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Extracellular matrices are mainly composed of a mixture of different biopolymers and therefore
the use of two or more building blocks for the development of tissue-mimicking hydrogels is
nowadays an attractive strategy in tissue-engineering. Multi-component hydrogel systems may
undergo phase separation, which in turn can lead to new, unexpected material properties. The
aim of this study was to understand the role of phase separation on the mechanical properties and
3D printability of hydrogels composed of triblock copolymers of polyethylene glycol (PEG) and
methacrylated poly(N-(2-hydroxypropyl) methacrylamide-mono/dilactate) (pHPMAlac) blended
with methacrylated hyaluronic acid (HAMA). To this end, hydrogels composed of different
concentrations of PEG/pHPMAlac and HAMA, were analyzed for phase behavior and rheological
properties. Subsequently, phase separation and rheological behavior as function of the two
polymer concentrations were mathematically processed to generate a predictive model. Results
showed that PEG/pHPMAlac/HAMA hydrogels were characterized by hydrophilic, HAMA-richer
internal domains dispersed in a more hydrophobic continuous phase, composed of PEG/
pHPMAlac, and that the volume fraction of the dispersed phase increased by increasing HAMA
concentration. Storage modulus, yield stress and viscosity increased with increasing HAMA
concentration for low/medium HAMA contents (<0.75% w/w), while a further increase of
HAMA resulted in a decrease of the mentioned properties. On the other hand, by increasing the
concentration of PEG/pHPMAlac these rheological properties were enhanced. The generated
models showed a good fitting with experimental data, and were used to identify an exemplary 3D
printability window for PEG/pHPMAlac/HAMA hydrogels, which was verified by rheological
characterization and preparation of 3D printed scaffolds. In conclusion, a clear relationship
between phase separation and rheological behavior in these two-component hydrogels can be
described by complex functions of the two polymer concentrations. The predictive model
generated in this study can be used as a valid tool for the identification of hydrogel compositions
with desired, selected characteristics.
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1. Introduction

Hydrogels are networks of hydrophilic natural and/or synthetic polymers, able to absorb and retain large amounts of water.
Because of their capacity to entrap cells and biologically active molecules, e.g. therapeutic proteins, they are currently under
investigation for tissue engineering (TE) [1,2] and drug delivery applications [3-8]. Especially for regenerative medicine purposes,
hydrogels are of interest because they can mimic the aqueous nature and mechanical properties of soft tissues and warrant a cell-
friendly environment [9]. Moreover, biodegradable hydrogels offer a temporary support, which can be progressively replaced by new
tissue components, synthesized by embedded or recruited cells [10-12]. In addition, hydrogels having specific rheological properties
can be processed into desired shapes by injection molding or more sophisticated three-dimensional (3D) printing-based
manufacturing procedures [13-19]. This aspect is especially important to generate patient-customized implants, which eventually
may facilitate clinical translation of TE constructs.

Hydrogels based on triblock copolymers of polyethylene glycol (PEG) and methacrylated poly(N-(2-hydroxypropyl) methacry-
lamide-mono/dilactate) (pHPMAlac) have gained interest during the last decade for their tunable thermosensitive behavior,
mechanical and degradation profiles as well as 3D printability and cytocompatibility [20-22]. Our more recent studies have shown
that by blending these PEG/methacrylated pHPMAlac triblock copolymers with UV cross-linkable polysaccharides, i.e. methacrylated
chondroitin sulfate [23] or methacrylated hyaluronic acid [24], hydrogels with improved mechanical characteristics and degradation
profiles can be obtained. Specifically, the more pronounced thermosensitivity, shear thinning and yield stress behavior led to a
superior 3D printability of hydrogels based on polysaccharides and PEG/methacrylated pHPMAlac copolymers compared with
hydrogels only composed of PEG/methacrylated pHPMAlac copolymers [23,24]. Nevertheless, mechanistic insights behind the
beneficial effect on mechanical properties due to the addition of polysaccharides to hydrogels of PEG/methacrylated pHPMAlac are
lacking. Visual inspection of these hydrogels pointed to the possibility of aqueous two phase separation (ATPS) [23], similar to that
described for some pairs of water soluble polymers, such as the combination of PEG and dextran [25]. The miscibility of two polymers
in water is governed by the following equation:

AGuix = AHpj—TASix 1)

where AG,,;, is the free energy of mixing, AH,,;, is the enthalpy of mixing, T is the absolute temperature and AS,,;, is the entropy of
mixing. Phase separation occurs when AG,,, is positive, and this is possible when AH,,;, > 0and > TAS,,;,. For polymeric mixtures in
water, it has been found that AS,,;, is usually very low, and thus even small positive values of AH,,;, result in positive AG,,;, values
[25]. ATPS has found valuable applications in polymeric microparticles fabrication [26,27] as well as in the extraction and separation
of biological molecules and cell subtypes [28-30]. Moreover, ATPS-like phenomena have been observed in hydrogels investigated for
biomedical applications, and a positive effect on the morphology of embedded cells as well as on the new tissue formation has been
reported [31].

Interestingly, for telechelic ABA-like amphiphilic triblock copolymers, e.g. PEG end-capped with aliphatic blocks [32] and PEG
flanked by pHPMAlac outer blocks [21,33], aqueous phase separation has been described in simple binary systems (one type of
polymer in water), at certain conditions of polymer concentration and temperature. In this case, phase separation is attributed to the
formation of polymer-rich regions composed of highly “packed” and interconnected polymeric clusters (flower-like micelles), and
water-rich regions mainly composed of free micelles and hydrated single polymeric chains [34]. Similarly, phase separation observed
for hydrogels composed of highly methacrylated hyperbranched polyglycerol, was explained by the co-existence of polymer-rich
regions based on partially dehydrated hydrophobic blocks and water-rich regions containing highly hydrated hydrophilic polymeric
portions [35].

