Open Access Article. Published on 28 January 2025. Downloaded on 3/10/2026 9:08:38 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of

Materials Chemistry B

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: J. Mater. Chem. B, 2025,
13, 3049

Received 3rd October 2024,
Accepted 26th January 2025

DOI: 10.1039/d4tb02220c

rsc.li/materials-b

“ CEMMPRE, ARISE, Department of Chemical Engineering, University of Coimbra,
Rua Silvio Lima-Polo II, 3030-790, Coimbra, Portugal.
E-mail: p.santos0495@gmail.com, biadalves77@gmail.com,

Synthesis and characterization of poly(ester
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The fabrication of three-dimensional (3D) scaffolds with imprinted physical, chemical and topographical
cues is instrumental in tissue engineering strategies to instruct cell function and guide the regeneration
of tissues. a-Amino acids based poly(ester amide)s (AAA-PEAs), combining the biocompatibility and
biodegradability of polyesters with the superior mechanical properties of polyamides, have emerged
as promising scaffolding materials. However, their processing via extrusion-based 3D printing remains
challenging due to the lack of polymeric structures with suitable molecular weight and thermal stability.
Here, we develop a new library of high molecular weight AAA-PEAs based on L-alanine (PEA-ala),
L-alanine/glycine (PEA-ala—gly (75:25)) and L-alanine/glycine/jeffamine (PEA-ala—gly—jeff (50:25:25))
and investigate their performance as polymeric materials for 3D printing against commercially available
poly(e-caprolactone) (PCL). Thermogravimetric analysis reveals the stability of AAA-PEAs at high
temperatures, enabling their processing via melt-extrusion printing. Despite differences in complex
viscosity between PCL and AAA-PEAs, highlighted by oscillatory rheology measurements, the printability
of AAA-PEAs does not seem to be compromised, resulting in 3D scaffolds with good shape-fidelity.
Additional physicochemical characterisation of synthesised materials also confirm the possibility of
fabricating two-dimensional (2D) films and 3D scaffolds with different mechanical properties, wettability
and degradation profiles, depending on the AAA-PEA used. Biological tests carried out in vitro confirm
the ability of synthesised materials to support the adhesion and function of metabolically active human
bone marrow derived mesenchymal stem cells (nBM-MSCs). The newly synthesised AAA-PEAs expand
the range of processable materials via melt-extrusion and contribute to the fabrication of scaffolds with
tuneable physicochemical properties for improved tissue regeneration.

1. Introduction

Scaffold-guided tissue regeneration strategies have shown great
promise in restoring the structure and function of human
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tissues damaged by trauma or disease. However, the regenera-
tion process is complex and very much dependent on the
synergistic integration of cells, biomolecules and biomaterial
scaffolds. The latter play a crucial role in supporting cell
adhesion, cell proliferation, and inducing cell differentiation
through different chemical and physical cues."** Biocompat-
ibility and biodegradability are essential properties but to
successfully promote new tissue ingrowth and maturation,
scaffolds must also comply with other numerous requirements
including mechanical, topographical and biological.*® In
terms of scaffold fabrication, additive manufacturing (AM)
also known as three-dimensional (3D) printing, offers
unique advantages over ‘“‘conventional” techniques such as
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electrospinning, freeze-drying, thermally induced phase separa-
tion (TIPS), solvent casting, and gas foaming.”® Operating in a
layer-by-layer manner, 3D printing allows for the computer-
controlled deposition of multiple materials to generate scaf-
folds with tailored internal/external architectures to accommo-
date different cell types, induce specific cellular responses and
ultimately guide the regeneration of the targeted tissue.”'® 3D
printing is an umbrella term for a vast selection of AM
technologies typically used in the fabrication of scaffolds for
tissue engineering (TE). Depending on the scaffolding material
and tissue application, it is possible to choose between
extrusion-based, vat photopolymerization, powder bed fusion
and material jetting systems.” Extrusion-based printing is
undoubtedly the most used technique due to the flexibility
offered in terms of the number and type of processable materi-
als, cost and ease of operation.'”'? In terms of processable
biomaterials, aliphatic polyesters, such as poly(e-caprolactone)
(PCL), poly(r-lactic acid) (PLA) and poly(p,t-lactic-co-glycolic
acid) (PLGA) are among the most popular used in extrusion-
based printing. These polymers offer good thermal processa-
bility and stability but tend to display poor bioactivity and
trigger immunological reactions when implanted in vivo.">™*?
Significant efforts have been made in recent years to address
some of these challenges and improve cell-material interac-
tions, typically through post-printing functionalization'® or
blending with other materials.'®"® However, these methods
can be time-consuming and result in unwanted changes to the
scaffold’s properties. a-Amino acid-based poly(ester amide)s
(AAA-PEAs), combining the biodegradability of ester bonds
(-COO-) with the excellent thermal and mechanical properties
of amide bonds (-NHCO-), are increasingly recognised as
alternative materials for 3D printing.?°>?

The versatility of their polymeric structures allows for the
fabrication of scaffolds with tuneable physicochemical, biolo-
gical and mechanical properties, a critical aspect when attempt-
ing to replicate the structural and functional organization of
native human tissues. The presence of a-amino acids enhance
cell-matrix interactions®*>* and enables in vivo degradation.
The latter generates both acidic and basic products, thus
avoiding the significant pH drop commonly observed in the
degradation of polyesters.>® Interestingly, few studies on 3D
printing of AAA-PEAs exist in the literature.>**> We have pre-
viously reported the formulation of PCL and PEA blends for
melt-extrusion printing and demonstrated that the addition of
PEA strongly enhanced hydrophilicity, mechanical response
and cellular function of PCL scaffolds.>® More recently, Ansari
et al. used a similar fabrication technique to investigate the
application of glycine-based PEA as polymeric materials for AM
and TE.>* Despite relatively high processing temperatures
(approx. 200 °C) and significant number of crystalline domains,
which could negatively impact their biodegradation behavior,
the authors reported the successful fabrication and osteogenic
potential of PEA-based scaffolds for bone tissue regeneration.
Building on the work of Ansari et al. we propose a new and
expanded library AAA-PEAs with tuneable physical and
chemical properties for 3D printing of scaffolds for guided
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tissue regeneration. The synthesis of AAA-PEAs was carried out
via active solution polycondensation, and AAA-PEAs with three
distinct structures were prepared, viz. r-alanine based PEA
(PEA-ala), 1-alanine and glycine based PEA (PEA-ala-gly) and a
t-alanine, glycine and jeffamine based PEA (PEA-ala-gly-jeff).
The presence of the a-amino acids aimed primarily at improv-
ing the overall biodegradability and biocompatibility of the
PEAs. Jeffamine, a polyether-based diamine, was selected to
further increase the hydrophilicity of PEAs, since this is a
characteristic often desired for TE scaffolds. The successful
synthesis of AAA-PEAs with different structures was confirmed
by nuclear magnetic resonance (NMR) and Fourier transform
infrared (FTIR) spectroscopies. Differential scanning calorime-
try (DSC) and thermogravimetric analysis (TGA) were employed
to study the thermal properties of synthesised materials. The
processability of AAA-PEAs was evaluated using dynamic
mechanical thermal analysis (DMTA) and complemented by
oscillatory rheology, measuring viscosity changes as a function
of temperature. Two-dimensional films obtained via hot press-
ing were also used to study the degradation, wettability and
mechanical properties of the different AAA-PEAs. 3D printed
scaffolds obtained via melt-extrusion were morphologically
characterised with scanning electronic microscopy (SEM) and
micro-computed tomography (micro-CT) and their mechanical
behaviour assessed under static compression. In vitro biological
performance of PEA-based films was studied using human
bone marrow derived mesenchymal stem cells (hBM-MSCs)
and compared against commercially available PCL.

