17.3 ◦C, attributed to the PCL blocks crystallization. The 
heating scan showed two endothermic events corresponding to the 
melting of the PCL blocks crystals at 33.9 and 40.5 ◦C (possibly due to 
the melting of folded and extended chains, respectively, as explained 
above for the same sample in bulk). 

The gel formed by the PCL2-b-PEO2.1-b-PCL2 triblock copolymer 
(Fig. 4b, black curves) showed a single exothermic peak assigned to the 
PCL blocks crystallization at 35.3 ◦C; and two melting peaks located at 
50.4 and 54.2 ◦C corresponding to the melting of the PCL crystals, 
paralleling the behavior of the bulk sample but without any signals that 
can be attributed to the PEO crystallization or melting. As PEO is soluble 
in water, it is expected that it remains dissolved in the gel aqueous 
continuous phase during the crystallization and melting of the hydro
phobic PCL component. 

Regarding the hydrogels formed by the 4-arm star block copolymers, 
the gel from (PEO1.2-b-PCL1)4 (Fig. 4b, blue curves) exhibited two 
exothermic peaks during cooling at 28.6 and 20.6 ◦C, which could be 
assigned to the crystallization of the PCL and PEO blocks, respectively. 
In the subsequent DSC heating scan, this gel showed two bimodal 
endothermic peaks: the first one at 31.4 and 36.9 ◦C, which could 
correspond to the melting of the PEO blocks crystals, and a second one 
located at 47.1 and 51.6 ◦C, due to the melting of PCL blocks crystals. 

The (PEO2.5-b-PCL1.4)4 hydrogel (Fig. 4b, green curves) exhibited 
two exothermic peaks during cooling, one corresponding to the crys
tallization of the PCL blocks (28.2 ◦C) and another one at lower tem
peratures, which was ascribed to the crystallization of the PEO blocks 

(19.5 ◦C). During the subsequent heating, this hydrogel showed two 
distinct endothermic peaks due to the melting of PEO block crystals at 
28.8 ◦C, and the second one at higher temperatures, corresponding to 
the melting of the PCL blocks crystals at 51.0 ◦C. The results corre
sponding to DSC cooling and heating scans shown in Fig. 4 are sum
marized in Table 2. 

In general terms, the thermal transitions associated with PCL and 
PEO blocks crystallization and melting observed for 30 % w/v hydrogels 
of linear and 4-arm star copolymers were similar to those encountered 
for the same copolymers in bulk. For linear copolymers, only PCL block 
crystallization was detected in the DSC of the hydrogels. However, 
hydrogels from 4-arm star copolymers, did show crystallization and 
melting of both PEO and PCL blocks. This is an unexpected behavior as 
PEO blocks are hydrophilic and water-soluble; therefore, no crystalli
zation was expected for these blocks. It is possible that PEO block 
crystallization is occurring in the star block copolymers due to their 
peculiar topology, whereupon PCL blocks crystallization, the PEO blocks 
are partially shielded from the water phase and can therefore crystallize. 
Our results thus suggest that there should be differences in the micellar 
organization within the gels of linear and star block copolymers, and this 
aspect will be further evaluated by SAXS measurements. 

The morphology of the hydrogels formed from 30 % w/v aqueous 
solutions of the copolymers was also studied by PLOM and included in 
Fig. 5. For the 30 % w/v as-prepared hydrogels from the linear triblock 
copolymers, a birefringent superstructural morphology (resembling ill- 
defined spherulites) was observed (Fig. 5a and c). After subsequent 
heating and cooling from 60 ◦C to 5 ◦C, better-defined small spherulites 
(with Maltese crosses and a negative sign in the case of PCL1-b-PEO1.2-b- 
PCL1, see Fig. 5b) could be observed (Fig. 5b and d), which should 
contain only PCL blocks lamellae. For the PCL1-b-PEO1.2-b-PCL1 
hydrogel, the appearance of spherulites was first seen at 29 ◦C (after 
having been previously melted at 37 ◦C), whereas the PCL2-b-PEO2.1-b- 
PCL2 gel exhibited the first spherulites at 38 ◦C (after having been pre
viously melted at 49 ◦C). In the case of the hydrogels prepared from the 
4-arm star copolymers, the superstructural texture was too fine to be 
detected by PLOM at 5 ◦C (Fig. 5e-f), indicating that these materials 
probably form sub-micron double crystalline spherulites, as in these 
cases, both PCL and PEO blocks can crystallize according to the DSC 
results of Fig. 4b. 