Our hypothesis is that ATPS in hydrogels composed of polysaccharides and PEG/methacrylated pHPMAlac copolymers plays an
essential role on the thermosensitivity as well as on fluid-flow properties, e.g. shear thinning and yield stress of these hydrogels, and
consequently on hydrogel 3D printability. To assess this aspect and to provide a full understanding of the inner micro-organization of
these hydrogels, polymeric mixtures of methacrylated hyaluronic acid and PEG/methacrylated pHPMAlac copolymer were prepared
and analyzed for their hydrophilic/hydrophobic balance, and possible preferential distribution of the two polymers within the
hydrogel. Moreover, rheological properties as function of the two polymers’ concentration (and phase separation extent) were
studied. Finally, to mathematically study the dependency of phase separation extent and rheological properties from the two
polymeric contents, and to create a predictive model, experimental data were integrated using Artificial Neural Networks (ANNSs).
ANNs have been firstly applied in the pharmaceutical field to overcome the shortcomings of the traditional multiple regression
analysis [36]. Due to the complexity of the interpretation of ANNs models, they are often combined with other Artificial Intelligence
technologies such as fuzzy logic, giving hybrid systems [37,38]. The neurofuzzy logic technology used in this study combines the
adaptive learning capabilities from ANNs and the ability to generalize rules of fuzzy. It allows the definition of the design space with a
relative small amount of data and the generation of complex non-linear models of easy and quick numerical solutions. Additionally,
fuzzy logic technology enables generation of linguistic rules in order to explain the dependency of the outputs from the input
parameters [39]. In this study, concentrations of PEG/methacrylated pHPMAlac copolymer and methacrylated hyaluronic acid were
used as input parameters, and phase separation extent and rheological properties were used as outputs.
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Scheme 1. Chemical structure of polymers used in this study. Structure of M;¢P;, composed of a PEG-based mid-block (in red) flanked by two pHPMA-lac outer
blocks (in black) being partially methacrylated (in purple, a). Chemical structure of HAMA (b). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

2. Materials and methods
2.1. Materials

All chemicals and solvents were obtained from Sigma-Aldrich (Zwijndrecht, the Netherlands) and Biosolve (Valkenswaard, the
Netherlands), respectively, unless indicated otherwise. Chemicals and solvents were used as received. Hyaluronic acid (HA, 120 kDa)
was supplied by Lifecore Biomedical (Chaska, MN, USA). L-lactide was obtained from Corbion Purac (Gorinchem, The Netherlands),
phosphate buffered saline pH 7.4 (PBS) from Braun (Melsungen, Germany) and Irgacure 2959 was donated by BASF (Ludwigshafen,
Germany). Albumin-fluorescein isothiocyanate conjugate (FITC-BSA) and Nile Red (NR) were purchased from Sigma-Aldrich.
Weigert’s hematoxylin (solution A + B), formaldehyde and xylene were supplied by Klinipath BV (Duiven, The Netherlands). Fast
green FCF was ordered from MP Biomedicals (Eindhoven, The Netherlands), safranin-O from VWR (Amsterdam, The Netherlands),
and paraffin from Leica Biosystems (Eindhoven, The Netherlands).

2.2. Synthesis and characterization of polymers

A triblock copolymer composed of a PEG (10 kDa) mid-block flanked by two pHPMAlac (mono/dilactate molar ratio = 75:25)
outer blocks (chemical structure reported in Scheme 1a) was synthesized by free radical polymerization, and further partially
methacrylated as previously described [20]. The triblock copolymer was characterized by Gel Permeation Chromatography (GPC),
Proton Nuclear Magnetic Resonance (*H NMR) and UV-VIS spectrophotometry before and after methacrylation as described
previously [20,40]. The triblock copolymer is further abbreviated as MoP;o, whereas its methacrylated derivative as M;oP1¢, where
M, and M, refer to a degree of methacrylation (DM) of 0 and 10% of the lactate side groups, respectively and P;, refers to a PEG mid-
block of 10 kDa.

HA was methacrylated as previously reported by Hachet et al. with minor adjustments [41]. Briefly, 5g (12.5 mmol of
disaccharide units) of HA was dissolved in 250 ml of ultrapure water and 250 ml of N,N-dimethylformamide (DMF). Next, 5 ml of
methacrylic anhydride (33.6 mmol) was added drop-wise at 4 °C, while keeping the pH between 8 and 9 by addition of aqueous
NaOH solution (0.5 M). Subsequently, the polymer mixture was stirred overnight at 4 °C, and the polymer was purified by
precipitation in cold ethanol and subsequently re-dissolved in water. After two days of dialysis (MWCO = 10-14 kDa) against water
at 4 °C, the polymer solution was freeze-dried and the recovered polymer is further referred to as HAMA (chemical structure reported
in Scheme 1b). HA and HAMA were characterized by GPC [23]. HAMA was analyzed by 'H NMR (D,0) and the DM defined as the
number of methacrylate groups per 100 disaccharide units was calculated according to Eq. (2).

average Us2lsg) 4

DM (%) =
(L.=3)/3 (2)
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Table 1
Polymer mixtures based on different concentrations of M;oP;o and HAMA. The combinations of M;oP;o and HAMA concentrations marked with a cross (x) were
prepared in this study.

