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ARTICLE INFO ABSTRACT

Handling editor: P.Y. Chen Hydrogels are commonly used for tissue engineering applications due to their high water content, biocompati-
bility, injectability, and ability to mimic the extracellular matrix of native tissues. However, their weak me-
chanical properties limit their use, especially in load-bearing applications. In this study, we developed fibrous
architectures with a pre-defined shape using melt electro-writing (MEW) to strengthen injectable hydrogels. We
assessed the injection forces required to successfully extrude the hydrogel reinforced with MEW-printed struc-
tures, varying their geometry (square/hexagonal pores) and pore sizes (0.6, 0.8, 1.0 mm) through needles having
a size compatible with clinical applications. Our findings indicate that MEW structures with hexagonal pores
exhibit a higher tensile modulus than those with square pores. Additionally, the injection forces required to
extrude hydrogels embedding MEW structures through needles were greater for hexagonal pores. Thinner pores
and smaller needle diameters resulted in higher injection forces; a few conditions among the ones tested were
compatible with the limits defined by the EU ISO 7886-1:2018 standard. After injection and crosslinking,
hydrogels reinforced with MEW structures showed improved mechanical properties (up to 6.34-fold), particu-
larly when structures with hexagonal pores were used.
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1. Introduction hydrogels [9,12]. MEW is a 3D printing technology that offers precise

control over the deposition of micrometer-scale fibers, overcoming the

Hydrogels have emerged as promising materials in tissue engineer-
ing and regenerative medicine, due to their unique properties that
comprise high water content, biocompatibility, injectability, and ability
to mimic the extracellular matrix of native tissues, especially in the case
of natural hydrogels [1,2]. However, their inherently low mechanical
properties raise the need for reinforcements, to meet the mechanical
demands of various biomedical applications, such as their use in
load-bearing regions [3].

Different strategies have been pursued in the state-of-the-art to
reinforce hydrogels, such as the use of blends or interpenetrating poly-
mer networks [4-6], and the use of fillers (e.g., nanoparticles or fibers)
[7-11].

An exciting approach that has emerged in recent years involves melt
electro-writing (MEW) of fibrous structures or networks to reinforce soft
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spatial resolution of other methods, such as fused deposition modeling.
This technology enables the printing of micro and sub-micron fibers
[13-17] using a high voltage between a print nozzle and a collector to
stabilize the flow of the printing material, facilitating the controlled
deposition of fibers following a pre-set pattern [18]. MEW has been
explored for various tissue engineering applications [19,20], including
the fabrication of complex anatomically relevant porous micro-
architectures to engineer specific biological tissues [21-23]. Poly-
caprolactone (PCL) is a commonly used synthetic polymer in the field of
tissue engineering due to its low melting temperature (around 60°C),
biocompatibility, relatively slow degradation rate (2-3 years), and
attractive mechanical properties [20,24-26]. PCL-based structures are
commonly used to enhance the mechanical properties of hydrogels,
acting as reinforcing structures that can better withstand compressive
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and tensile forces [27]. Several studies have highlighted the potential of
reinforced structures fabricated ex-situ by combining MEW fibrous net-
works with the printing or casting of hydrogels for several tissue types,
including bone [28], cartilage [23], the osteochondral unit [29], or for
wound healing [22]. These structures can also guide cells via geomet-
rical cues [16,30], enabling the engineering of more structurally com-
plex tissues.

At present, strengthening hydrogels through MEW structures is
mainly pursued by developing these scaffolds outside the body and then
implanting them. This approach requires open surgery, which has its
limitations and lose the possibility of injecting the hydrogels directly in
place using a minimally invasive procedure. Moreover, ex situ-printed or
casted constructs hardly fit the site of interest once implanted (e.g., due
to swelling or deformation) in the case of load-bearing applications like
in articular cartilage [31]. An additional downside is the potential
contamination during transportation, manual implantation, and sutur-
ing [32].

Recently, injectable hydrogels to reconstruct or repair damaged tis-
sues adapting to anatomical constraints are gaining growing interest
[33-35]. To date, the injectability of MEW structure-laden hydrogels has
been only partly investigated. Castilho et al. [36] provided preliminary
proof of injectability and shape recovery of cardiac patches made from
ultra-stretchable microfiber MEW scaffolds with controlled hexagonal
microstructures, demonstrating successful extrusion through a
catheter-like tubing with a big inner diameter (@ = 1.5 mm) within
culture media. Wang et al. [37] explored the extrusion of a PCL-based
MEW ultra-flexible conductive scaffold with a gold nanolayer, show-
casing high flexibility and recoverability while reporting on the suc-
cessful injection rate relative to the coating layer. Nahm et al. [38]
visually demonstrated the injection of two-layer MEW structures made
from hydrophilic poly(2-ethyl-2-oxazine) (PEtOzi) through a glass
pipette within an aqueous medium, which exhibited good shape reten-
tion post-injection, although without measuring the injection forces.

Overall, no studies have quantified the injection force needed to
extrude hydrogels embedding MEW structures. However, this is an
important aspect since specific limits exist, as defined by the
EU-ISO-7886-1:2018 standard, to enable the clinical translation of
injectable hydrogels. Furthermore, the influence of shape and pore size
on injectability force has not been clarified, so far.

