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Abstract 

Development and evaluation of norbornene-endcapped urethane-based polymers (NUP) or 

norbornene-modified gelatin (GelNB) with thiolated gelatin (GelSH) for advanced volumetric 

printing (VAM) and cell encapsulation applications. High-fidelity printing was achieved for 

complex geometries, including gradient porosity scaffolds, which demonstrated effective 

transition between dense and sparse areas. Mechanical testing showed that the VAM-printed 

hydrogels exhibited significant compressive strength and storage modulus, highlighting their 

robustness. Cell viability assays, including proliferation and live/dead staining, confirmed that 

encapsulated mesenchymal stem cells (MSCs) remained viable and proliferative within the 

hydrogel matrices. Confocal microscopy further demonstrated that porosity positively 

influenced cell spreading and growth. This work highlights the potential of the developed 

gradient scaffolds with volumetric printing. 

 

Keywords:  tomographic volumetric printing, enthesis tissue engineering, tendon-bone junction 

regeneration, gradient scaffold, modified gelatin, 3D bioprinting 
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Abstract: Development and evaluation of norbornene-

endcapped urethane-based polymers (NUP) or norbornene-

modified gelatin (GelNB) with thiolated gelatin (GelSH) for 

advanced volumetric printing (VAM) and cell encapsulation 

applications. High-fidelity printing was achieved for complex 

geometries, including gradient porosity scaffolds, which 

demonstrated effective transition between dense and sparse areas. 

Mechanical testing showed that the VAM-printed hydrogels 

exhibited significant compressive strength and storage modulus, 

highlighting their robustness. Cell viability assays, including 

proliferation and live/dead staining, confirmed that encapsulated 

mesenchymal stem cells (MSCs) remained viable and proliferative 

within the hydrogel matrices. Confocal microscopy further 

demonstrated that porosity positively influenced cell spreading 

and growth. This work highlights the potential of the developed 

gradient scaffolds with volumetric printing.  

Keywords:  tomographic volumetric printing, enthesis tissue 

engineering, tendon-bone junction regeneration, gradient 

scaffold, modified gelatin, 3D bioprinting 

 

I. INTRODUCTION 

This research focuses on the challenging problem of 
regenerating the tendon-bone junction (TBJ), a specialized 
region where tendon seamlessly transitions into bone. This area 
is characterized by a gradient in tissue composition and 
mechanical properties, which is essential for the effective 
transfer of load between the soft tendon and hard bone [1]. 
Injuries to the TBJ are a significant health concern, with an 
estimated annual incidence of 2.35 cases per 1,000 individuals 
[2]. About 18% of muscle-tendon-bone injuries occur at the 
TBJ, with 98% resulting from tissue fatigue and 2% from 
evident trauma [3]. These injuries predominantly affect 
individuals with an average age of 51.4 years, and frequently 
involve the supraspinatus, Achilles tendon, and patellar tendon 
due to acute trauma or tissue degeneration [3]. 

Regenerating the TBJ poses significant clinical challenges 
due to the unique biomechanical properties of this interface. 
Current repair strategies often result in poor healing outcomes, 
high rates of reinjury, and long-term disability [4]. The primary 
issue lies in replicating the natural gradient structure of the TBJ, 
which is crucial for its function but difficult to achieve with 
existing tissue engineering (TE) techniques. Previous attempts 
using sponges, growth factors, autografts, and autologous 
periosteal flaps have shown limited success [1]. Given the high 
failure rates of surgical repairs, especially for conditions like 
massive rotator cuff tears and ACL reconstructions, there is a 
clear need for more effective solutions [5]. This research aims 
to address these challenges by developing a Voronoi gradient 
hydrogel scaffold that mimics the complex structure of the TBJ, 
using volumetric printing techniques to achieve precise control 

over scaffold architecture and create biomimetic structures that 
could improve clinical outcomes in TBJ regeneration. 

II. LITERATURE STUDY 

A. Tendon-bone junction 

The tendon-bone junction, or enthesis, is the anatomical 
structure that connects the tendon to the bone [6]. The main role 
of this interface is to transmit forces from the tendon to the 
skeleton, enabling musculoskeletal movement [7]. The 
structure of the enthesis exhibits a gradual transition from the 
soft and flexible tendon to the hard and rigid bone, consisting 
of four tissue regions: dense fibrous connective tissue (tendon), 
fibrocartilage, mineralized fibrocartilage, and bone [8], 
highlighted in Figure 1. Beneath the red line is the bone tissue, 
between the red line and white line there is the calcified 
fibrocartilage, between the white line and yellow line is the 
uncalcified fibrocartilage and above the yellow line is the 
tendon. Natural healing of the enthesis does not conserve its 
transitional gradient structure, but rather replaces the original 
fibrocartilaginous interface with fibrous tissue, which raises the 
risk of rupture due to the abrupt transition in stiffness between 
the tendon and bone [9]. 

 

Figure 1 Illustration of the four zones on a histological section of a 
mouse supraspinatus taken from Apostolakos et al. [8].  