MioP1o HAMA
w/W% 0 0.5 0.75 1 1.5 2
0 a
22 X;\,b Xn,h X.’\,b Xn,h X );:\,h
a b
30 x"

@ Hydrogel compositions tested by confocal microscopy.
" Hydrogel compositions tested by rheological analysis.

in which an integration value of 1 is given to the signal at chemical shift of 6.2 ppm. The DM of HAMA was also measured according
to a High Performance Liquid Chromatography (HPLC)-based method, as reported previously [24,42].

2.3. Preparation of hydrogels and experimental design

Polymer mixtures containing M;oP10 and HAMA at different concentrations (Table 1) were prepared by dissolving the two
polymers in PBS (pH = 7.4) in the same vial under mild stirring at 4 °C overnight. These polymer mixtures (and the corresponding
hydrogels) are further abbreviated as MH (referring to the presence of M;¢P;o and HAMA) followed by the concentration (w/w%) of
the two polymers. For instance, MH 22 + 1 is composed of 22% (w/w) of M;oP;o and 1% (w/w) of HAMA. Contents of M;oP1o
ranging from 22 to 30% (significantly above the critical aggregation concentration [21,43]) and contents of HAMA from 0 to 2% were
chosen, based on handling properties and expected thermoresponsivity.

To assess phase separation, hydrogels were analyzed using confocal imaging, safranin-O staining and '"H NMR. Additionally, their
rheological properties were determined. Results obtained from confocal imaging and rheological measurements were used to create a
predictive model based on neurofuzzy logic technology [39]. The generated model was used to identify an exemplary 3D printability
window based on applied constraints, and 3D printed porous constructs were fabricated by an extrusion-based 3D printing procedure.

2.4. Confocal laser scanning microscopy (CLSM)

Freshly prepared MH polymer mixtures were enriched with FITC-BSA (final concentration = 0.2%) and a few grains of NR, and
maintained under stirring overnight at 4 °C. FITC-BSA and NR were chosen to stain hydrophilic and hydrophobic domains,
respectively [21,33]. Subsequently 100 pl of each polymer mixture was dispensed in duplo in a 96-well plate and incubated at 37 °C
for 1 h. Confocal images were obtained using a Yokogawa Cell Voyager 7000S imager (Yokogawa, Tokyo, Japan) at 37 °C. Samples
were visualized with a 40 X objective employing 488 nm and 561 nm lasers for the excitation of FITC-BSA and NR, respectively. For
both fluorophores the used exposure time was 250 ms. Acquisitions were performed using BP525/50 and BP600/37 emission filters
for FITC and NR, respectively. Images were recorded for three different locations within each well and for three different Z-stack
sections of each location using a Z-stack interval of 3 pm. To quantify the ratio between the domains where NR was dissolved (red
areas) and FITC-BSA was predominant (green areas), images were processed using ImageJ 1.45 software. Areas (in pixels) of the red
and the green regions were measured for three different acquisition points for each polymer mixture, and a red and a green area were
defined as percentage of the total area. From this, a red/green ratio (R/G ratio) was calculated. To investigate the effect of incubation
time on phase separation, images were recorded at several time points within the first hour of incubation at 37 °C (i.e. 0, 10, 30, 40,
50 and 60 min), and after 2, 3, 8 and 25 h. For early points (< 1 h) pictures were taken using slightly more intense light for the red
channel, to compensate for the slow dissolution of NR.

2.5. Safranin-O staining

To assess the localization of HAMA, safranin-O/fast green assay was chosen as a glycosaminoglycan (GAG)-selective staining
procedure, which is widely used in tissue engineering for the visualization of GAG-based components in cartilaginous matrices
[44-48]. To this end, MH polymer mixtures enriched with 0.05% of Irgacure, were injected into a Teflon mold, incubated at 37 °C for
1 h and UV irradiated for 5 min using a Bluepoint 4 UV lamp (point light source, wavelength range: 300-600 nm, intensity at 5 cm:
80 mW/cm?, Honle UV Technology AG, Grifelfing, Germany) to generate cylindrical UV cross-linked hydrogels. After dehydration
using graded series of ethanol/water solutions and a final washing step with xylene, the dehydrated hydrogels were embedded in
paraffin and finally sliced into 5 pm thick samples. Safranin-O/fast green assay was performed as previously described in literature
[49], and images were collected using an Olympus microscope equipped with a digital camera (Olympus BX51 microscope, Olympus
DP70 camera, Hamburg, Germany).
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Table 2
Settings used for rheological analysis in oscillation and flow mode.

Procedure T (°C) Ramp rate (°C/min) Shear rate (1/s) Frequency (Hz) Strain (%)
Oscillation temperature ramp 4-50 5 - 1 1
Oscillation strain sweep 37 - - 1 0.01-100
Flow shear rate sweep 37° - 0.006-10000 - -
Oscillation recovery 37 - - 1 Stepl®: 1
step2°: 100
step3“ 1
Flow recovery 37 - Step 1% 0.05 - -
step 2: 100
step 3 0.05

2 For a few hydrogel compositions also at 0.75 °C/min.

b For a few hydrogel compositions also at Tge; and 20 °C.
¢ Duration step = 60s.