Synchrotron radiation SAXS constitutes a powerful tool to determine 
the self-assembly and network structure of polymer hydrogels [38,39]. 

Fig. 5. PLOM micrographs taken at 5 ◦C after cooling the 30 % w/v at 2 ◦C/min for a) PCL1-b-PEO1.2-b-PCL1 (before heating/cooling steps), b) PCL1-b-PEO1.2-b-PCL1, 
c) PCL2-b-PEO2.1-b-PCL2 (before heating/cooling steps), d) PCL2-b-PEO2.1-b-PCL2, e) (PEO1.2-b-PCL1)4, and f) (PEO2.5-b-PCL1.4)4. 
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The results corresponding to 30 % w/v hydrogels of linear triblock co
polymers are shown in Fig. 6a and b. It must be noted that these ex
periments were performed on gel samples that had been prepared by 
previously cooling to 5 ◦C and stored at that temperature for two 
months, before they were measured at the synchrotron during heating 
from 5 ◦C until 80 ◦C at 2 ◦C/min. 

The SAXS profiles exhibit a broad scattering peak (denoted as P1 in 
the figure) located at q = 0.35 nm− 1 for both PCL1-b-PEO1.2-b-PCL1 and 
PCL2-b-PEO2.1-b-PCL2. In the case of PCL1-b-PEO1.2-b-PCL1, the correla
tion peak (P1) is more clear (in fact, it would seem that a second-order 
minor reflection, P2, can be observed at q = 0.71 nm− 1) and substan
tially decreases with the temperature above 35 ◦C and at 42 ◦C, it tends 
to disappear, coinciding with the end of the PCL block crystals melting 
(i.e., 43 ◦C, see Fig. 4b). For PCL2-b-PEO2.1-b-PCL2, the P1 peak is less 
defined and broad (without any traces of a second-order peak) and tends 
to disappear at higher temperatures (above 51 ◦C), also in agreement 
with the end of the PCL blocks melting endotherm in Fig. 4b (i.e., 55 ◦C), 
although it is not as straightforward as in the case of the other gel formed 
by the PCL1-b-PEO1.2-b-PCL1 sample. The position of the SAXS correla
tion peak (P1) corresponds to a long period of approximately 18.0 nm for 
both PCL1-b-PEO1.2-b-PCL1 and PCL2-b-PEO2.1-b-PCL2 that reflects the 
average spacing between hydrophobic and semi-crystalline aggregates 
formed by PCL domains. A possible schematic representation of the 
hydrogel microstructure is given in the inset of the figures in analogy 
with semi-crystalline sterocomplexed physical hydrogels reported else
where [40]. 

As to star block copolymers, the 30 % w/v hydrogel from (PEO1.2-b- 
PCL1)4, shows a broad knee-like feature around q = 0.4 nm− 1 (P1) in the 

SAXS scattering profile (Fig. 6c) assigned to the long spacing L between 
crystalline domains of PCL that disappears at temperatures above 60 ◦C 
in agreement with DSC results (Fig. 4b). Interestingly, at temperatures 
above 60 ◦C, two scattering peaks at q = 0.38 nm− 1 (P1) and q = 0.70 
nm− 1 (P2) are observed, which could be attributed to micellar ordering 
upon heating as it will be confirmed by SAXS experiments obtained 
during cooling discussed below. Fig. 6d shows the scattering profile 
corresponding to the 30 % w/v hydrogel of (PEO2.5-b-PCL1.4)4. At 5 ◦C, 
the scattering profile presents a broad scattering peak constituted by two 
overlapped peaks at q = 0.30 nm− 1 (P1) and q = 0.32 nm− 1 (P2) followed 
by a broad scattering peak at q ~ 0.5 nm− 1 (P3). Upon heating to 28 ◦C, 
the scattering peak at q = 0.30 nm− 1 corresponding to a long distance of 
20.9 nm disappears, which is coincident with the melting point of the 
PEO blocks crystals shown by DSC (Fig. 4b). The SAXS curves recorded 
in the temperature range from 28 to 51 ◦C show the occurrence of two 
scattering peaks at approximately q = 0.32 nm− 1 (P2) and q ~ 0.59 nm− 1 

