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1. Introduction

The meniscus is situated in the knee and consists of the fibro-
cartilage tissue. It is comprised of two semilunar discs, the
lateral and medial meniscus, positioned between the femoral

3D printed hydrogel scaffolds for meniscal implant
application: photo-crosslinkable urethane-based
poly(ethylene glycol) as a case study
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The meniscus is one of the most injured structures in the human knee. Current clinical approaches do
not adequately replace or regenerate the meniscus. Complete or partial meniscus removal leads to
degenerative articular changes due to abnormal mechanical forces. Tissue engineering (TE) of the menis-
cus or developing non-tissue-engineered implants may offer efficient solutions. Yet, these approaches
are challenging due to the requirement of a complex, non-toxic three-dimensional (3D) structure exhibit-
ing adequate biomechanical and biological properties. In this study, we developed a porous 3D printed
acrylate end-capped urethane-based poly(ethylene glycol) (AUP) hydrogel scaffold via extrusion-based
3D printing for meniscus implant application. With the aim to meet the required biomechanical properties,
we studied the effects of two different scaffold variables. Indeed, in addition to the poly(ethylene glycol)
(PEG) backbone molar mass (4000 versus 8000 g mol™), we also varied the scaffold design. The latter
included variations in the scaffold pore size (200 pm, 350 pm and 500 pm) and the strut diameter
(230 pm versus 370 pm). The morphology of the developed AUP hydrogel scaffolds was characterized via
optical microscopy and nano-computed tomography (nano-CT), showing regular, porous, intercon-
nected 3D hydrogel scaffolds. The physical properties of the scaffolds, including the gel fraction
(75-89%), the swelling degree (230-500%) and the compressive modulus (0.5-3.2 MPa), depended on
the scaffold design and the backbone molar mass. Surface analyses through X-ray photoelectron spec-
troscopy (XPS) showed the successful application of a photo-crosslinkable gelatin derivative (known as
gel-MOD or gel-MA) on the printed AUP hydrogel scaffolds (as reflected by an N/C value of 0.06 for gel-
MOD modified AUP versus no signal for non-modified AUP scaffolds). Live/dead staining and the MTT
assay using human dermal fibroblasts (HDF) revealed the non-toxic behavior of the developed AUP
scaffolds (90% cell viability). This study clearly demonstrates the potential of the developed AUP hydrogel
scaffolds as meniscal implants, as the applied polymer and 3D printing technologies enable the develop-
ment of non-toxic 3D porous scaffolds, of which both the cell-interactive character and the mechanical
properties can be controlled.

surface and the tibial plateau." Both components are con-
nected to the tibial plateau, thus acting as a cushion between
the femur and the tibia.> The blood flow in the meniscus goes
from the periphery towards the center, which provides a gradi-
ent characteristic and structural anisotropy to the meniscus
that divides the tissue into different zones. The peripheral vas-
cular region is known as the red zone, showing a thick, convex
morphology, whereas the innermost region is known as the
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white zone, exhibiting narrowing to a thin free edge.’*

To date, the preferred treatment of meniscus tears involves
surgery. Meniscal repairs can involve a partial meniscectomy,
stitching of the torn pieces or meniscus transplantation. While
arthroscopic meniscectomy is performed approximately
450 000 times annually in the US,> the recovery and/or the
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enhanced quality of life of the patients are low.®®
Furthermore, this treatment is not feasible if the tear is in the
inner third of the meniscus, an area with limited vasculariza-
tion and healing potential.” In addition, partial meniscectomy
can lead to osteoarthritic degradation and eventually, to a
need for a total knee joint replacement.'®'’ A meniscal
scaffold that possesses the mechanical properties of the native
tissue while exhibiting biocompatibility could delay or even
prevent osteoarthritis, thus serving as a superior candidate for
treatment. The biomechanical properties of the meniscus are
directly correlated with the endurance to the forces exerted on
the tissue and vary depending on the specimen location. The
tensile modulus of the meniscus varies between the circumfer-
ential (100-300 MPa) and radial directions (10-30 MPa). On
the other hand, the compressive modulus ranges between 0.7
MPa and 5 MPa depending on the specimen location, strain
levels and testing methods.**>*¢

Scaffolds constituting materials of different types, natural,
synthetic or a combination thereof, have already been investi-
gated for meniscal tissue engineering (TE) or as meniscal
implants.® While most natural scaffolds have an intrinsic bio-
compatibility, one of the drawbacks is their lack of adequate
biomechanical properties, including rapid biodegradation,
resulting in a mismatch with the time to be completely
replaced by the newly formed tissue.'” Moreover, batch-to-
batch variation of natural polymers such as collagen, hyaluro-
nic acid, alginate, agarose, gelatin, and silk is another draw-
back that can occur.” On the other hand, synthetic scaffolds
can be manufactured custom-made in any shape, and they are
typically batch-independent. They also have several advan-
tages, including an almost limitless supply, as well as the
potential to achieve the appropriate scaffold design, mechani-
cal properties and scaffold geometry. However, crucial disad-
vantages of most of these scaffolds include minimal intrinsic
biomechanical and bioactive properties since they lack the
cell-adhesion domains present in many natural polymers.*®*°

Since the meniscus is exposed to heterogeneous loading
in vivo every day, appropriate mechanical properties are
needed for a meniscus construct. However, synthetic polymers,
such as polylactic acid (PLA) and polyglycolic acid (PGA), do
not entirely mimic the mechanical properties of the natural
meniscus, particularly due to  premature  partial
degradation.>®*" Indeed, they both exhibit a degradation time
that is too fast, from one to two years, depending on the size
and shape of the implant and the implantation site,** causing
a significant decrease in mechanical properties. Poly-e-capro-
lactone (PCL) shows a slower, more preferred degradation time
of two to three years.>® Polyurethanes (PU) are typically bio-
compatible but not cell interactive, and they do not prevent
articular cartilage degradation after implantation.’®** To
realize a successful substitute, polymeric scaffolds should
exhibit optimal porosity, pore size, strut diameter, and
mechanical properties (intimately linked to the scaffold
design). Interconnectivity of the pores is an important property
that the scaffold must possess to permit tissue ingrowth,
diffusion of nutrients and removal of metabolic waste,'®2%2%:26
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In addition, the polymer should be non-toxic to cells. In the
case of fibrocartilage regeneration to create engineered menis-
cus tissue, the optimal scaffold pore size should range
between 150 and 500 pm.>>*7:*®

Commercially available implants applied in the clinic
include CMI (collagen meniscus implant), Actifit®,
NUsurface® and Trammpolin®.>° CMI, formerly known as
Menaflex™, is composed of a collagen-glycosaminoglycan
(GAG) matrix. Actifit® is an aliphatic PU based on PCL, while
NUsurface® and Trammpolin® are polycarbonate-urethane
(PCU) implants. CMI and Actifit® scaffolds are partial menis-
cal substitutes, whereas NUsurface® and Trammpolin® are
total meniscal substitutes. Although CMI and Actifit® are bio-
degradable, NUsurface® and Trammpolin® are not. CMI
requires cautious handling, and exhibits shrinkage over time
and no histological remnants 5 to 6 years after
implantation.?>*® Long-term evidence on chondroprotection is
needed for both CMI and Actifit® since failure was noticed in
the chondroprotective ability of the implant.*®3%3!
NUsurface® and Trammpolin® aim to mimic the biomechani-
cal function of the natural meniscus. However, clinical results
in the short-term are discouraging, and further research in the
long-term is required.>** The first clinical trial of
Trammpolin® was not promising, and modifications to the
prosthesis design and fixation technique are needed.’*
Although these scaffolds are designed to mimic the function
of the natural meniscus or stimulate the growth of new
tissues, they need to be improved in terms of material and
structure design.

It is thus clear that both natural materials and synthetic
polymers show a distinct set of advantages and disadvantages.
A possible solution can be obtained by combining them to
link the high cell affinity and biocompatibility of various
natural polymers with the superior mechanical strength and
practicability of synthetic polymers. A tissue-engineered,
patient-specific 3D printed meniscus with optimized mechani-
cal and morphological properties, along with biocompatibility,
can be a critical solution for meniscal injuries.

In this study, acrylate-terminated, urethane-based poly
(ethylene glycol) (PEG) polymers (AUPs) are applied to investi-
gate the 3D printing of AUPs towards meniscus TE.*® PEG-
based AUPs are photo-crosslinkable, semi-crystalline hydrogel
precursors combining tunable mechanical properties with bio-
compatibility.>® They are highly soluble in water (up to 9 mg
ml™") and can absorb large amounts of water after cross-
linking.*® The physical properties of the crosslinked network
can be tuned by varying the molar mass of the polymeric back-
bone. In addition, the AUP is UV reactive in the solid state,
which provides unprecedented processing possibilities for 3D
printing from the melt.>> Moreover, urethane moieties
enhance the hydrogel flexibility.?”

The present work investigates the application of photopoly-
merized AUPs as porous scaffolds using melt printing, a pneu-
matic- and screw-driven micro-extrusion®® for meniscal TE.
This approach enables the fabrication of patient-specific
scaffolds with tunable physical properties using the

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4bm01730g

Open Access Article. Published on 21 January 2026. Downloaded on 5/5/2026 4:40:05 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Biomaterials Science

BioScaffolder device. Applying the photo-crosslinkable AUPs,
the combination of parameters (temperature, pressure, speed,
needle diameter) enabling printing will be determined. The
developed scaffolds will be subjected to in-depth characteriz-
ation, including gel fraction and swelling studies, scaffold visu-
alization and determination of the mechanical properties,
with the final aim of establishing structure-property relations.
The final part of the work will comprise scaffold surface dec-
oration using a cell-interactive gelatin layer while studying the
initial biocompatibility of the (gelatin-modified) scaffolds.

