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A B S T R A C T   

Vascularization is crucial for providing nutrients and oxygen to cells while removing waste. Despite advances in 3D-bioprinting, the fabrication of structures with 
void spaces and channels remains challenging. This study presents a novel approach to create robust yet flexible and permeable small (600–1300 μm) artificial vessels 
in a single processing step using 3D coaxial extrusion printing of a biomaterial ink, based on tyramine-modified polyethylene glycol (PEG-Tyr). We combined the 
gelatin biocompatibility/activity, robustness of PEG-Tyr and alginate with the shear-thinning properties of methylcellulose (MC) in a new biomaterial ink for the 
fabrication of bioinspired vessels. Chemical characterization using NMR and FTIR spectroscopy confirmed the successful modification of PEG with Tyr and rheo
logical characterization indicated that the addition of PEG-Tyr decreased the viscosity of the ink. Enzyme-mediated crosslinking of PEG-Tyr allowed the formation of 
covalent crosslinks within the hydrogel chains, ensuring its stability. PEG-Tyr units improved the mechanical properties of the material, resulting in stretchable and 
elastic constructs without compromising cell viability and adhesion. The printed vessel structures displayed uniform wall thickness, shape retention, improved 
elasticity, permeability, and colonization by endothelial-derived - EA.hy926 cells. The chorioallantoic membrane (CAM) and in vivo assays demonstrated the 
hydrogel’s ability to support neoangiogenesis. The hydrogel material with PEG-Tyr modification holds promise for vascular tissue engineering applications, providing 
a flexible, biocompatible, and functional platform for the fabrication of vascular structures.   

1. Introduction 

Vascularization ensures cells receive nutrients and oxygen while 
removing metabolic waste. However, achieving proper tissue vascular
ization remains one of the primary challenges in tissue engineering [1]. 
Most current approaches still rely on pre-existing blood vessels to grow 
into the engineered tissue, which limits the size and complexity of the 
constructs. The arterio-venous loop (AVL) is a promising method 

investigated for connecting implanted blood vessels to the host’s 
vascular system [2]. However, its effectiveness is limited in tissues with 
densely packed capillaries [3]. Alternatively, in vitro vascularization 
strategies can be used. Several approaches including channel molding, 
cell sheet folding, the use of the fugitive ink and electrospinning have 
been proposed to fabricate small-diameter vessels [4]. 

Advantages of 3D printing for vascular constructs include the ability 
to create complex, patient-specific geometries, mimic the intricate 
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vascular network, facilitate the integration of multiple cell types, and 
promote functional vascularization [5,6]. Perfusion is essential to secure 
the survival of tissue grafts and various 3D fabrication strategies have 
been developed for this purpose. Stereolithography-based 3D printing 
has been employed to create complex hollow networks by selectively 
curing photo-crosslinkable hydrogels. For instance, digital light pro
cessing (DLP) - based bioprinting can create functional vascular topol
ogies utilizing photo-curable polyethylene glycol diacrylate (PEGDA) 
hydrogels [7]. 3D extrusion printing has the capacity to construct 
hydrogel channels with an emphasis on regularity and designed model 
fidelity [8]. 

The application of extrusion printing or pore-forming printing for 
sacrificial filaments of gelatin, agarose or Pluronic F127, has been 
widely utilized to create open channels within hydrogel matrices. This 
method facilitates the fabrication of vessel-like structures [9,10,11]. For 
the creation of microchannels, Kawara et al. used microwires that create 
precise microchannel patterns mimicking the size of capillaries [12]. 
While vessel-mimicking structures are fabricated, subsequent 
post-fabrication steps [13] such as dissolution or removal of the mold 
are required. Moreover, the intricate nature of sacrificial structure cre
ation imposes constraints on the size and shape of the vessels [14]. In 
contrast, the 3D coaxial printing method offers the advantage of 
straightforward control over vessel dimensions through basic adjust
ments of printing parameters such as material flow rate and nozzle size 
[13,15]. Several studies have reported successful coaxial printing of 
tubular structures that replicate blood vessels using various biopolymers 
such as gelatin and alginate (Alg) [16,17]. The methacrylated 
gelatin-alginate (GelMA-Alg) microfibers encapsulating endothelial 
cells (ECs) could form a vasculature-like structure [18]. However, the 
materials comprising GelMA or Alg showed low flexibility [19]. A few 
studies have focused on the development of flexible blood vessel grafts 
and most of them cover the fabrication of larger (>2 mm) vascular grafts 
[20,21] with the persistence of issues related to flexibility and limitation 
in the fabrication of vessels <1 mm in diameter. For instance, Carrabba 
et al. used the electrospinning technique to design a multilayer vessel 
structure, but despite promising results, the vessels had a diameter >5 
mm [22]. Kaufmann et al. employed flexible resin and used stereo
lithography to fabricate vascular grafts, though they did not reported 
biocompatibility and endothelialization potential of the constructs [20]. 
Molding technique in custom-prepared Teflon molds was also used to 
obtain stable bilayer hydrogel tubes, however with internal diameters of 
1.5 mm and larger [23]. Hann et al. achieved biomimetic, flexible ves
sels by combining fused deposition modeling (FDM) printing with co
axial printing [24], yet, this multistep process remained challenging and 
could not produce channels with diameter below 2 mm. Another group 
utilized decellularized aorta ink and extrusion printing for flexible ves
sels, but faced limitations in achieving structure below 10 mm in 
diameter [21]. Improvement in vessel elasticity was explored by 
combining GelMA with alginate dual-network [16,25], suggesting the 
inadequacy of pure GelMA hydrogels [26]. Studies highlighting 
improved mechanical properties in fabricated vascular grafts [20,24] 
often involve materials with inferior biocompatibility [27] or require 
the incorporation of additional materials into the GelMA chain for the 
robustness of the construct [28]. For example, the combination of 
GelMA and poly (ethylene glycol) (PEG) enhances mechanical proper
ties, i.e., compressive modulus and printability compared to individual 
PEG and GelMA hydrogels [29,26]. The interplay between ionically 
crosslinked alginate and covalently crosslinked GelMA was used to 
adjust the mechanical and rheological properties of hydrogels [30]. 

This study aims to create a hydrogel formulation for fabricating 
flexible and permeable small-diameter vessels. By combining the 
viscoelastic properties and cell interactions of gelatin and alginate with 
the elastic properties of PEG, we aim to bridge the gap between capil
laries in the micron range and arteries/veins measuring at least 1 mm in 
diameter [31]. In our hydrogels, PEG-tyramine undergoes enzymatic 
crosslinking, forming covalent bonds with tyramine residues at the ends 

of PEG-chains. This covalent integration enhances the structural stabil
ity and mechanical properties of the hydrogel, accounting for enhanced 
elasticity and flexibility. PEG-tyramine and GelMA also introduce co
valent crosslinks within the alginate matrix through enzymatic and 
photo-mediated reactions, offering a dual (covalent-ionic) crosslinking 
strategy. Besides, the addition of PEG-tyramine further enhances 
biocompatibility and may improve the overall performance of the 
GelMA-based hydrogel [32,33]. We have designed a prototype vessel 
system using a single processing step of coaxial printing and a tailored 
PEG-Tyr bioink, resulting in flexible, self-supporting, perfusable 
vascular models. We investigated vessels’ perfusion, permeability, and 
colonization by ECs. 