4 Duration step = 1.

2.6. 'H NMR analysis of the two phases

A mixture based on MH 22 + 2 (2.7 ml), prepared as described in ‘Preparation of hydrogels and experimental design’ was
incubated for 1h at 37 °C and centrifuged at maximal speed (5292g) for 1.5h at 37 °C. Next, the two phases were collected
separately, freeze-dried and further analyzed by "H NMR (D,0) at room temperature.

2.7. Rheological measurements

Polymer mixtures prepared as described in ‘Preparation of hydrogels and experimental design’ were analyzed for their rheological
properties using a Discovery HR-2 rheometer (TA-Instruments, Etten-Leur, The Netherlands) equipped with a cone-plate measuring
geometry (cone diameter: 20 mm, cone angle: 1°, truncation: 27 um). Samples were analyzed in duplicate using the conditions
summarized in Table 2.

The temperature of gelation (Tge) is here referred to as the temperature where the storage modulus (G") equals the loss modulus
(G”) during the temperature ramp experiments, according to a previously reported operational definition [20,22], whereas the shear
yield stress is defined as the stress at which G’ crosses G” during the oscillation strain sweep experiments [50,51]. For a few samples, a
recovery test was also performed in oscillation and in flow operating mode at 37 °C to investigate if these gels were capable to fully
recover after shear stress.

2.8. Computational modeling

To mathematically study the dependency of phase separation extent and rheological properties from M;oP;o and HAMA
concentrations, and to create a predictive computational model, a database of twelve facts was generated, including MH compositions
(Table 1) and corresponding gel properties. Neurofuzzylogic software (FormRules® v4.03, Intelligensys Ltd. UK) was used. The
M;oP1o and HAMA contents (w/w%) were chosen as input parameters, whereas R/G ratio, G’ at 37 °C and T, recorded during
oscillation temperature ramps, yield stress recorded during oscillation strain sweeps and viscosity at low shear rate (i.e. 0.006 1/s)
recorded during flow shear rate sweeps were selected as output parameters. The default training parameters of the software were used
for modeling. The software contains various statistical fitness criteria. Among them, Structural Risk Minimisation (SRM) was used to
model all outputs (C; = 0.8 and C, = 4.8), except T that required the use of Leave One Out Cross Validation (LOOCV) to be
properly fitted. The significant effect of a single input (HAMA or M;oP;, content) or their interaction on each studied property is
pointed out by neurofuzzylogic software by generating sub-models for each output parameter. Additionally, through “IF...THEN”
rules, every output parameter (e.g. R/G ratio) is related to the input variable (e.g HAMA content) obtaining statements as follows: “If
HAMA content is low, R/G ratio is high and if HAMA content is high, R/G ratio is low”, where high and low are always flanked by a
membership value (ranging from 0 to 1). The membership value describes how close the predicted value of a property (e.g R/G ratio)
is to the highest or lowest experimental value of that property, respectively. To assess the predictability of each generated model,
Train Set R-squared values (indicating the percentage of the output variability explained by inputs) were calculated. Additionally,
ANOVA was also carried out to test the statistical significance of each model. Obtaining computed f values higher than critical f
values for the degrees of freedom of the model was used as a necessary condition to assert good performance and accuracy of the
model. Subsequently, 3D surface charts were created, where output parameter values predicted by the models were reported as
function of the two input parameters. Finally, to provide a practical example of their predictive capacity, the generated models were
used for the identification of MH hydrogel compositions with selected properties. Table 3 contains the inclusion criteria that were
used to generate a MH composition range with desirable properties for nozzle-based 3D bioprinting applications. 2D charts
originating from the top view of the 3D surface charts for each output parameter were overlapped and a region of interest, where all
inclusion criteria were satisfied was identified.
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Table 3
Inclusion criteria for the identification of a MH hydrogel composition range with selected properties.

Property Desirable range of values Rationale

Yield stress =30 Pa Shape fidelity after 3D printing extrusion

G’ at 37°C =150 Pa Shape fidelity after 3D printing extrusion

Tgel =37°C Shape fidelity at physiologically relevant temperatures
Viscosity at low shear =500 Pas Shape fidelity after 3D printing extrusion

Total polymer concentration =26% Handling, cell incorporation

R/G ratio =75/25 Stability of the mixture in the cartridge

2.9. 3D printing assessment

3D printing of an exemplary MH gel composition with selected properties as predicted by the model was performed using a 3D
Discovery bioprinter (RegenHU, Villaz-St-Pierre, Switzerland) equipped with a Bluepoint 4 UV lamp (specifications given in
‘Safranin-O staining’). The polymer mixture was loaded into a cartridge equilibrated at 37 °C, and extruded through a CF300H
microvalve by a pneumatically driven robotic dispenser. Hydrogel filaments and hydrogel grids with strand distance ranging from 1.0
to 2.2 mm were obtained by depositing the hydrogel lines on a pre-heated (40 °C) collection plate. Each layer was UV irradiated for
3 s from a distance of 2 cm. 3D porous constructs (height = 2 mm) were generated by dispensing horizontal and vertical filaments
using a strand distance of 1.5 or 1.3 mm. Samples were UV irradiated in a layer-by-layer fashion (3 s/layer from 2 cm) with additional
15 s (from 2 cm) after the printing was completed. 3D printed hydrogels were visualized and photographed using a light microscope
connected to a digital camera (specifications given in ‘Safranin-O staining’). Detailed settings used during the 3D printing procedure
are reported in Table S1.

