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ABSTRACT

The development of versatile tubular structures is critical for tissue engineering (TE) applications where
vascularization is necessary. This study investigates the fabrication of tubular shaped biomaterials focused on
chitosan (CHT) combined with alginate (ALG) and acemannan (ACE), known for their synergistic properties,
including physical stability, antibacterial activity, and healing promotion. Translating this CHT/ACE/ALG blend
into 3D tubular architectures via the freeze-drying technology resulted in flexible tubes with dimensional sta-
bility, and well-defined hollow interiors. Testing these tubes for their water uptake capacity and stability indi-
cated a substantial water absorption (about 20-fold of their dry mass), and they maintained structural integrity
under physiological conditions over seven days. Structural analyses using SEM and Micro-CT revealed uniform
morphology and porosity, crucial for nutrient and oxygen diffusion. Elastin-like recombinamers (ELRs) con-
taining the QK peptide — a peptide sequence that mimics the vascular endothelial growth factor (VEGF) — were
incorporated into the tubular structures, to enhance the bioactivity and the mechanical behavior of the con-
structs. This modification led to a reduction in porosity but without affecting endothelial cells viability, with pore
size >100 pm was maintained. The sustained release of bioactive compounds, including ACE and ELRs, was
shown to improve endothelial cells viability. Our approach thus opens new possibilities for the design of tubular
structures with customizable length, diameter, stability, and bioactivity, particularly in cardiovascular
applications.

1. Introduction

artificial prostheses, and autologous or synthetic grafts. Each of these
options has drawbacks related to anatomical variability, tissue donor

Tubular scaffolds are an essential component in tissue engineering,
particularly for applications involving hollow organs such as blood and
lymphatic vessels, urethras, and tracheas [1]. These scaffolds provide
mechanical support and a structural framework for cell attachment,
proliferation, and tissue regeneration. Their intricate three-dimensional
morphology involves various cell types crucial for functional integrity.
Current options for repairing such structures include xenografts,

shortages, and risk of rejection [2,3]. Tissue engineering approaches
employing biomaterials are therefore preferred for the replacement of
diseased tissue [4-10]. The development of tubular structures has been
highly explored to obtain a functional structure that can promote
regeneration, repair, and replacement of damaged, injured, or lost tissue
[11]. Several strategies have been employed [8,9,12-25], most of which
focused on the use of tubular scaffolds composed of natural (e.g.,
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chitosan, collagen, hyaluronic acid, gelatin, or silk fibroin) or synthetic
polymers (PCL, PLLA, PGA) [26]. Different processing strategies have
been employed to obtain such tubular structures with specific charac-
teristics: i) electrospinning produces tubular scaffolds with nanoscale
fiber structures with controlled fiber alignment and diameter; ii) freeze-
drying creates porous scaffolds with interconnected pore structures, able
to facilitate cell infiltration and nutrient diffusion, or 3D bioprinting
offers the precise deposition, spatial control of scaffold architecture and
the incorporation of cells and growth factors for enhanced tissue
regeneration [1,27].

Throughout their development, different obstacles have emerged,
including challenges in rolling membranes around cylinder templates,
achieving precise cell distribution, and ensuring adequate cell adhesion
and penetration. Moreover, physical limitations such as lack of unifor-
mity, low compliance, and inadequate biochemical and mechanical cues
have hindered the creation of functional tubular structures
[3,11,14,28-30]. Different strategies have been employed to address
some of these drawbacks, such as using cross-linking agents by creating
cell-friendly surfaces, as coatings with polyelectrolytes, or adsorption/
immobilization of proteins from extracellular matrix [18,31,32]. While
these constructs can be cultured under optimal conditions and show
enhanced biological properties of implants, certain issues persist,
including the mechanical mismatch between the host blood vessel and
the artificial graft [26,33,34]. Although recent studies have produced
promising results, numerous challenges remain.

One possible solution lies in the use of natural polymers. These
classes of materials are often preferred over synthetic materials for
fabricating scaffolds due to their biocompatibility, biodegradability, and
similarity to the extracellular matrix (ECM) of native tissues [35].
Ongoing research aims to overcome existing challenges and further
optimize the design and fabrication of these scaffolds for clinical
translation. In this work, we hypothesize that chitosan (CHT), alginate
(ALG), and acemannan (ACE) can be blended to develop versatile tubes
to leverage their synergistic effects for enhanced biological and physi-
cochemical properties. Blends of these polymers are known to generate
interactions and mixed junction zones that improve biological and
physicochemical features [36]. CHT, derived from chitin deacetylation,
is a naturally abundant polysaccharide endowed with unique attributes,
including biocompatibility, biodegradability, bactericidal activity, and
processability [37-39]. When combined with ALG — another abundant
natural origin polymer — it has shown enhanced wound healing efficacy
[40,41]. Furthermore, the incorporation of ACE, the main poly-
saccharide of aloe vera, into the CHT/ALG mixture enhances the me-
chanical properties of the architectures, as in a 2D similar approach, it
was possible to reinforce and modulate the stiffness and the tensile
strength of the CHT/ALG system, without significantly compromising its
the ductile behavior, through the variations of the ACE content [36]. As
well, the release of active substances that boost biological performance,
promoting fibroblast attachment, spreading, and viability, can confirm
the proposed approach cytocompatibility and wound healing potential
[2,36,42]. ACE is particularly notable for its ability to promote vascu-
larization, aiding wound healing and tissue regeneration by enhancing
the formation of new blood vessels [43]. This bioactive compound
stimulates angiogenesis, which is crucial for delivering nutrients and
oxygen to damaged tissues, thereby accelerating the healing process
[42,43].