In this paper we explored the injectability of MEW structures-laden
hydrogels, by comparing square-shaped and hexagon-shaped pore de-
signs, and three different pore sizes (0.6, 0.8, and 1.0 mm). We char-
acterized these structures from a morphological and mechanical
viewpoint, and we quantified the injection forces needed to extrude the
MEW structures-laden hydrogels using needles of different sizes,
compatible with the clinical use. Finally, we quantified the mechanical
properties of the MEW-reinforced hydrogels after extrusion and subse-
quent hydrogel cross-linking, to verify the reinforcement level guaran-
teed by the presence of the MEW structures.

2. Materials and methods
2.1. Materials

GMP-grade polycaprolactone (PCL, CAPA-6500, Mw: 50 kDa) was
purchased by Ingevity (USA). Sodium alginate (A, code n. W201502),
gelatin from bovine skin (G, code n. G9382), calcium chloride (CaCly,
code n. C1016), gellan gum (GG, trademarked as GelzanCM), methacrylic
anhydride (MA), phosphate-buffered saline without Ca%t/ Mngr (PBS),
tris(2,2"-bipyridyl) ruthenium (II) chloride hexahydrate (Ru), and so-
dium persulfate (SPS) were purchased by Merck (USA). Dialyzing
membranes (MWCO 12-14 kDa) were purchased from CelluSep (USA).
VitroGel-RGD® hydrogel (VG-RGD) and Dilution Solution Type 1® were
purchased from Well Bioscience (North Brunswick, NJ, USA). Dulbecco
Modified Eagle Medium (DMEM) (Life Technologies, Bleiswijk,
Netherlands). Biopsy punches (diameter: 8 mm) were purchased by Kai
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Medical (Japan). Stainless steel needles (18G, 16G, and 14G) were
purchased by Nordson (USA).

2.2. Melt electro-writing of PCL structures

PCL was loaded and extruded through a custom-made MEW printer
[18] using 3 mL syringes with 22 G nozzles. The barrel and nozzle were
maintained at 87.5°C and 92.5°C within the print head during the entire
process. The syringe piston was pushed with an air pressure of 0.6 bar,
and the printer head moved at a printing speed of 15 mm/s. An initial
voltage of 6 kV was applied, with a collector distance of 5 mm. The
voltage was increased by 0.0129 kV/layer, and the print head was
increased by 22.7 pm/layer. The scaffolds (48 x 48 mm) were printed
with 40 layers per structure, resulting in a ~1 mm height structure. Two
pattern designs were investigated: a square pore size geometry, named
GRID, consisting of alternating layers with vertical (0°) and horizontal
(90°) fibers, and a hexagonal pore shape geometry, named HEX, with
honeycomb pore sizes. The pore size of both pattern designs varied
between 0.6, 0.8, and 1.0 mm. The pore size of GRID structures was
measured as the distance between two consecutive fibers, while for HEX
structures, it was determined as the radius of the circumscribed circle of
the hexagon. After printing, the structures were removed from the
printer bed and punched to a diameter of 8 mm using biopsy punches.

2.3. Hydrogels preparation

Gelatin (G) powder was dissolved in deionized water (d-H,0) to
achieve a concentration of 3 % w/v under magnetic stirring at 50°C for
1 h. Then, sodium alginate (A) powder was added to the solution to
reach a final concentration of 3 % w/v and stirred for 2 h, keeping the
temperature at 50°C. The AG blend solution (named A3G3 because each
component was at 3 % w/v) was then cooled to 25°C until use.

2.4. Morphological and mechanical characterization of MEW structures

Microscopical images of MEW structures after printing were ac-
quired through an inverted microscope (Olympus, XX) to evaluate the
GRID and HEX design with different pore sizes. The porosity of MEW
structures was calculated as reported in the Supplementary Materials
(section “Porosity of MEW structures”), based on the single unit of the
MEW structure shown in Fig. S1.

Punched MEW structures were covered by a thin Au layer using a
Mini Sputter Coater (model SC7620, Quorum, UK) to visualize them
with the scanning electron microscope (SEM, Phenom XL, Thermo
Fisher, USA). An intensity of 15 mA was applied for 60 s to depose a thin
film of ~5 nm in thickness under a sputter rate of 5 nm/min (at 15 mA)
following the datasheet. Then, the structures were visualized via SEM
under the high vacuum condition by setting a beam voltage of 5 kV.

Mechanical characterization in terms of compression and tensile
modulus was performed through an Instron Mechanical Testing System
(Instron, Norwood, MA, USA). Compression tests were performed with a
displacement rate of 1 mm/mm until fracture on two staked punched
structures to achieve a total height of ~2 mm [12]. Tension tests were
performed on cut structures with a rectangular shape (25 x 10 x 1 mm)
until fracture with a displacement rate of 1 mm/s. Compression and
tensile moduli were extracted as the slope of the stress-strain curves.
Stress was calculated as the ratio of the load (N) measured to the
cross-sectional area. Four MEW structures were analyzed in terms of
compression and tensile modulus.

2.5. Rheological characterization

The rheological characterization was carried out on the A3G3
hydrogel solution without embedding any MEW structure. All rheolog-
ical tests were performed using a rheometer (Anton Paar MCR-302,
Graz, Austria) with a cone-plate geometry (diameter: 50 mm, angle =
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1°) on the solutions immediately after preparation. The flow curves were
acquired at room temperature (25°C) at shear rates ranging from 0.1 to
1000 s~ ! in rate-controlled mode by selecting 10 points for each decade.
The viscosity was modeled as a non-Newtonian fluid according to the
following power law [39]:

n=Kj""! €8]
where 1 is the dynamic viscosity, y is the fluid shear rate, K is the con-
sistency index and n is the flow behavior index. The rheological indexes
were extracted from each curve and reported as mean + standard
deviation.