2. Experimental section 

2.1. Materials 

Gelatin from porcine skin (type A, gel strength 300 bloom), sodium 
alginate (Alg – alginic acid sodium salt from brown algae, with a mo
lecular weight of 120–190 kDa), phosphate-buffered saline (PBS), 
Methacrylic anhydride (MA), Sodium persulfate (SPS), hydrogen 
peroxide (H2O2), horseradish peroxidase (HRP, 271 U/mg) and fluo
rescein isothiocyanate–dextran (FITC–Dextran, MW 70 000) were pur
chased from Sigma-Aldrich (St. Louis, MO, USA). Deuterium oxide 
(D2O) was purchased from Tokyo Chemical Industry (Tokyo, Japan). 
Riboflavin 5′-monophosphate sodium salt (Rb) 73–79 % fluorometric 
was obtained from J&K (Pforzheim, Germany). Methylcellulose (MC, 
Metolose SM-4000, 27.5–31.5 % of methyl groups) was kindly provided 
by Shinetsu Chemical Co. Dialysis membrane (Mw cut-off (MWCO): 14 
kDa) was from Membra-Cel™ (Serva Electrophoresis, Heidelberg, Ger
many). Polyethylene glycol (PEG; 10 000 Da) and Tyramine hydro
chloride (Tyr) were purchased from BIOSYNTH (Berkshire, MA, USA). 4- 
Dimethylaminopyridine (DMAP) 99 %, 4-Nitrophenylchloroformate 97 
%, Trimethylamine (pure 7.3 M), trypsin/EDTA, Glutamine, penicillin- 
streptomycin, fetal bovine serum (FBS), Dulbecco’s Modified Eagle 
Medium (DMEM) with high glucose, Hoechst, and Ethidium homodimer 
were purchased from Thermo Fisher Scientific (Waltham, MA, USA). 
Alexa Fluor 488 – Phalloidin (ab176753) was obtained from abcam, 
Belgium. Dichloromethane, Diethyl ether and Methanol were purchased 
from Chem-Lab (Zedelgem, Belgium). EA.hy926 endothelial cells were 
supplied by ATCC® (American Type Culture Collection). 

2.2. Biomaterial modification 

Methacrylated gelatin was prepared as previously described [34] 
based on existing reports [35,36]. The synthesis method of PEG-Tyr was 
performed with slight modifications of previous works [37,38] as 
described in the supplementary information (S1.1). 

The modifications of the polymers (gelatin and PEG) were verified by 
1H NMR analysis using a spectrometer (JEOL JNM-ECZ600 R/S3) with 
D2O as the solvent and a FTIR spectroscopy device to record ATR-FTIR 
interferograms (Nicolet Summit PRO, Thermo Fisher Scientific, Wal
tham, MA, USA) within a scan range of 4000–400 cm− 1 and a resolution 
of 1 cm− 1. The tyramine content and the modification were monitored 
by UV spectrometric measurements, described in supplementary infor
mation (S1.1). 

2.3. Formulation of biomaterial inks 

2.3.1. Formulation of the shell ink 
Several shell ink formulations were prepared based on GelMA, 

alginate, and MC with or without PEG-Tyr (Fig. 1, S1.2). GelMA, algi
nate and MC were placed in an amber glass bottle and dissolved in 
deionized water at 35 ◦C under stirring. Next, Rb and SPS were 
sequentially introduced to achieve 2 mM and 20 mM concentrations, 
respectively [39]. The mixture was stirred for 15 min before placing it in 
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cartridges and allowing it to cool down to room temperature before 
printing. 

After obtaining a printable ink for the shell structure, PEG-Tyr with 
different concentrations (Table 1) was added to the formulation to in
crease the flexibility and stretchability of the biomaterial ink. Enzymatic 
crosslinking of the PEG-Tyr was achieved by the addition of a solution of 
HRP to reach a final concentration of 10 U/mL (SI, Table S1). 

2.3.2. Formulation of the core ink 
For the formulation of the core ink, 1 % (w/v) of gelatin was dis

solved by stirring at 35 ◦C in 100 mM calcium chloride solution [17,40, 
41]. 

2.4. Coaxial 3D printing and hydrogel formation 

The hollow scaffolds – vessels were printed using a GeSIM Bio
Scaffolder 3.2 (Radeberg, Germany). The print head consisted of two 
concentric needles attached to the core and shell cartridges containing 
biomaterial inks. The cartridges were connected to compressed air 
valves that can be controlled independently and thus allow the extrusion 
of the core and shell inks (Fig. 1B). Before printing, the warm inks 
(35 ◦C) were placed in a UV-protected 10 mL cartridge and air bubbles 
were removed by ultrasonication for 30 s. The shell ink was extruded by 
an 800 μm diameter needle using a pressure between 70 and 75 kPa. The 
core ink was serving as a crosslinking slurry. For the core part, a needle 
of 200 μm diameter was used with a pressure of 5–8 kPa. The inks were 
extruded on a Petri dish, at a print head speed of 6 mm/s. Once printed, 
vessels were crosslinked (Fig. 1C) to obtain stable hydrogels. Photo
crosslinking of the hydrogels was performed for 2 min using a visible 
light source (Dymax, VisiCure – 405 nm, Mavom, Kontich, Belgium). For 
the inks, having PEG-Tyr in their formulation, the enzymatic cross
linking was performed by spraying a 1 mM solution of H2O2 (approx. 
300 μL) on the printed structures. The fabricated hydrogels were then 
immersed in distilled water to prevent them from drying out. 

2.5. Characterization of the inks and hydrogels 

2.5.1. Rheological behavior 
The rheological characterization of the hydrogels and the biomate

rial inks was performed using a plate-plate rheometer (Anton Paar MRC 
302, Graz, Austria), with a 25 mm diameter plate, as described in sup
plementary information (S1.3). 

2.5.2. Printability screening 
A printability screening experiment was performed to determine an 

appropriate pressure range and validate extrudability and shape fidelity 
for inks with varied concentrations of PEG-Tyr (0–4 %) as described in 
the supplementary information (S1.3). 

2.5.3. Swelling and degradation 
The swelling and degradation of hydrogels were determined as 

described in the supplementary information (S1.3). 

2.5.4. Morphological evaluation 
The visualization of the printed vessels, the channel’s diameter, and 

their microstructure, was carried out using a light microscope (Leica 
DMi8 Microsystems, Wetzlar, Germany) and a scanning electron mi
croscope (SEM) (FEI Quanta 200 FEG) [42]. The wall porosity and 
channel geometry were evaluated with a high-energy SkyScan 1272 
micro-CT (μCT) system (Bruker Belgium SA Laboratory, Kontich, 
Belgium) as described in the supplementary information (S1.3). To 
investigate the porosity in a wet state, the vessels were prepared as 
described in Sections 2.3 and 2.4 with the inclusion of FITC-Dextran [43, 
44]. Then, using the confocal microscope (ZEISS LSM 900, 5× objective 
lens), z-stack images were taken to visualize the vessels in their wet state 
[43]. 

2.5.5. Compressive and tensile strength measurements 
Mechanical properties of gel and PEG-gels were evaluated with a 

mechanical testing machine (Shimadzu AGS, Hertogenbosch, The 
Netherlands) with a load cell of 20 N. 

The compressive and elastic moduli were obtained from the slope of 
the linear region of the stress-strain curves. To evaluate the elongation of 
the hydrogel, measurements of hydrogel length were taken before and 
after stretching. The integration value of the area under the stress-strain 
curve was reported as hydrogel toughness [45]. Details are provided in 
the supplementary information (S1.3). 