B. Tissue engineering 

Tissue engineering was defined in 1993 by R. Langer and J.P. 
Vacanti as an interdisciplinary field that applies principles of 
engineering and life sciences with the purpose of developing 
biological substitutes that restore, maintain or improve the 
function of tissues and organs [10]. The root of TE is 
represented by scaffolds, which are three-dimensional (3D) 
networks mimicking the extracellular matrix (ECM) and 
promote tissue regeneration. 
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Biomaterials play a crucial role in this field because they are 
ideal materials for scaffolds by closely mimicking the ECM of 
specific tissues through providing similar chemical 
composition, mechanical properties and/or biochemical cues 
for an adequate cellular response [11]. Some examples of 
commonly used biomaterials in TE include natural ones such 
as collagen, chitosan, gelatin and hyaluronic acid, as well as 
synthetic ones such as poly(ethylene) (PE), poly(ethylene 
glycol) (PEG), poly(lactic acid) (PLA) and poly(urethanes) 
(PU) [12], [13]. 

The biomaterial-based scaffolds can be populated with stem 
cells, which are characterized by their origin and differentiation 
characteristics [14]. For a high success rate of tissue 
regeneration, the cell processes are enhanced by using growth 
factors, a large class of cytokines. They regulate cellular 
functions including growth, proliferation, and migration, 
through specifically binding to cell membrane receptors [15]. 

C. Conventional and gradient scaffolds 

The ideal scaffold is biocompatible, porous, bioactive, has 
good mechanical properties, an appropriate degradation rate, 
infection resistance, promotes cell-adhesion, and is cost-
effective [16]. There are numerous challenges which arise 
when trying to fabricate an ideal scaffold, as it is difficult to 
optimally compromise between the desired properties. 
Moreover, natural tissues have a complex composition and 
structure, making them difficult to mimic closely. 

Some of these challenges can be overcome by fabricating 
gradient scaffolds, which are scaffold constructs with gradual 
transitions in geometry, structure, density, porosity, mechanical 
properties, composition and so on, presenting a higher 
similarity to the natural ECM [17].  

D. Scaffold fabrication through additive manufacturing 

Most scaffold fabrication techniques fall into one of the two 
categories: conventional methods (e.g. solvent casting, freeze 
drying, sol-gel) or additive manufacturing (e.g. 
stereolithography, fused deposition modelling, selective laser 
sintering) [18]. Other methods include processes such as 
decellularization, which conserves the natural ECM through 
the removal of cellular and antigenic materials which populate 
it, preserving the structure and composition of the matrix [19]. 

Additive manufacturing methods, also known as 3D printing, 
are often preferred for scaffolding as they make it possible to 
fabricate complex structures. 3D printing was developed in the 
1990s and it implies the layer-by-layer deposition of a material 
according to a CAD model [20]. 

There are two main categories which 3D printing methods 
can be associated with: deposition-based printing (e.g. fused 
deposition modelling, powder bed fusion, binder jetting, 
bioprinting) and light-based printing (e.g. stereolithography, 
digital light processing, volumetric printing) [21], [21], [22], 
[23], [24], [25], [26]. 

E. Volumetric printing 

Introduced in 2017, volumetric printing is a novel additive 
manufacturing method which differs from other 3D printing 
techniques by its ability to manufacture parts within a short 
time through selective delivery of energy in a 3D environment. 
The energy is delivered in all points of the object fabrication 
space at the same time, resulting in a lack of need for supporting 
structures, good and uniform mechanical properties, good 
surface quality and possibility of obtaining complex models. 

The current main disadvantages of volumetric printing in 
comparison to other 3D printing techniques are the limitation 
of available equipment, limited selection of materials, and 
complex printing algorithms [26], [27]. 

The principles of volumetric printing are similar to those that 
computed tomography makes use of. The printing patterns are 
determined by the back projection of the patterns contained 
within the model, which are superimposed and form a stable 
light dose distribution within the printing container. When the 
resin absorbs enough energy to reach a solidifying threshold, 
the structure is formed in all space points through 
photopolymerization [28]. This process is only possible when 
choosing an appropriate resin: the photo-crosslinkable material 
should be transparent to allow photopolymerization to occur in 
the entire volume [27]. Additionally, the photoinitiator and 
inhibitors should be chosen appropriately because they directly 
influence the quality of the print and printing time [26], [29]. 

F. Engineering strategies for tendon-bone junction repair 

The complexity of enthesis healing and repair has generated 
the need for complex treatment methods to be developed. 
Numerous groups have fabricated and studied scaffolds with 
the potential to assist the healing process by using different 
materials and methods, leading to the enhancement of 
conventional scaffolds – for example, Huang et al. (2021) [30] 
synthesized a gelatin methacryloyl hydrogel loaded with 
kartogenin to induce chondrogenic tissue formation, or to the 
development of more complex scaffolds, for example, 
Micalizzi et al. (2023) [31] used electrospinning as a means to 
fabricate a multimaterial scaffold which mimics the structure 
of the tendon-ligament region and bone region.  

Current research in tendon-bone junction scaffold fabrication 
lacks due to the challenge of replicating the complex biological 
and mechanical properties of the native enthesis, which 
requires further improvements in biomaterials and fabrication 
techniques. 