3. Results and discussion
3.1. Synthesis and characterization of polymers

The thermosensitive polymer M;oP;o was characterized by a number average molecular weight (M,) of 35.6 kDa (according to
GPC) and 40.3 (according to 'H NMR), a DM of 10.7% and a cloud point (CP) of 17 °C. Characteristics of MyP;y and M;oP;o were in
line with previously reported findings [20] and are summarized in Table 4. GPC analysis carried out on the polysaccharides showed
M, values of 96.1 and 90.8 kDa for HA and HAMA, respectively. The similarity in M, and PDI of HA and HAMA (chromatograms
reported in Fig. S1) confirmed that no premature cross-linking or chain scission occurred during the reaction. HAMA was
characterized with a DM of 22% as calculated using its 'H NMR spectrum (Eq. (2)), and the same value of 22% was found by HPLC
analysis.

3.2. Phase behavior of aqueous systems of M;oP;o and HAMA

Phase separation of aqueous polymer mixtures composed of different concentrations of M;oP;, and HAMA was studied using CLSM and
HAMA-selective staining, i.e. safranin-O, combined with '"H NMR analysis. Fig. 1 shows confocal images of polymer mixtures containing
M; 0P, with a concentration of 22%, and HAMA with a concentration ranging from 0 to 2%, after 1 h of incubation at 37 °C. In samples

Table 4
Characteristics of polymers before and after methacrylation.

Polymer M, (kDa) PDI (-) DM (%) CP (°C)

MoP1o 37.3° 2.1° o° 35¢
42.6"

M;0P10 35.6" 2.2° 10.7° 17¢
40.3"

HA 96.1¢ 1.5¢ 0" n.a.
120.0°

HAMA 90.8¢ 1.6¢ 22" n.a.

22f

n.a.: not applicable.

2 Determined by GPC, using DMF containing LiCl (10 mM) as eluent and PEG with narrow molecular weight (MW) distributions as standards.

" Determined by 'H NMR.

¢ Determined by UV-VIS spectrophotometry and defined as the onset of the increasing light scattering during a temperature ramp measurement (4-50 °C, 1 °C/
min, 650 nm).

4 Determined by GPC, using tris(hydroxymethyl)aminomethane buffer 0.1 M (pH 7.5) as eluent and dextrans with narrow MW distributions as standards.

¢ Average MW determined by the supplier using multi-angle light scattering size exclusion chromatography.

f Determined by HPLC.
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Fig. 1. Confocal images for different MH compositions after 1 h incubation at 37 °C. FITC-BSA is visualized in green (first and third column) and NR is visualized in red
(second and third column). Scale bar represents 50 pm.

containing only M; P10, @ homogenous distribution of both dyes, i.e. FITC-BSA and NR was observed indicating that no phase separation in
this system occurred on the scale of the applied magnification. Nevertheless, it needs to be mentioned that (micro-)phase separation in
aqueous systems of PEG/pHPMAlac triblock copolymers can occur [21,33]. In general, ABA-like triblock copolymers with a hydrophilic mid-
block and two more hydrophobic outer blocks tend to self-assemble in flower-like micelles. Moreover, by increasing the polymer
concentration, bridges between adjacent micelles are formed, generating a transient physical network. In this context, phase separation can be
observed between regions with high content of interconnected micelles (more dense, polymer-rich domains) and regions mostly containing
isolated micelles and single polymeric chains (less dense, water-rich domains) [34]. Intuitively, this phase behavior is affected by the
hydrophilic/hydrophobic balance of the polymer, which is determined by its structural characteristics (e.g. block length and composition)
[32,52] as well as by the temperature particularly for thermosensitive systems. Therefore, the fact that we did not visualize phase separation
for M;oP;o mixtures in this study may be explained by the specific molecular architecture of the polymer (PEG and outer blocks length,
mono/dilactate ratio in the outer blocks and DM) as well as by the applied magnification.
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In samples containing only HAMA, FITC-BSA was fully and homogenously distributed, whereas NR was visible as undissolved
small needles. On the other hand, for all samples containing M;oP;o and HAMA a clear preferential distribution of the two dyes in
specific regions was observed. FITC-BSA was mainly localized in internal domains whereas NR was dissolved in the surrounding
external phase. Although a partial and consistent co-localization of the FITC-BSA in the two phases was visible using the FITC-channel
(green) [21], a clear phase separation was detected using the NR-channel (red) and overlapping both channels (Fig. 1). Considering
the hydrophilic character of FITC-BSA and the hydrophobic nature of NR, phase separation in M;oP;o/HAMA mixtures is
characterized by hydrophilic internal regions, dispersed in a more hydrophobic continuous phase. The confocal images and the
R/G ratios calculated for each mixture clearly show that the extent of phase separation is dependent on HAMA concentration. In
general, with increasing HAMA content the internal domains became larger and more irregularly shaped, and they seemed even
interconnected in MH 22 + 1.5 and MH 22 + 2. This suggests that HAMA is predominantly present in the hydrophilic dispersed
phase, as also expected considering its high hydrophilicity. Interestingly, the percentage areas measured for the hydrophilic (green)
regions in all the mixtures tested are much higher than the expected values based on HAMA and M;oP;o solid contents. This
discrepancy is likely due to the presence of also M;(P; in those domains, and more importantly, it can be explained by a dehydration
process of the hydrophobic regions and consequent increase of the volume fraction of the hydrophilic phase, as it was also reported
for mixtures composed of PEG and methacrylated dextran [26]. It should be noted that similar experiments carried out on UV cross-
linked hydrogels revealed a similar phase separation profile (data not shown).