2. Materials and methods
2.1 Materials

Poly(e-caprolactone) (PCL, CAPA™ 6500, M,, = 50000) in the
form of 3 mm pellets was obtained from Perstorp Caprolac-
tones (Cheshire, UK) and used as received. Glycine (>99%),
t-alanine (>99%), N-hydroxysuccinimide (NHS) (>98%), 1,6-
hexanediol (>97%), sebacoyl chloride (>95%), triethylamine
(TEA) (=99%), p-toluenesulfonic acid monohydrate (p-TSA)
(>98%) were purchased from Tokyo Chemical Industry (Tokyo,
Japan). O-(2-Aminopropyl)-O-(2-methoxyethyl) polypropylene
glycol (Jeffamine™ M-600) (jeff) was purchased from Sigma-
Aldrich (St. Louis, MO, USA). Toluene (>99%), ethanol (96%),
chloroform (>99%) and propan-2-ol (>99%) were supplied by
José Manuel Gomes dos Santos Lda (Odivelas, Portugal). Acet-
onitrile (HPLC-grade) was purchased from CHEM-LAB (Zedel-
gem, Belgium). Dimethyl sulfoxide (>99.9%) was purchased
from Fisher Scientific (Waltham, Massachusetts, US) and was
dried over calcium chloride and distilled prior use. Deuterated
dimethyl sulfoxide (DMSO-ds) and deuterated chloroform
(CDCl;) were purchased from Eurisotop (Saint-Aubin, France).
Minimum essential medium Eagle and t-ascorbic acid 2-
phosphate were purchased from Sigma-Aldrich (St. Gallen SG,
Switzerland), TrypLE Express from Gibco (Grand Island, USA),
LIVE/DEAD™ Viability Kit and PrestoBlue™ cell viability reagent
from Invitrogen™ (Waltham, USA).

This journal is © The Royal Society of Chemistry 2025
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2.2 Synthesis of PEAs

2.2.1 Synthesis of the activated diester monomer from
sebacoyl chloride. NHS (0.53 mol) and TEA (0.53 mol) were
dissolved in 530 mL of acetonitrile inside a reactor vessel,
under mechanical stirring (solution 1). In a 250 mL flask,
sebacoyl chloride (0.25 mol) was dissolved in 20 mL of acetoni-
trile, under magnetic stirring (solution 2). Then, solution 2 was
added dropwise to solution 1 still under magnetic stirring
(Fig. 1(A)). The reactor vessel was placed in an ice bath to
ensure that the temperature of the reaction medium was below
25 °C. When the addition was complete, the reaction was
allowed to proceed for 2 h at room temperature. Distilled water
was added to the reactor, and its content was mechanically
stirred for 30 min, to precipitate the product. After, the pre-
cipitate was recovered by filtration and transferred to an
Erlenmeyer flask and washed twice with distilled water, under
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stirring. The previous washing step was repeated with ethanol.
The product was collected in a glass tray and placed inside a
vacuum oven, at 40 °C, until achieving a constant weight. The
dried product was recrystallized 4 times in acetonitrile. Then,
the product was dried in the vacuum oven, at 40 °C, until
constant weight.

White powder. Yield: 80%; "H NMR (400 MHz, DMSO-d¢ in
ppm): 1.30-1.38 (-COO-CH,-CH,-CH,-CH,- signals d and e)
1.63 (-COO-CH,-CH,- ¢) 2.66 (-COO-CH,- signal d) 2.81
(-CH, of NHS, signal a); "*C NMR (400 MHz, DMSO-ds in
ppm): 24.69 (-COO-CH,-CH,-CH,-CH,- signal g) 25.90
(-CH, of NHS, signal a) 28.35 (-COO-CH,-CH,-CH, signal f)
28.71 (-COO-CH,-CH,- signal €) 30.64 (-COO-CH,- signal d)
169.44 (-COO- signal c) 170.71 (C—=O0O of NHS signal b). FTIR
(ATR in cm™"): 2911/2835 (C-H stretch), 1829/1776/1760 (COO-N),
1751 (C—=0O0 stretch), 1356 (N-O stretch), 1214 (C-O stretch).
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Fig. 1 Synthesis route for activated diester from sebacoyl chloride (A) and bis-a-(L-amino acid)-ao,w-alkylene diesters (B), and for different AAA-PEA by
solution polycondensation: (i) L-alanine based PEA, (ii) copolymer of L-alanine and glycine based PEA (PEA-ala—gly) and (ii) copolymer of L-alanine,

glycine and jeffamine based PEA (PEA-ala—gly—jeff) (C).
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Fig. S1 (ESIT) for 'H NMR spectrum, Fig. S2 (ESIt) for >C NMR
spectrum and Fig. S3 (ESIt) for FTIR spectrum.

2.2.2 Synthesis of bis-a-(r-amino acid)-o,w-alkylene diester
(BAAD) monomers. A suspension of a-amino acid (glycine or
t-alanine) (0.24 mol), 1,6-hexanediol (0.12 mol), and p-TSA
(0.264 mol) in 300 mL of toluene was heated up to 140 °C, in
a three-neck round bottom flask equipped with a Dean-Stark
apparatus, a condenser with a drying tube, and a mechanical
stirrer (Fig. 1(B)). The suspension was heated to reflux until no
more water was distilled (18-20 h). The excess of toluene was
decanted, and the products were purified by recrystallization.>®
For the glycine-based BAAD (BAAD-gly), the solvent of recrys-
tallization was propan-2-ol. In the case of the r-alanine-based
BAAD (BAAD-ala), ethanol was used for recrystallization. The
products were recovered by filtration and dried under vacuum,
at 40 °C, for 48 h.

BAAD-gly. White powder. Yield: 70%; '"H NMR (400 MHz,
DMSO-dg in ppm): 1.31 (-COO-CH,-CH,-CH,- signal i), 1.58
(-COO-CH,-CH,- signal g), 2.30 (-CH; of benzene, signal a),
3.81 (-CH,-NHj;- signal e), 4.12 (-CH,-COO- signal h), 7.14
(-CH of benzene, signal b), 7.53 (-CH of benzene, signal b) 8.27
(-NH; signal c); "*C NMR (400 MHz, DMSO-d, in ppm): 21.25
(-CH; of benzene, signal a), 25.25 (-COO-CH,-CH,-CH,-
signal i), 28.27 (-COO-CH,-CH,- signal g), 39.87 (-CH,-NH;-
signal e), 65.80 (-CH,-COO- signal h), 125.98 (-CH of benzene
signal b), 128,69 (-CH of benzene signal b), 138.70 (-CH of
benzene signal b), 145.22 (-CH of benzene signal b), 168.01
(-COO). FTIR (ATR in em™'): 3065 (N-H stretch, primary amine
salt), 2934 (C-H stretch, aliphatic), 1736 (C—0O stretch, ester),
1605 (C-N stretch, primary amine salt), 1509 (C-N stretch,
primary amine salt), 1188 (S—O stretch, salt), 1006 (C-O
stretch, ester). Fig. S4 (ESIt) for '"H NMR spectrum, Fig. S5
(ESIf) for *C NMR spectrum and Fig. S6 (ESIt) for FTIR
spectrum.

BAAD-ala. White powder. Yield: 80%; "H NMR (400 MHz,
DMSO-de in ppm): 1.32-1.61 (-COO-CH,-CH,-CH,- signals g
and i and -NH;-CH-CH; signal d), 2.30 (-CH; of benzene,
signal a), 4.14 (-CH-NH;- signal e and -CH,-COO- signal h),
7.16 (-CH of benzene, signal b), 7.52 (-CH of benzene, signal b),
8.36 (-NH; signal c); *C NMR (400 MHz, DMSO-d, in ppm):
16.19 (-NH3;-CH-CHj3; signal d), 21.26 (-CH; of benzene, signal
a), 25.21 (-COO-CH,-CH,-CH,- signal i), 28.25 (-COO-CH,-
signal g), 38.34 (-CH-NH;- signal e), 65.97 (-CH,-COO- signal
h), 125.95 (-CH of benzene signal b), 128.64 (-CH of benzene
signal b), 138.49 (-CH of benzene signal b), 145.54 (-CH of
benzene signal b), 168.00 (-COO). FTIR (ATR in cm '): 3065
(N-H stretch, primary amine salt), 2934 (C-H stretch, aliphatic),
1736 (C=O stretch, ester), 1605 (C-N stretch, primary amine
salt), 1509 (C-N stretch, primary amine salt), 1188 (S—O
stretch, salt), 1006 (C-O stretch, ester). Fig. S4 (ESIt) for
'"H NMR spectrum, Fig. S5 (ESI{) for *C NMR spectrum
Fig. S6 (ESIT) for FTIR spectrum.