2. Materials and methods
2.1 Materials

Butylated hydroxytoluene (BHT) was obtained from Innochem
GMBH (Wardenburg, Germany). Bismuth neodecanoate
(valikat BI 2010) was purchased from Umicore (Brugge,
Belgium), Bisomer PEA6 from GEO Specialty Chemicals
(Southampton, UK), and gelatin type B from Rousselot (Ghent,
Belgium). Dialysis membranes Spectra/Por 4 (MWCO
12-14 kDa) were obtained from Polylab (Antwerp, Belgium),
while methacrylic anhydride, sodium hydroxide (NaOH) and
potassium chloride (KCl) were obtained from Sigma-Aldrich
(Diegem, Belgium). Poly(ethylene glycol) (PEG) 1000, 2000,
4000, 6000 and 8000 g mol~", PEG-diacrylate 6000 g mol ™", iso-
phorone diisocyanate (IPDI), phenothiazine (PTZ), triphenyl
phosphite (TPP) and phosphoric acid were obtained from
Sigma-Aldrich  (Overijse, Belgium). 1-[4-2-Hydroxyethoxy-
phenyl]-2-hydroxy-2-methyl-1-propane-1-one (Irgacure 2959,
12959) was obtained from BASF (Antwerp, Belgium). Potassium
phosphate monobasic (KH,PO,), sodium phosphate dibasic
(Nay,HPO,) and calcium chloride (CaCl,, 96%) were provided
by Acros (Geel, Belgium). Human dermal fibroblasts (HDF),
Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine
serum (FBS) and r-glutamine were obtained from Sigma-
Aldrich (Overijse, Belgium). Phosphate-buffered saline solu-
tion (PBS, pH 7.4, 0.1 M) and Dulbecco’s phosphate buffered
saline (DPBS) were purchased from Thermo Fisher Scientific
(Geel, Belgium), while calcein-AM was obtained from AnaSpec
(Liege, Belgium). Finally, propidium iodide, dimethyl sulfoxide
(DMSO) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetra-
zolium bromide (MTT) were obtained from Sigma-Aldrich
(Overijse, Belgium).

2.2. Synthesis of acrylate-terminated, urethane-based poly
(ethylene glycol) polymers (AUPs)

AUPs with five different molar masses were synthesized by
reacting PEG (1000, 2000, 4000, 6000 and 8000 g mol ') with
isophorone diisocyanate (IPDI) and monoacrylated oligo(ethyl-
ene glycol) in a 1:2:2 stoichiometric ratio. The synthesis is a
two-step process.>®

Prior to the synthesis, PEG was dried under vacuum. Next,
the polymer was melted at 90 °C, and 500 ppm of butylated
hydroxytoluene (BHT) with respect to the total polymer mass
was added as a radical scavenger. In the first step, PEG was
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reacted with IPDI in a 1: 2 stoichiometric ratio. As the reaction
between IPDI and PEG is exothermal, the temperature was
decreased to 65 °C prior to catalyst addition. Bismuth neode-
canoate, 300 ppm with respect to the AUP amount, was added
as a catalyst for the reaction occurring between the hydroxyl
groups of PEG and the isocyanates. After the addition of the
catalyst, the reaction temperature was kept at 75 °C. This reac-
tion was performed under an inert atmosphere (N,) until half
of the isocyanates were consumed, as determined by measur-
ing the NCO value via potentiometric titration. In the second
step, the PEG-IPDI intermediate product was reacted with
monoacrylated PEG in a 1: 2 stoichiometric ratio under dry air
in the presence of 300 ppm bismuth neodecanoate. After
adding the catalyst, the temperature was raised to 80 °C. The
reaction was considered complete when the NCO value was
below the theoretical value of 0.02 meq g~ reaction mixture,
where the remaining half of the isocyanates have reacted in
the second step. Phenothiazine (PTZ) and triphenyl phosphite
(TPP), both in 500 ppm with respect to the AUP amount, were
added as stabilizers when the reaction was completed. The
product was collected and stored in an opaque bottle at room
temperature.

2.3. Structural and physicochemical characterization of AUPs

2.3.1. Determination of the chemical structure via Fourier
transform infrared (FTIR) spectroscopy. The chemical struc-
tures of the synthesized AUPs were analyzed by FTIR spec-
troscopy using a PerkinElmer Frontier FTIR mid-IR combined
with an MKII Golden Gate setup equipped with a diamond
crystal from Specac. The device was operated in attenuated
total reflection (ATR) mode. The spectra of PEG, the intermedi-
ate product of the first reaction step (PEG-IPDI), and the final
products (AUPs) were recorded with eight scans in the range of
800-4000 cm™".

2.3.2. Determination of the acrylate content via proton
nuclear magnetic resonance (lH-NMR) spectroscopy. The acry-
late content of the AUPs was quantified via '"H-NMR spec-
troscopy (Bruker Avance II Ultrashield) at 400 MHz using
deuterated chloroform as the solvent. The spectra were ana-
lyzed using MestReNova software. Dimethyl terephthalate
(DMT) was used as an internal standard to determine the acry-
late content by comparing the integrations of the signal
characteristic for the protons from the aromatic ring in DMT
(6 8 ppm) with the integration of the peaks corresponding to
the acrylate protons (6 5.85, 6.15 and 6.4 ppm).

2.3.3. Determination of the molar mass via gel permeation
chromatography (GPC). The molar masses (MMs) of the AUPs
were determined by GPC measurements on a Waters Alliance
2695 separation module with a Waters 2414 refractive index
detector and equipped with PLGel Mixed-E polystyrene divinyl-
benzene GPC columns (particle size 3 pm). The MMs of the
AUPs were determined as the number average molar mass (M,,)
and the weight average molar mass (M,,) using a five-point cali-
bration curve based on PEG standards (M, range of
194-71 800 g mol™"). The samples were prepared in high per-
formance liquid chromatography (HPLC) grade chloroform
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(10 mg ml™" AUP) and filtered (0.45 mm pore size) prior to
analysis. The obtained results were analyzed using Waters
Empower 2 software.

2.3.4. Determination of the thermal properties via thermo-
gravimetric analysis (TGA) and differential scanning calorime-
try (DSC). The thermal properties of the AUPs were determined
by thermogravimetric analysis (TGA) using a TA Instruments
Q-50 Thermogravimetric Analyzer and differential scanning
calorimetry (DSC) using a TA Instruments Q-2000 device. For
TGA, AUP samples (10-20 mg) were placed on a platinum
sample pan and automatically loaded into the furnace. All ana-
lyses were performed under a nitrogen atmosphere. After equi-
librating the samples at 35 °C, the AUPs were heated to 750 °C
at a heating rate of 10 °C min~'. The results were analyzed
using TA Instruments Universal Analysis 2000 software.

For DSC, the AUPs (5-10 mg) were placed in T, aluminum
pans and subsequently sealed with an aluminum 7|, lid. As a
reference, an empty 7, aluminum pan with a lid was used.
Next, the samples were introduced into the device furnace,
equilibrated at 35 °C and ramped at 10 °C min™" up to 90% of
the temperature value that corresponded to 1% mass loss in
the preceding TGA analyses. The samples were kept isothermal
for 3 min and were subsequently cooled at 10 °C min~—" down
to —80 °C followed by another isothermal period of 4 min.
Finally, the samples were reheated to the previous maximum
temperature at 10 °C min~' and were kept isothermal for
3 min. Data analysis was performed using TA Instruments
Universal Analysis 2000 software.

2.4. Rheological analysis

Rheological characterization of the solvent-free molten AUPs
was performed by small-strain oscillatory rheology using an
Anton Paar Physica MCR 301 rheometer equipped with a
Peltier element for temperature control. A parallel plate setup
was used with a top plate diameter of 25 mm and a gap setting
of 0.3 mm. The viscosity of AUPs was monitored by applying
the molten polymers between the two plates. First, strain
sweeps were recorded to establish the linear viscoelastic range
of the materials by increasing the strain from 0.01% to 100%
while applying a frequency of 1 Hz. Next, the mechanical spec-
trum of the AUPs was obtained by increasing the frequency
from 0.01 to 10 Hz under a constant strain of 0.1%. After the
evaluation of the viscoelastic range characteristic for the
molten polymers, a strain of 0.1% and an oscillation frequency
of 1 Hz were selected. This was followed by recording the vis-
cosity of the molten AUPs at a shear rate of 10% for 1 min
within the temperature range of 40-100 °C.

2.5. Extrusion-based 3D printing of AUP scaffolds

AUP scaffolds were printed with the BioScaffolder (SysEng,
Germany), a 3D dispensing technique that allows layer-by-layer
deposition of a three-dimensional construct. The nozzle oper-
ates pneumatically, and its dispensing head moves in three
dimensions while the collecting plate is stationary. The strut
thickness can be altered by varying the material viscosity, the
deposition speed (speed of the printing head), the nozzle dia-
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meter and/or the applied pressure. The scaffolds were
designed with Tinkercad, while PrimCam (Sys-Eng, Germany)
was used to create the final structure. Porous scaffolds with 10
x 10 x 5 mm® dimensions were printed from the AUP melt
since the polymers are UV reactive in the solid state. Printing
was performed from the melt in the presence of 2 or 4 mol%
Irgacure 2959 photoinitiator (PI) relative to the acrylates
present for AUPPEG4K (AUP, the 4000 g mol™* PEG derivative)
(0.33 mmol acrylate per g AUP) and AUPPEGSK (0.16 mmol
acrylate per g AUP), respectively. For 3D printing, the evaluated
temperature range was 40 °C-100 °C while the inner diameter
of the printing needle was 200 pm (gauge 27) and 250 pm
(gauge 25) for AUPPEG4K and AUPPEGSK, respectively. The
selected overlay pattern was 0°-90°, combined with 3 different
pore sizes (220, 370 and 520 pm) and 2 different strut dia-
meters (230 and 370 pum). Different strut diameters were
obtained by altering the deposition speed and the applied
pressure, whereas different pore sizes were realized by chan-
ging the inter-strut distance. The speed of the printing head
and applied pressure were 250 mm min ' and 3 bar for
370 pm struts, while the speed and pressure were 500 mm
min~" and 5 bar for 230 pm struts. After 3D printing, the
scaffolds were exposed to UVA-irradiation from the top and
bottom (8 mW cm™?) for 60 min. The samples were kept in
double distilled water for 72 hours to reach equilibrium swell-
ing and remove any unreacted AUP.