Mixtures containing 0.5% of HAMA and increasing concentrations of M;oPqo, i.e. 24 and 26% showed less extensive phase
separation when compared with mixtures containing the same concentration of HAMA and 22% of M;oP1o (Fig. S2). Similarly, MH
26 + 1.5 (Fig. S2) presented less phase separation in comparison to MH 22 + 1.5 (Fig. 1). Thus, the extent of phase separation
decreases with increasing M;oP1o content.

To investigate the kinetics of the phase separation of M;oP10/HAMA mixtures, samples were analyzed by confocal microscopy at
several time points within the first hour of incubation at 37 °C (Fig. S3), and after 2 h, 3 h, 8 h and 25 h of incubation at 37 °C (Fig.
S4). Fig. S3 shows that for all samples containing M;oP19 or M1oP;o and HAMA, the intensity of the red color increased over time,
likely due to the more efficient dissolution of NR after longer incubation times. Importantly, in all M;oP;o/HAMA blends the shape
and the distribution of the internal domains did not change over time, therefore the mixtures were all stable during the first hour of
incubation. For incubation times longer than 1 h, mixtures containing low HAMA concentrations, i.e. 0.5 and 0.75% were still stable
over a screening period of 25 h (Fig. S4). On the contrary, confocal images of formulations with higher HA content (MH 22 + 1, MH
22 + 1.5 and MH 22 + 2) suggest that the stability over 25 h is progressively lost with gradually increasing HAMA concentration.

To verify the localization of HAMA in the phase separated gels, safranin-O assay was performed for hydrogels containing M;P1¢
and increasing amounts of HAMA. UV cross-linked hydrogels were used to fix the 3D polymer network for analysis, because the
reversible gelation of uncross-linked samples was not compatible with several steps of this staining procedure. Fig. 2 clearly shows
red-stained internal domains and an overall phase separation, which increases with increasing HAMA concentration. In MH 22 + 2
small HAMA-poor (hydrophobic) regions are present throughout HAMA-rich (hydrophilic) domains. Taken altogether, these findings
are in line with the confocal images discussed above and confirmed that HAMA was exclusively present in the (more hydrophilic)
dispersed phase.

To study the composition of each phase quantitatively, 'H NMR analysis was used. After 1.5 h of centrifugation, polymer mixture
MH 22 + 2 showed a clear macro-phase separation. "H NMR spectra of each fraction in comparison to M;P;, and HAMA spectra are
shown in Fig. 3. In the spectrum of the top layer, the presence of the signal at chemical shift 3.7 representative of the CH, PEG protons
of M;oP10 together with the signal at 2.1, representative of the CH3 protons of HAMA showed that the top layer contained both
M;oP;0 and HAMA, with a prevalence of HAMA (HAMA/M;,P;, weight ratio ~12.5/1). In line with the results obtained from the

MH 22+0.5 MH 22+0.75 MH 22+1 MH 22+1.5 MH 22+2

: ' S - @op . .~ %0
Controls: MH 22+0 MH 0+2

e e

Fig. 2. Safranin-O staining for different MH compositions. HAMA is stained in red. Scale bar represents 20 pum.
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Fig. 3. 'H NMR spectra of M;oP;, (spectrum 1, red), HAMA (spectrum 2, green), bottom layer (spectrum 3, blue), and top layer (spectrum 4, purple). Chemical shifts
were referred to the solvent (D,0) residual peak of 4.79 ppm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

safranin-O staining, in the NMR spectrum of the bottom layer no HAMA was detected, and only the typical signals related to M;oP1¢
were observed.

In summary, micro-scale ATPS occurs in M;oP;o/HAMA hydrogel mixtures. Results showed that the dispersed phase is more
hydrophilic and is mainly composed of HAMA, whereas the external phase is more hydrophobic and entirely composed of M;oP1,.
Moreover, the extent of phase separation increases with increasing HAMA content. Finally, systems with a low content of HAMA
allow the formation of mixtures stable during a period of at least 25 h, whereas when the content of HAMA exceeds 1% the systems
undergo a more dynamic phase separation, which increases over time.

3.3. Rheological properties

Rheological properties in oscillation and flow mode were studied in M;oP;0/HAMA mixtures as function of the two polymers’
concentration. Fig. 4a shows the storage modulus (G’) for polymeric mixtures containing M;oP1o (22%) and progressively higher
concentrations of HAMA as a function of temperature. For all mixtures, an increase of G’ with increasing temperature was observed
and a temperature at which G’ equals G”, here referred to as Ty was identified. For samples only composed of M;oP;0, G’ at 37 °C was
137 * 4Pa and the T,y was 38.6 °C. The thermosensitive behavior of pHPMAlac/PEG triblock copolymers has been reported in
literature [20] and it is due to the self-assembly of polymeric chains driven by dehydration of the pHPMAlac outer blocks upon
raising the temperature. In line with previously reported findings [23,24], the addition of relatively small amounts of polysaccharide,
i.e. HAMA (0.5-1%) led to higher G’ values at 37 °C and lower T, (Fig. 4b). Remarkably, a further increase of HAMA up to 2%
resulted in a lower G’ and a higher Tg, despite of a higher total polymer concentration. A possible explanation for this phenomenon
lies in the fact that phase separation occurs here to a higher extent. As described in ‘Phase behavior of aqueous systems of M;oP; and
HAMA’, the formation of a hydrophilic dispersed phase is likely related to partial dehydration of the continuous more hydrophobic
phase. This leads consequently to a relatively higher M;oP;o concentration in the external phase, which in turn can be related to
higher G’ values and lower T,. Apparently, this phenomenon positively contributes to the thermogelation profile of the hydrogel
only when HAMA concentration is relatively low and, therefore when phase separation only leads to spherical hydrophilic domains.
For HAMA contents higher than 1%, when the phase separation becomes more pronounced and the internal domains are
interconnected (Fig. 1), the continuity of the external phase is lost and this likely leads to the observed lower G’ values of the
hydrogel. Moreover, from a thermodynamic point of view, it is likely that the different shapes and sizes of the hydrophilic internal
domains, as a consequence of the different HAMA concentration, have an impact on the system capacity to store energy and
consequently on the rheological properties. More specifically, for low HAMA content the internal domains are spherical and for MH
22 + 0.75% larger spherical domains were observed (Fig. 1), which positively contribute to the energy storage capacity (and higher
G’ values), due to their reduced overall contact surface area. On the other hand, when increasing HAMA concentration further, the
irregular shape of the internal domains leads to an increase of the active surface of those domains, and consequently to higher energy
dissipation by friction and lower G’ values.