2.6. Injection of MEW structures

A custom setup was used with a 6 mL syringe and stainless-steel
needles of varying diameters (18G, 16G, and 14G) to test the inject-
ability of the hydrogel solutions. Each test involved the loading of one
punched structure (8 mm diameter) in 2.5 mL of hydrogel solution into
the syringe. The syringe’s piston was then compressed using a 200 N
load cell attached to a Zwick Mechanical Testing Machine (Zwick Roell,
Ireland). All tests were performed with a displacement rate of 2.5 mm/s
to measure the injection force. Results of the injection force tests were
presented as the difference between the maximum peak force recorded
during the flow of the MEW structure and the injection force value ob-
tained when extruding the unreinforced hydrogel. Four MEW structures
for each configuration were extruded to measure the injection forces
within the hydrogel solution.

2.7. Mechanical characterization of MEW-reinforced hydrogel

Punched MEW structures with an 8 mm diameter for all configura-
tions were added to a syringe containing the hydrogel and extruded into
cylindrical molds to create reinforced hydrogels. The excess hydrogel
solution was removed and then the MEW-reinforced hydrogels were
ionically cross-linked with a 1 % w/v CaCl; solution in d-H30 for 10 min
after injection. The Ca?* ions were able to penetrate through the whole
1 mm-thick reinforced hydrogel according to the model reported in
Palma’s study [40]. Controls were prepared by extruding just the
hydrogel without embedding the MEW structure and ionically
cross-linking. The cross-linked samples with and without the MEW
structure as reinforcement were mechanically compressed until fracture
using an Instron Mechanical Testing System (Instron, Norwood, MA,
USA) with a displacement rate of 1 mm/mm. Compression moduli were
extracted as the slope of the stress-strain curves, fracture strain and
fracture stress were extracted at the fracture point of the stress-strain
curves, and toughness values were the area under the stress-strain
curves. Four MEW structures for each configuration needles within the
hydrogel solution were extruded from 14G and cross-linked to evaluate
the mechanical properties.

2.8. Impact of different hydrogels on MEW structure injection and
mechanical properties of MEW-reinforced hydrogels

2.8.1. Preparation of VitroGel-RGD and methacrylated gellan gum
(GGMA) hydrogels

The VitroGel-RGD® hydrogel (VG-RGD) was prepared following the
manufacturer’s protocol. Briefly, the VG-RGD hydrogel solution was
directly mixed at room temperature (RT) with the manufacturer’s
Dilution Solution Type 1® at the ratio of 1:2. Then, DMEM was added to
the pre-crosslinked solution at the ratio of 4:1 (pre-crosslinked solution:
DMEM) at RT before use. We referred to the mixed hydrogel with VG-
RGD.

Concerning methacrylated gellan gum (GGMA), the methacrylation
procedure was performed similarly to previous works [41,42]. Briefly,
gellan gum (GG) powder was dissolved in d-H20, (1 % w/v) with a
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magnetic stirrer at 75 °C for 1 h. Then, the solution was cooled to 60 °C,
and 8.5 mL of MA per 100 mL of solution were slowly added. The so-
lution reacted for 6 h at a controlled pH range (8-9), then was centri-
fuged (3500 rpm for 3 min) at 30°C to remove the unreacted MA, and the
supernatant was diluted (1:2) with deionized water pre-heated at 40°C.
The solution was dialyzed at 60°C for 5 days, quickly frozen, and stored
at —80°C. Finally, aliquots were lyophilized (Labconco, FreeZone 2.5
Plus) for 3 days to obtain the GGMA powder and kept at —80°C before
use. The GGMA powder was also autoclaved at a temperature of 120°C
and a pressure of 1 bar for 30 min.

The GGMA hydrogel solution was obtained by dissolving the
lyophilized autoclaved GGMA powder in PBS at 37°C in a water bath to
achieve a concentration of 2 % w/v. Then, Ru (0.1 x 103 M) and SPS (1
x 10~3 M) were added to the GGMA solution to enable the matrix photo-
crosslinking in response to light. Ru/SPS, used as photo-initiators, are
featured by a high absorbance in the 400-500 nm range. Ru and SPS
were previously prepared as 20 x 107> and 200 x 10~3 M stock solu-
tions in d-H»0, respectively.

2.8.2. Rheological characterization and injection of MEW structures

Both hydrogel solutions (VG-RGD and GGMA) were rheologically
characterized without embedding any MEW structure following the
protocol reported in section 2.5.

To verify the influence of different hydrogels on injection force, the
structure design that resulted in the lowest injection force from the
previous injection test within the A3G3 hydrogel solution (i.e., GRID
structure with a 1.0 mm pore size) was incorporated into the VG-RGD
and GGMA hydrogel solutions. Then, the injection tests were carried
out following the same procedure reported in section 2.6.

2.8.3. Mechanical characterization

After the injection procedure, the hydrogel solutions were cross-
linked as follows. Briefly, the VG-RGD hydrogel solution was left sta-
bilizing for 20 min at RT after mixing with DMEM solution. The GGMA
hydrogel solution was cross-linked using a white LED source (RfQ -
Medizintechnik, GmbH & Co) for 60 s at an intensity of 18 mW/cm?,
applied at 1.5 cm from the top. Controls were also prepared by extruding
each hydrogel without embedding the MEW structure. The same
compression tests performed for A3G3 hydrogels and reported in section
2.7 were carried out. Then, the fold increase in compressive moduli
between unreinforced and reinforced cross-linked hydrogels was
calculated by dividing the moduli obtained with reinforcement by the
average compressive modulus of unreinforced hydrogels.