2.5.6. Endothelial EA.hy926 cells and hydrogel seeding 
The EA.hy926 transformed cell line was used to investigate the 

properties of our hydrogel-material in vitro as it was previously 
demonstrated to preserve the properties of the primary Human Umbil
ical Vein Endothelial Cells (HUVECs) [46]. To evaluate hydrogel 
biocompatibility and ability to serve as a support for cell growth and 
proliferation, ECs were seeded on the material and cultured for 1–7 days 
to examine cell behavior as described in the supplementary information 
(S1.3). 

2.5.7. Cell viability and cytoskeleton staining 
Cell viability over time (1, 3 and 7 days) was assessed using the MTS 

assay (CellTiter 96® Aqueous One Solution Cell Proliferation Assay, 
Promega, Madison, WI, USA). The distribution of Live/Dead cells on 
hydrogel specimens after 24, 48 and 120 h was evaluated by incubating 
cells at 37 ◦C for 45 min with 10 μg/mL Hoechst and 10 μM Ethidium 
homodimer diluted in DPBS. Cytoskeleton staining was performed with 
10 μg/mL Hoechst and 2 μM Alexa Fluor 488 – Phalloidin in DPBS, with 
1 % BSA. Details of MTS assay, Live/Dead and cytoskeleton staining are 
described in supplementary information (S1.3). 

Cell morphology and adhesion were examined by SEM (as described 
in the SEM section) in cell-seeded scaffolds fixed by 2.5 % glutaralde
hyde solution, and subsequently dehydrated with graded ethanol series 
(50, 75, 90 and 98 %) before air-drying for 3 days and metal-coating. 

2.5.8. Chorioallantoic membrane (CAM) assay 
The CAM assay was used to investigate hydrogel material biocom

patibility and angiogenic properties according to a previously described 
method, with slight modifications [47–49], as described in the supple
mentary information (S1.3). We performed a quantitative analysis of the 
vessel area, total vessel length and number of branching points for the 
specified area (rectangle marked in Fig. 7F, G, H) from each taken 
photograph [49]. 

2.5.9. In vivo studies - sub-fascia implantation rat model and hydrogel 
testing 

Adult female Wistar rats (250–300 g) were used in the sub-fascia 
implantation model experiments. On the subfascial plain above the 
spinotrapezius muscle on each animal’s dorsum, two pockets were 
created in order to implant the hydrogel (on the left side) and the glass 
fiber as the negative control (on the right side). Implanted materials and 

Table 1 
Different hydrogel precursors - inks and hydrogel formulations, tested for 
fabrication of the shell part of the vessels.  

Polymers used for the formulations Hydrogel precursor 
- ink 

Hydrogel 

GelMA 
A % (w/ 
v) 

Alginate 
B % (w/ 
v) 

MC 
C % (w/ 
v) 

PEG-Tyr 
P % (w/ 
v) 

4 3 5 0 PEG0-ink PEG0-gel 
4 3 5 1 PEG1-ink PEG1-gel 
4 3 5 2 PEG2-ink PEG2-gel 
4 3 5 3 PEG3-ink PEG3-gel 
4 3 5 4 PEG4-ink PEG4-gel  
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surrounding tissue were explanted for histological analysis at different 
time points. 

Histological samples were marked with hematoxylin and eosin (HE) 
staining to identify the general features of the host tissue reaction. The 
number of blood vessels per mm2 was counted in four random fields per 
slide in both the hydrogel implantation site and in the surrounding tissue 
(perilesional). The photomicrographs were analyzed using NDP view 
software. The counted lumens containing red blood cells were high
lighted on the histological images (red circles in the lesion and green 
circles perilesional). The microvessels’ densities were calculated as 
vessels/mm2. We also evaluated the levels of IL-8 in rats’ blood to check 
for inflammation. All histology images are included in the supplemen
tary files (S1.3). All the experimental procedures were approved by the 
Ethical Committee of Grigore T. Popa University of Medicine and 
Pharmacy of Iasi (registration no. 83/May 25, 2021) and are described 
in detail in the supplementary information (S1.3). 

2.5.10. Perfusability evaluation 
The perfusability of the vessels was evaluated using an in-house built 

polydimethylsiloxane (PDMS) microfluidic chamber under steady-state 
flow with a syringe pump (Perfusor® fm B|Braun), or a pressure 
controller (Microfluidic Flow Control System – Fluigent, Jena, Germany) 
and set of channels and Luer-lock connectors. A solution containing 
distilled water and blue or red food coloring was perfused through the 
vessel under microscopic observation. Flow rate ranged from 0.1 mL/ 
min, up to approx. 5 mL/min, to mimic blood flow in veins below 800 
μm [50]. For the burst pressure experiment, we initially set the pressure 
on the pressure controller and monitored it directly from the device. The 
set pressure was then systematically increased, until the tube eventually 
ruptured. At each pressure increase interval, the system was allowed to 
stabilize for approximately 10 s. To observe bursting, one end of the tube 
was sealed, leading to a gradual pressure buildup in the channel until 
failure [51]. Details are provided in the supplementary information 
(S1.3). 

2.6. Statistical analysis 

All data are presented as the mean ± standard deviation, on a min
imum of three independent measurement replicates. Statistical analyses 
were performed using a one-way ANOVA with a Tukey post hoc test. 
Differences between groups were reported as significant at p < 0.05. The 
letters used on a bar chart (a, b, c) represent statistical significance be
tween the groups. Bars with different letters are statistically different 
from each other at the significance level (p < 0.05). 

3. Results and discussion 

3.1. Rational design of hydrogel 

3.1.1. Biomaterial modification and chemical characterization 
A phenol-functionalized polyethylene glycol was synthesized in a 

two-step reaction by conjugating Tyr to the PEG backbone (Fig. 2A). 
First, an amine-reactive PEG (PNC-PEG-PNC) was synthesized using 
PNC molecules. The 1H NMR spectra of PNC-PEG-PNC showed two new 
peaks at 6.9 and 8.0 ppm, corresponding to the aromatic protons of PNC, 
distinct from the PEG spectra. This confirmed the conjugation of PNC to 
the PEG backbone [38]. In the second step, PEG-Tyr was synthesized 
through the formation of a urethane bond between Tyr and PNC. The 1H 
NMR spectroscopy of PEG-Tyr showed a doublet at 6.9 and 7.2 ppm, 
which corresponds to the aromatic proton of tyramine [37,38]. This 
observation confirmed the successful modification of PEG. The tyramine 
content was recorded by UV spectrometric measurement (Fig. 2B) and 
quantified based on the calibration curve (Fig. 2C). The PEG-Tyr sample 
contained 83.7 μmol of tyramine per gram of PEG-Tyr. This value is 
consistent with previous studies, reporting phenol content of 98–200 
μmol/g [32]. 