(P3), which could correspond to first and second-order diffraction peaks 
respectively. Both peaks disappear at temperatures above 51 ◦C, and 
according to DSC results for this sample (Fig. 4b), the melting temper
ature observed for PCL blocks crystals corresponds to 54 ◦C. The results 
are reminiscent of the structure Kepola et al. proposed for a different 
block copolymer star network [41]. In that system, self-assembly leads 
to a lamellar structure perpendicular to the sheets, which gives rise to a 
secondary assembly in water in which the hydrophobic cores in the 
micelles organize in 2D to produce lamellae. 

To shed further light into the microstructure of hydrogels from 4-arm 
star copolymers, SAXS diffractograms were recorded upon cooling of 30 
% w/v aqueous solutions of (PEO1.2-b-PCL1)4, and (PEO2.5-b-PCL1.4)4, 

Fig. 6. SAXS diffractograms obtained during the heating at 2 ◦C/min of the 30 % w/v gels: a) PCL1-b-PEO1.2-b-PCL1, b) PCL2-b-PEO2.1-b-PCL2, c) (PEO1.2-b-PCL1)4, 
and d) (PEO2.5-b-PCL1.4)4. 
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and the results are shown in Fig. 7. Information about SAXS experiments 
performed on linear triblock copolymers is shown as supplementary 
information (Figure S12, SI). The SAXS profiles show the occurrence of 
well-defined scattering peaks that can be attributed to the micellar or
ganization and crystallization of the blocks within the gels. As is well 
known, as the concentration is increased in semidilute or concentrated 
block copolymer solutions, chains begin to overlap, and this can lead to 
the formation of a liquid crystalline phase such as a cubic phase of 
spherical micelles, a hexagonal phase of rodlike micelles, a lamellar 
phase or a bicontinuous cubic phase [42]. 

The results obtained for the (PEO1.2-b-PCL1)4 gel (Fig. 7a) show the 
appearance of two broad scattering peaks at 80 ◦C located at q = 0.44 
and q = 0.80 nm− 1, which could be attributed to micellar formation in 
analogy to the SAXS scattering curves obtained during heating where 
similar reflections appeared at temperatures above 60 ◦C (Fig. 6c). It is 
important to note that the sol–gel transition for this material is located at 
~75 ◦C as determined through inverted vial tests (Fig. 2a), which would 
be consistent with the results obtained. At 50 ◦C, the SAXS pattern in 
Fig. 7a shows two reflections located at approximately q = 0.32 nm− 1 

(P1) and q = 0.60 nm− 1 (P2), which could be interpreted as the formation 
of a lamellar morphology arising from the organization of the PCL hy
drophobic cores in two dimensions, before crystallization. According to 
Fig. 4b, the PCL blocks start to crystallize below 35 ◦C, and the two SAXS 
reflections slightly shift positions. Fig. 6c and 7a do not show similar 
SAXS patterns at low temperatures (below 20 ◦C), because even though 
they correspond to the same samples, they have different thermal his
tories. In the first case, the samples were stored at 5 ◦C for several days 
before heating them (giving ample time for gel structuring and blocks 
crystallization to saturation) and in the second time, the samples were 
measured in situ during cooling from the sol state. 

The (PEO2.5-b-PCL1.4)4 30 % w/v aqueous solution (Fig. 7b) shows a 
different scattering profile. At 80 ◦C, no significant scattering was 
observed. However, upon cooling the solution, some ordering takes 
place. At lower temperatures, two peaks start to appear at q values of 
~0.4 and ~0.6 nm− 1, and shift towards lower q values when tempera
ture decreases. Eventually, at 50 ◦C two well-defined reflections 
appeared at q = 0.34 nm− 1 and q = 0.58 nm− 1, which are progressively 
transformed in shape as temperature decreases, as new reflections 
appear on the left-hand side of each peak. The structure of the solution at 
50 ◦C does not seem to correspond to highly ordered lamellae, as the 
reflections are not in the expected ratio of 1:2:3:4. It may correspond to 
distorted or not very well ordered lamellae, as the reflections observed 
are broad, i.e., to a pseudo-lamellar structure. 