2.9. Statistical analysis

A normality test (D’Agostino-Pearson) was performed on all exper-
imental data to assess the data distribution, which did not have a normal
distribution in all cases. Data analysis was performed using a non-
parametric Kruskal-Wallis test and Dunn’s multiple comparison tests
to analyze significant differences between groups. Statistical analyses
were carried out using GraphPad Prism (v 8.0.2). The significance
threshold was set at 5 % (*p < 0.05) and 1 % (**p < 0.01). All data are
represented as box plots with median, minimum, and maximum with
min, max, and mean indicated with “+” symbol using GraphPad Prism
(v 8.0.2).

3. Results and discussion
3.1. Characterization of MEW structures

3.1.1. Structural and morphological characterization

The MEW printing technique enables the high-fidelity printing of
thermoplastic polymers. The cartridge is heated, and air pressure is
applied to the cartridge’s piston to extrude the material through a
stainless-steel needle. A potential difference between the needle and the
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printing bed is applied to attract the filament and obtain a well-defined
pattern, as shown in Fig. 1a. In this work, the MEW printing process was
used to fabricate a fibrous structure made of PCL with different pore
designs and sizes. Two patterns were investigated: a square pore size
geometry, named GRID, consisting of alternating layers with vertical
(0°) and horizontal (90°) fibers, and a hexagonal pore shape geometry,
named HEX, with honeycomb pores (Fig. 1b). Both patterns were
fabricated with three different pore sizes: 0.6, 0.8, and 1.0 mm. The pore
size of GRID structures was set as the distance between two consecutive
fibers, while for HEX structures, it was determined as the radius of the
circumscribed circle of the hexagon, as illustrated in Fig. 1b and Fig. S1.
The calculated porosities of the MEW structures are reported in Table 1.
Representative images of GRID and HEX structures varying in pore size
are shown in Fig. 1c. The average PCL fiber width was equal to 11.4 +
0.4 pm. Thanks to the spatial precision of the MEW printing technique,
PCL fibers were aligned at the intersection points of the structures in
both designs, as illustrated in the SEM images of Fig. 1d.

3.1.2. Mechanical characterization

The mechanical properties of the MEW structures were characterized
using uniaxial compression and tensile testing (Fig. 2). For compression
tests, MEW structures were punched with a biopsy puncher (diameter =
5 mm) and two punched structures were stacked on top of each other to
perform the compression tests (Fig. 2a and b). There was a non-
significant trend towards a decrease in the compression modulus for
higher pore sizes for the GRID structure (from 20.6 + 7.4 kPa for the 0.6
mm to 11.1 + 4.6 kPa for the 1.0 mm) (Fig. 2¢). This observation is
consistent with previous studies that printed MEW structures with
different pore sizes [12]. In contrast, the compression properties of the
HEX structures were 17.14 + 2.14 kPa, 12.35 &+ 3.95 kPa, and 18.22 +

a Air pressure b
P

Heater

High voltage
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Table 1

Porosities of MEW structures based on their pore shape and size.
Pore shape Pore size Porosity
GRID/HEX 1.0 mm 97.73 %
GRID/HEX 0.8 mm 97.17 %
GRID/HEX 0.6 mm 96.23 %

5.37 kPa for the pore size at 0.6 mm, 0.8 mm, and 1.0 mm, respectively.

Tensile tests were also performed by clamping rectangular-shaped
MEW structures (25 x 10 x 1 mm). We found that the pore shape and
size significantly influenced the tensile modulus of the fibrous structures
(Fig. 2e and f). A significant reduction was observed between the 0.6 mm
and 1.0 mm pore sizes for the GRID structures (from 196.3 + 18.2 kPa to
84.5 + 14.8 kPa) and between all HEX-shaped structures (from 553 +
36.3 kPa to 279.9 + 47.9 kPa). HEX structures generally displayed
significantly greater tensile modulus than GRID structures printed at the
same pore size.

Polyesters have the drawback of limited elastic deformation, and the
scaffold deformation can be improved by setting specific geometric
patterns. Honeycomb (e.g., HEX shape) is a common microstructure
used for several applications (e.g., cardiac stents) having a deformation
up to 40 % [43]. Our results showed a remarkable deformation, reaching
values higher than 400 % for all cases (Fig. 2e). Furthermore, the design
of the structures had a significant impact on their tensile modulus since
the hexagon shape is demonstrated to have a low percentage of energy
reduction with respect to other shapes (isosceles/right-angle triangle,
square, isosceles/right-hand trapezium) due to the high structural
deformation till break [44]. Generally, a smaller pore size implied a
stiffening of the structure, with HEX structures exhibiting higher values

GRID HEX

Fig. 1. The MEW printing technique for fabricating fibrous structures with square and hexagon-shaped pore designs. a) Depiction of the printing process through the
MEW technique: air pressure is applied to the cartridge’s piston to flow out the melted polymer by a heated cartridge; a high voltage is applied between the needle
and the printing bed to precisely depose the material. b) Depiction of the targeted MEW patterns: GRID (left) and HEX (right). The zoomed boxes highlight the pore
sizes considered in this study. c¢) Inverted microscope images of MEW structure made by precisely depositing melted PCL to visualize the variation in terms of pore
shape (GRID and HEX) and pore size (0.6 mm, 0.8 mm, and 1.0 mm); scale bar = 400 pm. d) SEM images of the intersection points of the MEW structures having a