The chemical structure of PEG-PNC and PEG-Tyr was also charac
terized using FTIR spectroscopy (SI, Figure S1). The FTIR spectrum of 
PEG-PNC shows a peak at 1648 cm− 1 and 1561 cm− 1, which indicates 
the –NO2 group of PNC, confirming the presence of PNC molecules on 
PEG backbone [52]. Both the PEG-PNC and PEG-Tyr spectra show the 

Fig. 1. A) Formulation of the shell ink; B) Schematic of the coaxial printing setup assisted by a multifaceted crosslinking procedure (combination of ionic and 
enzymatic crosslinking with photocuring) with photo of the core-shell system of Bio Scaffolder used for vessel 3D printing; C) 3D printed vessels. 
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characteristic peaks of PEG, including the absorption band at 2884 cm− 1 

corresponding to the aliphatic C–H stretching band and peaks at 1466 
and 1341 cm− 1 corresponding to C–H bending vibrations. The IR bands 
at 1279 and 1095 cm− 1 demonstrate the stretching of the O–H and 
C–O–H bonds [53,54]. The peak at 1095 cm− 1 has a lower intensity for 
PEG-PNC and PEG-Tyr, likely due to the partial substitution of the O–H 
in PEG by molecules of PNC and tyramine. Additionally, peaks typical 
for amines (–NH stretching) at 3380–3280 cm− 1 are absent in PEG-Tyr, 
which shows that the tyramine is bonded via PNC to the modified PEG 
backbone [55]. The successful conjugation of PEG with Tyr was also 
demonstrated through the formation of a hydrogel upon 
enzyme-mediated crosslinking (SI, Table S1) [38]. The 1H NMR for 
modified gelatin has proven the presence of methacryloyl groups, in 
agreement with the literature [35]. The methacrylation degree of gelatin 
was estimated at 56 %, as we reported previously [34]. The degree of 
GelMA functionalization close to 50 % was previously reported to result 

in softer properties, which is more favorable for promoting vascular 
formation, compared with GelMA containing approx. 75 % of meth
acryloyl units [18]. 

3.1.2. Multifaceted crosslinking 
Ionic crosslinking at the interface of the shell and core material was 

employed during the coaxial extrusion. Ca2+ ions were introduced to the 
gelatin core, so that adjacent alginate chains with carboxyl groups 
formed ionic bonds with Ca2+, following the “egg box model” [56]. 
Photocrosslinking further stabilized the vessel structures after printing, 
leveraging methacrylamide and methacrylate side groups in GelMA’s 
chain. These groups formed covalent bonds upon visible light exposure 
using a photoinitiating system (Rb/SPS) [36,39]. In the final stage, 
enzyme-mediated crosslinking induced covalent bonds in PEG-Tyr 
chains. 

PEG-Tyramine contains tyramine functional groups that are 

Fig. 2. A) NMR Spectrum of PEG, PEG-PNC, PEG-Tyr, with synthesis route on the lefthand side; B) UV–visible spectroscopy of PEG, PEG-Tyr, Tyr; C) Calibration 
curve plotting the relation between absorbance and concentration of Tyr. 
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susceptible to oxidation. In the presence of an oxidizing agent, HRP, and 
H2O2 as the initiator, the tyramine moieties undergo oxidative reactions 
[39]. HRP catalyzes the conversion of tyramine to highly reactive 
o-quinone intermediates, which undergo C–C and C–O covalent bond 
formation with neighboring tyramine residues or other nucleophilic 
groups in the hydrogel matrix [37,57]. 

In this study, hydrogel precursors (polymeric blends) are referred to 
as “inks” and after crosslinking materials are referred to as “hydrogels”. 

3.2. Rheological characterization of the inks and hydrogels 

The viscoelastic properties of the inks and the hydrogels were eval
uated prior to printing (Fig. 3). All tested materials showed the prop
erties of solid viscoelastic materials as observed by higher G′ than G’’ 

(Fig. 3C and D) [58,59]. The inks showed shear-thinning and 
frequency-dependent behaviors which are suitable for extrusion 3D 
printing as observed in flow curve and frequency sweep results 
(Fig. 3A–E) [41]. Concerning the effect of PEG-Tyr on the rheological 
properties of the ink and hydrogel, the viscosity, G′ and G” of the ink 
formulation decreased by increasing PEG-Tyr concentration from 0 to 4 
% (Fig. 3A, and SI, S.2 A), which was not observed upon crosslinking 
(Fig. 3B and F and SI, S.2 B). The decrease in viscosity can be attributed 
to the presence of PEG (10 kDa), acting as a plasticizer, owing to its low 
viscosity and molecular weight [60–62]. However, the use of higher 
molecular weight (20 kDa) PEG has been reported to have a negligible 
impact on the material’s viscosity [13,37]. PEG chains are known for 
their ability to form flexible and hydrophilic structures. In the ink for
mulations that include PEG-Tyr, the PEG chains act as a spatial barrier 

Fig. 3. Viscosity and shear stress of A) inks B) hydrogels; Amplitude sweep C) inks formulations and D) hydrogels; Frequency sweep for E) inks and F) hydrogels. 
Representative plots from three independent measurements were shown. 
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between the polymer chains of GelMA, alginate and MC. This spatial 
separation enhances the molecular mobility within the ink, resulting in a 
decrease in viscosity [60,61]. The presence of PEG-Tyr facilitates the 
movement of polymeric chains leading to a decrease in both viscosity 
and elasticity [60–62]. With increasing PEG-Tyr concentration from 0 to 
4 %, there was a notable difference in the gap between storage and loss 
moduli of the inks in LVR, decreasing from 650 Pa to 115 Pa [63], 
resulting in a liquid-like system and therefore, poor printability 
(Fig. 3C). With increasing PEG-Tyr concentration (0–4 %), the flow 
point also shifted to lower shear strain values (from 100 to 10 %), 
implying that less pressure is required for the ink to flow in the nozzle 
during extrusion printing [63]. The addition of PEG-Tyr, up to 2 % (w/v) 
increased the loss tangent value (SI, Figure S2C). The loss factor, rep
resented by the loss tangent, is an indicator of the material’s ability to 
absorb and dissipate energy in response to deformation [64], and it 
reached the highest value of 0.4 at a PEG content of 2 %. This indicates 
the superior formability and flexibility of the PEG2-ink, compared to the 
PEG0-ink (with a loss factor of 0.25). After crosslinking, in both 
amplitude and frequency tests (Fig. 3D–F), all hydrogels showed a 
nearly 10-fold increase in the values of G′ and G″, demonstrating the 
stabilization of the hydrogel systems. The crosslinking density values 
were below 0.4 mol/m3 for the inks and above 2.1 mol/m3 for the 
hydrogels, indicating the successful crosslinking process (SI, Figure S2 
D) [63]. The highest density of the formed crosslinks was observed for 
PEG2-gel (4.1 ± 0.3 mol/m3), due to the enzymatic crosslinking of 
PEG-Tyr which strengthened the network, especially when the PEG-Tyr 
concentration remained below 3 %. Achieving an optimal extrusion 
printing requires a balance between the concentration of the PEG-Tyr 
and the associated material properties. Based on the rheological evalu
ation, we have determined that the ideal concentration range for 
PEG-Tyr lies between 1 and 2 %. 