Moreover, it was found that only for extensively phase-separated hydrogels, e.g. MH 22 + 2, the thermogelation was dependent
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Fig. 4. Effect of HAMA concentration on hydrogel properties. G’ as function of temperature recorded during a temperature ramp (4-50 °C — 5 °C/min) using a strain of
1% and a frequency of 1 Hz for different MH formulations varying in HAMA content (a). G’ at 37 °C and Ty (b). Yield stress values obtained at 37 °C during a strain
sweep (0.01-100%) using a frequency of 1 Hz (c). Viscosity at 0.006 s ! recorded at 37 °C during a shear rate sweep (0.006-10000 s~ 1) (d).

on the heating rate. For these hydrogels, higher G’ values were obtained when applying a slower temperature ramp (Fig. S5a). This
aspect points out the kinetics-dependent effect of phase separation and the consequent impact on rheology. On the other hand, for
less phase-separated hydrogels the temperature ramp rate did not affect the thermogelation profile (Fig. S5b).

Fig. 4c reports the stress values at which G’ crosses G”, here referred to as yield stress. In line with the discussion above, a significant
increase of yield stress in presence of a low amount of HAMA, i.e. 0.5% was observed (62.2 + 6.7 Pa for MH 22 + 0.5) in comparison
with hydrogels only composed of M;oP;o (11.2 * 3.2 Pa). When increasing HAMA content further, a progressive decrease of yield stress
was observed, and remarkably, no yield stress was found for blends containing 2% of HAMA. Similar dependency on HAMA concentration
was observed for viscosity at low shear and shear thinning properties of the same mixtures (Figs. 4d and S6).

The rheological study of polymeric mixtures composed of increasing amounts of M;oP1o and a fixed low amount of HAMA, i.e.
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Fig. 5. Effect of M;0P1o concentration on hydrogel properties. G’ as function of temperature recorded during a temperature ramp (4-50 C — 5 °C/min) using a strain of
1% and a frequency of 1 Hz for different MH formulations varying in M;oP;o content (a). Viscosity as function of shear rate recorded at 37 °C during a shear rate sweep
(0.006-10000 1/s) (b). Yield stress obtained at 37 °C during a strain sweep (0.01-100%) using a frequency of 1 Hz (c).
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Fig. 6. Surface 3D charts based on the values predicted by the model. R/G ratio (a), G’ at 37° C (b), Tge (c), yield stress (d) and viscosity at 0.006 1/s (e) as function of
M;oP10 and HAMA concentrations. Only positive Z values were taken into account.

0.5% showed that a higher concentration of M;oP;o always contributes positively to the storage modulus, viscosity and yield stress of
M;0P10/HAMA mixtures (Fig. 5a—c).

Similarly to hydrogels composed of pHPMAlac/PEG triblock copolymers and a different polysaccharide, i.e. methacrylated
chondroitin sulfate [23], hydrogels based on M;(P;o, and HAMA showed quick and full recovery after shear at 37 °C, which is a crucial
requirement for 3D printable or injectable hydrogels (Fig. S7). Moreover, shear rate sweeps demonstrated that the viscosity at low
shear rates is highly dependent on temperature. A decrease in temperature from 37 to 20 °C was responsible for significantly lower
viscosity in the shear rate range of 0.006-1 s~ ! (Fig. S8a—c). Reasonably, the full hydrogel recovery and high viscosity at elevated
temperatures are linked to the thermosensitive character of M;oP1q.

3.4. Modeling and identification of hydrogels with selected properties

Neurofuzzylogic was employed to model the parameters, R/G ratio, G’ at 37 °C and T, recorded during oscillation temperature
ramps, yield stress recorded during oscillation strain sweeps and viscosity at low shear rate (i.e. 0.006 s~ ') recorded during flow
shear rate sweeps. Correlation coefficients (74.5 < R?> < 93.5) together with ANOVA parameters (computed f ratio > critical f
values for the degrees of freedom) for all modeled properties (Table S2) indicated that there were no statistically significant
differences between experimental and predicted results. Therefore, the models can be considered having good performance and
predictability. The set of rules generated for each model is reported in Table S3 and a graphical overview of the model outcome is
reported in Fig. 6, where surface 3D charts are displayed. Predicted values for each output parameter are reported as function of
HAMA and M;(P;, contents. Interestingly, single effects of HAMA or/and M;oP;, contribute to explain the variability of R/G ratio, G’
at 37 °C, Tge and yield stress, however an interactive effect between both inputs determines the variation of viscosity at low shear.
General trends were in line with the experimentally observed trends. Only for viscosity, despite the excellent correlation between the
predicted and the experimental results (sufficiently high R? and significant model) some spaces were not well sampled. In those areas,
the mathematical model may not fit properly.