2.6. Physicochemical characterization of the AUP scaffolds

2.6.1. Determination of scaffold morphology. To evaluate
the architecture of the scaffolds (pore and strut size deter-
mination), optical microscopy images were recorded using
a Zeiss Axiotech microscope with ZEN software (Zeiss,
Oberkochen, Germany). The data were quantified using
Image] software. The pore sizes of at least 3 different scaffolds
were measured, and at least 5 different pores and struts were
analyzed for each scaffold. Pore sizes and strut diameters were
measured from the top view images of the scaffolds.

To evaluate the porosity of scaffolds during compression,
nano-CT analysis was performed using a SkyScan 2211 high-
resolution X-Ray nanotomograph (Bruker Micro-CT, Belgium)
equipped with a compression cell of 440 N. The sample was
mounted on the lower plate, which was gradually raised at a
speed of 6 pm s~'. An initial scan was performed (S0) before
any stress was applied on the sample and a subsequent scan
was performed at 0.3 mm deformation (S1). All samples were
scanned in nanofocus mode, using a Flat Panel with a camera
binning of 1 x 1 and a pixel size of 10.5 um. The source voltage
and current were set to 50 kV and 360 pA, respectively. The
images were registered with a rotation step of 0.2° and an
average of 4 frames at an exposure time of 700 ms, resulting in
a scanning time of approximately 1 hour for each sample. The
resulting cross-sections were processed using CT NRecon soft-
ware (version 1.7.1.6) and subsequently reconstructed using
CTVox (version 3.3.0r1403). DataViewer software (version
1.5.4.6) was used to analyze the projections of the samples.
The analysis of the scaffold’s morphometric parameters was

This journal is © The Royal Society of Chemistry 2026
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performed using the software CTAn (version 1.18.4.0+). All
scanning, reconstruction and visualization parameters were
kept constant for the analyzed samples. In addition, the poro-
sity of the 3D printed AUP scaffolds was calculated from the
following theoretical approach®®*® as shown in eqn (1) for the
comparison of the porosity of AUP scaffolds to the nano-CT
based findings.

P> pP— V3 d12
porosity (%) = { £ = P =17 4g,4,) 1%
P<0, P=0 (1)
d d
dy,dy,d; >0, 2e [0, o], B e [0,1]
dl dl

where P is the scaffold porosity, d; is the strut diameter, d, is
the inter-strut distance and d; is the layer thickness within
each different structure.

2.6.2. Determination of the swelling degree and the gel
fraction. First, the scaffolds were weighed to determine the dry
mass, followed by immersion in Milli-Q water at room temp-
erature for 72 hours to reach equilibrium swelling. During this
incubation, the medium was refreshed every day. Prior to
weighing the swollen scaffolds, excess water was dabbed off
the surface. Next, the scaffolds were freeze-dried to obtain the
dry mass. The dry mass, the hydrated mass and the mass after
freeze-drying of the samples were recorded as Wy, Wy and Wyq,
respectively. The swelling degree (SD) and the gel fraction (GF)
of the scaffolds were calculated from eqn (2) and (3).

SD (%) = Mu_/if:[/fd x 100 (2)
GF (%) = “u//—fj x 100 (3)

2.6.3. Mechanical characterization of the scaffolds using
compression tests. The mechanical properties of the 3D
printed scaffolds were studied using a Tinius Olsen 5 ST
device operated by the Horizon software. The scaffolds (1 x 1 x
0.5 cm®) were swollen to equilibrium before the uniaxial
unconfined compression testing. Samples were compressed at
a rate of 10 mm min~" until failure. A load cell of 500 N was
applied and 0.5 N was selected as a preload prior to data col-
lection. Stress (MPa) versus strain (%) plots were recorded, and
the compressive stress at break and the deformation at break
were obtained from the point at which the scaffold fails, while
the compressive modulus was calculated from the slope of the
linear part of the curve under physiological strains (10-12%).

2.6.4. Biofunctionalization of AUP scaffolds using photo-
crosslinkable gelatin (gel-MOD). Gelatin containing photo-
crosslinkable methacrylamide side groups (gel-MOD) was pre-
pared according to a previously reported protocol.*' The AUP
scaffolds were subjected to an argon plasma treatment in a
cylindrical dielectric discharge plasma reactor (Model Femto,
version 3, Diener Electronic, Germany) for 30 s. The argon
pressure was maintained at 0.8 mbar with the applied power
of 100 W. The treated scaffolds were exposed to ambient atmo-
sphere for 10 min to enable the reaction of free radicals on the
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surface with oxygen to form (hydro)peroxides, as reported pre-
viously.*” The plasma-activated scaffolds were immersed in a 2
w/v % gel-MOD (degree of substitution, DS of 97%) solution in
double distilled water, containing 2 mol% Irgacure 2959 (rela-
tive to the amount of methacrylamides starting from a stock
solution containing 8 mg ml™" Irgacure 2959) at 40 °C under
continuous magnetic stirring. Next, they were subjected to a
vacuum treatment for 3 hours to ensure complete intrusion of
the gel-MOD solution throughout the pores of the scaffolds.
Afterwards, the scaffolds were placed on glass slides and
exposed to UV-A irradiation from both sides (8§ mW cm™2) for
60 min to induce covalent crosslinking followed by dissolution
of any un-crosslinked gel-MOD in double distilled water at
40 °C for 60 min.

2.6.5. Surface atomic composition via X-ray photoelectron
spectroscopy (XPS). XPS measurements were performed on an
ESCA S-probe VG monochromatized spectrometer with an Al
Ka X-ray source (1486 eV). A survey scan spectrum was col-
lected and from the peak-area ratios, the relative elemental
composition of the material top layer was determined. The N
1s core signal was used to indicate gel-MOD deposition onto
the AUP scaffolds, as described before.*” XPS-micromapping
was also performed on the AUP scaffolds to analyze the distri-
bution of nitrogen on the scaffold surface and cross-section.
Each spot measured by XPS was selected at intervals of 120 pm
and 480 um vertically and horizontally, respectively, giving
15 measurement points in total. XPS data were analyzed using
CasaXPS software and the gel-MOD distribution was plotted
using MATLAB (R2023b, The MathWorks).

2.7. Invitro cytotoxicity testing using human dermal
fibroblast (HDF) cells

HDF cells were cultured at 37 °C under 5% CO, in fibroblast
complete growth medium (all-in-one ready-to-use medium)
that contains serum. No extra serum or antibiotics were added
to the medium. The cells were split after a cell confluence of
80-90% was reached. PCL scaffolds were used as a control
material. PCL, AUP and gel-MOD coated AUP scaffolds were
sterilized using ethylene oxide (cold cycle, KU Leuven
Hospital, Leuven). The indirect cytotoxicity tests were per-
formed according to ISO 10993-5 standards. To this end, the
surface area to volume ratio used for the extraction medium
was 3 ecm® ml™!, as specified by ISO norms.** Prior to cell
seeding, the scaffolds were incubated in PBS at room tempera-
ture for 2 days to reach equilibrium swelling, followed by incu-
bation in cell culture medium for 1 day. Cells were seeded at a
density of 34000 cells per well in a 24-well plate. After
24 hours, the culture medium was removed and replaced with
1 ml of extraction medium for each well. Cell viability was eval-
uated 48 hours later qualitatively and quantitatively by calcein-
AM/propidium iodide staining and MTT assay, respectively.
2.7.1. Calcein-AM/propidium iodide staining. Calcein-AM/
propidium iodide staining was performed to visualize the live
and dead cells. For this purpose, the extraction medium was
removed, after which 0.5 ml of suspension medium containing
1 ml of PBS, 2 pl calcein-AM (1 mg ml™*) and 2 pl propidium
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iodide (1 mg ml™") was subsequently added. After 10 minutes
of incubation protected from light, the viability of the cells was
visualized via a fluorescence microscope (Thermo Fisher EVOS
XL Core and EVOS M7000) with a green fluorescent protein
(GFP) filter for calcein-AM to visualize the living cells and a
Texas red (TxRed) filter for propidium iodide to visualize the
dead cells. Cells cultured on tissue culture plastic were taken
as a positive control.

2.7.2. MTT assay for cell viability. The colorimetric MTT
assay was performed to quantify cell viability using 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT).
To this end, the extraction medium was replaced with 0.5 ml
(0.5 mg ml™") MTT reagent and the cells were incubated for
4 h at 37 °C. The MTT reagent was removed and replaced with
0.5 ml of lysis buffer (10 vol% Triton X-100 in sterile water, fol-
lowed by 1:10 dilution in isopropanol/0.04 N HCl) and placed
on an orbital shaker at 37 °C for 30 min. Finally, the absor-
bance of the resulting solution was measured at 580 nm via a
microplate absorbance reader (PerkinElmer EnVision).
Measurements were performed at the same time points as the
microscopic evaluation and each experiment was conducted in
triplicate.

2.8. Statistical analysis

Triplicate samples were used for the analyses. Statistical ana-
lysis was performed using the Analysis ToolPack for Excel,
while statistically significant differences were determined via
one-way ANOVA with Tukey’s post-hoc test using Real-Statistics
add-in for Excel. p < 0.05 was considered to indicate a signifi-
cant difference between the constituents. The averages and
standard deviations are reported in each figure.