2.2.3 Synthesis of the a-amino acid based poly(ester
amide)s (AAA-PEAs). Three AAA-PEAs with different chemical
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structures were synthesized via solution polycondensation.?” In
a round bottom flask, the diamine monomers (BAAD-ala or
BAAD-ala and BAAD-gly or BAAD-ala, BAAD-gly and jeff) and
TEA were dissolved in dry DMSO, at 70 °C, under mechanical
stirring. Upon complete dissolution, the activated diester of
sebacoyl chloride was added, and the reaction was allowed to
proceed for 2 h (Fig. 1(C)). Afterwards, the reaction medium was
diluted with chloroform and placed in a separatory funnel for
washing with distilled water. The obtained organic phase was
separated from the aqueous phase, and the former was placed
in a Teflon plate to allow the evaporation of the organic solvent.
The obtained product was purified using a Soxhlet extraction in
ethyl acetate for 72 h. The purified AAA-PEA was dried in a
vacuum oven, at 40 °C, for 48 h to obtain transparent films. The
yield was always very consistent with small variations (40% to
50%) between runs. The quantity of reactants used in the
synthesis of each AAA-PEA is reported in Table S1 (ESIT).

2.3 Characterization of activated diester, BAADs and AAA-
PEAs

2.3.1 Chemical structure of the activated diester, BAADs
and AAA-PEAs. The chemical structure of BAADs, activated
diester and AAA-PEAs was characterized by proton and carbon
nuclear magnetic resonance (*H NMR and *C NMR) and by
Fourier transform infrared (FTIR) spectroscopies. 'H NMR
spectra were obtained in DMSO-ds for BAADs and activated
ester and in CDCl; for AAA-PEAs. The analysis was carried out
at 25 °C on a Bruker Avance III 400 MHz spectrometer using a
5 mm TIX triple resonance detection probe. Tetramethylsilane
was used as the internal standard. FTIR analysis was carried out
with a Cary 630 FTIR spectrometer. Data collection was per-
formed with 4 cm™ " spectral resolution and 64 accumulations
in a 750 and 4000 cm™ " wavenumber range.

2.3.2 Molecular weight distribution. The number-average
(M,,), weight-average (M,,) molecular weight and polydispersity
(P = M,,/M,,) of the AAA-PEAs were determined by size-exclusion
chromatography (SEC) using a Viscotek (Viscotek TDAmax)
equipment, equipped with a refractive index (RI) detector.
The column set consisted of a PLgel MiniMIX-E 3 um guard
column followed by one Viscotek T4000 column, one Viscotek
D2000 column, and one Styragel HR column (5 um). A dual
piston pump was set with a flow rate of 1 mL min~". The eluent
(DMF with 0.03% w/v LiBr) was previously filtered through a
0.2 pm filter. The system was also equipped with an online
degasser. The tests were carried out at 60 °C using an Elder CH-
150 heater. Before the injection (100 pL), the samples were
filtered through a polytetrafluoroethylene (PTFE) membrane
with 0.2 pm pore. The system was calibrated with narrow
PMMA standards. M,, and P of the synthesized polymers were
determined by conventional calibration using the OmniSEC
software version: 4.6.1.354.

2.3.3 Thermal properties. The thermal behavior of the
AAA-PEAs, PCL and respective scaffolds was studied by differ-
ential scanning calorimetry (DSC) in a Netzsch DSC 204 F1
Phoenix model. The heat flow capacity and temperature sensi-
tivity were calibrated at a 5 K min~' heating rate using

This journal is © The Royal Society of Chemistry 2025
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adamantane, indium, tin, bismuth, and zinc as standards. The
samples were analyzed in closed aluminum pans with pierced
aluminium lids. Sample weights ranging from 8 to 11 mg were
used. A heating rate of 5 K min ™' and a dry nitrogen purge flow
of 50 mL min~" were used in all measurements. The tempera-
ture was initially equilibrated at —95 °C. Then, the samples
were heated from —95 to 190 °C at 5 K min~ ", followed by a
cooling run to —95 °C at 5 K min ', and finally by a second
heating run from —95 to 260 °C at 5 K min~'. The thermal
stability of AAA-PEAs and PCL was evaluated by thermogravi-
metric analysis (TGA) in a Netzsch TG 209 F1 Libra equipment
(thermobalance sensitivity: 0.1 pg), from 30 °C to 600 °C, at a
heating rate of 10 K min ', using open alumina crucibles and a
dry nitrogen purge flow of 50 mL min . Additionally, the AAA-
PEAs and PCL were subjected to an isothermal TGA, at 100 °C,
for 10 h. Sample weights ranging from 9 to 11 mg were used.
The equipment was previously calibrated at 10 K min~ " heating
rate by using the c-DTA signal for indium, tin, bismuth, zinc,
aluminium, and gold as melting standards.

2.4 Preparation and characterization AAA-PEA films

The AAA-PEAs and PCL films were prepared by hot pressing in a
laboratory hydraulic press (CARVER™), at 100 °C, and 0.1
metric tons for 15 min. Afterwards, the films were allowed to
cool down at room temperature until complete solidification.
Cardboard molds were used to ensure the fabrication of films
with homogeneous and constant thickness (x0.3 mm).

2.4.1 Thermomechanical properties. Dynamic mechanical
thermal analysis (DMTA) was performed on samples of AAA-
PEAs and PCL films with dimensions of 12.0 mm x 4.0 mm x
0.4 mm. The analysis was performed in tension mode using a
Netzsch DMA 242D equipment. The tests were carried out from
—50 °C to 40 °C for PEA-ala and PEA-ala-gly and from —100 to
40 °C for PEA-ala-gly-jeff and PCL, in multifrequency mode (1,
2, 5, 10 Hz), with a heating rate of 5 K min~'. The T, of the
samples was determined from the maximum of the tand vs. T
curve, at 1 Hz.

2.4.2 Nanoindentation tests. Nanoindentation tests were
carried out on polymeric films of PEA-ala, PEA-ala-gly, PEA-ala-
gly—jeff and PCL. The measurements were performed in 1 mN
to 5 mN load range using a Nanotest Platform (Micromaterials,
UK) with a diamond pyramid-shaped Berkovich-type indenter
tip. The tests were performed in a load-controlled mode using
trapezoidal functions with a hold period of 20 s at the max-
imum load and a loading-unloading rate of 300 uN s~ *. The
load-depth curves were recorded, and the hardness values were
evaluated using the Oliver and Pharr method. Specifically, the
hardness (H) was determined as follows eqn (1):

H = Ppax/Ac (1)

with P, and A, being the applied peak load and the projected
contact area at the specified load, respectively. The determina-
tion of A. was clearly made according to the penetration depth
and the geometry of the employed tip.

2.4.3 Water contact angle measurements. Water contact
angle measurements were performed on AAA-PEAs and PCL

This journal is © The Royal Society of Chemistry 2025
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films using a Drop Shape Analyzer DSA 100 (KRUSS, USA).
Distilled water was dropped on the surface of the films at
various points and the contact angle was evaluated. The CF04
camera system recorded the process of the droplet dropping on
the film. The baseline for the contact angle of a sessile drop was
determined at the liquid-solid interphase. The contact angles
were evaluated using the ellipse method for the extraction of
the drop profile, and reported as mean value + standard
deviation.”®
2.4.4 In vitro degradation. In vitro enzymatic and hydro-
Iytic degradation tests were performed in PBS (pH = 7.4, 0.01 M)
with and without a-chymotrypsin enzyme (0.4 mg mL™ "),
respectively. Films of AAA-PEAs and PCL were cut into smaller
specimens, weighing approximately 50 mg, and immersed in
2.5 mL of either hydrolytic (PBS) or enzymatic solution (PBS
and enzyme) and incubated for 4 weeks at 37 °C. The enzymatic
medium was renewed every week to avoid loss of enzymatic
activity. At predetermined times (1, 2, 3 and 4 weeks) the
samples were removed from degradation medium, washed
thoroughly with water, and dried under vacuum to constant
weight. The degree of degradation was estimated from the
weight loss, according to eqn (2).
Wi

Weight loss (%) = Wo— M X

% 100 @)

where W, is the initial weight of the dry samples before
immersion, and W, is the weight of the dry samples, after
incubation for ¢ week(s). Five technical replicates were
performed.