The development of tubular scaffolds made from natural polymers
provides biocompatibility, bioactivity, and structural support for tissue
regeneration [1,8]. Despite the promise of natural polymers, challenges
remain in achieving the necessary flexibility, stability, and bioactivity to
meet the functional demands of vascular applications. While existing
methods allow for tuning lumen size to meet specific vascular re-
quirements, challenges persist in simultaneously achieving precise
dimensional control, material homogeneity, and biofunctional
enhancement within a single scaffold. In this study, we address these
challenges by fabricating flexible, versatile tubular scaffolds with
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precisely defined lumens using freeze-drying technology. This approach
enables customizable lumen sizes and provides a unique advantage by
producing scaffolds with a porous structure conducive to nutrient ex-
change, cell infiltration, and tissue integration, critical factors in
vascular applications.

To further elevate the scaffold's functionality, the impregnation with
multifunctional elastin-like recombinamers (ELRs) was hypothesized.
ELRs are genetically engineered polypeptides based on the repeating
pentapeptide VPGXG found in naturally occurring elastin, where X can
be any natural amino acid [44-46]. The recombinant nature of these
biocompatible materials allows tuning the peptide sequence to achieve
advanced biofunctionalities. Herein, we employed an ELR containing
the QK peptide sequence, which mimics the vascular endothelial growth
factor (VEGF) [47,48]. After fabrication, physicochemical and biological
assessments were conducted to validate our methodology. This inno-
vative integration of structural specificity with advanced bioactivity
represents a novel and versatile strategy for overcoming current limi-
tations in blood vessel graft design, offering enhanced regenerative
potential and paving the way for improved vascular therapies.

2. Experimental
2.1. Materials

Acemannan powder (ACE; BiAloe® Mw average 200 kPa) was sup-
plied by Lorand Laboratories (Texas, USA). Low-viscosity sodium algi-
nate from brown algae (ALG, ~250 cP) and chitosan (CHT) from crab
shells with ca. 85 % deacetylation were supplied by Sigma-Aldrich
(USA). CHT was used after purification using a reprecipitation meth-
odology [49]. All the other used reagents and solvents were of analytical
grade and used as received.

ELR recombinamers were manufactured from the previously
described VKV-ELR and RGD-ELR biopolymers [50,51]. VKV-ELR in-
cludes no bioactive domains, whereas RGD-ELR contains cell-adhesive
RGD sequences. Azide (N3) and cyclooctyne groups were selected as
crosslinking and grafting residues to explore a biopolymer immobiliza-
tion via catalyst-free click chemistry. Firstly, VKV-ELR was modified
into VKV-cyclooctyne-ELR, to be used as the counterpart for the reaction
[50,52]. Secondly, N3 groups were conjugated to the lysine (K) amino
acids interspersed within RGD-ELR and VKV-ELR to produce an RGD-N3
ELR. QK proangiogenic peptides were grafted to the RGD-N3 ELR via
dibenzocyclooctyl (DBCO) group (Bachem, Switzerland) in a 1:0.5
proportion to obtain the QK-(RGD—N3) ELR. Characterizations of the
products by proton nuclear magnetic resonance (\H NMR), matrix-
assisted laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF), differential scanning calorimetry (DSC), and Fourier
transform infrared spectroscopy (FTIR) were published and available in
the reference [53].

2.2. Solutions and tubular structures preparation

Each polymer powder was weighted and dissolved to achieve the
aqueous solution of 4 % (w/v) concentration of each polymer (CHT,
ALG, and ACE) and left to homogenize overnight, under stirring. CHT
solution was prepared in hydrochloric acid (0.1 M), being its pH
adjusted to 6.2-6.4, adding B-Glycerophosphate disodium salt solution
(1 mg/mL). As earlier reported, ACE and ALG solutions were prepared in
aqueous media [2,36,54]. Different proportions of the polymeric solu-
tions were added and stirred, ensuring homogenization (Table 1). The

Table 1

Compositions table.
Composition CHT ALG ACE
CHT/ACE/ALG (4:4:1) 44.5 % 11.0% 44.5%
CHT/ACE/ALG (4:3:1) 50.0 % 12.5% 37.5%
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solutions were then casted into molds, cylindrical templates with a
central pin, and freeze at —80 °C for 24 h and further freeze-dried for 72
h, according to the schematic representation in Fig. 1. ELRs solutions
were prepared at 25 mg/mL ultrapure water. Subsequently, the tubular
structures within the templates were impregnated, from the lumen to the
border, with elastin-like recombinants, 150 pL of QK-RGD-N3 was
titrated manually into tubes ~15 mm long. 150 pL of VKV-cyclooctine
was titrated subsequently to promote the crosslink with the N3 of the
former ELR inside the tubes' porous structure. The impregnated tubes
were incubated for 30 min. All steps involving ELR processing were
performed at 4 °C to prevent the precipitation of the polypeptides. The
impregnated tubes were frozen at —80 °C for 24 h and freeze-dried for
48-72 h. The tubular structures were detached from the templates,
resulting in the formation of free-standing porous tubular structures.

2.3. Physico-chemical characterization

2.3.1. Rheology

A Malvern Instruments Kinexus rheometer equipped with a stainless
steel parallel-plate sample holder of 20 mm in diameter for the oscilla-
tory measurements and a conic plate sample holder of 40 mm for the
rotational ones, and a 1 mm gap, was used to perform the rheological
measurements. A fixed temperature of 25 °C was used in the rotational
and oscillatory experiments. Rotational experiments allow to obtain two
different plots: traditional shear viscosity (Pa.s) and shear stress (Pa)
both as a function of shear rate (s’l), enabling to achieve information
about the flow behavior of the samples.

Oscillatory experiments were preceded by strain sweep curves to
determine the linear viscoelastic region (LVER) of the samples. Strain
sweeps were then performed on each different sample, acquiring 10
points per decade, from 0.01 % to 100 % at a fixed frequency of 1 Hz.
Mechanical spectra were achieved, and the elastic and viscous modulus
(respectively G' and G") as a function of frequency, ranging from 0.01 Hz
to 100 Hz. All the tests were performed in triplicate using 1.5 mL of
which solution in the sample holder.