3. Results and discussion

Considering the synthetic scaffolds, PCL-based>®>7:30:31:44:43
and polyurethane-based polymers'®***° are among the most
frequently investigated polymers as meniscal substitutes. As
an alternative strategy, the use of hydrogel materials has been
proposed due to their semi-liquid nature, which enables a
great resemblance to living tissues.* To date, they have been
rarely utilized for meniscus TE or as meniscal implants since
their mechanical properties are generally inferior.® In
addition, many synthetic hydrogels also lack cell-adhesive
properties.

To meet this stringent need in the field, we aimed to apply
acrylate end-capped urethane-based PEG polymers (AUPs) as a
novel hydrogel. AUPs are semi-crystalline hydrogel precursors
which combine successful crosslinking in the solid state, excel-
lent biocompatibility and tunable mechanical properties
(through variations in molar mass, polymer type, type and
number of end group(s), etc.). The UV reactivity in the solid
state opens unprecedented processing capabilities for melt-
based manufacturing with subsequent solid state photo-
polymerization.>® AUPs were previously investigated as TE
scaffolds via indirect solid freeform fabrication®® and bioplot-
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ting of AUP/LAPONITE® inks,>® yet the processability of AUPs
via direct printing from the melt remains largely unexplored.
The application as a meniscal substitute is completely new.

3.1. Structural and physicochemical analysis of the AUP
hydrogel precursors

The AUPs (chemical structure depicted in Fig. 1A) were syn-
thesized by reacting PEG (1000, 2000, 4000, 6000 or 8000 g
mol ™", abbreviated as PEG1K to PEGSK) with 2 equivalents of
IPDI followed by 2 equivalents of monoacrylated oligo(ethylene
glycol). The reaction scheme of the AUP synthesis is given in
Fig. S1. As an example, the FTIR spectra of the starting PEG4K,
the intermediate product resulting from the first reaction step
(PEG4K-IPDI), and the final AUP hydrogel precursor
(AUPPEG4K) are shown in Fig. 1B. At the end of the first reac-
tion step, the absorption bands corresponding to the N-H
stretch (3330 cm™"), the C=0 stretch (1720 cm™'), the amide
I (1530 cm™") and the amide III bands (1300 cm™") can be
identified in the spectrum of the PEG-IPDI, confirming the
urethanization reaction. In addition, the characteristic absorp-
tion band (2260 cm™") of the isocyanate groups was observed
in the PEG-IPDI intermediate product. This absorption band
completely disappeared at the end of the second reaction step,
confirming that all free isocyanates were consumed at the end
of the reaction for AUPs. Moreover, the characteristic absorp-
tion bands corresponding to the acrylate functional groups,
such as the C=C stretch of the acrylate groups (1635 cm ™)
and the C-O stretch of the acrylate esters (1200 cm™") are
visible in the spectra. The FTIR spectra of the other AUPs,
shown in Fig. S2, confirm the data obtained for the
AUPPEG4K synthesis.

The "H-NMR spectrum of the AUPPEG4K hydrogel precur-
sor is shown in Fig. 1C.>* The signals between § = 0.7 and & =
2.0 ppm correspond to the methyl and the methylene protons
in the cyclic part of IPDI, where the signals at 6 = 3.3 and 6 =
3.8 ppm are attributed to the methylene protons present in the
PEG backbone and the spacers. The signal corresponding to
the methylene protons of PEG that are adjacent to the hydroxyl
functionalities shifted from § = 3.61 to § = 4.15 ppm (a to a’) as
a result of the urethanization reaction, whereas the signal
attributed to the methylene protons of spacers that are adja-
cent to the acrylate groups shifted from § = 3.61 to 6 =
4.26 ppm (a to a”). The signals at § = 5.8, § = 6.1 and 6§ =
6.3 ppm belong to the acrylate protons. The "H-NMR spectra
of the other AUPs are shown in Fig. S3A and confirm success-
ful syntheses for all AUP derivatives obtained.

The data from the "H-NMR spectra were used to determine
the acrylate content for all AUPs. As an example, the "H-NMR
spectrum of AUPPEG4K with an internal standard is shown in
Fig. S3B. The acrylate content was calculated as the ratio of the
signals from the acrylate protons to the benzene protons
present in the standard compound dimethyl terephthalate
(DMT). An exponential decrease in the acrylate content of
AUPs was observed due to an increase in the backbone molar
mass (Table 1 and Fig. S3C), as theoretically anticipated. Using
the PEG backbone hydroxyl content (derived from Fig. S4), the
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Fig. 1 Structure of the acrylate-terminated, urethane-based PEG polymer (AUP) (n depends on the molar mass of the backbone, x = 1-3). (A)
Molecular structure of the AUP. (B) FTIR spectra of the starting PEG, the intermediate product (PEG-IPDI) and the final AUP. (C) *H-NMR spectrum of
the AUP. In (B) and (C), the 4000 g mol™* PEG derivative is shown (indicated as AUPPEG4K).

acrylate contents corresponded with degrees of substitution
values between 92% and 97% (Table S1) for AUPs, indicating
an almost complete end group modification.

In the next step, the molar mass and the thermal properties
of the developed AUP macromonomers were assessed. The
polymer properties are of paramount importance as the print-
ing temperature window (for extrusion-based printing from
the melt) depends on both properties (¢f. thermal stability and
viscosity of the polymer melt). The GPC data (values in
Table 1, GPC traces in Fig. S5) indicate that the molar mass
(M,) of the AUPs increased with an increase in the PEG back-
bone molar mass, as expected. In addition, the molar mass of
AUPs developed was almost twice that of the molar mass of

the PEG used as one of the building blocks in the AUP syn-
thesis. This can be explained by the repetition of the
“PEG-IPDI” parts due to the low selectivity of the bismuth-
based catalyst used during the AUP synthesis. This catalyst was
selected due to its low toxicity.>* A low selectivity of the catalyst
results in the reaction of the primary as well as the secondary
isocyanate groups of IPDI in the first reaction step, which
leads to the formation of repeating “PEG-IPDI” units and
hence a two-fold higher molar mass as compared to the PEG
molar mass.

The degradation temperature of the AUPs was measured
using TGA as the temperature at which 1% mass loss of the
polymer occurred (Fig. S6). The crystallization temperature (T.)

Table 1 Overview of the physicochemical characteristics of the developed AUPs

Material AUPPEG1K AUPPEG2K AUPPEG4K AUPPEG6K AUPPEGSK
Acrylate content (mmol g~' AUP) 0.81 0.55 0.34 0.24 0.17
Degree of substitution (%) 93 92 97 96 94

M, (g mol™}) 2300 5600 9200 13100 17500

M, (g mol™) 4200 8000 13 600 19 800 27000
Dispersity (D) 1.83 1.43 1.48 1.51 1.54
Degradation temperature® (°C) 145 168 210 222 256

T, (°C) b 10.0 29.2 33.5 36.8

Ten (°C) b 34.4 49.3 52.6 54.6

“ Degradation temperature at which 1% mass loss of the polymer occurred. ® T and T, could not be detected in AUPPEG1K.

This journal is © The Royal Society of Chemistry 2026
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and the melting temperature (Ty,) of the AUPs were measured
using DSC. With an increasing molar mass (going from
AUPPEGI1K to AUPPEGSK), the degradation temperature, the
T. and the Ty, increased (Table 1, derived from the DSC ther-
mograms shown in Fig. S7).

This trend in thermal properties with an increase in molar
mass is similar to previously reported PEG-diacrylate
systems®*>>® and other polymers.®”*® Indeed, the tendency of a
polymer to crystallize decreases with increasing molar mass as
longer chains are more hampered to align, forming crystalline
domains. Higher molar mass polymers require a higher temp-
erature for the melting and the degradation processes, given
the larger number of chain entanglements/chain interactions
compared to their lower molar mass counterparts.

Considering the melting temperatures of some AUPs being
below body temperature, AUPPEG1K and 2K were excluded
from further application in this study. To establish structure-
property relations, all further tests were performed on the
remaining AUPs with the highest and the lowest molar mass
(AUPPEG4K and 8K).

3.2. Applicability of extrusion-based printing for AUP melts
and parameter optimization

Following the structural and physicochemical evaluation (see
section 3.1), the developed AUPs were applied in 3D printing
experiments. To investigate the applicability of AUPs for extru-
sion-based 3D printing as a meniscal scaffold, we varied the
AUP molar mass, the scaffold design (pore size and the strut
diameter) and the processing conditions (printing tempera-
ture, pressure, speed and needle diameter). In addition, the
effect of Irgacure 2959 as a photoinitiator in an AUP-type
dependent concentration (see section 2.5) was evaluated. The
selected scaffold design for the printing experiments is shown
in Fig. 2. The design combines strut diameters of either 230 or
370 pm with pore sizes of 220, 350 or 520 um.

3.2.1. Determination of the optimal temperature and
pressure for 3D printing. AUP melts were characterized using a

Where d; is strut distance
d, is strut diameter h%
dj is layer thickness ~

Fig. 2 Applied 3D model of porous AUP scaffolds. The top right image
represents the scaffold top view while the bottom right image rep-
resents the side view/cross-section of the scaffold.
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rotational rheometer in the temperature range between 40 and
100 °C to determine the optimal viscosity (Fig. S8). However,
the upper limit of 80 °C was chosen to avoid premature
thermal crosslinking during the 3D printing of AUP melts. In
this temperature range, the higher temperatures resulted in a
too low viscosity (approximately 11 Pa s for AUPPEG4K at
80 °C), leading to material outflow (strut deformation) and
printed layers that could not cool down quickly enough for the
next layer to be deposited, even at low printing speeds. The
optimal viscosity for printing AUPPEG4K was between 20 and
30 Pa s. For AUPPEG4K, a temperature of 57 °C was selected as
the final printing temperature, corresponding to a viscosity of
28 Pa s. On the other hand, the optimal viscosity of AUPPEG8K
was between 120 and 140 Pa s. Lower temperatures resulted in
a too high viscosity (approximately 260 Pa s for AUPPEGSK at
60 °C), leading to inadequate polymer extrusion for 3D print-
ing. For AUPPEGSK, a temperature of 80 °C was selected as the
final printing temperature, corresponding to a viscosity of 136
Pa s. The optimal viscosity ranges of AUPPEG4K and
AUPPEGS8K show similar viscosity values compared to pre-
viously reported PEG-modified epoxy acrylate systems (20-200
Pa 5).”° As expected, the viscosity of AUP melts increased with
an increase in molar mass due to more chain entanglements.
Given the molar mass related differences in melt viscosities for
AUPPEG4K and AUPPEGSK, printing needle diameters of
200 um (G27) and 250 pm (G25) were used, respectively.