GRID (left) and HEX (right) pattern; scale bar = 200 pm.
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Fig. 2. Mechanical characterization of MEW structures. a) Depiction of the compression test performed on punched MEW structures. b) Stress-strain curves recorded
during the compression test and c) the compression modulus of MEW structure varying the pore shape (GRID, light blue - HEX, red) and the pore size (0.6 mm, 0.8
mm, and 1.0 mm). d) Depiction of tension test carried out on cut rectangular MEW structures. e) Stress-strain curves recorded during the tension test with the zoomed
box showing the curves at strain up to 20 %. f) Tensile modulus of the previous MEW structure varying the pore shape size. Legend: */** = differences between pore
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size;
at each pore size than GRID structures. These findings are in contrast to
previous literature, which reported lower modulus values for
HEX-shaped structures compared to GRID ones, even when the pore
shape was rectangular [36]. The HEX-shaped structures were printed by
employing trapezoidal velocity profiles, which effectively doubled the
transitional speed compared to that used for printing GRID structures. As
a result, wider filaments were generated, enabling the successful crea-
tion of the desired shapes but also producing stiffer structures.

3.2. Evaluation of hydrogel injection forces varying MEW structure pore
shape and size

As shown in Fig. S4a, the flow curves of the A3G3 hydrogel solution
showed a consistent shear-thinning behavior, suggesting its suitability
as an injectable material. Rheological indexes were extracted by flow
curves of the A3G3 hydrogel solution and reported in Table S1 n was
equal to 0.64 £ 0.02, and K was equal to 2.58 + 0.38 Pa-s".

The injection forces were measured during the extrusion of MEW
structures embedded in the A3G3 hydrogel solution. As depicted in
Fig. 3a, the MEW structure was loaded within 2.5 mL of the A3G3
hydrogel solution inside a 6 mL cartridge. The cartridge was placed
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vertically through custom support to let the material flow vertically
through a displacement-controlled test, recording the injection force
with a 10 N load cell. The MEW structure was stretched while flowing
through the needle, which had a smaller diameter than the punched
structure. After injection, they returned to their original shape.

The injection forces required to extrude the hydrogel embedding
MEW structures designed with both GRID and HEX pore shapes with
three different pore sizes (0.6, 0.8 and 1.0 mm) through three different
stainless-steel needles (18G, 16G, and 14G) were then measured
(Fig. 3b). The injection forces were calculated as the difference between
the maximum peak force (Fig. S2) during MEW structure extrusion and
the force required to extrude the unreinforced A3G3 hydrogel solution.
We found that the pore size significantly affected the injection forces,
with statistically significant differences observed for both patterns. HEX
structures generally require higher injection forces than GRID struc-
tures, which can be linked to differences in the tensile moduli of both
network types (Fig. 2f). This suggests that structures with higher tensile
modulus may provide higher resistance to deforming during the extru-
sion phase. The HEX-shaped grid showed a lower stretchability, leading
to occlusion of the needle in the case of a smaller needle diameter (e.g.,
18 G). Furthermore, injection forces decreased when larger needle
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Fig. 3. Evaluation of the hydrogel injection forces varying MEW structure pore shape and size. a) Depiction of the injection steps in which a MEW structure is flowed
out through a stainless-steel needle. The MEW structure is stretched while the material is extruded and, after injection, it returns to the original shape. b) Injection
forces recorded to flow the MEW structures-laden hydrogel solution by 18G, 16G, and 14G stainless-steel needles. MEW structures with GRID and HEX pore shapes

and different pore sizes (0.6 mm, 0.8 mm, and 1.0 mm) were analyzed for each needle size. Legend: n.i. = not injectable; */**

= differences between pore shape; */* p < 0.05; **/** p < 0.01.

diameters were analyzed (Fig. 3b).

It is worth mentioning that no data on injection forces for MEW
structures dispersed in hydrogel formulations are available in the liter-
ature. Castilho et al. [36] proposed the delivery of a PCL-based MEW
printed sheet (4 cm x 1 cm x 1 mm) through a catheter-like tubing
(diameter = 1.5 mm) onto a beating porcine heart for myocardial tissue
treatment. Here, the viability of cells embedded in the reinforced
hydrogels with a MEW printed sheet remained intact after injection.
Nonetheless, injection forces were not reported. Also, cell viability was
not analyzed in the long-term (only for the first two days). In addition,
Molas et al. [45] showed that a 4 cm? mesh of PCL/gelatin core-shell
nanofibers produced by electrospinning can be injected through a
1.55 mm catheter. Even though the viability of human mesenchymal
stem cells seeded on the mesh was close to 80 % after injection, they
included SEM images of a change in the fiber distribution after injection
(from random to more aligned). Finally, Wang and colleagues produced
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and injected a PCL-based ultra-flexible conductive scaffold (with just
one layer) via MEW with a nanolayer of gold via sputter coating to repair
peripheral nerve defects [37]. Our results show for the first time a
precise measuring of injection forces produced by the extrusion of a
MEW structure printed by varying two patterns and three pore sizes after
being immersed into an injectable hydrogel.