2.5 In vitro biological tests

2.5.1 Cell culture. Primary human bone marrow-derived
mesenchymal stem cells (hBM-MSC) were derived from a single
donor (male, 81 years old) and isolated as described by Strass-
burg et al.®® following approval from the National Research
Ethics Committee (reference: 10/H1013/27) and fully informed
written consent from the patient. hBM-MSCs were cultured in
Minimum Essential Medium Eagle (Alpha Modification, with
sodium bicarbonate) supplemented with 10% fetal calf serum,
antibiotics (100 U mL ™" penicillin, 100 mg mL™" streptomycin,
0.25 pg amphotericin), 1% glutamax and 10 pM r-ascorbic acid
2-phosphate (referred to as hBM-MSCs CCM). Cells were main-
tained at 37 °C and 5% CO, and media changed every 2-3 days.
Cells were subcultured at ca. 70-80% confluence and disso-
ciated with TrypLE Express, before reseeding. hBM-MSCs
between passage 4-7 were used for subsequent experiments.

2.5.2 Cell culture on AAA-PEAs and PCL films. In prepara-
tion for biological studies described below, AAA-PEAs and PCL
films were cut into disc-shaped specimens (12 mm diameter)
using a punch tool, placed inside a 24-well plate, covered with a
70% ethanol solution for 5 minutes and then washed twice with
PBS. To complete the sterilization process, the films were
transferred to a new 24-well plate, placed inside a biosafety
cabinet and irradiated with UV light for 4 h before adding cell
culture medium (hBM-MSCs CCM). Prior to cell seeding, the
culture medium was removed, and the films were washed with
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PBS twice. Finally, 60 000 cells per cm” and 40 000 cells per cm®
were seeded on top of polymeric films for cell viability and cell
morphology studies, respectively, and incubated at 37 °C and
5% CO, for a maximum of 28 days. The culture medium was
refreshed every 2-3 days.

2.5.3 Cell viability. Cell viability was evaluated at day 7 of
in vitro culture using a LIVE/DEAD™ Viability/Cytotoxicity Kit.
Cell-seeded films of PCL and AAA-PEAs were first incubated
with 2 uM calcein AM and 4 pM ethidium homodimer-1 (EthD-
1) in PBS for 30 minutes at 37 °C and 5% CO,. Afterwards, the
films were washed with PBS and imaged using a Leica TCS SP8
(Leica Microsystems, Germany) at excitation/emissions wave-
lengths of 495 nm/500-540 nm and 642 nm/600-670 nm,
respectively to each stain. Obtained images were used to
determine the percentage of cell viability following the manu-
facturers protocol. LIVE/DEAD™ assays were carried out in
triplicate and plastic tissue culture plate was used as 2D
positive control.

2.5.4 Metabolic activity. The metabolic activity of hBM-
MSCs in contact with formulated materials was determined
by PrestoBlue™ assay using both direct and indirect methods.
The latter was employed due to difficulties in finding adherent
cells on the surface of jeffamine-based PEA films.

Direct contact tests were performed at day 1, 3, 7, 14, 21 and
28 post-seeding with hBM-MSCs. AAA-PEAs and PCL films were
washed twice with PBS and incubated with 10% (v/v) of Pre-
stoBlue™ solution for 4 hours at 37 °C and 5% CO,. Absorbance
was recorded at 590 nm using a Spark® Multimode Microplate
Reader (Tecan, Switzerland) in triplicate (3 films per material
and time point).

For indirect contact tests, sterilized AAA-PEAs and PCL films
were placed in a 24-well culture plate and incubated at 37 °C
and 5% CO, with 1 mL of hBM-MSCs CCM for 24 hours. hBM-
MSCs were seeded at 60 000 cells per cm? in a separate 24 well
plate with 1 mL of hBM-MSCs CCM. After 24 h the cell culture
media of hBM-MSCs was removed and replaced with the eluate
from PCL and AAA-PEA films and incubated for 48 h at 37 °C
and 5% CO,. PrestoBlue™ assay was then performed in

View Article Online
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triplicate (3 films per material and time point) using the same
protocol reported for the indirect contact test.

2.5.5 Cell morphology. After 7 days of incubation, AAA-
PEAs and PCL films and 2D controls, were washed twice with
PBS and fixed with 4% (w/v) of paraformaldehyde. Next, sam-
ples were washed twice, permeabilized and blocked with 0.1%
(w/v) Triton X-100 in 1% (w/v) BSA in PBS for 30 minutes. Films
were then incubated in ActinRed™ 555 (2 drops per mL) for
one hour, washed twice with PBS, then counterstained with
5 ug mL~" Hoechst 33342 in PBS for 10 minutes. Stained films
were washed a further two times with PBS to remove excess
stain, then imaged using a Leica TCS SP8 (Leica Microsystems,
Germany) at excitation/emissions wavelengths of 405 nm/410-
500 nm and 540 nm/530-600 nm, respectively to each stain.
Depth projections were created using Image] software.

2.6 Scaffold fabrication and characterization

An extrusion-based 3D printing system (3D Discovery, regenHU,
Switzerland) equipped with a screw-driven printing head and a
330 pm nozzle was employed in the fabrication of both PCL and
AAA-PEAs scaffolds. Rectangular prisms measuring 30 mm
(length) x 30 mm (width) x 2 mm (height) were initially
designed (Fig. 1) using BioCAD software (regenHU, Switzer-
land) and subsequently printed employing an optimized set of
parameters (Table S2, ESIf). A regular internal pore geometry
(quadrangular) was selected to investigate the shape fidelity of
printed constructs. This geometry was defined by keeping a
constant filament distance (FD) of 730 pm and alternating the
deposition angle between 0° and 90° in adjacent layers (Fig. 2).
These parameters were defined based on our group’s previous
work on screw-assisted printing of PCL scaffolds,*® with minor
adjustments to the deposition velocity (DV) and liquefier tem-
perature (LT) to ensure the extrusion of continuous filaments
with RW values comparable to the internal diameter of the
nozzle used (i.e., 330 um). Scaffolds with 30 mm (length) x
30 mm (width) x 4 mm (height) were also printed for mechan-
ical testing. The obtained scaffolds were then cut into smaller
specimens and used for further analyses.

(8)

Fig. 2 Schematic representation of the side view of the scaffold with 0/90° deposition angle showing the road width (RW), filament distance (FD),
filament gap (FG) layer gap (LG) and the slice thickness (ST) (A) and 3D CAD model (B).
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2.6.1 Scanning electron microscopy. The morphology of
the 3D printed PCL and AAA-PEAs scaffolds was analyzed by
scanning electron microscopy (SEM) (TESCAN VEGA3 SEM,
Czech Republic). After gold-sputtering (5 nm) of the AAA-PEAs
and PCL scaffolds (Quorum Q150T, Quorum Technologies,
Sussex, UK), top and cross-sectional SEM micrographs were
obtained under high vacuum conditions at a voltage of 10 kv.
Image] software (National Institute of Health, Bethesda, MD,
USA) was then used to evaluate the structural integrity of the
scaffolds and the agreement between theoretical (pre-defined
in the BioCAD) and experimental values of RW and FG.

2.6.2 Micro-computed tomography. Micro-computed tomo-
graphy (micro-CT) analysis of the 3D printed AAA-PEAs and PCL
scaffolds was performed with a rotation pitch of 0.9° over an angle
of 180° using the SkyScan 1072 system (Aartselaar, Belgium).
Different software programs (SkyScan software package, Image]
software — NIH, Bethesda, MD, USA, and Mimics software -
Materialise, Leuven, Belgium) were used to reconstruct the 3D
printed scaffolds and thus to evaluate the porosity values, surface
area-to-volume ratio and interconnectivity.