2.3.2. FTIR

A Nicolet 6700 Spectrometer with an ATR accessorize was used to
obtain Fourier transform infrared (FTIR) spectra of the samples. Each
sample was prepared at room temperature, and each spectrum collected
from a spectra region ranging from 4000 to 400 cm ™! by averaging 32

scans with a resolution of 4 cm™".

Solutions preparation Blended solutions

preparation

CHT 4% (w/v)
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2.3.3. Scanning electron microscopy (SEM)

The morphology of the tubular structures was observed by Scanning
Electron Microscopy (SEM), using Jeol JSM-6010LV microscope oper-
ated in the secondary electron mode at an accelerating voltage of 15 kV.
All the samples were fixed to the aluminum stubs with double-sided
carbon conductive adhesive tape and gold-sputtered using a sputter
coater 108 A.

2.3.4. Micro-CT

The microstructure and architecture of the 3D tubular architectures
were analyzed using microcomputed tomography (micro-CT) tech-
niques. Samples underwent lyophilization prior to high-resolution
micro-CT scanning (SkyScan 1272, Bruker, USA). Approximately 250
projections were acquired over a rotation range of 360°, with a rotation
step of 0.6°. Data sets were reconstructed using the reconstruction
software (NRecon 1.6.10.2 Bruker, USA), and the output format for each
sample was bitmap images. Segmentation of the representative data set
slices into binary images was achieved using a dynamic threshold
ranging from 50 to 255. The binary images were used for morphometric
analysis (CT Analyser (v1.15.4.0, Bruker, USA)) and to build the 3D
models. Quantitative parameters such as total porosity (%), pore size
(pm), pore distribution (%), and interconnectivity (%) were meticu-
lously measured. Results are presented as the mean values obtained from
measurements of three tubular structure samples.

2.3.5. Confocal assays

The impregnated structures were observed using a laser scanning
microscope to access the distribution of CHT and ELRs into the blended
structure. CHT has autofluorescence under UV light (405 nm) and ELRs
were modified with Cy5 grafted in the backbone of the DBCO modified
ELR allowing their observation under far red light (633 nm). The sam-
ples were imaged using the correspondent laser lines (Leica SP8) and 3D
image projections were obtained using Leica LAS X 3D software.

2.3.6. Mechanical properties

The mechanical properties of the tubular structures with and without
ELRs impregnation were performed under uniaxial tensile load, using an
Instron 4505 universal mechanical testing equipment, at room temper-
ature using a load cell of 50 N and a crosshead speed of 1 mm/min. The
tubular structures 40 mm in length and 3.6 mm in diameter were pre-
viously gently hydrated with deionized water and placed in a pneumatic
BioPlus tensile grips system at a gauge length of 15 mm. The elastic
modulus, ultimate tensile strength, and strain at maximum load were
obtained using the Bluehill Universal software. At least five specimens

Syringe
extrusion to
the mold
e a Freeze and
/N freeze drying

A

Blended tubular
architectures

ELRs
impregnation

Fig. 1. Schematic representation of the methodology of preparation of the tubular architectures and compositions table (Table 1).
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per condition were tested, and the results are expressed in mean +
standard deviation.

2.3.7. Swelling and release assays

2.3.7.1. Water uptake quantification. Structures of 1 cm length were
soaked into PBS buffer solution, at 37 °C to access the water uptake and
ACE release profile of the films. The swollen samples were extracted
from the buffer solution at predefined time points (15 min, 30 min, 45
min,1h,2h,3h,4h,5h, 6h, 24 h, 2d, 4d and 5d) and the excess of
solution removed with filter paper (Filter Lab, Spain). Thus, the samples
weight were accessed using an analytical balance (Denver Instrument,
Germany). All the assays were performed in triplicate (n = 3). The water
uptake was calculated as follows:

Ww_Wd
d

Water uptake (%) = x 100

where W,, and Wy are the weights of swollen and dried films,
respectively.

2.3.7.2. ACE release quantification. Similarly to the water uptake pro-
cedure earlier described, the structures were soaked at 37 °C into PBS
incubation media, along 10 days, under mild agitation to improve the
diffusion through the incubating media. At predefined time points, the
surrounding buffer media were removed from each container, and the
experiments performed in triplicate (n = 3). Considering a homogeneous
distribution into the structure, the total mass of ACE in the structure was
considered to be 100 % ACE.

A calibration curve was constructed based on ten ACE concentra-
tions, between 2.5 x 10™# g.mL ™! and 5.0 x 10~2 g.mL "}, in PBS buffer
media, from which absorbance was measured at 300 nm. The absor-
bance of the retrieved samples was measured at the same wavelength,
and the values achieved were comparatively studied within a previously
constructed calibration curve.

2.3.7.3. ELRs release quantification. Similarly, to the ACE release pro-
cedure earlier described, the structures were soaked at 37 °C into PBS
incubation media, along 10 days, under mild agitation to improve the
diffusion through the incubating media. At predefined time points, the
surrounding buffer media were removed from each container, and the
experiments were performed in triplicate (n = 3). Considering a ho-
mogeneous distribution in the structure, the total mass of impregnated
ELRs (7.5 pg/tubular structure) in the structure was considered to be
100 % ELRs.

A calibration curve was constructed based on six ELRs concentra-
tions, between 7.8 x 10~> mg.mL™! and 1.0 g.mL™}, in PBS buffer
media, from which fluorescence was measured at Ex/Em 646/662 nm.
The fluorescence of the retrieved samples was measured at the same
wavelength and the achieved values were comparatively studied within
a previously constructed calibration curve.