The EU ISO 7886-1:2018 standard suggests a clinically acceptable
injection force of less than 10 N. The MEW structure with a GRID-shaped
design and a pore size of 1.0 mm was successfully injected with an 18G
stainless-steel needle using a force of 4.09 + 0.77 N (Fig. 3b, left). The
GRID-shaped structures with pore sizes of 0.8 mm and 1.0 mm were
injected through 16G needles with injection forces of 3.74 + 1.55 N and
1.46 + 0.52 N, respectively. Only the HEX-shaped structure with a pore
size of 1.0 mm required an injection force within the 10 N threshold
(7.67 £+ 1.45 N) close to the ISO limit (Fig. 3b, center) when injected
through a 14G needle. All MEW-printed structures could be injected
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using 14G needles (Fig. 3b, right). The GRID-shaped structures with pore
sizes from 0.6 mm to 1.0 mm required injection forces of 8.19 + 1.17 N,
0.83 & 0.48 N, and 0.80 + 0.45 N, respectively, when injected with 14G
needles (Fig. 3b, right). The HEX-shaped structures required injection
forces of 14.35 + 2.87 N, 5.05 + 2.35 N, and 3.06 + 0.47 N, respec-
tively, for 0.6 mm, 0.8 mm, and 1.0 mm pore sizes. Therefore, the lowest
injection force of 0.80 + 0.45 N was recorded for the GRID structure
with a 1.0 mm pore size when injected with a 14G needle. Even though
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the HEX-shaped structure with 0.6 mm of pore size had an injection
force higher than 10 N, all configurations extruded using 14G needles
were then selected for subsequent tests to compare the resulting me-
chanical properties upon cross-linking, as reported in the next sections.

Following injection, the MEW structures returned to their original
shape. As proof, they were thoroughly rinsed with deionized water to
remove the uncross-linked hydrogel solution and then dried for exami-
nation using a microscope. Fig. S3 displays representative images of the
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Fig. 4. Mechanical characterization of unreinforced (A3G3) cross-linked hydrogel and MEW-reinforced cross-linked hydrogels after injection (14G) and cross-linking
in terms of a) compression modulus, b) fracture strain, c) fracture stress, and d) toughness. Legend: */** = differences between pore sizes; X/*X = differences between

pore shape; */##
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= differences with the control (A3G3) */%/*p < 0.05; **/XX/##5 < 0.01.
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MEW structures before and after injection. The original shape of the
structures (before injection) is shown in Fig. S3a. When injected using an
18G needle, a minor distortion was observed in the GRID-shaped
structures with pore sizes of 1.0 mm and 0.8 mm, and some filaments
were disrupted within the GRID structure with a pore size of 0.6 mm
(Fig. S3b). Nevertheless, it was evident that the injection process did not
impact the structure or pore shape of both GRID- and HEX-shaped
structures when injected through 16G (Fig. S3c) and 14G (Fig. S3d)
needles. These findings demonstrate that MEW structures embedded in a
hydrogel solution can be successfully injected without causing any
permeant structural damage.

3.3. Mechanical characterization of hydrogels reinforced by MEW
structures

The reinforced hydrogel solutions, incorporating various MEW
structure configurations, were delivered into a cylindrical mold using
14G needles and cross-linked with a CaCl; solution for 10 min to eval-
uate the mechanical reinforcement provided by the MEW structures. We
compared all configurations, even the one integrating the HEX structure
with 0.6 mm of pore size, which resulted in an injection force higher
than 10 N (Figs. 2c and 3b, left).

All MEW-reinforced cross-linked hydrogels exhibited a superior
compression modulus compared to the unreinforced counterpart
(named A3G3). Such results indicate that the embodiment of the MEW
structure, independently from the geometrical parameters analyzed,
effectively reinforced the hydrogels (Fig. 4a). More in detail, both MEW
structures with a pore size of 0.6 mm showed statistically significant
differences compared to the not-reinforced hydrogel (3.58 + 1.12 kPa)
with values equal to 18.31 + 9.03 kPa (5.1-fold) and 22.72 + 11.23 kPa
(6.3-fold), respectively for GRID and HEX pore shapes. Moreover, the
cross-linked hydrogel reinforced with the GRID structure with 0.6 mm
pore size exhibited statistically significant differences with the same
structure with the lowest pore size (1.0 mm) equal to 4.76 + 2.20 kPa.
On the other hand, the HEX-shaped structure with pores of 0.6 mm
showed statistically significant differences compared to both re-
inforcements at 0.8 mm (*p < 0.05, 8.09 + 1.37 kPa) and 1.0 mm (**p
< 0.01, 3.91 £ 1.97 kPa). The MEW structures significantly enhanced
the cross-linked hydrogels’ mechanical properties, with compression
moduli closely approaching those of the MEW templates themselves
(Fig. 2¢), particularly in the case of the 0.6 mm pore size. This level of
reinforcement is comparable to results reported by Visser et al. [12],
who used a GRID-shaped MEW structure to reinforce an alginate-based
hydrogel with similar pore sizes.