3.3. Hydrogels’ mechanical properties 

In addition to rheological behavior, the presence of PEG-Tyr in the 
hydrogel formulation significantly influenced the mechanical properties 
and elasticity of hydrogels (Table 2, Fig. 4). To mimic blood vessels, the 
hydrogels must have similar strength and elasticity [65] to withstand 
blood pressure. The compressive modulus of hydrogels with PEG-Tyr 
was lower than ~8 kPa, compared to the reference – PEG0-gel (~15 
kPa), demonstrating that PEG-Tyr softens the hydrogel structure and 
decreases material stiffness, bringing material properties closer to native 
small blood vessels (Young modulus below 10 kPa) [65]. The addition of 
PEG-Tyr creates extra interactions between polymeric networks, 
improving the overall performance and robustness of the hydrogels. 
PEG-based hydrogels have previously proven their ability to tune ma
terial stiffness [27]. Hydrogels reported in this study are in the same 
order of magnitude as reported previously by Qingmeng et al. (13 kPa) 
for composite GelMA, alginate, modified PEG [66] and PEG-based 
hydrogels [67], which have proven good performance in tissue engi
neering applications. Additionally, bulk hydrogels with a modulus lower 
than 20 kPa were shown to get more efficiently colonized by cells 
exhibiting less rounded morphology [68], which agrees with our ob
servations during cell culture (Fig. 8E and F). Recently, Leonard-Duke 
et al., showed that PEG-based hydrogels with stiffness below 20 kPa 
can facilitate HUVECs sprouting, in terms of their number and length 

[69]. The influence of the PEG content on the mechanical properties of 
the hyaluronic acid-PEG hydrogel was investigated previously [37]. It 
was found that the higher the concentration of PEG is, the more hydrogel 
can be compressed without permanent deformation. We observed a 
similar relation in our study as hydrogels without PEG could be com
pressed up to 30 % while adding 1–2 % of PEG-Tyr material was com
pressed without fracture propagation to more than 55 % of its initial 
height (Fig. 4A–D). This proved that the addition of PEG led to the 
formation of hydrogel with boosted elastic properties [37]. Increased gel 
stiffness can translate for lower cell adhesion, migration, and vessel 
sprouting [69], leading to reduced permeability and increasing cell 
mortality [69]. The addition of PEG (up to 3 % w/v) also resulted in 
less-tough hydrogels 2–6 J/m3) (Table 2), which may provide a favor
able environment for cell infiltration [70]. The presence of plasticizing 
PEG and MC, which had not undergone cross-linking, can be the 
explanation for the relatively low toughness of our hydrogels [71] (see 
Table 3). 

Lack of sufficient elasticity in small-diameter vessels leads to small 
subcutaneous effusions when vessel breaks, but also promotes cellular- 
level dysfunction in the vessel wall [72]. Hence the current design of 
artificial vessels should address this issue. The linear structure of PEG 
chains allows them to slide over one another, and elongate when sub
jected to stress [73]. Concerning our hydrogels, when PEG-Tyr content 
increased from 0 to 4 %, stretchability (elongation at break) increased 
from about 40 to 110% (Fig. 4B and C). The phenomenon of necking 
deformation of the material was noted, while stretched to a certain 
point, which is not observed in brittle materials like pure GelMA 
hydrogel [16,74]. This suggests that the existence of crosslinked 
PEG-Tyr enhanced the networks and strengthened the entire system. The 
flexibility of PEG-enriched hydrogels, understood as enhanced elasticity, 
is mainly attributed to PEGs’ linear polymer chain and the lack of steric 
hindrance [73]. PEG-Tyr crosslinks (Fig. 4E) translate for the flexibility 
and stretchability of the material, despite the similar tensile strength 
(~20 kPa) noted for all hydrogels [73]. 

3.4. Morphological properties of the vessels 

Morphological analysis was performed for vessels made of PEG2-gel 
which demonstrated favorable printability and mechanical properties. 
The μCT and SEM measurements provided the presence of a hollow 
inner channel within the constructs, confirming the successful fabrica
tion of vessel-like structures (Fig. 5A–E). Fig. 5A–G revealed the uniform 
porous structure of the hydrogel in a dry state. (Fig. 5F). 

To characterize the structural properties of the vessels in a wet state, 
we visualized freshly printed vessels containing FITC-labelled dextran 
macromolecules with a confocal microscope. The wet hydrogel shows a 
porous structure (Figure S9, SI), with smaller surface pores (Figure S9A, 
SI) and larger pores in the intrinsic layers (Figure S9 B-D, SI) [75], 
demonstrating the pore-forming capacity of our hydrogels [43,44]. 
Diffusional permeability of the hydrogel vessel may be seen in Fig. 6H in 
4–6 s of perfusion. Permeability in a wet state is crucial for the infil
tration of cells, provision of nutrients and metabolite transportation [76, 
77]. The vessel structure in the wet state owes its permeability mainly to 
the MC component, interlocked by the cross-linked polymers, however, 
gradually leaching out in the hydrophilic environment. Confirmation of 

Table 2 
Mechanical test data, based on tensile measurements.  

Hydrogel formulation Elongation at break [%] Tensile strength [kPa] 

PEG0-gel 37.8 ± 2.8 20.3 ± 3.3 
PEG1-gel 52.5 ± 3.3 21.2 ± 0.8 
PEG2-gel 63.1 ± 3.9 18.4 ± 3.4 
PEG3-gel 84.6 ± 2.7 22.9 ± 2.1 
PEG4-gel 108.3 ± 4.0 26.4 ± 2.1  

Table 3 
Mechanical test data, based on compression measurements.  

Hydrogel 
formulation 

Compressive 
Modulus [kPa] 

Compressive 
strength [kPa] 

Toughness [J/ 
m3] 

PEG0-gel 14.9 ± 0.1 9.0 ± 0.9 4.6 ± 0.9 
PEG1-gel 3.5 ± 0.8 >5.3 ± 1.0 5.9 ± 0.7 
PEG2-gel 7.6 ± 0.1 >21.5 ± 3.2 5.3 ± 1.3 
PEG3-gel 6.3 ± 0.3 4.3 ± 0.9 2.0 ± 0.1 
PEG4-gel 7.4 ± 0.6 14.5 ± 1.1 14.4 ± 2.1  
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this observation can be seen in Fig. 8D, where cells infiltrate a loosening 
polymer network and fill the voids of the vessel wall [44]. Structures 
with porosity and sponge-like architectures may allow ECs with a size 
between 14 and 15 μm to travel through the voids and attach to the 
GelMA chains with the help of RGD adhesion sequences [78,79]. 

3.5. Swelling and degradation mechanisms of the hydrogels 

The swelling capabilities of hydrogels help to mimic the native 
environment of tissues [80] and in addition to mechanics and rheology, 
provide insights into material stability in aqueous media. Hydrogels in 
this study absorbed most of the media (PBS) within the first 8 h of im
mersion at 37 ◦C (Fig. 5H). Swelling was equal to 850 ± 8.7 % for gel, 
and about 1.25 times lower for PEG1-gel (697.1 ± 4.6 %) and PEG2-gel 
(671.6 ± 8.6 %). Lower capability to absorb media can be attributed to 

an increase in crosslinking density resulting from PEG-Tyr presence as 
determined by inks and hydrogels rheological studies (SI, Figure S2 D). 
Despite the high ability of the hydrogels to swell, the perfusion channel 
is preserved and functional (SI, Figure S5 A, B) and inner tube diameter 
only slightly decreases (SI, Figure S5C, D). Generally, the higher the 
crosslinking density, the lower the swelling ratio [81]. However, as 
shown in rheological investigations, by further increasing PEG-Tyr 
concentration to 3 or 4 % G′ and G″ decreased and the hydrogels 
degraded faster. These hydrogels absorbed nearly double the amount of 
media, compared to gels with 1 or 2 % of PEG-Tyr. The structural 
weakening observed when PEG content exceeds 2 % may be explained 
by the fact that PEG acts as a plasticizer, neutralizing the effects of other 
cross-linking pathways [61,62]. PEG-Tyramine can enhance the 
hydrogel’s swelling behavior due to the hydrophilic nature of PEG 
moieties [32,33]. PEG has water-absorbing capabilities and imparts high 

Fig. 4. Representative stress versus strain curves for different hydrogels (with and without PEG, n = 3) A) tensile test and B) compressive test; Images taken during 
the mechanical test of the PEG4-gel are shown in C) for tensile test and D) for compression; E) Graphical representation of the elongation of PEG-Tyr chains in 
response to the tensile force. 
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hydrophilicity to the hydrogel. Additionally, tyramine groups can un
dergo oxidative coupling reactions, forming covalent bonds upon 
exposure to enzymatic or chemical stimuli [82]. This crosslinking can 
influence the hydrogel’s network structure, providing stability while 
allowing for water absorption and swelling. The extent of swelling may 
be modulated by the concentration of PEG-Tyramine and the degree of 
crosslinking achieved during gelation. 