2.6.3 Mechanical testing. Mechanical compression tests
were performed on 3D printed AAA-PEAs and PCL scaffolds
using block-shaped specimens (length - /, of 4.0 mm, width -
wy of 4.0 mm, height - i, of 4.0 mm). The specimens were
immersed in PBS for 24 hours at 37 °C before testing at a rate of
1 mm min " up to a strain of 50%, using an INSTRON 5566
machine.

Considering the measured force (F) and the initial cross-
sectional area of the specimen (4, = l-w,), the engineering
stress (o) was calculated as follows eqn (3):

g = F/Ao (3)

The engineering strain (¢) was evaluated as the ratio between
the initial height (%,) and the height variation (A4) of the
specimen (eqn (4)):

e = Ah/h, 4)

The compressive Young’s modulus (E) was calculated as the
slope of the initial linear region of the stress-strain curve.

2.7 Statistical analysis

Statistical analyses were performed using one-way analysis
(ANOVA) followed by Tukey’s multiple comparison tests; statis-
tical differences were set for p < 0.0001, p < 0.001, p < 0.01,
and p < 0.1.

3. Results and discussion
3.1 Synthesis and characterization of AAA-PEAs

3.1.1 Chemical characterization. The synthesis of AAA-
PEAs was conducted through a three-stage active solution
polycondensation process (Fig. 1) comprising: (i) synthesis of
the activated diester of sebacoyl chloride (Fig. 1(A)); (ii) synth-
esis of the BAADs (Fig. 1(B)); and (iii) synthesis of the AAA-PEAs
(Fig. 1(C)). The activated diester was successfully synthesized

This journal is © The Royal Society of Chemistry 2025
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from the reaction of sebacoyl chloride and NHS (Fig. S1-S3 for
the "H NMR, *C NMR and FTIR, respectively, ESIt). Pre-
activated diacids are normally used in polymerization reactions
to enable polymerization at low temperature (70 °C), yielding
side-product free polycondensates and predictable degradation
products.*® The BAADs were synthesized through the esterifica-
tion reaction of glycine or r-alanine with 1,6-hexanediol, in the
presence of p-TSA.>’ The chemical structure of the BAADs
(BAAD-gly and BAAD-ala, respectively) was confirmed by
'H NMR, "*C NMR and FTIR spectroscopies (Fig. S4-S6, ESIT).

High molecular weight is a desirable feature in polymeric
materials for melt-extrusion 3D printing, and various groups
have previously reported the successful formulation of AAA-
PEAs with M,, in the range of 30 kDa to 60 kDa.*'** However,
only recently Ansari et al.>* managed to synthesize glycine-
based PEAs via active solution polycondensation with suitable
M,, (50 kDa) under 2 hours (50 minutes) of reaction time.
Like Ansari et al. we have decided to start investigating the
molecular weight evolution of our reactions over time to
determine the feasibility of our approach to generate high
molecular weight PEAs with short reaction times. The results
(Fig. 3) show that the PEA-ala reached the maximum molecular
weight of 72 kDa, after 10 minutes, while the PEA-ala-gly and
PEA-ala-gly-jeff attained the maximum molecular weight of 82
kDa and 77 kDa, respectively, after 20 minutes of reaction. The
polydispersity (P) values of were between 1.3 and 1.5.

Regarding M, a statistically significant difference was
observed between PEA-ala and the other AAA-PEAs at the
plateau. The molecular weight variations may stem from using
SEC with conventional calibration, as this method estimates
M,, based on the comparison of the hydrodynamic volume of
the polymers with polymer standards (in this case, PMMA
standards), and structural differences among the AAA-PEAs
could affect the results. Additionally, the step-growth polymer-
ization process is sensitive to reactant stoichiometry, and
minor reactant weighing discrepancies might have caused
fluctuations in M,. Regarding D, no statistically significant
differences were noted among the PEAs at different time points.

The FTIR spectra (Fig. S7, ESIf) present the main bands
corresponding to the ester and amide bonds of AAA-PEAs. At
1734 cm ™', the band associated with the stretching vibration of
the —C=O0,gr is observed. It is also possible to identify the
bands corresponding to the stretching vibration of -NH,nyide
and ~-C=0,piqc, at ca. 3310 cm ™' and 1638 cm ™', respectively.
The bands between 1520-1540 cm ™" are assigned to the bend-
ing vibration and stretching vibration of the -NH,miqe and
C_Namide-

Fig. 4 shows the 'H NMR spectra of the AAA-PEAs. In all
spectra, it is possible to see the resonances of the -CH, protons
next to the amide linkage and ester linkage at 2.1 ppm (d) and
4.1 ppm (a), respectively. Between 1.2 and 1.6 ppm, resonate the
protons belonging to the central -CH, protons (b, c, e, f, g and
respective ' and ") of both sebacate and 1,6-hexanediol
units, and also the protons ascribed to the -CH; groups (i) of
t-alanine. The resonance of the amide proton (1) is
clearly visible at 6.2 ppm for all AAA-PEAs. Additionally, in
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Fig. 3 Evolution of molecular weight (M,) (A) and polydispersity (D) (B) as a function of time for AAA-PEAs made via active solution polycondensation.
Data are reported as mean value and error bar represents the standard deviation. Statistical analysis was performed using two-way ANOVA followed by
Tukey's: (****) p < 0.0001, (***) p < 0.001, and (**) p < 0.01.
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Fig. 4 'H NMR spectra of PEA-ala (A) and PEA-gly-ala (B) and PEA-ala—gly—jeff (C).

the AAA-PEAs containing glycine, it is possible to identify its calculated from the integration areas of the 'H NMR peaks
—-CH, protons (j’ and j”) at 3.9 ppm. In AAA-PEAs containing jeff corresponding to the protons of glycine, -alanine and jeff. For
units, it is possible to see the signals at 3.2-3.8 ppm (k”) the r-alanine block, the integration areas of the “(h’ or h")”
assigned to the -CH and -CH,, protons and the signals at 1.0- protons were considered while for the glycine groups, the peak
1.2 ppm (m”) corresponding to the -CH; protons of jeff. of the “(j’ orj”)” protons was selected for integration. The same

The molar ratio of each monomer (BAAD-ala; BAAD-gly and was done to calculate the molar fraction of jeff, where the area
jeff) in the copolymers of PEA-gly-ala and PEA-ala-gly-jeff was of “(m”)” protons was considered. The in feed and the actual
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molar ratios of the different monomers in the copolymers are
presented in Table S3 (ESIf). For both copolymers, the molar
ratios of the individual monomers were within the expected
values, indicating that all monomers had similar reactivities
with the activated diester of sebacoyl chloride. Further insights
into the chemical structure of AAA-PEAs were provided by '*C
NMR spectroscopy (Fig. S8, ESIT). The data provided by FTIR
and "H NMR and **C NMR spectroscopies are in full agreement
with the proposed chemical structure of the AAA-PEAs, suggest-
ing a successful synthesis of the polymers.

3.1.2 Thermal analysis. DSC and TGA were employed to
study the thermal properties of formulated AAA-PEAs and gain
insights into their processing via melt-extrusion 3D printing.