With the printing temperature and the needle diameter
defined, we varied the printing pressure in the range of 1-5
bar, while keeping all other parameters constant. At pressures
lower than 3 bar, the material flow, particularly for AUPPEGSK,
was insufficient to enable printing. In addition, at pressures
higher than 5 bar, the excess material flow, especially for
AUPPEG4K, was too high, resulting in strut diameters that
were 200 pm larger than anticipated. Therefore, the pressure
range for printing was set between 3 and 5 bar for both AUPs.

3.2.2. Determination of the printing speed range. In the
next step, within the defined pressure range, we studied the
effect of the printing speed (100-800 mm min~') on the strut
diameter and the layer thickness of the scaffolds for printing
pressures of 3 or 5 bar. The results are shown in Table 2. The
strut diameter and the layer thickness of the scaffolds were
correlated with the printing pressure and speed. A higher
printing pressure, which implies a higher amount of polymer
extruded from the print head, resulted in an increase in
polymer flow, leading to larger strut diameters and thus,
thicker layers. In contrast, increasing the printing speed
implies a shorter time for polymer deposition, resulting in a
decrease in polymer flow, indicating thinner strut diameters
and layers. An increase in printing pressure and speed thus
has opposite effects on the strut diameter and the layer
thickness.

Within the defined printing speed range (between 100 mm
min~' and 800 mm min~'), a non-uniform strut pattern was
observed for AUPPEG4K at printing speeds lower than 250 mm
min~" (data not shown) due to the longer polymer deposition
time, which resulted in larger strut diameters than the selected

This journal is © The Royal Society of Chemistry 2026
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Table 2 Effect of 3D printing speed and pressure on the scaffold strut diameter, the pore size, the layer thickness and the aspect ratio (n) for

AUPPEG4K and AUPPEGS8K

XY-printing speed Pressure Strut diameter Pore size Layer thickness n— d;
Material (mm min™") (bar) (um) (um) (mm) d p values®
AUPPEG4K 250 3 370 +14 227 +18 0.11 0.30 0.066
AUPPEG4K 250 5 400 = 30 204 £ 14 0.12 0.30 7.51x107°
AUPPEG4K 500 3 200 + 60 396 + 10 0.11 0.55 1.31x107°
AUPPEG4K 500 5 230 £25 367 £11 0.13 0.57 0.071
AUPPEGS8K 250 3 220 + 45 382 +15 0.13 0.59 0.054
AUPPEGS8K 250 5 260 + 40 344 £17 0.14 0.54 0.08
AUPPEGS8K 500 3 210 + 35 388 +14 0.13 0.62 0.42
AUPPEGS8K 500 5 240 £ 30 357 £13 0.13 0.54 0.12

“p values are based on strut diameter differences. The p values on the first, second, third and fourth rows represent the significant differences

between 3 and 5 bar at 250 mm min~*, 250 and 500 mm min~" at 5 bar, 250 and 500 mm min~" at 3 bar, and 3 and 5 bar at 500 mm min~},

respectively. The identical comparison is valid for AUPPEG8SK.

needle diameter. On the other hand, a decrease in material
outflow was observed at printing speeds higher than 500 mm
min~" due to the shorter polymer deposition time. This resulted
in smaller strut diameters than the selected needle diameter,
irrespective of the AUP type and the applied printing pressure.
Therefore, in what follows, printing speeds of 250 and 500 mm
min~' were chosen as the limits for both AUPs to study the
optimal combination(s) of printing speed and pressure.

3.2.3. Determination of the optimal combination of the
printing speed and pressure. The results of the obtained strut
diameters, pore sizes, layer thicknesses and the aspect ratios
(i.e. n) of struts for each of the investigated combinations of
printing speed and pressure for both types of AUP are shown
in Table 2. The aspect ratio of the struts (n) can be derived
from the ratio of d; to d, (Fig. 2 and Fig. S12).

When comparing the obtained strut diameters (obtained
from the scaffold top view) and the layer thicknesses (obtained
by dividing the scaffold height by the number of printed
layers) for all printed scaffolds (ranging between 110 and
140 pm, Table 2), it becomes evident that the printed struts
are not cylinder but ellipsoid-shaped, irrespective of the
applied combination of printing pressure and speed (Fig. S12).
The finding of non-cylindrical shaped polymer struts is con-
sistent with data for previously reported soft elastomers,
including polycarbonate-based silicone (PCU-Sil)** and modi-
fied gelatin containing hydrogels.®® In contrast, more rigid
materials such as PLLA, PLGA and PCL typically yield cylindri-
cal polymer struts.’>®® Non-cylindrical struts can be attributed
to a time-dependent stress-relaxation phenomenon known as
extrudate swell in viscoelastic polymers. This is due to the
elastic strain energy stored in the polymer melt during the
extrusion within the nozzle. Upon leaving the nozzle, the
stored elastic energy can only relax when the polymer chains
reorient and return to their state prior to extrusion, resulting
in contraction in the flow direction and thus, an expansion in
the strut diameter.®*®°

Printing parameters that produce a low and a high material
outflow were compared to determine the strut diameter range
that can be obtained for AUPPEG4K scaffolds. While printing
parameters of 250 mm min ' and 5 bar gave the highest

This journal is © The Royal Society of Chemistry 2026

1

material outflow, resulting in struts with a diameter of 400 +
30 um, printing parameters of 500 mm min~" and 3 bar pro-
vided the lowest material outflow, resulting in struts with a
diameter of 200 + 60 um. Despite the fact that the latter combi-
nation of printing speed and pressure resulted in a perfect
match between the printed strut diameter and the selected
200 pm needle diameter, it also revealed the highest standard
deviation. Looking at the other applied combinations of print-
ing speed and pressure (see Table 2), struts with a diameter of
230 + 25 pum or 370 + 14 um were obtained. This implies that
by varying the printing parameters, the development of
AUPPEG4K scaffolds with strut diameters in the range of
200-400 pm is feasible.

When comparing the data, the effect of the printing speed
on the strut diameter of AUPPEG4K scaffolds was more promi-
nent than the effect of the pressure (Fig. 3 and Table 2).
Indeed, the change in printing speed while keeping the

200 4m

200 |

Fig. 3 Optical microscopy images of deposited layers of AUPPEG4K
scaffolds from the top view. (A) Scaffold obtained with a printing speed
of 250 mm min~* and a pressure of 3 bar. (B) Scaffold obtained with a
printing speed of 250 mm min~t and a pressure of 5 bar. (C) Scaffold
obtained with a printing speed of 500 mm min~* and a pressure of 3 bar.
(D) Scaffold obtained with a printing speed of 500 mm min~t and a
pressure of 5 bar. Scale bar is 200 ym.
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pressure constant affected the strut diameter more than a
change in pressure when keeping the printing speed constant.
More specifically, strut diameters obtained at 250 mm min ™"
significantly differed from those obtained at 500 mm min~
while keeping the pressure constant (both p < 0.05 for the 3
bar and the 5 bar cases). However, the obtained strut dia-
meters when keeping the printing speed constant with a
change in pressure were not significantly different (both p >
0.05). Optical microscopy images from the AUPPEG4K
scaffolds revealed that a non-uniform strut pattern was
observed during printing with a higher printing speed and a
lower printing pressure (500 mm min~" and 3 bar, Fig. 3C).
Increasing the printing pressure from 3 to 5 bar improved the
uniformity of the struts (Fig. 3C versus Fig. 3D). A similar effect
of increased pressure on the uniformity of the strut diameters
was not evident for scaffolds obtained by applying a printing
speed of 250 mm min~" (Fig. 3A versus Fig. 3B). Considering
the effect of the 3D printing speed and pressure on the strut
diameter of AUPPEG4K scaffolds, the printing parameters of
250 mm min~!, 3 bar (Fig. 3A and Table 2) and 500 mm
min~", 5 bar (Fig. 3D and Table 2) resulted in the scaffolds
with the most uniform struts. Therefore, these printing para-
meters formed the base for the continuation of our study.

For the scaffolds based on AUPPEGSK, a completely
different picture was observed. Given the higher viscosity of
AUPPEGSK melts compared to their AUPPEG4K counterparts
(see higher: 136 versus 28 Pa s), the material outflow of the
former was lower. As a result, both the printing speed and
pressure had no significant effect (both p > 0.05) on the strut
diameters (Table 2 and Fig. S9). A printing pressure of 5 bar
combined with printing speeds of 250 or 500 mm min~" both
gave an almost perfect match with the applied needle diameter
(250 pm). Indeed, both printing speeds yielded scaffolds with
strut diameters of 260 + 40 um and 240 + 30 um, respectively,
closely matching the applied needle diameter. Another
outcome of the lower material outflow due to the higher vis-
cosity of AUPPEG8K was the more cylindrical nature of the
obtained struts, as reflected by the larger n values for the
AUPPEGSK scaffolds as compared to their AUPPEG4K counter-
parts (Table 2). Finally, when looking at the obtained pore
sizes (Table 2), it was obvious that given the ellipsoidal shape
of the printed struts, the pore sizes decreased with an increas-
ing strut diameter for both AUPPEG4K and AUPPEGSK.