At 45 ◦C, a broad shoulder can be observed at q = 0.29 nm− 1 (P1) in 

Fig. 7b that increases in intensity and shifts to lower q with the decrease 
in temperature. At the same time, a broad shoulder constituted of two 
overlapped peaks at q = 0.44 nm− 1 (P2) and q = 0.53 nm− 1 (P3) is 
observed within the same temperature range. The three peaks observed 
are in agreement with a hexagonal cylinder-like structure with the 
relative q-ratios 1:√3:2. Once again, we note that the reflections are 
quite broad; hence the degree of ordering of these cylinders is not very 
high. A similar structure has been proposed for a 4-arm PEO-b-PPO star 
block copolymer, where PPO self-assembly gives rise to micelles that 
combine 2D lamellar sheets into hexagonal cylindrical structures [43]. 
Hence, our results suggest a thermally induced transition from a pseudo- 
lamellar structure to a hexagonal cylindrical structure upon cooling. 
DSC results in Fig. 4b showed the occurrence of crystallization of the PCL 
blocks at temperatures below 35 ◦C and of the PEO blocks at tempera
tures below 23 ◦C. The fact that the PCL blocks crystallize first, followed 
by the PEO crystallization might be related to the thermally induced 
transition from pseudo-lamellar to hexagonal assembly observed for the 
(PEO2.5-b-PCL1.4) hydrogel and points to an influence of the crystallinity 
of the PEO and the PCL blocks on the micellar arrangement on the 
hydrogel. A schematic and highly idealized representation of the 
structure proposed for the hydrogels of 4-arm star block copolymers is 
shown in Fig. 8. More experiments are currently in progress to further 
elucidate the micellar organization of the linear and star block co
polymers in dilute solutions. 

3.4. 3D extrusion printing of 4-arm star block copolymers. Proof-of- 
concept of their employment as sacrificial biomaterial inks 

3D extrusion printing is based on the design of prototypes through 
the deposition of a material layer by layer. It is a technology widely 
employed in biomedicine to manufacture polymer scaffolds for tissue 
engineering. To that aim, hydrogels are used as biomaterial inks that can 
be smoothly extruded and deposited on a surface giving rise to polymer 
scaffolds with high shape fidelity. However, their swelling after being 
extruded, their lower mechanical resistance, and the difficulty in 
generating hollow structures remain a current challenge for their 
employment in 3D extrusion (bio)printing. To that aim, sacrificial 
biomaterial inks with suitable mechanical properties and a rapid 
degradation profile can be employed to provide mechanical support and 
improve the printability of multicomponent biomaterial inks. Sacrificial 
inks can be eliminated through simple dissolution in physiological 
conditions, hence facilitating the formation of hollow tubular structures 
[44–49]. 

Taking into account that 4-arm star block copolymers are hydrogels 

Fig. 7. SAXS diffractograms measured at 2 ◦C/min during the cooling process for the 30 % w/v gels: a) (PEO1.2-b-PCL1)4, and b) (PEO2.5-b-PCL1.4)4. For easier 
visualization, scattering curves obtained at different temperatures have been vertically shifted. Dashed lines correspond to scattering peaks at 60 ◦C whereas solid 
lines correspond to scattering peaks at 5 ◦C (for the (PEO1.2-b-PCL1)4 sample) and 17 ◦C (for the (PEO2.5-b-PCL1.4)4 sample). 
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at room temperature, as shown through inverted vial tests and rheo
logical experiments shown in Fig. 2a and 3b, they were further inves
tigated for their potential employment as biomaterial inks in 3D 
extrusion (bio)printing. Fig. 9a shows the results of oscillatory rheo
logical experiments that determined the gels storage moduli at room 
temperature as a function of frequency for 20 and 30 % w/v hydrogels. 
Except for the (PEO2.5-b-PCL1.4)4 sample at a polymer concentration of 
20 % w/v, all the samples presented the characteristic behaviour of a 
gel, where the elastic and the loss moduli were practically independent 
of the frequency, being G’ higher than G’’ over the entire tested fre
quency range. G’ increased from 2700 Pa to 10100 Pa for the (PEO1.2-b- 
PCL1)4 hydrogel when the polymer concentration increased from 20 to 
30 % w/v. As to the hydrogels obtained from (PEO2.5-b-PCL1.4)4, G’ was 
24000 Pa for a polymer concentration of 30 % w/v. At 20 % w/v, G’ and 
G’’ are very dependent on frequency even if G’ was higher than G’’, 
which is characteristic of a weak gel. From the results obtained, it is clear 
that the elastic moduli are highly dependent on polymer concentration, 
which is a characteristic behaviour of physical hydrogels. 