Thermogravimetric analyses (Fig. 5(A) and (B)) show clear
differences in terms of stability and thermal degradation
profile between AAA-PEAs and PCL. As evidenced by DTG
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curves, AAA-PEAs degrade in two or three stages, commonly
attributed to the degradation of the ester (T},; = 369.3-371.8 °C)
and amide linkages (Tp, = 412.4-421.4 °C and Tp; = 458.8-
420.0 °C). PCL instead present a single stage related to the
degradation of its ester linkages at 407.9 + 1.6 °C.>>%*” The
Tso (Table S4, ESIt), which is the temperature at which
the samples lose 5% of their initial weight, is similar for all
the AAA-PEAs (between 335 °C to 340 °C), indicating a similar
thermal stability profile, while PCL showed slightly higher
value of Tse, (375 °C). A non-volatile char residue is observed
for the AAA-PEAs (Table S4, ESIt), which can be attributed to
the occurrence of crosslinking and/or cyclization reactions
during the thermal degradation of these polymers.*

The thermal properties of AAA-PEAs and PCL, below the
degradation temperature, were evaluated by DSC (Fig. 5(C)-(F)).
In the first heating run, the AAA-PEAs show an endothermal
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Fig. 5 Thermogravimetric analysis of AAA-PEAs and PCL at 10 K min™: TG (A); DTG (B). DSCs traces of the PEA-ala (C), PEA-ala—gly (D), PEA-ala—gly—

jeff (E) and PCL (F): the sequence of three DSC runs carried out with the samples is as follows: a first heating run at 5 K min~, a cooling run at 5 K min~
after keeping the sample in the molten state for 5 min, and a reheating run at 5 K min™.
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event that is consistent with a melting, indicating that after
synthesis and purification, the polymers present a semi-
crystalline nature. The melting transition is broad, suggesting
the presence of crystalline structures with different organiza-
tions within the samples. In the cooling run and in the
subsequent heating run, the only thermal event that is observed
is a glass transition, indicating that the AAA-PEAs are not able
to crystallize from the melt, under the conditions used in the
analysis. This result may be a consequence of the presence of
the methyl side groups of r-alanine, preventing a close chain
packing and crystallization.”” The glass transition temperature
(Tg) of PEA-ala-gly-jeff was much lower (T, = —13 °C) compared
to the other AAA-PEAs (12 °C < T, < 18 °C). This result can be
ascribed to the presence of flexible ether linkages in the
jeffamine which facilitate free rotation. Our data agrees with
literature, where T, values for r-alanine and glycine-based PEAs
have been reported in the range of 0-25 °C.>***® PCL shows a
different behavior compared to AAA-PEA but in line with
previous studies.>® In both the first and second heating runs,
a single endothermic peak is visible at about 56 °C, corres-
ponding to the melting of the polymer and indicating a semi-
crystalline behavior. During cooling, a well-defined exothermic
peak is observed at about 30 °C, corresponding to a crystal-
lization process.

3.2 Characterization of AAA-PEA films

3.2.1 Thermomechanical properties. The thermomechani-
cal properties of the films were analysed by DMTA, in multi-
frequency mode, using a heating rate of 5 °C min~". Fig. 6(A)-
(D) presents the logE’ and tand curves of the films at the
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frequency of 1 Hz. The T, of the films was determined from the
maximum of tand, at 1 Hz. The tan curves of the films in
multifrequency mode are presented in ESIT (Fig. S9).

In the E’ profile (Fig. 6(A) and (B)), for the AAA-PEAs films,
two regions can be distinguished: (1) the glassy region from
—100 °C to ca. —45 °C for the PEA-ala-gly—jeff films, and from
—50 °C to —10 °C for the PEA-ala and PEA-ala-gly films, in
which the materials behave as stiff materials; (2) the glass
transition zone, in which a decrease in the E’ values can be
observed. In comparison, this decrease takes place in a nar-
rower temperature range for the AAA-PEA films suggesting a
lower degree of crystallinity, which corroborates the DSC
results.

In Fig. 6(C) and (D) it is possible to observe that AAA-PEAs
films have a narrower tand profile compared to the PCL films.
This result could also be due to the higher crystallinity of the
PCL films. As previously reported,” in materials with higher
crystallinity, the amorphous domains have more difficulty
starting their motion due to their confinement in the crystalline
domains, resulting in wider tan é peaks. AAA-PEAs, in particu-
lar those with jeffamine, exhibit higher tan 6 peaks denoting a
better capacity to absorb and dissipate energy (damping effect)
compared to PCL materials. Table S5 (ESI{) summarizes the
values of E', at 37 °C, and the T, values of the films.

The results show a higher E’ value for PEA-ala and PEA-ala-
gly films compared to PEA-ala-gly-jeff films, indicating a
higher polymeric chain mobility and lower stiffness associated
with the presence of ether linkages in the structure of the latter.
Differences in mechanical properties, particularly substrate
stiffness, have been extensively studied for their ability to direct
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Fig. 6 DMTA traces of the AAA-PEAs and PCL films log(E’) vs. temperature (A) and (B), and tané vs. temperature (C) and (D).
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cell behavior by activating various mechanotransduction
pathways.*®**° These pathways, which include mechano-
regulated ion channels*' and focal adhesion complexes in the
plasma membrane, influence transcriptional and proteomic
regulation, morphology and lineage commitment. Although
the biological results did not reveal significant differences in
cellular morphology (see Section 3.2.4), formulating AAA-PEAs
with varying degrees of stiffness remains relevant and warrants
further investigation to explore their impact on other cellular
processes, such as stem cell differentiation. E’ values for PCL at
37 °C are not reported due to the initial melting of the polymer
as confirmed by an abrupt change in the E’ profile just after the
glass transition zone. No significant changes were detected
between pristine and processed AAA-PEAs (i.e. films) in terms
of T, suggesting that hot pressing does not affect the intrinsic
thermal properties of the AAA-PEAs.

3.2.2 Surface properties. The wettability and hydrophilicity
of the different materials was evaluated by water contact angle
(WCA) measurements (Fig. 7(A)) performed on the surface of 2D
films. Obtained results show a higher WCA value for PCL (ca.
88.7°) compared to PEA-ala (ca. 79.3°), likely related to the
presence of amide bonds in the structure of the AAA-PEAs. The
introduction of glycine in the PEAs formulation (PEA-ala-gly)
resulted in a further decrease of WCA value (ca. 69.0°) probably
due to the decrease in the amount of hydrophobic pendant -
CH; groups in the structure.*” The presence of ether groups
in the structure of AAA-PEAs led to a significant increase
in hydrophilicity, demonstrated by the smallest WCA measured
on PEA-ala-gly-jeff films (ca. 35.8°). Surface properties
including wettability, are known to play a key role in a multi-
tude of cellular processes, from initial cell adhesion to
differentiation.”®> Our work opens the possibility of controlling
such processes - at least partly - by synthesizing AAA-PEAs with
different structures and degrees of hydrophilicity.

(A)
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Nanoindentation measurements were carried out to map the
surface mechanical properties and evaluate the microstructural
characteristics of the bulk materials that may influence cell-
matrix interactions and determine cell adhesion, proliferation,
differentiation, and even phenotype.**™*® Fig. 7(B) shows the
results of nanoindentation tests on PEA-ala, PEA-ala—gly, PEA-
ala-gly—jeff, and PCL films in terms of hardness as a function of
applied load.

The measurements on the PCL films showed hardness
values between 0.49 GPa and 0.29 GPa in the tested load range.
These values were higher than those determined for PEA-ala
(from 0.28 GPa to 0.16 GPa), PEA-ala-gly (from 0.39 GPa to 0.24
GPa), and PEA-ala-gly-jeff (from 0.21 GPa to 0.12 GPa) films.
The lowest hardness values were obtained for PEA-ala-gly—jeff
films, and the differences observed between the different
groups were statistically significant at each load point. These
differences in hardness between the films prepared from the
different AAA-PEAs indicate that their mechanical properties
can be easily altered by changing the chemical structure of the
PEAs. PEA-ala—gly-jeff leads to films with a lower hardness due
to the presence of ether groups in its structure, which allow a
higher mobility of the polymer chains. The films made from
PEA-ala-gly have a higher hardness than those made from PEA-
ala, possibly due to the greater compaction of the polymer
chains in PEA-ala-gly, which is due to the absence of a side
group in glycine.