When summarizing all the obtained data, it can be con-
cluded that for AUPPEG4K, the printing speed and/or pressure
variation enables control over the scaffold strut diameter and
pore size. For the AUPPEG8K material, no control can be rea-
lized, as evidenced by the non-significant differences (p: 0.05
and 0.08) obtained, at least in the studied condition range.
The differences between both AUPs can be ascribed to the
differences in viscosity between both melts. In case future
research indicates the necessity to develop AUPPEGSK
scaffolds with different morphologies, printing needles with a
larger diameter (e.g., G23) will be applied. For the continuation
of the present research, our work will focus on AUPPEG4K,
while using AUPPEGSK as a comparative material.

1

1450 | Biomater. Sci, 2026, 14, 1441-1461

View Article Online

Biomaterials Science

To the best of our knowledge, this is the first report ever on
printing PEO-based hydrogel building blocks from the melt via
extrusion-based 3D printing. For benchmarking purposes, we
compared our materials with PEO6K-DA, a commercially avail-
able hydrogel building block containing a PEO with a molar
mass of 6000 g mol* (M,) and one acrylate functional group
at each chain end. This material comes close to the herein
developed hydrogel building blocks in terms of both molar
mass and chemical composition. The viscosities for PEO6K-DA
at 57 °C with and without the photoinitiator (PI, 2 mol%
Irgacure 2959 relative to the acrylates) are 2.66 Pa s and 6.67 Pa
s, respectively. Thus, the viscosities are too low to enable extru-
sion-based melt printing. Furthermore, the commercial
PEO6K-DA hydrogel building block does not reveal the typical
shear-thinning behavior, in which fluid viscosity decreases
with increasing shear, of the AUP materials.

3.2.4. Printing of AUP scaffolds with varying pore sizes and
strut diameters. Based on available literature data, the optimal
pore size range of a meniscal scaffold (at least for a partial
meniscectomy) must be between 150 and 500 pm to enable
meniscal tissue infiltration.?”°”"°® Using the above-reported
optimized printing parameters (printing at speeds of 250 mm
min~' and a pressure of 3 bar versus 500 mm min ' and a
pressure of 5 bar) and considering the optimal pore size range,
this study aimed to print scaffolds with three different pore
sizes (220, 370, and 520 pm) and two different strut diameters
(230 and 370 pm). The computer-aided design (CAD) models
for the scaffolds, together with representative optical
microscopy images of a selection of the obtained AUPPEG4K
scaffolds (dry and swollen), are shown in Fig. 4. The optical
microscopy images of AUPPEGSK scaffolds (dry and swollen)
are shown in Fig. S10 as a reference.

Data were extracted using the images from the dry as-
printed scaffolds to compare the theoretical and experimental
pore sizes (Fig. 5A). The results revealed that for both strut dia-
meters studied, there was a linear correlation between the
theoretical and experimental pore sizes (R* = 1.0 for both strut
diameters). Thus, these data indicated that scaffolds with
varying pore sizes can be printed reproducibly (standard devi-
ation of 2.0-6.4% corresponding to 10-30 um). Furthermore,
irrespective of the selected strut diameter and the theoretical
pore size, the experimental pore sizes were lower compared to
the theoretical ones (difference ranging from 5.1-13.3% for
AUPPEGA4K scaffolds). This can be explained by the ellipsoidal
shape of the obtained struts (previously described). Correction
for this deviation is possible by adapting the scaffold design.
Moreover, a comparison of the resemblance between the
theoretical pore size (as designed) and the experimental pore
size of the AUPPEGSK scaffolds revealed differences ranging
from 2% to 10% (Table 2), depending on the exact printing
parameters (polymer and device). AUPPEG4K scaffolds thus
have a lower CAD/CAM mimicry compared to AUPPEGSK
scaffolds, yet this can be attributed to the lower viscosity of the
AUPPEG4K melt compared to the AUPPEGS8K melt. The
obtained values matched with the literature for scaffolds 3D
printed from PGA and PLA,**’® even though CAD-CAM

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4bm01730g

Open Access Article. Published on 21 January 2026. Downloaded on 5/5/2026 4:40:05 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Biomaterials Science

View Article Online

Paper

!
!
[
[
L

Fig. 4 Optical characterization of AUPPEG4K scaffolds. (A) CAD model of the printed scaffolds. (B) Macroscopic images of as-printed AUPPEG4K
scaffolds with different pore sizes (PS). (C—F) Optical microscopy images of scaffolds. (C) AUPPEG4K scaffold with 370 um PS and 370 um struts
(printed with 250 mm min~t and 3 bar). (D) AUPPEG4K scaffold with 370 um PS and 230 pm struts (printed with 500 mm min~* and 5 bar). (E)
Swollen state of the scaffold depicted in panel (C). (F) Swollen state of the scaffold depicted in panel (D). Scale bars are 3 mm and 200 pm for (A), (B)

and (C-F), respectively.

mimicry was lower for 3D printed modified gelatin hydrogels
with a difference of 25%.”*

For the anticipated biomedical application, the scaffolds
will be present under water-swollen conditions. To this extent,
knowledge of the pore sizes in the hydrated state is of para-
mount importance. Fig. 5B shows the correlation between the
pore sizes in the dry and hydrated states. Upon incubation in
water, the scaffolds swelled and as a result, the diameter of the
struts and the pore size increased. For the AUPPEG4K
scaffolds, there was a linear correlation between the pore size
in the dry and the hydrated state, irrespective of the strut dia-
meter (R of 0.98 and 0.97 for strut diameters of 230 um and
370 pm, respectively). Based on these correlations, the experi-
mental pore size of scaffolds in the swollen state can be

This journal is © The Royal Society of Chemistry 2026

extrapolated for a specified set of printing parameters (includ-
ing printing speed and pressure).

Fig. 5 also shows that scaffolds with smaller struts (230 pm)
swelled more compared to their larger diameter counterparts.
This finding can be explained by the fact that in one unit
volume, a larger number of pores and polymer struts were
present for the scaffolds with smaller diameter struts. This led
to a more pronounced swelling, given the larger available
polymer surface area for water contact. Moreover, a final obser-
vation is that the scaffold swelling originated more from a pore
size increase than an increase in strut diameter (Fig. 4C-F). As
an example, for the AUPPEG4K scaffolds, the pore sizes for the
370 um diameter struts increased from 220, 370, and 520 pm
to 350, 600 and 725 um, respectively, whereas the strut dia-
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Fig. 5 Pore size correlations of AUPPEG4K scaffolds obtained via optical microscopy. (A) Theoretical pore size versus experimental pore size for dry
scaffolds. (B) Experimental pore size of scaffolds in the dry versus hydrated state.

meters increased to 475, 485 and 495 pm. The correlations
between the pore sizes in the dry and hydrated state for
AUPPEGSK scaffolds are shown in Fig. S11. The observed cor-
relations for AUPPEGSK were similar to those for AUPPEG4K,
while being more extended for AUPPEGSK, given the higher
molar mass of the building block, thus leading to a higher
swelling.

In addition to optical microscopy of the printed scaffolds
used for optimizing various printing-related parameters, we
selected one scaffold (AUPPEG4K, printing speed 250 mm
min~", printing pressure 3 bar) for nano-CT analysis. The aim
was a visualization of the entire 3D scaffold (scaffold contours
and bulk), while horizontal and vertical cross-sections could
prove the interconnected porous structure and enable porosity
determination. The results are shown in Fig. 6.

Top views of the dry and water-swollen scaffolds are shown
in Fig. 6B and C. From these, pore size and strut diameter of
320 and 400 pm, respectively, can be derived for the dry
scaffolds. These values confirmed the data from optical
microscopy (cf. pore size and strut diameter of 350 and
370 pm, respectively). A comparison of dry and swollen
scaffolds (Fig. 6C and D) indicates that the scaffolds expanded
1.5-fold in 3D in all (x, y, z) directions. In addition, the nano-
CT based finding of the 1.5-fold scaffold expansion from dry to
hydrated state can be corroborated with optical microscopy
images (Fig. 4C and E) based on the comparison of the strut
distance in dry and hydrated states.

The interconnected nature of pores in the developed
scaffold, both in the dry and hydrated states, can be seen in
Fig. 6D. The interconnected porous nature of the AUPPEG4K
scaffold can also be confirmed via the cross-sections at
different levels and angles (Fig. S13). From this 3D reconstruc-
tion, porosities of 44% and 36% were calculated for the dry
and hydrated scaffolds, respectively. These porosity values are
in the same range as the porosity findings of human menisci
by Zhu et al., where the mean porosity of the human meniscus
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Fig. 6 Nano-CT analysis of AUPPEG4K scaffolds with 350 um pore size
and 370 pm strut diameter. (A) Schematic depiction of the scaffold
cross-section. (B and C) Top view images (x—y plane) of scaffolds; grey
and red represent the dry and swollen state of the scaffold, respectively.
(D) Perspective view images of the scaffolds depicted in panel (C). Scale
bar is 500 pym.

was 34%.”> This finding implies that the selected scaffold
designs can be effective candidates for meniscus tissue engin-
eering. In contrast, the results obtained by Pereira et al.
showed that the mean porosity of human meniscus based on
micro-CT was 55% for a freeze-dried lateral meniscus.” Yet,
the observed difference in the literature might have been
caused by the applied sample preparation and analysis
methods.

For the dry scaffolds, the obtained data from nano-CT was
10% lower than the theoretical value calculated using eqn (1),
as reported earlier.’®*° Based on this theoretical approach, the

This journal is © The Royal Society of Chemistry 2026
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porosities of all other developed scaffolds in the dry state were
calculated. The porosities varied between 48% and 74%
depending on the pore sizes, the strut diameters, and the layer
thicknesses. The porosities obtained in our work are in the
range of earlier studies in the field of meniscus TE. Indeed, for
PGA scaffolds with a 0-90° lay-down pattern, 350 pm struts,
and 200-500 pm pore sizes, the obtained porosities were
52-68%.%%7* Considering the comparison of the experimental
and theoretical porosity, the experimental porosity of scaffolds
can thus be extrapolated for a specified set of strut diameters,
strut distances and layer thicknesses.