Polymer hydrogels employed as biomaterial inks for 3D extrusion 

printing must exhibit shear thinning and self-healing properties that 
manifest in the instantaneous response of the gel modulus to changes in 
the applied strain [50]. Cyclic shear-thinning experiments correspond
ing to 30 % w/v hydrogels from 4-arm star block copolymers, (PEO1.2-b- 
PCL1)4 and (PEO2.5-b-PCL1.4)4 are shown in Fig. 9b. In this experiment, 
gels were subjected to three cycles of low (0.1 %) and two cycles of high 
(100 %) strains for 200 s. Both hydrogels showed a marked decrease in 
G’ moduli at high strains and immediate recovery at low strains for each 
cyclic test. The (PEO2.5-b-PCL1.4)4 sample, being a stronger gel, presents 
G’ values of 31,000 and 3000 Pa at 0.1 % and 100 % strain, respectively, 
whereas for (PEO1.2-b-PCL1)4 G’ decreases to 11,000 and 1100 for 0.1 
and 100 % strain, respectively. It is important to note that even if the 
sample (PEO2.5-b-PCL1.4)4 presented a higher elastic modulus than the 
sample (PEO1.2-b-PCL1)4, it also exhibited higher mechanical hysteresis 
between strain cycles, losing 64 % of the initial value of G’ when sub
jected to large strains, whereas the (PEO1.2-b-PCL1)4 sample displayed 
minimal mechanical hysteresis between strain cycles. The results 
showed that both samples are suitable as biomaterial inks for 3D 
extrusion printing because they can be extruded during printing and 

Fig. 8. Schematic structure corresponding to 30 % w/v hydrogels of (PEO1.2-b-PCL1)4, and (PEO2.5-b-PCL1.4)4 where it can be observed how PCL cores organize into a 
2D lamellar structures. For sample (PEO2.5-b-PCL1.4)4, a thermally induced transition at temperatures below 45 ◦C is observed, the PCL polymer blocks assemble 
adjacent lamellas in cylinder-like PCL domains, which organize themselves perpendicular to the sheets in a hexagonal pattern. 

Fig. 9. a) Dynamic oscillatory frequency sweep experiments showing storage, G’ (close) and loss, G’’ (open) moduli for: (PEO1.2-b-PCL1)4 (30 % w/v), (PEO1.2- 
b-PCL1)4 (20 % w/v), (PEO2.5-b-PCL1.4)4 (30 % w/v), (PEO2.5-b-PCL1.4)4 (20 % w/v). The dashed rectangle remarks the G’ and G’’ values at 1 Hz. b) Cyclic shear- 
thinning experiment showing G’ and G’’ response and recovery to high (100 %) and low (0.1 %) oscillatory strains: (PEO1.2-b-PCL1)4 (30 % w/v), (PEO2.5-b- 
PCL1.4)4 (30 % w/v). 
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maintain sufficient mechanical integrity necessary to support printed 
layers. 

Next, the ability to obtain 3D printed structures from 4-arm star 
block copolymers was demonstrated through the extrusion of 30 % w/v 
hydrogels formed upon cooling (PEO1.2-b-PCL1.4)4 and (PEO2.5-b- 
PCL1.4)4 aqueous solutions. As can be observed in Fig. 10a, cylindrical 
shape structures were obtained through the stacking of 5 layers (1.1 mm 
height) and 4 layers (0.8 mm height) for (PEO1.2-b-PCL1.4)4 and (PEO2.5- 
b-PCL1.4)4, respectively.. The SEM images of lyophilized 3D printed 
structures (Fig. 10b, right) confirmed that both samples stacked 
correctly in well-differentiated layers that preserved their shape over 
time after printing, where individual filaments were well-defined and 
showed a smooth surface with no porosity at the macroscale (Fig. 10b, 
left). Further magnification of the images corresponding to individual 
filaments allowed to observe a porous morphology with pore size in the 
micron range (Fig. 10b, right). 