Castilho et al. [23] reported similar results, achieving a compression
modulus of 26 + 3 kPa (1.7-fold increase) by filling a GRID structure
with a 0.8 mm pore size with gelatin methacryloyl (GelMA) hydrogel
(compression modulus of 15 + 3 kPa), targeting the middle and deep
zones of articular cartilage. Xu et al. [46] made significant strides in
tissue-engineered heart valves by combining tri-layered GRID structures
with GelMA-based hydrogels, achieving compression moduli of 8 and 9
kPa (increases of 4- and 4.5-fold) with 0.6 and 1.0 mm pore sizes,
respectively. Ruijter et al. [47] explored composite constructs generated
by infusing MEW fiber structures with hydrogels, showing a remarkable
4.5-fold increase in the compression equilibrium modulus from 11.90 +
4.09 kPa (printing, gel alone) to 53.02 + 8.73 kPa (converged printing,
reinforced gel), and a 3.8-fold increase from 17.02 + 6.79 kPa (cast, gel
alone) to 64.17 + 13.41 kPa (cast, reinforced gel). Galarraga et al. [48]
demonstrated that composites fabricated with MEW structures of 0.4
mm spacing could increase the moduli of soft NorHA hydrogels by
~50-fold, although only the GRID structure with a pore size of 0.8 mm
can be directly compared to our work, which showed a compression
modulus of ~50 kPa (a ~25-fold increase). Dubay et al. [28] highlighted
the tunability of fiber-reinforced hydrogels by incorporating highly
porous PCL fibrous meshes into GelMA hydrogel, achieving a
compression modulus ranging from ~70 kPa to ~300 kPa (~4.2-fold
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increase), demonstrating the significant enhancement possible by
increasing the number of fibrous meshes. Bas et al. [49] explored the
reinforcement of fibrin and sPEG/Hep hydrogels using fibrous networks
with pore sizes of 0.6 mm, 0.4 mm, and 0.2 mm. They reported a
compression modulus of 43.0 + 6.2 kPa for the 0.6 mm pore size
network, with a 4-fold increase in fibrin and a 14-fold increase in sPE-
G/Hep hydrogels, suggesting a synergistic interaction between the
fibrous network and hydrogel matrix. In a related study, Bas et al. [50]
produced fiber-reinforced GelMA/HAMA composites, showing a
compression modulus of 448.2 + 97.8 kPa (~10-fold increase) for a 0.8
mm pore size network, though these values are not directly comparable
to our findings. GroRbacher et al. [51] utilized volumetric bioprinting
combined with MEW to create a tubular hydrogel-based composite for
vascular applications, with a reinforced compression modulus of 20.3 +
3.2 kPa (3.9-fold increase), in line with previous studies and similar to
our results. Diloksumpan et al. [17] used MEW to fabricate osteochon-
dral plugs with spatially organized polymeric microfibers, achieving a
~20-fold increase in compression modulus from ~10 kPa (GelMA alone)
to ~200 kPa with a 0.3 mm pore size, though this technique is not
suitable for minimally invasive procedures like ours. Interestingly, other
studies from the same research groups have reported significant in-
creases in fiber-reinforced hydrogels with larger pore sizes, comparable
to ours. Castilho et al. [16] reported a compression modulus of 81.4 +
10.3 kPa (~19-fold increase) and 122.2 + 16.21 kPa (~29-fold in-
crease) for composites with 0.8 mm and 0.6 mm pore sizes, respectively,
using GRID-pore designs. These significant increments are notably
different from other literature findings. The stiffness of the fiber
component usually contributes the most to the composite stiffness and
initially increases with its volumetric fraction [9]. However, here rein-
forcement behavior may significantly vary depending on the specific
materials of the hydrogel, their volumetric fraction, and stiffness,
beyond the pore shape and size of the MEW structure used.

From the measurement of the fracture strain values, no relevant
differences were observed in most of the samples (Fig. 4b). There were
statistically significant differences between the reinforced cross-linked
hydrogel using a GRID structure with a pore size of 0.6 mm and the
unreinforced cross-linked hydrogel (*p < 0.05) and the GRID-shaped
structure with the lowest pore size (*p < 0.05). However, the unrein-
forced cross-linked hydrogel had a fracture strain of 53.38 + 4.78 %,
while the other configurations ranged between a minimum of 61.01 £+
21.34 % (GRID with 1.0 mm) and a maximum of 98.60 + 18.50 % (GRID
with 0.6 mm).

The fracture stress values decreased with increasing the pore size in
both GRID and HEX structures (Fig. 4c), as the compression moduli
(Fig. 4a). The unreinforced cross-linked hydrogel showed a fracture
stress of 23.09 + 16.74 kPa significantly different concerning the MEW
structures with GRID shape and pore size of 0.6 mm and with HEX shape
and each pore size. Moreover, both shapes with 0.6 mm showed the
highest fracture stress values (186.2 + 73.45 kPa and 227.4 + 20.56
kPa, respectively for GRID and HEX) with statistically significant dif-
ferences with respect to their other configurations with wider pore sizes
(**p < 0.01). Unfortunately, no works reported fracture strain or stress
values to be compared with our findings.

Regarding toughness, the measurement of the amount of energy that
can be absorbed through mechanisms (i.e., plastic deformation) before a
fracture occurs, it is evident that the structures with higher energy
dissipation were the GRID- and the HEX-shaped structures with a pore
size of 0.6 mm equal to 59.8 + 18.71 kPa and 55.98 + 10.72 kPa,
respectively. Indeed, they were statistically significantly different from
the toughness value of the control (A3G3, 2.180 + 0.84 kPa). However,
no other differences were evidenced in Fig. 4d. As shown, the MEW
structure with the tightest pore size and those with HEX-shaped pores
allowed the cross-linked hydrogel to absorb more energy before reach-
ing the breakpoint, which can be beneficial for load-bearing applica-
tions, such as articular cartilage [52]. These structures had the ability to
resist the growth of defects into propagating cracks, higher than



D. Trucco et al.

structures with wider pore size but independently by the pore shape [9,
53].