3.3. Physicochemical characterization of 3D printed AUP
scaffolds

3.3.1. Gel fraction and swelling of scaffolds. In the next
part of our work, the developed scaffolds with varying strut
diameters and pore sizes, photocrosslinked with and without
PI, were tested for their gel fraction and swelling properties.

View Article Online
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The data for AUPPEG4K, shown in Fig. 7, reveal some major
findings. For all scaffolds, gel fractions in the range of 64-89%
were obtained. Furthermore, the obtained gel fractions were
higher for scaffolds with larger strut diameters (74-89% for
370 pm diameter scaffolds versus 64-80% for 230 pm diameter
scaffolds). As the gel fraction of the scaffolds indicates the
amount of polymer covalently crosslinked in the network, a
higher gel fraction thus implies a higher network density. All
gel fractions were above 70%, which indicates that the
scaffolds were efficiently crosslinked and will retain their
integrity and strength.”® The only exception was the scaffolds
with the smallest pore size and strut diameter crosslinked in
the absence of a PI. The obtained data indicate that an acrylate
content in the AUPPEG4K melt (Table 1, i.e. 0.33 mmol acry-
late per g AUP) is sufficient to realize efficient post-printing
crosslinking.

The fact that all gel fractions were lower than 100% and
higher for scaffolds with thicker struts may be attributed to
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Fig. 7 The effect of the strut diameter and pore size on the swelling degree and gel fraction of AUPPEG4K scaffolds. (A) Scaffolds with 230 pm
struts. Patterned and solid fill represent the absence and presence of Pl in the AUPs, respectively. (B) Scaffolds with 370 um struts. Bars labeled with
the same letter (a, b, c) are not significantly different; lines labeled with the same letter (w, x, y, z) are not significantly different (p > 0.05).

Statistically significant difference, n = 3, p < 0.05.
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the selected crosslinking method. Indeed, the applied UV light
can be scattered on the struts of the polymer scaffolds. This
decreases the penetration depth and/or the intensity of the UV
light, which negatively affects the efficiency of the crosslinking
reaction in the central part of the scaffold. As scaffolds with
thinner struts possessed a larger surface area, the scattering
was more pronounced, thus causing a lower gel fraction than
scaffolds with larger diameter struts. We also observed that the
obtained gel fractions increased significantly by 5-15% upon
PI addition. As indicated in the introduction section, one of
the unique features of the herein reported AUP macro-
monomers is the fact that they are crosslinkable in the
absence of a PI. However, the presence of 2 mol% PI indicates
a higher crosslinking efficiency for the scaffolds, leading to
higher gel fractions (above 80%). At 4 mol%, no further
increase was observed for AUPPEG4K scaffolds. The effects of
the PI concentration on the gel fraction and the swelling pro-
perties of AUPPEGS8K scaffolds are shown in Fig. S14. The
optimal PI concentration was 4 mol%. Although the selected
PI concentrations were 2 and 4 mol% for AUPPEG4K and
AUPPEGSK, the scaffolds without PI were also investigated and
used as a benchmark for observing the positive effect of PI
presence on the gel fractions.

The obtained swelling data corroborate the gel fraction
results. The swelling degree of all AUPPEG4K scaffolds ranged
between 250% and 350% (Fig. 7), implying that the scaffolds
took up an amount of water that is 2.5 to 3.5 times their dry
weight. The swelling degrees of AUPPEGSK scaffolds, ranging
between 460% and 530%, are shown in Fig. S14. As antici-
pated, the swelling thus increases with increasing PEG molar
mass (cf. leading to a lower crosslinking density). Similarly, a
study conducted by Nguyen et al. on PEG diacrylate (PEGDA)
hydrogel sheets (PEG molar mass of 6000 and 10 000 g mol™*)
showed the effect of PEG molar mass and the concentration
(10-30 wt%) on the swelling properties. As the molar mass of
PEG increased from 6k to 10k with a 30 wt% concentration,
hydrogels exhibited an increase in swelling ratio from 7.4 to
14.6.7° The higher water uptake in their study can be attribu-
ted to the lower PEG concentrations compared to the AUP
polymer melts (100 wt%) applied in our study. From the data,
it can also be concluded that the addition of PI negatively and
significantly affects the swelling degree, irrespective of the
investigated strut diameter and pore size. This finding is
associated with the higher crosslinking densities obtained
upon PI addition (¢f. gel fraction data). Finally, we showed that
both the pore size and the strut diameter of the developed
scaffolds do not affect the swelling degree, at least in the inves-
tigated ranges of the pore size (200 pm to 500 pm) and the
strut diameter (230 and 370 pm).

3.3.2 Mechanical properties of AUP scaffolds in the
hydrated state. Subsequent to analyzing the physical properties
of AUP scaffolds, the characterized AUP scaffolds were further
investigated by uniaxial unconfined compression tests to deter-
mine their mechanical properties, including the compressive
strength, the deformation at break and the compressive
modulus. Although the selected PI concentrations were 2%
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and 4 mol% for AUPPEG4K and AUPPEGSK, respectively, the
scaffolds without PI were used as a benchmark for observing
possible effects on the mechanical properties of the scaffolds.
As a meniscal substitute candidate, the AUP scaffolds were
analyzed in the hydrated state, as in the final application.

A series of important findings can be derived from the
data summarized in Fig. 8 for AUPPEG4K scaffolds with strut
diameters of 230 and 370 um, respectively. Firstly, scaffolds
with a larger strut diameter revealed higher compressive
strengths, deformations at break and compressive moduli. As
anticipated, the scaffolds with 370 pm struts were more
robust than their 230 pm strut diameter counterparts.
Secondly, the addition of PI positively affected all the
mechanical properties studied, irrespective of the strut dia-
meter or pore size. This can be explained by the increase in
gel fraction of the crosslinked hydrogel network upon PI
addition (see section 3.3.1) and confirms data from the litera-
ture using photo-crosslinkable gelatin and chitosan hydrogel
building blocks.””"”®

Thirdly, for both strut diameters studied, an increasing
pore size led to a decrease in compressive strength, defor-
mation at break and compressive moduli. As the pore size of
the scaffold increases, the number of polymer struts (i.e. the
amount of AUP present) in one unit volume of the scaffold
decreases, thus causing a lower resistance towards the applied
stress, resulting in a decrease in the mechanical properties.
From the data obtained, it can thus be concluded that the
addition of PI and an increase in pore size have opposing
effects on the compressive moduli of the scaffolds. This
finding is in agreement with the literature, where the mechani-
cal properties of 3D printed scaffolds decrease with increasing
pore size for PCL, PLA-based and poly(ethylene oxide tere-
phthalate)-poly(butylene terephthalate) (PEOT-PBT) block
copolymers.®>*7?#° In addition, there was a positive correlation
between the compressive strength and the deformation at
break, irrespective of the investigated strut diameter and pore
size. This can be explained by the fact that scaffolds with
higher compressive strength can withstand the applied
mechanical loading more, leading to higher deformation until
they reach failure.

However, a few exceptions were observed in the decreasing
trend of the mechanical properties while increasing the pore
size. In particular, in the absence of PI, the compressive
moduli of scaffolds with 230 um struts (Fig. 8C) were indepen-
dent (p = 0.25) of the pore size increase, at least in the studied
pore size range. This could be attributed to the predominating
effect of the lower gel fraction (64-71%, Fig. 7A) of these
scaffolds, which ruled out the effect of the pore size on the
compressive modulus. Another exception from the general
trend was the scaffolds with 370 pum struts printed in the pres-
ence of PI (Fig. 8F). This finding can be due to the profound
effect of the gel fraction (83-89%) on the mechanical pro-
perties upon PI addition. This effect counterbalances the
anticipated decreasing tendency of the compressive modulus
with pore size increase (p = 0.05). For these exceptions, it can
be concluded that the effect of the gel fraction on the compres-

This journal is © The Royal Society of Chemistry 2026
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Fig. 8 Effect of pore size and Pl on the mechanical properties of AUPPEG4K scaffolds. (A) Compressive strength of scaffolds with 230 pm struts. (B)
Deformation at break of scaffolds with 230 um struts. (C) Compressive modulus of scaffolds with 230 pm struts. (D) Compressive strength of
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nificantly different. Statistically significant difference, n = 3, p < 0.05.

sive modulus is more prominent than the effect of the pore
size, at least in the studied pore size range.

A final observation was a leveling off of the compressive
strength and the deformation at break values for the lower
strut diameter scaffolds (i.e. 230 pm, Fig. 8A and B). A possible
explanation for this might be that the pore size effect was
counterbalanced by the effect of the gel fractions (Fig. 7A).

For comparative reasons, a limited set of data from
AUPPEGSK scaffolds with 230 pum strut diameters and pore
sizes of 350 and 510 um are shown in Fig. S15. As expected,
AUPPEGSK scaffolds revealed lower mechanical properties, as
reflected by both the compressive strength and the modulus.
In particular, 2.5- and 3-fold decreases were observed for
AUPPEGSK scaffolds with 350 and 510 um pore sizes, respect-
ively, compared to their AUPPEG4K counterparts. This can be
explained by the lower crosslink density of the AUPPEGSK
scaffolds, resulting in higher flexibility, leading to a higher
deformation at break in AUPPEGSK scaffolds. Additionally,
an increase in pore size from 350 to 510 pm led to a decrease
in the mechanical properties of AUPPEGSK scaffolds, as
anticipated.