2.3.8. Cell viability assays

Before cell culture studies, the structures were sterilized using
ethylene oxide. Direct contact tests employing the immortalized human
vascular endothelial Cells (EA.hy926) were conducted. Cells were
cultured in basic medium: Dulbecco's modified Eagle's medium (DMEM;
Sigma-Aldrich, USA) with phenol red, with 10 % fetal bovine serum (Life
Technologies, USA) and 1 % antibiotic/antimycotic (A/A, Gibco, UK)
solution. EA.hy926 cells were incubated at 37 °C in an atmosphere
containing 5 % of CO5 until 90 % confluence was achieved. The tubular
structures were placed into non-adherent 24-well plates, and cells were
seeded onto them dropwise at a cellular density of 2 x 10 cells/struc-
ture. The samples were analyzed after 1, 3, and 7 days of culturing in
DMEM at 37 °C in a humidified atmosphere with 5 % CO». Tissue culture
polystyrene (TCP) served as a control and was maintained under
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identical conditions for the same duration. The culture medium was
replaced twice a week throughout the experiment.

The metabolic activity of cells seeded on the tubular structures was
evaluated using the CellTiter 96 AQueous One Solution Cell Prolifera-
tion Assay (MTS, Promega). Briefly, cell—scaffold constructs were
placed in a mixture containing serum-free cell culture medium and MTS
reagent at a 5:1 ratio and incubated for 3 h, at the end of which the
optical density was read (OD 490 nm).

The cell viability was also evaluated by fluorescence labeling using a
live/dead assay. For this purpose, the designed tubular architectures
were removed from the culture medium and washed with sterile PBS.
Subsequently, all samples were incubated with 1 mg/mL calcein ace-
toxymethyl (Invitrogen, 1:500) and 1.5 mM propidium iodide Invi-
trogen, 1:1000) solution in PBS for 15 min, at 37 °C and washed with
sterile PBS. After this, the samples were imaged using a confocal laser
scanning microscope (Leica SP8). Z-stacks of all samples were acquired,
and maximum projections were obtained, showing viable cells green
(Calcein AM) and nonviable cells red (PI). The laser settings were 488
and 561 nm for Calcein AM and PI, respectively. The software LAX was
used to analyze the images. Quantification of the viable cells was per-
formed using ImageJ (analysis of particles macro), and data was rep-
resented as the percentage of viable cells.

2.3.9. Statistical data treatment

All the experimental tests were conducted in triplicate (n = 3), and
the achieved data points are presented as the mean + standard devia-
tion. Statistical analysis was performed while using the GraphPad Prism
5.0 software. The data that demonstrated a normal distribution were
analyzed using a one-way ANOVA (for the remaining, a non-parametric
Kruskal-Wallis test was used). In addition, the statistical analysis for the
mechanical tests (n = 6) was performed using the Krustal-Wallis test
with Dunn's comparison to determine statistical differences. The sig-
nificance level between the groups was set for * p < 0.05, ** p < 0.01,
**% p < 0.001, and **** p < 0.0001. The data were presented as mean +
standard deviation (SD).

3. Results and discussion
3.1. Solutions properties assessment

3D structures design through freeze-drying methods requires careful
analyses of the physical properties of the employed solutions. These
solutions must meet specific rheological requirements, with the right
balance of viscosity, yield stress, and thixotropy, exhibit temperature-
dependent gelation, be homogeneous, and have controlled freezing
characteristics to ensure successful shaping, stability during freezing,
and proper sublimation during drying [55]. The solutions should ensure
a consistent balance that allows them to be extruded into the mold
without leaking out.

The shear viscosity plotted against the shear rate for the prepared
solutions is depicted in Fig. 2-A. At low shear rates (<~10 s™1), the
viscosities of CHT/ACE/ALG solutions surpass those of individual
polymer solutions, even though remaining lower than those reported for
similar CHT/ACE/ALG formulations with smaller initial polymer solu-
tion concentrations [36]. These findings suggest that increasing the
initial polymer solution concentration influenced polymer chain in-
teractions, enabling a near-complete mitigation of ACE's non-gelling
ability. The increase in the number of polymeric chains per unit of
volume leads to a more efficient balance of hydrophilic and hydrophobic
interactions between the polymers and, may also favor the physical
interaction due to an increase of calcium ion presence (in traces as a
residue of the ACE extraction from AV leaves) in the solution that po-
tentiates ALG gelation or even, through the CHT and ALG well-known
electrostatic interactions.

The fitting of the experimental data presented in Fig. 2-B was per-
formed according to the power-law model: y = kx", where y is the shear
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Fig. 2. Viscosimetry assays of CHT/ACE/ALG blended solutions. (A) Viscosity curves of the individual polymeric and blended ternary solutions as a function of shear
rate; and (B) Shear stress curves as a function of the shear rate with adjusted power-law equations.

stress (Pa), x is the shear rate (s’l), k is the consistency coefficient (Pa.
s™, and n is the flow behavior index, allowing to define the flow
behavior of each solution [56,57]. The adjusted power laws, allowed us
to note that only the ALG polymeric solution (n = 0.99 + 0.04) presents
a Newtonian fluid flow behavior (n near 1), and all the remaining so-
lutions (blended formulation and CHT and ACE solutions) present an n
lower than 1, which is consistent with a pseudoplastic fluid (shear-
thinning) flow behavior [57].

An appropriate viscosity allows the extrusion and avoids structure
collapse, being the shear-thinning (pseudoplastic) behavior often
preferred [55]. The material should hold its shape under its weight and
after any stress is applied during processing, this may be modulated
through the adjustment of the solution yield stress, by modifying the
concentration and ratio of the polymers in the solution. The control of
these properties ensures that the solutions can be processed into the
desired shape, maintaining their integrity during freezing and resulting
in a stable, porous structure [55]. Their evaluation will allow the
adjustment of the solution formulation through the use of different
polymeric ratios, demonstrating the adaptability and potential versa-
tility of the solutions.