Concerning the hydrogel degradation processes (Fig. 5I), the mass 
loss during the first days can be related to the dissolution of non- 
crosslinked MC, leaching and softening the structure prior to covalent 
bonds degradation [71]. PEG1-gel and PEG2-gel lost ~30 % of their 
mass in the first two days, while hydrogels with higher amounts of PEG 
(3 and 4 %) lost ~50 % of their mass in the same period. PEG is not easily 
degradable in a cellular environment, however, when it is blended with 
other biodegradable polymers such as gelatin or alginate, its network 
begins to disintegrate [83]. As previously shown, PEG-gel degrades 
within 6 weeks when blended with hyaluronic acid [37]. 

As shown in the μCT scan (Fig. 5A) and wet-sate fluorescent images 
(Figs. S9 and SI) vessel walls’ are similar to that of fenestrated or sinu
soidal capillaries [3]. A reduction of about 50 % of the hydrogels’ 
original mass was noted after two days but did not change significantly 
over the following two weeks (Fig. 5I). This may be due to the drawn-out 
process of breaking strong covalent bonds, not cleaved during the first 

days of immersion [84]. During the test, samples retained their original 
shape and did not fragment, proving the gradual dissolution of poly
mers. Such progressive degradation allows for gradual infiltration of the 
cells. In the context of vascular tissue engineering, thanks to the 
degradation mechanisms, a protective outer layer of the basement 
membrane can gradually form as the hydrogel scaffoldings get 
substituted with ECs and pericytes [85]. 

3.6. Core-shell printing of vessels 

Utilizing core-shell 3D printing and multifaceted crosslinking, we 
3D-printed vessels with uniform wall thickness and shape stability 
(Fig. 6D–F). According to the 3D printability test, the formulation with 4 
% GelMA, 3 % alginate and 5 % MC was selected as the reference ink – 
PEG0-ink (SI, Section S1.2.). This ink had a suitable viscosity to maintain 
the structure during printing [86] and to avoid nozzle clogging or 
creating breaks in the printed pattern [87,88]. 

To enhance the flexibility and stretchability of the printed vessels 
[13,37], 1–4 % of PEG-Tyr was added to the formulations and denoted 
as “PEG1-ink” to “PEG4-ink. Printability screening was carried out to 
first verify the impact of PEG-Tyramine on material printability (SI, 
Figure S3 A-E) and later establish suitable pressure conditions to print 
vessels (SI, Figure S4 A-C). PEG2-ink had good flow properties and 

Fig. 5. A) μCT scan showing a porous structure of the PEG2-gel vessel and an empty channel in the vessel interior; B) and C) show the reconstructed 3-dimensional 
PEG2-gel vessel structure with analysis of thickness and separation in vessel interior and exterior; D-G) SEM images of printed PEG2-gel hydrogels; H) Swelling test 
for hydrogels with varying PEG concentration; I) Degradation behavior of hydrogels with varying PEG concentration, n = 3. 
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strength after crosslinking (PEG2-gel), giving the printed vessels the 
desired flexibility. PEG3-ink and PEG4-ink were spreading uncontrol
lably even at low pressures disqualifying them from forming structures 
with lumen (SI, Figure S3 D, E). We therefore 3D printed the vessel’s 
shell layer using the PEG0-ink and PEG2-ink (Fig. 6A and B). 

The gelatin and Ca2+ ions in the core ink can be easily removed from 
the inner part of the tube by placing in warm water or culture media 
(~30 ◦C) [89]. Fig. 6F shows a printed tube before removing the core 
part, which is distinguished by red food coloring [17,40,41]. 

Endothelial cells are mechano-sensitive to vessel stiffening [90], and 
an ideal hydrogel mimicking natural vessels must be biocompatible with 
good cell adhesion and offer flexibility and stretchability [91,92]. 
Crosslinking also affects the spacing and arrangement of polymer chains, 
influencing the overall porosity of the hydrogel. The degree of cross
linking and its impact on porosity can be controlled by adjusting the 
concentrations of PEG-Tyr, Alg, and GelMA. Alginate contributes to 
ion-mediated crosslinking, methylcellulose influences viscosity and 
gelation [93], and gelatin might enhance cell adhesion and bioactivity 

Fig. 6. Evaluation of the vessels flexibility; A) Bending of the gel vessel; B) Bending and C) knotting of the PEG2-gel vessel; Optical microscope images of a printed 
vessel placed: D) vertically (showing the cross-section); E) horizontally (showing dimensions of hollow channel); F) printed vessel before removing the core part; G) 
In-house-made setup for perfusion tests, showing the PDMS chamber with channels and vessel fixed and perfused during experiments; H) Perfusion test carried out 
for the PEG2-gel vessel, under the optical microscope. Scale bar corresponds to 1 mm unless stated otherwise. 
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Fig. 7. A) Live/Dead staining of EA.hy926 cells cultured on A) PEG0-gel and B) PEG2-gel, scale bars correspond to 100 μm; Cell viability results after C) 1 day, D) 3 
days and E) 7 days for cells cultured on PEG0-gel, PEG2-gel, gelatin layer (used as an experiment control-100 % viability indicated by the dashed line), n = 3; 
Photographs of the different stages of CAM development (n = 3) at 0 h, 6 h, 24 h and 48 h, where: F) control, G) samples with the PEG0-gel and H) samples with the 
PEG2-gel. The first column shows the entire CAM area, the second column shows the area where the material was placed and used as a region of interest (ROI) for the 
quantitative evaluation, and the third column is a binary version of the ROI used for the evaluation of the formed blood vessel network, scale bars correspond to 10 
mm. Based on the images analysis, I) the total vessel length, J) the total vessel area and K) the number of branching points, calculated at different experimental 
time points. 
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[34]. 
We examined the vessels’ flexibility and elasticity through basic 

bending and knotting. PEG2-gel vessels withstood bending (Fig. 6B) and 
knotting (Fig. 6C), due to the elasticity introduced by the addition of 
PEG. However, the vessels printed with PEG0-ink were not flexible and 

fractured upon bending (Fig. 6A). This rigidity can be due to the rapid 
cross-linking of alginate, leading to the formation of a brittle and stiff 
material [94]. Coaxial printing added flexibility to the structures and 
significantly decreased the channel size compared to the dimensions 
achievable in conventional extrusion printing (from about 4 mm to 

Fig. 8. SEM images of 3D-printed, vessels showing A) cells adherence to the surface of PEG2-gel, B) cells located concentrically around the vessel inlet; C) Schematic 
representation of cell seeding in the interior and exterior of the vessels; D) Confocal image of vessel cross-section revealing cells infiltrating voids in vessel wall; E) 
Bright-field image of cells adjacent to the vessel scaffold; F) Confocal images showing cells adhering to the vessel, with cytoskeleton stained in green and nuclei 
in blue. 
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300–400 μm) [95]. This made the printed geometry closer to its natural 
form [95]. PEG0-gel-vessels’ had an outer diameter of 660 ± 14.4 μm, 
an inner diameter of 320 ± 5.9 μm and an average wall thickness of 168 
± 19.4 μm. The 2 % PEG-Tyr had no significant impact on the di
mensions. We succeeded in fabricating vessels with diameters smaller 
than previously reported for coaxial printing (630–1300 μm) without 
impairing critical structural integrity [96]. 