Dissolution tests carried out in the water at 37 ◦C showed full 
dissolution of the (PEO2.5-b-PCL1.4)4 hydrogel after 15 min, whereas the 
hydrogel of (PEO1.2-b-PCL1)4 dissolved after 60 min (Fig. 11a). Hence, 
this latter sample was selected for a proof-of-concept for its employment 
as sacrificial biomaterial ink. Fig. 11b shows the setup employed for 
constructing concentric tubes through coaxial printing consisting of the 
printing of an aqueous solution of alginate as an outer layer and a 
(PEO1.2-b-PCL1)4 hydrogel as the inner layer. Dissolution of the inner 
part of the concentric tube yielded hollow alginate tubes that can be 
observed in Fig. 11c (video as SI), and hence, the potential employment 
of 4-arm star block copolymers as sacrificial biomaterial inks was 
demonstrated. 

4. Conclusions 

In this study, hydrogel formation from aqueous solutions of model 
block copolymers of poly(ε-caprolactone) (PCL) and poly(ethylene 
oxide) (PEO) was evaluated as a function of chain topology (linear and 3 
and 4 arms star copolymers) with block copolymer molecular weights of 
PEO and PCL of ~1000 and ~2000 g/mol. Upon heating, linear PCL-b- 
PEO-b-PCL triblock copolymers present a Tsol-gel followed by a Tgel-sol, a 
characteristic behaviour of micellar physical hydrogels already reported 
in the literature that marks the formation of a gel through micellar 
packing and its subsequent melting with temperature. In contrast, 4-arm 
star block copolymers form hydrogels upon cooling to 0 ◦C characterized 
by a single Tgel-sol depending on polymer concentration in the gel. The 3- 

arm star block copolymer sample did not form hydrogels on the range of 
temperatures and concentrations under study. The results were attrib
uted mainly to the PEO/PCL ratio that increases in the order: linear < 4- 
arm < 3-arm star block copolymers. 

The use of synchrotron in situ WAXS, SAXS, and DSC was found to be 
essential to determine the crystalline organization of each of the blocks 
within hydrogels obtained from linear and 4-arm star block copolymers 
through comparison with results obtained in the bulk copolymers. 
Interestingly, the results showed the occurrence of PEO and PCL blocks 
crystallization within hydrogels obtained from 4-arm star copolymers, 
whereas hydrogels of linear triblock copolymers only showed PCL block 
crystallization. The occurrence of PEO and PCL crystallization on 
hydrogels of 4-arm star block copolymers might lie on the base of gel 
formation upon cooling of aqueous solutions of these copolymers. It is 
suggested that both hydrogels from 4-arm block copolymers organize 
into a lamellar structure upon cooling. The increase in the molecular 
weight of the PEO block leads to further organization of the lamellar 
structure into hexagonal cylinders upon cooling. More experiments are 
now in progress to elucidate micelle self-assembly in aqueous solutions 
of the linear and star block copolymers under study. 

Finally, 3D printed structures with high shape fidelity and well- 
stacked layers could be obtained from 30 % w/v hydrogels of 4-arm 
shape block copolymers through 3D direct ink printing. A proof of 
concept on the suitability of using a (PEO1.2-b-PCL1)4 hydrogel as 
sacrificial biomaterial ink was provided. Rapid dissolution of this 
hydrogel together with a high elastic modulus, allowed the construction 
of hollow tubular structures through 3D direct coaxial extrusion print
ing. To sum up, this research expands the knowledge of the self-assembly 
of block copolymers with crystallizable blocks to form hydrogels, 
studying their structural organization as a function of copolymer ar
chitecture and paving their way to their application as polymer 
biomaterial inks for 3D direct printing. 
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