The storage modulus (G') and the loss modulus (G") as a function of

frequency, at 25 °C, were registered in Fig. 3A. G' and G" curves tend to a
plateau most likely independent of the frequency, especially for lower
values of frequencies (0.1-1 Hz). Reaching higher frequencies, is noted
an increase of the registered G' and G", which is similar to the studied
blended formulations. The establishment of a network structure be-
tween the polymeric chains, promoted an increase of the formulations
resistance to deformation [58], justifying the significant increase of G'
and G" observed from the isolated polymer solution and the blended
formulations. For instance, we can observe that the oscillatory curves for
the ACE and ALG solutions exhibited extremely low G' and G" values
(both below 2 Pa, see Fig. 3A), indicating a highly fluid state. However,
when the polymers were combined in the CHT/ACE/ALG 4:4:1 formu-
lation, the G' value increased dramatically to 4058.32 + 32.15 Pa with a
corresponding G" value of 665.63 + 6.67 Pa, values at a frequency of 1
Hz. Similar high G' and G" values were also observed for CHT/ACE/ALG
4:3:1 at the same frequency (1 Hz). This significant increase in both
moduli demonstrates the formation of a strong and elastic network
within the formulations, driven by interactions, mainly due to ALG
gelation promoted by the Ca?" of the ACE solution, the well-
documented electrostatic interaction of CHT and ALG, and the hydro-
philic and hydrophobic interactions between the chains, as previously
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Fig. 3. Oscillatory assays of CHT/ACE/ALG blended solutions. (A) Oscillatory curves of the individual polymers and blended ternary solutions as a function of

frequency; and (B) Phase angle values.
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hypothesized in other studies [36,59]. Our formulation successfully
addressed the non-gelling characteristic of ACE. Unlike previous studies
where formulations with higher ACE content exhibited reduced
strength, this issue was not observed in the current study. Similarly to
the reported blended formulations prepared using 2 % solutions [36], all
blended formulations have higher storage than loss moduli values,
confirming the prevalence of a gel character consequence of the
enhanced stability of the formed network. The higher elastic behavior
registered is observed for the CHT/ACE/ALG 4:4:1 formulation, sug-
gesting that this composition, in solution, presents a stronger interaction
between the polymeric chains. This is in accordance with the phase
angle values achieved for the blended formulations, which are lower
than 20°, suggesting a gel-like state, where the material at rest is solid,
such as pastes, gels, or other stiff solid matter, confirming the strong
interactions established between the polymeric networks [60,61].

3.2. Tubular architectures chemical interactions — FTIR

CHT, ALG, and ACE structural differences that occurred in the
blended architectures were studied by FTIR analysis before and after
ELR's impregnation. The polymers' main characteristic peaks of each
region can be observed on the spectrum presented in Fig. 4, as the
saccharide peaks (900-1200 cm™!) that are representative of the skel-
etal vibrations associated with C-O-C glycosidic bonds [62-65].
Moreover, the bands associated with the amide II band (NHj; stretching)
(1535 ecm™ 1), and amide I (-NH-C=O stretching) (1630-1700 cm 1)

— HRGD6-N3-QK

—— VKV-cycle
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[64,65], appear proportionally to CHT's ratio in the blends.

The characteristic transmittance bands of C=O0 stretching, present at
1730 cm ™}, indicating carbonyl groups on ACE are also noticeable in the
spectrum of the blended architectures [66].

Furthermore, the carboxyl asymmetric group and the hydroxyl group
band at 3410-3425 cm ! (not included in the figure range) as some
other ALG bands undergo a slight increase on the wavenumber. This
observation is in accordance with other ALG's combinations already
reported [36,67], suggesting good molecular affinity and the formation
of chemical interactions between the polymers.

Considering the impregnated tubular architectures (samples C and
D) the amides I and II related to the ELR's are significantly more pro-
nounced than on the uncoated samples (A and B), confirming the pres-
ence of the ELR's coating in the tubular structure. Similar behavior was
earlier reported for the coating and impregnation of ELRs into expanded
polytetrafluoroethylene (ePTFE) vascular grafts [68].

3.3. Tubular architectures morphological studies

The tubular structures were built up using 4 % CHT, ACE, and ALG
solution to prepare blended formulations in different polymeric ratios.
The fabrication procedure involved casting the blended formulations
onto cylindrical templates with a central pin, followed by two freeze-
drying cycles, one before ELRs impregnation and another after. The
structures were then easily detached from the templates, obtaining free-
standing porous tubular structures. CHT/ACE/ALG stable tubular

2400 2200 2000 1800

1600 1400 1200 1000 800 600

Wavenumber (cm'1)

Fig. 4. FTIR spectra of the used ELR's and the produced tubular architectures without ELR's impregnation (A and B) and with ELR's impregnation (C and D). (A and C

compositon 4:3:1) and (B and D composition 4:4:1).
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structures, with different polymeric proportions, were achieved with a
defined diameter (dependent on the diameter of the used template).
Macroscopically, these tubes exhibited smooth surfaces and minimal
defects.

SEM (Fig. 5 A and B) was used to evaluate the morphology of the
developed CHT/ACE/ALG tubular structures, demonstrating a uniform
tubular structure free of defects (i.e., cracks and holes) and highlighting
the efficiency of the approach. This tubular structure allowed for the
impregnation with proangiogenic ELRs, namely QK-RGD. The utilized
QK peptide is a VEGF-mimicking peptide consisting of a string of
KLTWQELYQLKYKGI amino acids, which - taking advantage of the
genetically engineered nature of ELRs — was embedded alongside the
VPGXG elastin pentapetide. The impregnation of QK-RGD in these tubes
applies the click-chemistry principle used in the hydrogel-forming
structures described by Flora et al. [48,69,70]. Concretely, we first
impregnated the inner part of the tubes with the VKV-cyclooctine to
support the chemically covalent binding of QK-RGD-N3. The aim was to
act as a structure coating on the lumen and the walls of the pores.