3.4. Influence of different hydrogels

In addition to the A3G3 hydrogel solution, we included two other
hydrogels in our analysis: VG-RGD and GGMA [42,54,55]. First, we
characterized the materials in terms of rheological properties, by eval-
uating their viscosity, as it strongly influences the injection force [56].
The flow curves of the hydrogel solutions demonstrated a consistent
shear-thinning trend, indicating good injectability potential. Notably,
GGMA exhibited the highest viscosity, while VG-RGD displayed the
lowest viscosity across the entire range of shear rates, as shown in
Fig. S4a. These findings were further confirmed by evaluating the
rheological indexes, n and K, reported in Table S1, with the GGMA so-
lution showing a statistically significant higher viscosity than the other
two hydrogels. These values are in line with previous literature findings
on these hydrogel types [54].

We tested the GRID structure with a 1.0 mm pore size, which had
shown the lowest injection force during the previous screening within
the A3G3 hydrogel solution, with the VG-RGD and GGMA hydrogel
solutions. During the injection step, no significant differences were
observed in the flow of MEW structures within VG-RGD and GGMA
solutions compared to the A3G3 solution (0.80 + 0.45 N) (Fig. S4b). The
extrusion of reinforced VG-RGD and GGMA hydrogel solutions required
injection forces of 1.40 + 0.25 N and 0.81 £ 0.24 N, respectively. This
suggests that the injection forces reported in both Fig. 3b and Fig. S4b
primarily depended on the MEW structure itself rather than the viscosity
of the hydrogels. Even though the K index of GGMA was statistically
higher than the others, VG-RGD showed slightly less viscosity than the
A3G3 hydrogel solution (Table S1).

The reinforced VG-RGD and GGMA hydrogel solutions were deliv-
ered via 14G needles into a cylindrical mold and cross-linked to verify
the reinforcement provided by the presence of the MEW structure (GRID
with 1.0 mm pore size) in terms of compressive modulus. The MEW-
reinforced cross-linked hydrogels exhibited superior compressive
moduli compared to their unreinforced counterparts, indicating effec-
tive reinforcement by the MEW structure. Specifically, the MEW-
reinforced A3G3 and VG-RGD hydrogels resulted in 1.33- and 1.57-
fold increases, respectively, over their unreinforced versions, while the
reinforced GGMA showed a 3.01-fold increase compared to the unre-
inforced GGMA (Fig. S4c). These results highlight the vital role of MEW
templates in reinforcing natural hydrogels.

The reinforcement effect was influenced not solely by the pore shape
and size of the MEW structure, which remained constant across all cases,
but also by the inherent characteristics of the hydrogel [12,50]. The
most pronounced difference between unreinforced and reinforced
cross-linked  hydrogels occurred with GGMA, which was
photo-crosslinked using visible light. This result is likely due to the co-
valent bonds formed between the photo-crosslinked hydrogel and the
MEW structure, which are stronger than the ionic bonds formed in the
other two hydrogels. Our findings align with those of Moo et al. [57],
who demonstrated that MEW structures specifically enhance fluid
pressurization in GelMA hydrogels, but not in agarose or alginate. Their
study concluded that covalently cross-linked hydrogels, such as GeIMA,
can effectively bond with MEW structures, increasing fluid pressure
resistance during compressive loading.

In conclusion, our study demonstrates for the first time the possi-
bility of injecting different hydrogel solutions reinforced by MEW
structures to be cross-linked in situ, resulting in superior mechanical
properties compared to their unreinforced counterparts. This confirms
the potential of MEW structures to effectively reinforce various classes of
hydrogels, as previously shown with non-injected hydrogels and MEW
structures [9,48].
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4. Conclusions

In this work, melt electro-writing (MEW) was utilized to fabricate
fibrous networks using GMP-grade polycaprolactone, a synthetic poly-
mer widely used in tissue engineering. MEW structures with various
pore shapes (square and hexagonal) and sizes (0.6, 0.8, and 1.0 mm)
were produced to investigate their influence on injectability and me-
chanical properties. This technique allowed for the precise deposition of
fibers having a diameter of 11.4 £+ 0.4 pm. MEW structures with hex-
agonal pores exhibited a significantly higher tensile modulus than the
ones with square pores, although no differences were observed in the
compression moduli. The fibrous structures were embedded into an
alginate-gelatin-based hydrogel solution and injected through stainless
steel needles of different diameters (18G, 16G, and 14G), compatible
with clinical applications. The hexagonal-shaped structures could not be
injected using the thinnest needles (18G) and, for larger needles (16G
and 14G), they required higher injection forces than square-shaped
structures, at equivalent pore sizes. Larger pore sizes implied smaller
injection forces. Only a few conditions were compatible with the limits
defined by the EU ISO 7886-1:2018 standard. Notably, during injection,
the MEW structures experienced stretching inside the needles but
quickly returned to their original shape without significant damage. Our
results quantify, for the first time, the force needed to inject a hydrogel
solution reinforced with MEW structures of varying pore shapes and
sizes, clarifying the role of these parameters on the injection force.
Hydrogel reinforcement also resulted depending on the pore shape and
size of the MEW structures. Integrating MEW structures with a 0.6 mm
pore size in the cross-linked hydrogel resulted in a compression modulus
increase of up to 6.34-fold compared to the unreinforced cross-linked
counterpart.
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