To provide a practical example of the predictive power of the models, the inclusion criteria reported in Table 3 were used to
identify a MH hydrogel composition range with selected characteristics, potentially suitable for the development of a bioink intended
for nozzle-based 3D printing applications. An ideal bioink behaves as a shear thinning material able to retain its filament-like shape
after extrusion, without any flow on the deposition plate (yield stress behavior). For cell-laden hydrogel printing, stability and
relatively high viscosity of the material in the cartridge are desirable features to avoid cell sedimentation. On the other side, high
viscosity during cell incorporation may cause handling issues [14]. Consequently, applying these requirements to MH hydrogels,
sufficiently high values of yield stress, G’ at 37 °C (with low Tg) and viscosity at low shear (Table 3) should ensure shape fidelity
after the extrusion process. On the other side, a total polymer concentration lower than 26% (w/w) would guarantee easy handling at
low temperatures and a R/G ratio higher than 75/25 would result in sufficient stability of the mixture at 37 °C in the cartridge. It has
to be taken into consideration that the numerical ranges for the parameters described in the inclusion criteria were only chosen as
examples and different choices can be made with respect to several aspects (e.g. cell-type and density, design of the aimed construct,
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Fig. 7. 2D graphs for each output parameter and selected areas of interest based on the inclusion criteria reported in Table 3. Selected areas for R/G ratio (a, light
purple), G’ at 37 °C (b, light pink), Tge (c, light green), yield stress (d, light blue), viscosity (e, light yellow). Superimposition of selected areas for each output
parameter; dark blue indicates the region where all the conditions are satisfied and the red dot indicates the exemplary MH composition chosen for validation of the
model (f). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

extrusion principle, etc). The superimposition of the 2D charts generated by the model for each considered output parameter (Fig. 7)
and the implementation of the selected constraints led to the identification of a concentration range of M;oP;o and HAMA (dark blue
region in Fig. 7f) expected to generate hydrogels matching the selected characteristics.

MH 24 + 0.5% (red dot in Fig. 7f) was chosen as an exemplary MH composition (which was not used to generate models for the
rheological properties) having M;oP;o and HAMA contents in the predicted range. For MH 24 + 0.5%, G’ at 37 °C, Ty, yield stress
and viscosity at 0.006 1/s were found to be 372 + 12 Pa (vs 349 + 80 Pa of predicted value), 33.3 = 0.0 °C (vs 34.8 = 1.1 °C of
predicted value), 117 + 14 Pa (vs 66 = 15 Pa of predicted value) and 1445 = 36 Pa's (vs 1182 + 148 Pass of predicted value),
respectively. In fact, these values were within the selected ranges and sufficiently close to the predicted values. Moreover, the 3D
printing of MH 24 + 0.5% resulted in the generation of shape-stable filaments and grids with strand distance ranging from 1.0 to
2.2mm (Fig. 8a and b). Furthermore, 2 mm high and porous constructs with variable strand distance (1.3 and 1.5 mm) were
successfully printed (Fig. 8c-f).

All printed constructs were shape-stable, before and after swelling in PBS, as they were handled by the use of a spatula without
damage. Taken all together, we developed a valid model for the prediction of the phase behavior and rheological properties of MH
hydrogels and showed its applicability for the identification of hydrogel compositions with pre-designed, desirable profiles.

4. Conclusions

Hydrogels composed of M;,P;, and HAMA showed phase separation within the studied concentration range. The co-existence of a
more hydrophilic, HAMA-richer dispersed phase together with a more hydrophobic and partially dehydrated M;P;4-based continuous
phase was found to be a crucial structural characteristic, that directly affected the rheological behavior of these hydrogels. Limited phase
separation, corresponding to low concentrations of HAMA was responsible for higher values of storage modulus, yield stress and
viscosity, which is potentially beneficial for nozzle-based 3D printing applications of these materials. Partial dehydration of the
continuous phase resulted in a higher concentration of M;oP; in this phase, which is likely responsible for the observed changes in
rheological properties. On the other hand, extensive phase separation upon addition of high concentrations of HAMA negatively affected
the rheological profile, because of loss of continuity in the external phase. Considering the complex dependency of phase behavior and
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Fig. 8. 3D printing of an exemplary MH hydrogel composition with selected properties as predicted by the model, i.e. MH 24 + 0.5. Hydrogel filament with strand
distance ranging from 1 mm to 2.2 mm (a). Hydrogel grid with strand distance ranging from 1 mm to 2.2 mm (b). 3D construct (20 layers, height = 2 mm) with strand
distance 1.5 mm (c and d). 3D construct (20 layers, height = 2 mm) with strand distance 1.3 mm (e and f). Line between two consecutive marks on the ruler indicates
1 mm.

rheology from the two polymer concentrations, a computational model was generated to predict a priori hydrogel compositions
displaying desirable and selected characteristics. In general, the ANNs-based approach can be potentially applied to any kind of hydrogel
material and it can be a useful tool especially for developing hydrogels of complex composition.
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