The choice of ELR coating via impregnation was made to ensure a

A CHT/ACE/ALG (4:4:1)

20x 50x

Overview

Inner Side 55

Cross-section

B CHT/ACE/ALG (4:4:1)

20x 50x

Overview

Cross-section
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uniform distribution of bioactive chemical cues across the entire scaf-
fold, addressing the inherent structural and functional differences be-
tween the inner and outer layers of the tubular scaffold. The coating
process was conducted via impregnation, proceeding from the lumen to
the outer border of the scaffold, to establish a gradient in the distribution
of bioactive chemical cues across its structure [71]. This gradient was
designed to achieve a higher concentration of bioactive agents at the
lumen, targeting interactions with endothelial cells while gradually
decreasing towards the scaffold's border, which is tailored to support
smooth muscle cells or fibroblasts. This strategic approach enables the
scaffold to address the intrinsic structural and functional differences
between its inner and outer layers, effectively mimicking the natural
heterogeneity of blood vessels. By replicating these biological gradients,
the proposed method holds significant potential for enhancing the
scaffold's biocompatibility and functional integration in vascular tissue
engineering.

In fact, comparing all the structures from different formulations, we
showed that the ELR's impregnation did not significantly decrease the
pore size throughout the wall and interior of the tubes, representing only

CHT/ACE/ALG (4:3:1)

20x 50x

20x 50x

Fig. 5. (A) Tube morphology: SEM images of CHT/ACE/ALG blended tubes (scale bar 500 pm) and (B) CHT/ACE/ALG blended tubes impregnated with ELRs (scale

bar 500 pm).
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0.4 % of the total mass of the structure. This observation is aligned with
earlier reports where ELRs coatings do not affect the microstructure and
porosity of the device [68].

Similar results were achieved by micro-CT analysis (Fig. 6 and
Table 2): no significant differences were observed between the tubular
formulations, and thus only a representative micro-CT image is shown.
The average pore size of each formulation remains similar after ELRs
impregnation however, a significant reduction of porosity was observed
(from around 60 % to 20 %). This behavior is attributed to the
impregnation of ELR solution into the structure, which, after cross-
linking, may form aggregates able to block some of the existing pores.
This confirms the retention of ELRs within the pores of the produced 3D
architectures, creating a porous thin layer of elastin-mimetic poly-
peptide [68,70]. This fact is aligned with the pore size distribution data,
where an increase of the incidence of smaller pores (19-57 pm, respec-
tively, from 6.7 % to 35.1 %) is noted for the impregnated samples. The
remaining pore sizes maintain a similar distribution profile after
impregnation, with 60 % of the pores still ranging between 57 and 320
pm. According to this, all the studied tubular structures (from both
formulations) exhibit pore sizes higher than the minimum required for
cell attachment and proliferation, facilitating tissue growth and diffu-
sion of nutrients and oxygen (100 pm in diameter) [8,72,73]. This
confirms their potential to be applied in tissue engineering approaches.

The confocal images of the impregnated structures (Fig. 7) allowed
us to analyze the distribution of CHT polymeric chains into the blended
structure, including ELR's distribution after impregnation.

With CHT being the main constituent of the blended formulation, it
was expected to be distributed throughout the structure, thereby
defining its shape. The auto-fluorescence of CHT (in blue) allowed
observation of its distribution within the tubular structure, revealing
well-defined pores similar to those observed in the micro-CT scans. This
supports the hypothesis that CHT serves as the backbone of the designed
architecture. The ELRs impregnated in the structure (in red) were almost
homogeneously distributed, covering the walls of both the outer surface
and the pores, leading to a reduction in porosity. This observation aligns
with the micro-CT results, which also indicated a decrease in the tubular
structures' porosity due to the ELR coating (Table 2).

The tubular structures developed exhibited key properties relevant
to tissue engineering applications, as illustrated in Fig. 8. The images
demonstrate the versatility of the fabrication process, allowing for the
production of tubes with varying diameters by utilizing different
external molds (Fig. 8A). This adaptability in dimension highlights the
potential for customization to meet specific anatomical and functional
requirements. Additionally, the structures displayed notable flexibility
and bending capability (Fig. 8B), suggesting their potential for dynamic
environments where mechanical compliance is crucial. Furthermore, the
suitability of the tubes for suturing, as depicted in Fig. 8C, indicates their
potential for practical surgical applications, where secure attachment
and integration with biological tissues are essential.
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Table 2
Mean pore size, porosity, and pores interconnectivity data achieved by Micro-CT
analysis.

CHT/ACE/ALG formulation Mean pore size Porosity
(pm) (%)
Without ELR's 4:4:1 110 + 30 66.74 + 6.41
4:3:1 120 + 10 60.41 + 3.35
With ELR's 4:4:1 140 £ 10 27.20 + 1.65
4:3:1 140 + 10 24.10 + 1.03