3.2.3 In vitro hydrolytic and enzymatic degradation. Con-
trolled degradation is essential to ensure a correct transfer of
loads between the engineered biomaterial or scaffold and the
newly formed tissue in vivo. Accelerated or delayed degradation
kinetics may result in premature failure of the scaffold or
prevent tissue ingrowth, respectively. In this work, we studied
the in vitro degradation of AAA-PEAs films under hydrolytic and
enzymatic conditions to inform scaffold design in future TE

(B)
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Fig. 7 Average WCA values for films of PCL and AAA-PEAs (left) and image of the water droplet on the surfaces of PEA-ala, PEA-ala—gly, PEA-ala—gly—
jeff and PCL films (right). Data are reported as mean value and error bar represents the standard deviation. Statistical analysis was performed using ANOVA
followed by Tukey's: (****) p < 0.0001 and (*) p < 0.1 (A). Results obtained from nanoindentation tests on the different films (PEA-ala, PEA-ala—gly, PEA-
ala—gly—jeff, and PCL): hardness as a function of the applied load (1-5 mN). Data are reported as mean value and error bar represents the standard
deviation. The different groups were statistically significant (p < 0.0001) at each load point (B).
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p < 0.0001, (***) p < 0.001, (**) p < 0.01, and (*) p < 0.1. SEM micrographs of AAA-PEAs and PCL surface films before and after in vitro hydrolytic (C) and

enzymatic degradation (D).

applications. As depicted in Fig. 8(A), PEA-ala and PEA-ala-gly
films exhibited similar and low values (<2%) of weight loss
under hydrolytic conditions with no statistical differences
except for week 4 (p < 0.1). The PEA-ala-gly-jeff films pre-
sented the highest, but still moderate, loss (7.6%) with a
statistical difference (p < 0.0001) compared to the other AAA-
PEAs and PCL-films. This increase in weight loss could be related
to the higher hydrophilicity displayed by PEA-ala-gly—jeff films,

3060 | J Mater. Chem. B, 2025, 13, 3049-3066

increasing their affinity with the degradation medium and accel-
erating their degradation. As expected, the weight of PCL films
remained almost unaltered throughout the duration of the study.

Weight loss of polymeric films in PBS (pH = 7.4) containing
a-chymotrypsin is depicted in Fig. 8(B). In the presence of
a-chymotrypsin, an enzyme usually involved in the inflamma-
tory process of damaged tissues,"” all AAA-PEAs show a gradual
increase in weight loss over time with no statistical differences

This journal is © The Royal Society of Chemistry 2025
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between the different formulations except for week 1. Com-
pared to hydrolytic degradation, the weight loss of AAA-PEAs
films in week 1 is accelerated under enzymatic conditions (15-
18%), with PEA-ala-gly—jeff presenting the highest value (ca.
10.3%) followed PEA-ala—gly (ca. 5.9%) and PEA-ala (ca. 5.1%).
In a first stage (week 1), the more hydrophilic nature of PEA-
ala—gly—jeff seems to favour its interaction with the enzymatic
solution, accelerating its degradation compared to other AAA-
PEAs. But as time progresses this trend is inverted and the
differences completely attenuated by week 4. In turn, degrada-
tion kinetics of PCL films does not seem to be affected by the
presence of the enzyme, displaying a profile similar to the
hydrolytic one above. This phenomenon can be justified by the
substrate specificity of the chosen enzyme (i.e. a-chymotrypsin)
a protease that preferentially cleaves peptide amide bonds,
present in the chemical structure of AAA-PEAs but not in PCL.

The surface morphology of the AAA-PEA and PCL films
before and after in vitro hydrolytic and enzymatic degradation
was analysed by SEM. Micrographs reported in Fig. 8(C) and (D)
show a slight increase in surface roughness for all AAA-PEAs
films after 4 weeks of incubation, suggesting their hydrolytic
degradation via surface erosion. This effect is more evident in
AAA-PEAs films containing jeff, likely due to their higher
hydrophilicity. No significant surface alterations were detected
in PCL films independently of the degradation media.

3.2.4 In vitro biological tests. The suitability of developed
AAA-PEAs as biomaterials for TE applications was further
investigated in vitro by assessing the viability, metabolic activity
and morphology of hBM-MSCs seeded on top the polymeric
films. Fluorescence microscopy images in Fig. 9(A) (top) con-
firm the ability of PEA-ala and PEA-ala—gly films to support the
viability of hBM-MSC (in green) with a negligible number of
dead cells (in red) 7 days post seeding, and comparable to both
2D control (tissue culture plate) and PCL films. The percentage
of viable cells (Fig. 9(B)) remained high for all PEAs formula-
tions (>95%) with no significant statistical differences
observed, except for PEA-ala and plastic culture control (2D).
Single plain confocal microscopy images (Fig. 9(A) bottom)
taken after phalloidin F-actin and Hoechst 33342 labelling
indicated that both PEA-ala and PEA-ala-gly materials were
able to support the adhesion of cells with spindle-like shape
typical of healthy hBM-MSCs.

Unfortunately, we were not able to detect the presence of
cells on the surface of PEA-ala-gly—jeff films. This may have
been caused by the pronounced changes in its surface features
(see Fig. 8) compared to PEA-ala and PEA-ala—gly, resulting in
cell detachment and subsequent loss during the washing
phases required for the preparation of the films for
biological tests.

Results obtained from direct contact test (Fig. 9(C)) showed
an increased metabolic activity of hBM-MSCs over a period of
28 days, with comparable percentages of PrestoBlue™ reduction
between AAA-PEA and PCL films. Through indirect contact it
was not possible to detect significant differences in metabolic
activity between cells seeded on PEA-ala-gly—jeff, PCL and other
AAA-PEAs films, suggesting the absence of any cytotoxic

This journal is © The Royal Society of Chemistry 2025
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compounds released from the films (Fig. 9(D)). These results
agree with cell viability data and further confirm the suitability
of all AAA-PEAs films to support the function of hBM-MSCs.

3.3 Fabrication and characterization of AAA-PEA scaffolds

3.3.1 Thermal analysis. As expected, processing of AAA-
PEAs was challenging compared to PCL, mainly due to absence
of crystallization and lower viscosity values (see DSC results in
Fig. 5 and rheological data in Fig. S10, ESIt). To further
investigate the thermal stability of the materials and potential
degradation or property changes due to melt-extrusion proces-
sing, an isothermal TGA study was conducted at 100 °C (max-
imum processing temperature) for 10 hours (Fig. 10(A)). After
10-15 minutes at 100 °C, PEA-ala, PEA-ala-gly, and PEA-ala—gly-
jeff exhibited weight losses of approximately 0.6%, 0.5%, and
0.9%, respectively. Under the same conditions, PCL showed a
weight loss of only 0.1%. Notably, no further weight loss was
observed after the initial reduction, indicating good thermal
stability of the materials at relevant processing temperatures.
The initial weight loss was likely due to moisture content, as
AAA-PEAs and PCL absorb moisture differently based on their
hydrophilicity. PCL, being less hydrophilic than the AAA-PEAs
(as demonstrated by contact angle results in Section 3.2.3),
absorbed less moisture and thus exhibited minimal weight
loss. Among the AAA-PEAs, PEA-ala-gly-jeff, with the highest
hydrophilicity, showed the greatest weight loss (0.9%), com-
pared to 0.6% for PEA-ala and 0.5% for PEA-ala-gly.

To evaluate whether the printing process induced changes
in the materials’ thermal properties, a DSC analysis was per-
formed on the fabricated scaffolds. The heat flow curve from
the first heating run is presented in Fig. 10(B). The melting
temperatures of the AAA-PEA scaffolds fall within the same
range as those of the pristine materials before processing (50-
100 °C, as shown in Section 3.1.2). In the case of the scaffolds,
the melting peaks are better defined compared to the AAA-PEAs
(Fig. 5), indicating a more organized crystalline structure.

The AH of the melting transition was determined for the
scaffolds and compared to that of the AAA-PEAs after synthesis
and purification (Table S8, ESIt). The values are very similar,
indicating that the crystallinity of the scaffolds and pristine
AAA-PEAs does not differ significantly. Similarly, for PCL, the
melting temperature of the printed scaffold is comparable to
that of unprocessed PCL, confirming that no significant ther-
mal changes occurred as a result of melt-extrusion processing.