This journal is © The Royal Society of Chemistry 2026

A meniscal scaffold must combine many crucial character-
istics, particularly with regard to its mechanical properties.
The compressive moduli of the developed AUPPEG4K and 8K
scaffolds were in the range of 1-3 MPa and 0.5-0.7 MPa,
respectively, under physiological strains, depending on the
selected pore size and the strut diameter. In our study, the
compressive moduli of the developed scaffolds (0.5-3.2 MPa)
were determined as the elastic compressive modulus, calcu-
lated from the slope of the stress—strain curve in unconfined
compression. Compressive moduli of the human meniscus
reported in the literature are in the range of 0.7-5 MPa.">"'>%!
These values are either the elastic compressive modulus from
unconfined or confined compression, or the instantaneous
modulus from indentation-based stress-relaxation tests.
Although obtained through different protocols, both measure
the tissue’s initial load-bearing stiffness before fluid relaxation
and therefore fall in a similar magnitude, typically within
0.1-2 MPa, with higher values up to ~5 MPa observed in the
anterior medial region and in the degenerated meniscus. Our
scaffolds’ moduli are thus in line with the physiologically rele-
vant compressive properties of the native meniscus and out-
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perform those of other reported hydrogel materials. Indeed,
different studies on photo-crosslinkable gelatin and PEG-
based hydrogel building blocks produced using 3D printing
indicated compressive moduli in the kPa range,®*** resulting
in hydrogel constructs with inferior mechanical properties to
those of the native meniscus.

A final part of the mechanical analysis of the developed
scaffold involved a nano-CT analysis under mechanical
loading. For this test, the AUPPEG4K scaffold that was ana-
lyzed for its porosity using nano-CT (printing speed of
250 mm min~', pressure of 3 bar, 350 um pore size, and
370 um strut diameter) was again selected. To mimic the phys-
iological loading conditions in a native meniscus, 10% strain
was applied. This value was selected since the meniscus is
subject to strain levels ranging from 5% to 15% under physio-
logically relevant loading conditions, where the typical applied
loading procedure includes the dynamic compression under
10% strain.®*"®® The nano-CT data revealed that the morpho-
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Fig. 9 Nano-CT analysis of AUPPEG4K scaffolds with 370 pm struts
and 350 pore size in 2 mol% Pl under mechanical loading. Red (SO) is a
non-compressed and blue (S1) is a compressed scaffold. (A and B) Side
view of the scaffold from different angles. (C) The effect of mechanical
loading on the scaffold porosity. SO and S1 are not significantly different
(n=3,p<0.05).

View Article Online

Biomaterials Science

metric parameters of scaffolds were not significantly affected
(p < 0.05) upon applying 10% strain (Fig. 9), which is a prelimi-
nary indication that the scaffolds can preserve their integrity,
structural support, and morphology under physiological
mechanical loading.

3.4. Surface modification and characterization of AUP
scaffolds

With the physical and mechanical evaluation performed, the
developed AUP scaffolds were surface-modified using a photo-
crosslinkable gelatin derivative (i.e. gel-MOD) to introduce a
cell-interactive layer on plasma-activated AUP scaffolds. The
selected AUPPEG4K scaffold was the same as that applied for
the nano-CT analyses (see sections 3.2.4 and 3.3.2). AUPPEGSK
is again shown as a reference. The presence of the gel-MOD
coating was evaluated by collecting XPS survey scans on both
the surface and cross-sections of the scaffolds.

The data shown in Table 3 indicate that on both the
AUPPEG4K and 8K scaffolds, no N 1s core-level signal was
observed, as no protein (gel-MOD) was present. Upon surface
modification using gel-MOD, the increasing N/C ratio was
used to demonstrate the covalent link between the gel-MOD
and the AUP scaffold surface since the removal of non-reacted
gel-MOD was guaranteed by rinsing the surface-modified AUP
scaffolds in water at 40 °C (i.e. above the upper critical solution
temperature (UCST) of gelatin). The data indicate that both the
surface and the cross-section of the scaffolds were successfully
modified with gel-MOD, considering the presence of N 1s core-
level signals. However, the gel-MOD values were different when
comparing the surface and cross-section of the AUP scaffolds.
A possible explanation can be the lower gel-MOD crosslinking
efficiency during UV irradiation on the cross-section because
of UV light scattering and limited penetration. Although this
difference was significant for AUPPEG4K scaffolds, it was not
significantly different for their AUPPEG8K counterparts. These
findings could be due to the insufficient immersion time
(3 hours) of the AUPPEG4K scaffolds in the gel-MOD solution.
This difference can be explained by the higher swelling degree
of the AUPPEGSK scaffolds, leading to a larger pore size and
resulting in straightforward infiltration of the gel-MOD solu-
tion in the entire scaffold compared to their AUPPEG4K
counterparts. With the successful gel-MOD immobilization
onto AUP scaffolds, the applied gel-MOD coating on the
AUPPEGA4K scaffold was further evaluated for its distribution
over the surface and cross-section of the scaffold via XPS

Table 3 Surface compositions and N/C atomic ratios of AUP scaffolds with gel-MOD modification

Material Location N (%) 0 (%) C (%) N/C
AUPPEG4K Surface — 32.3+2.8 67.5+2.4 —

AUPPEG4K + gel-MOD Surface 43+1.2 30.3+2.8 65.3 +2.6 0.06
AUPPEG4K + gel-MOD Cross-section 1.7 £ 0.6 30.4£1.2 67.9 +1.6 0.02
AUPPEGSK Surface — 32.5+2.8 67.5+2.4 —

AUPPEGSK + gel-MOD Surface 41+1.6 29.5+3.3 66.4 +2.0 0.06
AUPPEGSK + gel-MOD Cross-section 3.7+1.7 29.9+1.3 66.3 +1.3 0.06
Gel-MOD Surface 9.1+2.8 22.7+1.3 68.2+1.4 0.13
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Fig. 10 Distribution of gel-MOD on the AUPPEG4K scaffold. (A) Gel-MOD coating distribution on the scaffold surface. (B) Gel-MOD coating distri-

bution on the scaffold cross-section. The color indicates the % N value.

micro-mapping (Fig. 10), which indicates a homogeneous dis-
tribution both on the surface and cross-section of the scaffold.

3.5. Invitro cytotoxicity using human dermal fibroblasts

In the final part of this work, the developed AUPPEG4K
scaffolds were tested for their in vitro cytotoxicity. The selected
AUPPEGA4K scaffold was the same as that applied for the nano-
CT and the surface modification analyses. The in vitro biocom-
patibility of the materials was analyzed in an indirect cyto-
toxicity assay (Ca-AM/propidium iodide staining and MTT
assay) using HDF cells. To this end, HDF cells were exposed to
extracts of the studied materials and evaluated after 48 hours.
As can be seen in Fig. 114, the cells have excellent viability and
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Fig. 11 HDF cell viability using an indirect cytotoxicity assay. (A) Live/
dead assay based on Ca-AM/propidium iodide staining. (B) Cell viability
based on the MTT assay. Bars labeled with the same letter (a) are not sig-
nificantly different, n = 3. p < 0.05. Scale bar is 400 um.
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elongated morphology with the extracts of PCL (negative
control), AUPPEG4K and gel-MOD coated AUPPEG4K
scaffolds. The cells containing the extracts of gel-MOD coated
AUPPEG4K scaffolds showed higher cell viability compared to
the cells containing the extracts of non-coated AUPPEG4K
scaffolds, although this difference was not significant (p >
0.05).

The cytotoxicity tests showed that the developed AUP does
not leach out cytotoxic substances to the cell culture environ-
ment. In addition, the morphology of the fibroblasts that were
cultured upon incubation in sample extracts from AUP and
AUP + gel-MOD media was similar to that of the PCL control
group.

Based on these findings, future studies will evaluate the
interaction of our scaffolds with meniscal fibrochondrocytes
and articular chondrocytes to assess their compatibility with
native meniscus and adjacent cartilage tissues, followed by
in vivo investigations to examine implant integration and func-
tional performance within the joint environment.

4. Conclusion

We successfully synthesized a series of acrylate-terminated
urethane-based hydrogel precursors (AUPs). Varying the molar
mass of their PEG backbone from 1000 to 8000 g mol™*
resulted in AUPs with tunable physicochemical properties.
Indeed, going from AUPPEG1K to AUPPEGSK, the acrylate
content of the AUPs ranged from 0.81 to 0.16 mmol g~ AUP,
the molar masses (M,) were between 4200 g mol™' and
27 000 g mol ™", the T, ranged from 10 °C to 36.8 °C, while the
Ty, ranged between 34.4 °C and 54.6 °C. Considering the solid
state crosslinking of AUPs, these polymers were 3D printed
from their melts. The optimal combinations of the printing
speed and pressure for AUPPEG4K scaffolds (500 mm min™*
and 5 bar, 250 mm min~" and 3 bar) resulted in intercon-
nected scaffolds with uniform struts of 230 um or 370 pm dia-
meter and pore sizes of 220, 370 or 520 um.
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Almost all gel fractions were above 70%, which implies that
the scaffolds were efficiently crosslinked in the solid state and
retained their integrity and strength. The scaffold swelling
increased with increasing molar mass of the hydrogel building
block, while PI addition to scaffolds led to decreased swelling.
The mechanical properties of the scaffolds were positively
affected by a larger strut diameter, smaller pore sizes and the
addition of PI. The compressive moduli of the developed
AUPPEG4K and 8K scaffolds were in the range of 1-3 MPa and
0.5-0.7 MPa, respectively, under physiological strains, depending
on the selected pore size and the strut diameter. As anticipated,
AUPPEGSK scaffolds exhibited lower mechanical properties.

We conclude that the physical properties of the AUP scaffolds
can be adjusted by altering the PEG backbone molar mass and
varying the processing conditions and the scaffold design.
Furthermore, the compressive moduli of AUPPEG4K and AUPPEGS8K
scaffolds gave promising results considering the mechanical pro-
perties of the native meniscus. As the cell viability results indicated
that the developed AUP hydrogels were non-toxic, AUPs may fulfill
the need in meniscal implant applications given their tunable physi-
cal properties, ease in 3D fabrication and biocompatibility.
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