3.4. Mechanical properties

Given the importance of mechanical properties in tissue engineering,
mechanical assays were conducted to further evaluate the structural
integrity and performance of the developed tubular constructs. The
dimensional stability of the ternary systems composed of CHT/ACE/ALG
at varying ratios, both before and after impregnation with ELRs, were
evaluated under uniaxial tensile load in hydrated state, and the main
properties are reported in Fig. 9. The developed polymeric tubular
structures targeting tissue engineering applications showed properties
in the range of Kpa, revealing significant statistical differences in
composition and when impregnated with ELRs. In more detail, the lower
elastic modulus values of 29.9 + 5.8 KPa up to 33.9 + 5.0 KPa were
obtained for both compositions without ELRs (Fig. 9 A). After ELRs
impregnation it was observed an increase in the mechanical properties
in terms of stiffness and ultimate tensile strength reaching higher values
up to 152.4 + 41.4 KPa for the elastic modulus and 15.86 + 2.0 KPa for
the ultimate tensile strength, respectively (Fig. 9 A - B). A similar trend
in the mechanical behavior was observed in collagen-based tubular gels
combined with elastins [74]. Moreover and regarding the reduction of
the ACE content, revealed a significant increase in the ultimate tensile
strength and in the strain at maximum load without significantly
compromising the stiffness of the tubular structure. This might occur
due to the higher interaction between CHT and ALG components in the
system, which is in agreement with the observed rheology results of the
constituents under shear stress. It was also noticed that all the compo-
sitions show a ductile behavior (Fig. 9 C) with strain values at maximum
load ranging from 13.4 + 3.6 % for CHT/ACE/ALG (4:4:1) + ELRs and
44.2 + 6.9 % for CHT/ACE/ALG (4:3:1) respectively. The deformation
capability of the polymeric tubular structures presents higher strain
values at break; however, it is important to notice that after reaching the
ultimate tensile strength values the stress-strain curve reduces progres-
sively, compromising the integrity of the tubular structure.

3.5. Swelling ability and release profile

The swelling ability of the prepared blended tubular structures
without and with ELR's impregnation was studied for 5 days at 37 °C. A
similar profile was observed between compositions; however, a

B

Fig. 6. Tube morphology: Micro-CT micrographs of CHT/ACE/ALG (4:4:1) blended tubes: (A) non-impregnated and (B) impregnated with ELRs. (scale bar 100 pm).
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Tubular architecture

Fig. 7. Tube morphology: Different regions confocal micrographs of CHT/ACE/ALG (4:4:1) blended tubes impregnated with ELRs being the elastin fluorescence in
red and CHT auto-fluorescence in blue. Scale bars correspond to 200 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

Fig. 8. Representative images of tubular structures illustrating: (A) variation in
diameters achieved using different external molds; (B) flexibility and bending
ability; and (C) suitability for suturing (size 5).

significant difference was observed between the impregnated and non-
impregnated structures (Fig. 10A). Considering the non-impregnated
samples group, there is a similarity between compositions that is in
accordance with the earlier reported results related to blended films
with similar polymeric composition and CHT-based tubular architec-
tures without cross-linking [8,36]. The impregnation of the structures
with the recombinant ELRs significantly reduced the water uptake
ability. This fact may be related to the observed reduction of porosity
that makes it difficult for water permeation into the structure as also to
the strength of the crosslinking at the surface of the polymeric archi-
tecture, which reduces water affinity due to the hydrophobic nature of
the ELRs [75,76]. This result favors the potential of the designed system,
as it suggests a structural stability of the structures in wet environments,
to have a reduced variability of its volumetry.

The correlation of the mass loss and the ACE release results suggest
that the ELRs impregnated at the tubular polymeric structures are
released after immersion in PBS for 7 days, as the mass loss percentage
for the impregnated structures is significantly higher (45 and 52 %) than
for the non-impregnated ones (13 and 18 %), being significative the
differences on mass observed between samples of the same composition
with and without ELRs impregnation. Comparing the results, it is likely
that the release of ELR may weaken the polymeric network, despite
representing only 0.4 % of the structure, the mass loss increases by
around 30 %, suggesting a microfragmentation of the polymeric
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Fig. 9. Tensile properties of the CHT/ACE/ALG tubular structures, with and
without ELRs impregnation, (A) elastic modulus; (B) ultimate tensile strength;
and (C) strain at maximum force. Significant differences were assigned with

ek ko and * respectively for p < 0.0001, p < 0.001, p < 0.01 and p
< 0.05.

structure in the media.

Considering the amount of ACE released to the media (Fig. 10C), the
achieved profile is similar between all the compositions, with only a
slightly higher release from the non-impregnated samples. Similarly to
earlier reports for blended formulations using the same ratio and poly-
mers, the formulations 4:3:1 are the ones with smaller ACE release in
PBS for each group [36]. This is attributed to the strongest chemical
interactions between the polymeric chains on this polymeric ratio,
which enhance the entrapment of ACE molecules within the structure.
This result agrees with the earlier reported study of the solvent casting
blended films mechanical evaluation assays, which reveal that the 4:3:1
composition exhibits superior network stability [36]. When comparing
samples of the same composition with and without ELRs impregnation,
the impregnated samples exhibit lower ACE release. This may be related
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Fig. 10. (A) Water uptake ability of the produced tubular architectures without and with ELR's impregnation; (B) Mass lost after 7 days in PBS of the produced
tubular architectures without and with ELR's impregnation; (C) ACE release quantification from the produced tubular architectures without and with ELR's
impregnation; and (D) ELRs release quantification from the produced tubular architectures with ELR's impregnation.

to the observed reductions in water uptake in these samples. According
to this, it was hypothesized that a lower water penetration on the
structure does not favor the water-soluble ACE release from the struc-
ture and consequent migration to the surrounding media. The quanti-
fication of ELR release (Fig. 10D) indicates a substantial release (i.e.,
above 70 %) of the impregnated ELRs into the surrounding media for
both tubular formulations. Overall, no significant differences were
observed between the release profiles of the two formulations, which
exhibited similar behavior characterized by an initial burst release
during the first few hours, followed by a plateau after 24 h. The slightly
higher ELR release observed for the 4:3:1 formulation at longer time
points aligns well with the trend observed in the mass loss assays, which
may suggest that structures with higher ACE ratios also support better
ELR's physical impregnation.