We aimed to mimic the morphological features of sinusoidal and 
fenestrated capillaries. This approach involves creating a single porous 
layer, serving as a means for structural prevascularization in tissue- 
engineered scaffolds to enhance scaffold vascularization in vitro. Ex
aminations of cross-sectioned tubes revealed a uniform wall thickness 
(Fig. 6D), and an adjustable lumen size through process variables such as 
the nozzle diameter, printing speed, viscosity and degree of crosslinking 
[97]. Microscopic images revealed a uniform vessel wall (Fig. 6E). The 
tubes possessed sufficient rigidity to maintain their shape without 
collapsing due to gravity, thus retaining their initial geometry [16]. As 
such, coaxial 3D printing may be used to replicate arterioles and venules 
apart from large-diameter vascular structures [98,99]. 

3.7. Vessel’s perfusion and burst 

Vessels printed through coaxial methods can be perfused with fluids 
(Fig. 6G), facilitating cell growth and multiplication. Pressure fluctua
tions from 14 to 71 mmHg and from 11 to 52 mmHg can be noted in the 
arterial and venous parts of skin capillaries, respectively [72]. We suc
cessfully perfused our vessels with a defined pressure ranging from 18 to 
97 mbar (approx. 4–71 mmHg). To provide a better understanding of the 
vessel perfusion, we conducted flow experiments using a custom-made 
PDMS chamber (Fig. 6G). These tests confirmed the hollow structure 
of the printed vessels with continuous and smooth walls [16,97]. To 
assess permeability, we tracked the diffusion of a blue dye solution 
through the vessel walls [16]. Uniform surface thickness across the 
vessel, as depicted in Fig. 5C - μCT, revealed no variation in permeability 
within the walls. Hydrogels for vessel engineering should resist hy
draulic pressure to ensure continuous perfusion [89]. Despite the 
permeable nature of the material, it comprises interpenetrating polymer 
networks that reinforce the entire structure, allowing it to withstand the 
directional flow of the medium. The pressure that caused the bursting of 
the 3D printed vessels reached 283.3 ± 39.97 mbar (above atmospheric 
pressure) at the fluid feeder (SI, S2, Supplementary video, n = 6), cor
responding to a flow rate of 2.5 mL/min. Cui et al. noted similar burst 
pressures when testing similarly sized artificial vessels [51]. The re
ported pressure at burst is based on the readings of the pressure 
controller. 

3.8. Cell adhesion and growth 

PEG-Tyr accounted for the elasticity of the formed vessels and the 
GelMA fine-tuned the hydrogel-cell interactions. Gelatin and its de
rivatives contain native RGD adhesion motifs and therefore are 
preferred materials in regenerative applications [100]. To assess the 
biomaterials’ properties in vitro, we used the EA.hy926 transformed EC 
line. All tested hydrogels showed cytocompatibility (Fig. 7A–C, SI, 
Figure S7). The Live/Dead staining results revealed a few dead cells 
(Fig. 7A and B and SI, Figure S6 A, B), reassuring their high viability 
assessed via metabolic activity-based assay (Fig. 7C). After 24 h of the 
culture, both the PEG0-gel and PEG2-gel showed approximately 80 % of 
metabolically active cells. However, on day 3, PEG2-gel showed a sig
nificant increase in total cell number, compared to the control samples. 
We hypothesize that PEG-Tyr enhances the overall hydrophilicity of the 
hydrogel, accounting for high cell viability and cell-colonization of the 
printed structure. 

Cell studies, along with degradation test (Section 3.5), showed that 
the developed hydrogels may also further serve as an efficient platform 
for cell encapsulation. This is because the non-crosslinked MC dissolves 

and is cleared from the vessel scaffold’s volume in the initial days after 
implantation, resulting in a space for better cell-cell interaction [71]. To 
verify the material’s ability to integrate with the existing host tissue 
blood vessel network, CAM assays were conducted [47,101] (Fig. 7F–H). 
Following the two days of incubation, PEG0-gel and PEG2-gel samples 
did not show any cytotoxic effect on the blood vessel formation and 
embryo growth, compared to the CAMs development of eggs that were 
not subjected to any material. Representative photos of CAMs and their 
binary conversions, analyzed with ImageJ [102] are illustrated in 
Fig. 7F–H. Angiogenesis supporting properties of gel and PEG2-gel can 
be seen in an increase of vessel length and area occupied after 48 h in
cubation, compared to the control (Fig. 7I and J). Vessels grew on a 
significantly higher area for the PEG2-gel treated sample after 48 h. 
compared to the control. Furthermore, an insignificant increase was 
observed in the number of branching points in the vasculature that 
developed for PEG2-gel compared to gel and control (Fig. 7K), which 
may suggest that lower stiffness of the hydrogel with PEG can aid 
angiogenic events [69]. For all conditions, a progressive decrease in the 
vessels’ thickness was noted, as the incubation continued, reflecting the 
extensive vasculogenesis and angiogenesis during embryonic develop
ment [47,48]. This agrees with previous studies showing that 
gelatin-containing materials may beneficially impact new tissue devel
opment, including the process of angiogenesis [103]. The cell viability 
and staining results, combined with CAM development studies, showed 
the potential of the developed hydrogel for studies involving 
vascularization. 

EA.hy926 cells adhered to the PEG2-gel surface as observed in SEM 
images (Fig. 8A and B). Apart from the surface, cells on a PEG2-gel vessel 
highly populated the lumen entry after 7 days of culture (Fig. 8B). EA. 
hy926 cells, seeded by perfusion of cell suspension and statically 
cultured on the inner and outer wall of the hydrogel channels (Fig. 8C) 
[4] after 1 week of culture, were abundantly attached to the surface of 
the vessel (Fig. 8E and F). Blue nuclei staining with Hoechst (SI, 
Figure S8 A) patterned the vessel lumen when a cross-section was per
formed. The green staining of the cytoskeleton revealed good 
morphology of cells with pronounced focal adhesion sites [104] towards 
the hydrogel surface (Fig. 8F). This was further verified by confocal 
images (SI, Figure S8C, D) showing vessel arch with nuclei of the 
anchored cells. 

Additionally, the vessel cross-section (Fig. 8D and SI, Figure S8 B) 
revealed cells infiltrating voids in the vessel wall, entering the lumen 
from the exterior of the vessel. The high porosity and sponge-like 
structure of the vessel wall, as shown in SEM images, facilitate ECs 
travel through the pores of hydrogel easing channel endothelialization 
[78]. Therefore, we believe that coaxial printing in combination with 
our hydrogel can facilitate angiogenesis processes due to the geometry 
mimicking capillary structures, helping ECs cells to organize and create 
a lumen [98,105–107]. 