3.3.2 Morphology. Upon optimization of process para-
meters (Table S2, ESIt) it was possible to manufacture 3D
scaffolds with well-organized structures and defined pore
sizes/shapes, as well as a repeatable microstructure. SEM
analysis (Fig. 10(C)) confirmed good coherence between experi-
mental and theoretical values in terms of filament diameter
(RW) and pore size (FG) (Table S6, ESIt). The small deviations
observed (approx. 5%) in RW and FG can be attributed to slight
variations in ambient temperature, which are difficult to con-
trol and can result in the heterogeneous solidification of
extruded filaments. The 3D printed filaments appeared homo-
geneous and adequately fused over the entire cross-section of
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Fig. 9 Fluorescence confocal microscopy images of hBM-MCSs seeded onto AAA-PEAs and PCL films and stained with calcein-AM (live cells — green)
and ethidium homodimer-1 (dead cells — red) (A) (top). Fluorescence confocal microscopy images of hBM-MCSs seeded onto AAA-PEA and PCL films
and stained with phalloidin (F-actin — red) and Hoechst 33342 (nuclei — blue) (A) (bottom). A control 2D is still shown for each experiment. Mean +
standard deviation of live cells in percentage of three replicates after 7 days on PEAs and PCL films (B). Percentage of PrestoBlue™ reduction as a function
of time for AAA-PEAs and PCL films (C). Percentage of PrestoBlue™ reduction of h(BM-MSCs after 48 h expose to the media that was in contact with films
of AAA-PEAs and PCL for 24 h. The negative control (CTL—) represents cells in cell culture media (with no treatment), the positive control (CTL+)
represents cells in 1% Triton X-100 in cell culture media (D). Data are reported as mean and standard deviation. Statistical analysis was performed using
one-way ANOVA followed by Tukey's. There was no statistical difference for direct method between the different films but there was for indirect method:

(****) p < 0.0001 and (*) p < 0.1

the scaffold, suggesting good structural stability. Regardless of
the material, all constructs revealed a fully interconnected pore
network (100%) with similar values for porosity (53-61%) and
surface area to volume ratio (10-12 mm %), when analysed by
micro-CT (Table S7, ESIT).

3.3.3 Mechanical compression tests. The stress-strain
curves obtained for all 3D scaffolds (i.e., PEA-ala, PEA-ala-gly,
PEA-ala-gly-jeff, and PCL) are presented in Fig. 10(D). A linear
region is easily recognizable at low strain values, indicating an
initial stiff mechanical response. This zone is followed by a
region of lower stiffness, and finally another stiff portion of the
stress—strain curve could be noticed. This behavior has been
reported several times for PCL 3D scaffolds obtained through
fused deposition modeling.'®>>*° The compressive modulus
(E) was calculated as the slope of the initial linear region of the

3062 | J Mater. Chem. B, 2025, 13, 3049-3066

stress-strain curve. Fig. 10(E) shows the values of E and
maximum stress (0 max)-

The values of compressive modulus and maximum stress for
PCL scaffolds were 97 + 9 MPa and 13.2 + 0.7 MPa, respec-
tively. However, the values for PEA-ala (55 + 5 MPa and 9.4 +
0.5 MPa), PEA-ala-gly (78 + 8 MPa and 10.3 £ 0.5 MPa), and
PEA-ala-gly-jeff scaffolds (42 + 5 MPa and 5.0 & 0.4 MPa) were
significantly lower than those obtained for PCL scaffolds. In
terms of compressive modulus and maximum stress, the
observed differences were statistically significant. It is worth
noting that the lowest value of the compressive modulus was
found for PEA-ala—gly-jeff. This is likely to be related with the
presence of ether linkages in its structure, causing an increase
in the flexibility of the chains. The difference between the
compressive Young’s modulus of PEA-ala and PEA-ala-gly

This journal is © The Royal Society of Chemistry 2025
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Fig. 10

Isothermal TGA of AAA-PEAs and PCL scaffolds performed at 100 °C for 10 hours (A). First heating DSC run of AAA-PEAs and PCL scaffolds

carried out from —95 °C to 190 °C, at 5 K min~* (B). SEM micrographs of 3D PCL and AAA-PEAs printed scaffolds: top view (up) and cross-section
(bottom) (C). Typical stress—strain curves obtained from compression tests on 3D printed scaffolds (rate of 1 mm min™3), final strain of 50% (D).
Mechanical properties of PEA-ala, PEA-ala—gly, PEA-ala—gly-jeff, PCL scaffolds: compressive modulus (E) and maximum stress (omax) (E). The results are
reported as mean value + standard deviation. Statistical analysis was performed using two-way ANOVA followed by Tukey's: (****) p < 0.0001, (***) p <

0.001, (**) p < 0.01, and (*) p < 0.1.

scaffolds, may be related to the presence of glycine, which is an
a-amino acid with a smaller lateral group than r-alanine, which
can allow a greater packing of the chains, increasing the rigidity
of the chains, and consequently the rigidity of the scaffold. The
results from the compression tests showed that it is possible to
change the mechanical behaviour of the 3D printed scaffolds,
by changing the composition of AAA-PEAs.

This journal is © The Royal Society of Chemistry 2025

Control of the process-structure-property relationship of a
material plays a pivotal role in designing and developing 3D
scaffolds with desired mechanical, biological, and functional
properties. While this was outside the scope of the present
work, it has been reported in detail in some of our previous
studies.'”*82529%8 1 those studies, we demonstrated the role
of material composition and material-design combinations,
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particularly the effects of pore size and geometry (and conse-
quently porosity), on the compressive mechanical performance
and in vitro cell behavior through a systematic analysis of 3D
scaffolds fabricated via extrusion-based additive manufactur-
ing. The findings were supported by morphological analyses
using SEM, micro-CT, and confocal laser scanning microscopy,
which provided additional insights into the effects on func-
tional features and cell morphology.

4. Conclusions

This study reports the synthesis and characterization of a new
library of high molecular weight AAA-PEAs with tuneable phy-
sical, chemical and mechanical properties for scaffold-guided
tissue regeneration. Despite their amorphous nature, AAA-PEAs
demonstrated good thermal stability and suitable rheological
properties for extrusion-based printing of 3D scaffolds with
good shape fidelity and reproducibility. Changes in the
chemical structure of the AAA-PEAs enabled the fabrication of
2D and 3D substrates with higher wettability, lower stiffness
and faster degradation rates compared to PCL. However, these
features did not seem to affect the behaviour of hBM-MSCs,
which displayed similar levels of viability and metabolic activity
independently of the substrate material. In summary, our study
contributes to expand the range of processable materials via 3D
printing and hints at the possibility of manipulating the
structure of the AAA-PEAs to adjust the properties of engineered
scaffolds to those of different tissues in the human body.

Abbreviations

2D Two-dimensional

3D Three-dimensional

AAA-PEAs o-Amino acids based poly(ester amide)s
AM Additive manufacturing

BAAD Bis-o-(t-amino acid)-a,w-alkylene diester
CDCl; Deuterated chloroform

DMF N,N-Dimethylformamide

DMSO Dimethyl sulfoxide

DMSO-de Deuterated dimethy Isulfoxide

DMTA Dynamic mechanical thermal analysis
DSC Differential scanning calorimetry

FTIR Fourier transform infrared spectroscopy
hBM-MSC Human bone marrow mesenchymal stem cells
Jeft Jeffamine

micro-CT Micro-computed tomography

NHS N-Hydroxysuccinimide

NMR Nuclear magnetic resonance

PBS Phosphate buffered saline

PCL Poly(e-caprolactone)

PEA Poly(ester amide)

PEA-ala t-Alanine based PEA

PEA-ala-gly t-Alanine and glycine based PEA
PEA-ala—gly-jeff 1-Alanine, glycine and jeffamine based PEA
PLA Poly(r-lactic acid)
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PLGA Poly(p,L-lactic-co-glycolic acid)

p-TSA p-toluenesulfonic acid monohydrate
SE Standard deviation of the mean

SEM Scanning electronic microscopy

TE Tissue engineering

TEA Triethylamine

Ty Glass transition temperature

TGA Thermogravimetric analysis

TIPS Thermally induced phase separation
WCA Water contact angle
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