3.6. Direct contact with endothelial cell line

To evaluate the potential of the designed architectures for tissue
engineering applications, the cytotoxicity of the developed tubes was
assessed. Given that no significant differences were observed between
the ternary compositions, both demonstrating comparable performance
in the physicochemical tests, the in-vitro assays were conducted using
the 4:4:1 formulation. This formulation was selected due to its higher
ACE content, which is expected to have a positive influence on cell

10

performance. Additionally, to investigate the specific effect of ACE
incorporation within the formulation, experiments were performed
using structures consisting solely of CHT and ALG (CHT/ALG), while
maintaining the same polymeric ratio as in the ternary system. We have
observed an increase in cell metabolic activity over time (Fig. 11A),
significantly more evident for the sample containing ACE and ELRs.
Comparing CHT/ALG with CHT/ALG/ACE formulation, those contain-
ing ACE showed increased metabolic activity, especially on days 1 and 3.
A similar effect was observed for the CHT/ALG + ELR samples, where
the ELR release to the media enhanced cell metabolic activity over time.
According to the literature, it is known that ACE is not toxic to fibro-
blasts and endothelial cells, and it has significantly stimulated the pro-
liferation of gingival fibroblasts and the expression of vascular
endothelial growth factor (VEGF) [36,43,77]. ACE can bind to mannose
residues present in fibroblast surface receptors, triggering the secretion
of important growth factors and extracellular matrix proteins that
stimulate cell proliferation [36,43], increasing cell viability in damaged
or healthy cells, owing to its antioxidant effect. Besides the less pro-
nounced ACE effect in endothelial cells, an in vitro study demonstrated
an up-regulatory effect on TGF-f1 and VEGF gene expression in a dose-
dependent and time-dependent manner [78]. These studies corroborate
the positive effect we observed with the formulations containing ACE
[36,43,78]. Moreover, these results are aligned with a previous inves-
tigation, which demonstrated that scaffolds coated with tropoelastin
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inhibit the development of intimal hyperplasia, thereby promoting the
attachment and proliferation of endothelial cells [79]. In a separate
study [80], it was observed that exposed elastin sequences can elevate
the levels of matrix metalloproteinases (MMP-2), which facilitate the
degradation of connective tissue growth factor (CTGF). This degrada-
tion, in conjunction with transforming growth factor-beta 1 (TGF-p1),
increases the concentration of free vascular endothelial growth factor
(VEGF), thereby enhancing angiogenic activity [80].

Blending different polymers can help to tailor the system properties
and behavior [35]. We observed a synergistic effect in the formulation
containing both ACE and ELRs. Cell contact assays showed that samples
with ACE and ELRs exhibited higher metabolic activity and a significant
improvement in cell adhesion and viability (Fig. 11B and C). Cells often
do not adhere well to CHT/ALG structures because both polymers are
highly hydrophilic and lack sufficient adhesion points. In contrast, ACE,
a bioactive polysaccharide, provides ECM-like properties due to the
presence of functional groups that mimic ECM structures, thus encour-
aging cell adhesion [81]. Moreover, ACE also supports signaling path-
ways associated with wound healing and tissue regeneration. The
incorporation of ELRs in the system provides additional cell-adhesive
domains, due to the presence of RGD sequences, which integrin re-
ceptors on cell membranes readily recognize.

The combination of ACE and ELRs with CHT/ALG enhances surface
characteristics, offering a better balance between hydrophilicity and
bioactivity. The improved microenvironment supports cell attachment
and proliferation more effectively than the CHT/ALG alone. Collec-
tively, ACE and ELRs provide chemical and structural cues that bridge
the gap between artificial and natural ECM, making the CHT/ALG/
ACE+ELR more conducive to cell adhesion and growth.

4. Conclusions

CHT/ALG/ACE tubular architectures were successfully produced
using freeze-drying methodology. The presented results indicate that a
uniform and stable tubular structure free of defects (such as cracks and
holes) can be achieved, demonstrating the effectiveness of the approach
used. The proposed polymeric blended material and fabrication tech-
nique enables precise control over the graft's diameters by modifying the
mold used. The designed structures support the hypothesis that blending
different polymers in a molding solution allows for tailoring system
behavior, properties, and degradation profiles.

The successful impregnation of ELRs resulted in a notable enhance-
ment of the mechanical performance of the architectures. Furthermore,
the bioactive potential of the system components, including polymers
and peptides, facilitated the development of a multifunctional system,
through their controlled release into the surrounding environment. A
comparison of structures derived from various formulations revealed a
reduction in porosity across the walls and interior of the tubes following
the impregnation with proangiogenic ELRs. The ELRs, deposited on the
surface and within the pores, acted as a functional coating without
compromising the device's essencial role in nutrient and oxygen diffu-
sion. The sustained release of the bioactive compounds, including ACE
and ELRs, was ensured over time, which enhanced endothelial cells
viability over time, further validating the system's potential.

This proof of concept confirms the feasibility of the proposed system
for tissue engineering applications, particularly as a blood vessel sub-
stitute, pending further characterization. Future work will focus on
verifying the clinical applicability of this system as a vascular graft. A
systematic assessment of the construct's diameter range (from 3 mm to
10 mm) will determine its suitability for small- and medium-diameter
applications. Evaluating the flow dynamics of the graft under simu-
lated physiological conditions will be crucial for optimizing hemody-
namic performance and minimizing thrombosis risk. Additionally,
quantitative assessments of suture pull-out resistance, and durability
through accelerated aging tests will offer deeper insights into the con-
struct's long-term mechanical integrity and structural resilience.
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Complementary in vivo studies in animal models will ensure the graft's
safety and efficacy for vascular reconstruction. These future studies will
contribute with critical data to support the scalability and viability of
this material as a durable vascular graft option.
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