3.9. In vivo studies - subfascial implantation in rat model and hydrogel 
testing 

The implanted hydrogel material, both PEG0-gel and PEG2-gel did 
not affect the rat’s activity after surgery (assessed by the Grimace scale 
and weight measurements presented in Fig. 9D). The implantation 
procedure for control (glass fiber) and the hydrogel are depicted in 
Fig. 9A–C. There was no loss of animals throughout the procedure and 
after sub-fascia implantation, and all animals had a positive recovery. At 
each time point (10, 20 and 30 days post subfascial implantation), the 
dorsal region was shaved, and a square patch of skin was removed 
(Fig. 9E and F, top panel) for macroscopic observation of the implanted 
hydrogels. The implanted hydrogels after 10 days post-surgery caused 
no significant tissue response, neither with signs of necrosis nor infec
tion. There were no signs of inflammation or hematoma due to trauma of 
the incision and the hydrogel pouches are still visible. At 20 days post- 
subfascial implantation, healthy tissue can be observed with no visible 
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hydrogels onto the implantation site, but with the presence of detectable 
blood vessels (Fig. 9E and F), more highlighted in the case of PEG2-gel 
than the PEG0-gel or glass fiber (negative control). The same trend was 
observed after 30 days post-implantation when the vascular vessels 
occupied the entire implantation site when compared with the initial 
area. At the macroscopic level, the embedded hydrogels promoted 
vascularization of the subfascial layer. 

The histological evaluation denoted at 10 days post-implantation 
showed a granulomatous inflammatory response for both samples, 
characterized by macrophages, epithelioid cells, and multinucleated 
giant cells. 

Histological analysis showed areas of inflammatory edema, conges
tion, fibrin infiltrate rich in leukocytes (neutrophils, macrophages, 
lymphocytes, histiocytes), and fibrinous exudation for PEG0-gel and 
PEG2-gel. These processes were unnoticeable in the blood serum, as 
indicated by the determined IL-8 levels. 

The reaction was diminished after 20 and 30 days, respectively, 
when the hydrogels were infiltrated with lymphocytes, macrophages, 
giant cells, and just a few fibroblasts (Fig. 9E and F, middle and bottom 
panels). 

At 20 days, the inflammatory process persisted, but was less pro
nounced than at 10 days. Cellular and fibrinous exudations were 
reduced, with decreased congestion, edema, fibrinous exudation, and 
leukocyte influx. Condensed inflammatory cells, mainly rare macro
phages, and fibroblasts, were identified in the tissue matrix, primarily 
associated with microcirculation congestion and diffuse edema. A minor 
edema area was observed at 30 days post-implantation, along with 
connective tissue neogenesis (fibroblasts and collagen fibers) and neo
formation of blood vessels. 

The microvessel density (Fig. 9G and H), was higher in the PEG2-gel- 
implanted group (141.25 vessels/mm2) than that of the PEG0-gel group 
(121.20 vessels/mm2) at 10 days post-implantation, suggesting that 

Fig. 9. A) Schematic representation of the incisions made for material implantation; Process of the B) fiber glass implantation (serving as experiment control), C) 
hydrogel implantation (scale bars correspond to 5 mm); D) Rat’s weight measurements at each time point of the experiment; Implantation site of E) PEG2-gel, F) 
PEG0-gel, upon the removal of dorsal skin after 10, 20, 30 days (scale bars correspond to 5 mm), with corresponding H&E histological staining revealing newly 
formed blood vessels at the implantation site and perilesional, implanted hydrogel area is marked in blue (scale bars correspond to 800 μm); Vessel density for G) 
PEG2-gel and H) PEG0-gel at each time point of the experiment (in shades of red – vessel density at the implantation site, in green – perilesional); I) Levels of IL-8 
evaluated at each time point of the experiment. 
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hydrogels containing PEG were effective at promoting the vasculariza
tion among the groups. The number of perilesional blood vessels coun
ted on HE staining images was lower than on the implanted site for both 
materials (PEG2-gel = 88.33 vessels/mm2, PEG0-gel = 77.33 vessels/ 
mm2), suggesting that the scaffolds did not impact the area. At 20 days, 
an improved vascularization could be noted at the implanted site due to 
the scaffold integration into the connective tissue (PEG2-gel = 176 
vessels/mm2, PEG0-gel = 67.67 vessels/mm2). The number of the per
ilesional blood vessels reached equilibrium for both scaffolds (PEG2-gel 
= 52.33 vessels/mm2, PEG0-gel = 39.33 vessels/mm2). After 30 days 
post-implantation, when the scaffolds were fully integrated into the 
implanted tissues, the number of counted blood vessels began to 
equalize between groups (PEG2-gel = 104.16 vessels/mm2, PEG0-gel =
106.33 vessels/mm2). The similar values for both scaffolds suggested 
that the recruitment of new vessels from pre-existing vessels was settled 
at this point, but still ongoing in the surrounding (perilesional) tissues 
(PEG2-gel = 83.00 vessels/mm2, PEG0-gel = 88.67 vessels/mm2), as the 
increase was observed compared with 20 days. Although a significant 
difference was found in the HE analysis of the number of blood vessels 
on the two scaffolds at different time points, new studies are needed to 
draw clear conclusions in this regard. 

The levels of IL-8 (Fig. 9I) were used to evaluate the response of the 
immune system of the rats upon the hydrogel implantation. The serum 
IL-8 level showed relatively no differences between experimental and 
control sites in all time points except day 20 when the levels of IL-8 on 
both hydrogel types (PEG0-gel and PEG2-gel) rise by 38–39 % compared 
with control. This suggests that the compounds discharged from the 
hydrogels might cause the release of inflammatory mediators in the 
blood serum. The IL-8 level decreased up to 30 days post-surgery to a 
value similar to the control group. 

4. Conclusions and future outlook 

The fabrication of a vascular network for tissue engineering remains 
a great challenge. This is mainly due to the intricate nature of the blood 
vessel structure and the restrictions associated with the biomaterials 
available to provide a biologically effective implant. In this work, flex
ible vessel-like structures were coaxially 3D printed. The PEG2-gel has 
potential in the context of vascular tissue regeneration and printed 
vessels showed higher flexibility and elasticity than the one printed from 
PEG0-gel. Vessels maintained mechanical stability during and after 
printing, showed biocompatibility, and rendered cell adhesion and 
proliferation. Further optimizations and investigations are necessary to 
fully exploit the therapeutic potential and clinical translation of these 
fabricated vessels. A possible strategy for supporting the formation of 
nutrient and oxygen-carrying channels would be to prevascularize 
scaffolds before implantation by culturing them with the cells of interest. 
There is a persisting need for improved biomaterials with enhanced 
mechanical strength, biocompatibility and degradation characteristics. 
In addition, achieving precise control over microvascular architecture, 
especially in larger-scale constructs, remains a challenge. The accurate 
measurement of vessels burst pressure is challenging as the involved 
parameters such as pressure increase rate, the variations in methods to 
apply the pressure varies and a standard method can be developed in 
future. Moreover, scalability and the translation of 3D-printed vascular 
constructs to clinical applications necessitate addressing regulatory, 
ethical, and standardization issues. Our next steps will include exploring 
methods to integrate small-diameter vessels created using our approach 
with tissue constructs. Another point of interest should be the imple
mentation of bioprinting techniques that enable the simultaneous 
printing of vascular-like constructs and tissue-specific matrix scaffolds. 
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