III. MATERIALS AND METHODS 

A. Materials 

1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) 
(Merck), 2-mercaptoethanol (Merck), 5-norbornene-2-
carboxylic acid (Merck), 5-norbornene-2-methanol (TCI 
chemicals), Acetone (Chemlab), Boric acid (Acros Organics), 
Butylated hydroxytoluene (BHT) (Innochem GmbH), 
Deuterated chloroform (Euriso-Top), Diethyl ether (Chem-
lab), Dimethyl terephthalate (DMT) (Sigma-Aldrich), Dry 
toluene (Chem-lab), Ethanol (Chem-lab), Gelatin type 
B(Rousselot), Isophorone diisocyanate (IPDI) (Sigma-
Aldrich), Liquid nitrogen (Air Liquide), Li-TPO/LAP 
(Synthesized), N-acetyl-homocysteine thiolactone  (Janssen 
Chimica), n-butylamine (distilled prior to use)(Acros 
Organics), N-hydroxysuccinimide (NHS) (Merck), O-
phthalaldehyde (OPA) (Acros Organics), Phosphoric 
acid(Sigma-Aldrich), Poly(ethylene glycol) 2000 g ⋅ mol-1 
(Sigma-Aldrich), Potassium chloride (Merck), Sodium 
bicarbonate (TCI Europe), Sodium carbonate(Acros Organics), 
Sodium hydroxide (Chem-lab), Tetra sodium salt tetrahydrate 
(EDTA) (Merck), Valikat bi (bismuth neodecanoate)  
(Shepherd), Phosphate buffered saline (PBS tablets) (Merck), 
Triphenyl phosphite (TPP) (Honeywell Fluka), Phenothiazine 
(PTZ) (Sigma-Aldrich), Low glucose DMEM (LG-DMEM) 
(Fisher Scientific), L-glutamine(Fisher Scientific), DPBS 
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(Fisher Scientific), Fetal bovine serum (FBS) (Sigma), 
Antibiotic-antimycotic solution (ABAM) (Sigma-Aldrich), 
Trypsin-EDTA(Sigma-Aldrich), MTS-kit (abcam), 
FluoroBrite DMEM (Thermo Fisher Scientific), Calcein-
acetoxymethyl (Ca-AM) (Invitrogen), Propidium iodide 
(PI)(MP Biomedicals), 

B. Synthesis of biomaterials for photo-crosslinking 

To synthesize GelSH, 200 mL of carbonate buffer (pH 10) 
was heated to 40°C. Next, 20 g of gelatin type B was gradually 
added to the buffer under argon with constant stirring. Once 
dissolved, 0.12486 g of tetra sodium salt tetrahydrate (EDTA) 
was introduced. N-acetyl-homocysteine thiolactone was then 
added in excess, based on the desired degree of substitution 
relative to the primary amines in the gelatin, with three 
variations synthesized using 1, 3, or 5 equivalents. The reaction 
proceeded for 3 hours at 40°C with vigorous stirring. 
Afterward, the mixture was diluted with 200 mL of double-
distilled water and dialyzed (MWCO 12 – 14 kDa, Spectrapor) 
against Milli-RO water at 40°C under an argon atmosphere for 
24 hours, changing the water five times. The pH was adjusted 
to 7.2-7.4, and the solution was frozen in liquid nitrogen before 
being freeze-dried and stored at -80°C. 

To synthesize GelNB, 0.848 mL of 5-norbornene-2-
carboxylic acid was dissolved in 75 mL of dry 
dimethylsulfoxide (DMSO) at room temperature. Then, 830.30 
mg of EDC and 996.96 mg of NHS were added, and the 
solution was degassed with argon for five minutes. The reaction 
proceeded for 8 hours at room temperature under an argon 
atmosphere, followed by heating at 40°C for one hour. 
Simultaneously, 15 g of gelatin type B was dissolved in 450 mL 
of dry DMSO at 50°C under argon. The activated acid solution 
was then combined with the gelatin solution and left to react 
overnight under argon. The mixture was precipitated with 
acetone, and the precipitate was collected via vacuum filtration 
and washed with acetone. The precipitate was redissolved in 
Milli-Q water and dialyzed for 24 hours at 40°C with frequent 
water changes. After dialysis, the pH was adjusted to 7.2-7.4, 
and the solution was frozen in petri dishes and freeze-dried. 

To synthesize NUP, 5-norbornene-2-methanol (endcap) is 
reacted with IPDI to form an intermediate (NB-IPDI), which is 
then added to a polyol backbone. Firstly, PEG (molar mass 
2000 g·mol-1) is dried by melting at 90°C under vacuum with 
nitrogen or argon for at least 3 hours. Phosphoric acid and 
butylated hydroxytoluene (BHT) are added to neutralize 
basicity and prevent premature crosslinking. 5-norbornene-2-
methanol (endcap) is reacted with isophorone diisocyanate 
(IPDI) in dry toluene with stabilizers and a bismuth 
neodecanoate catalyst. The solution is stirred at 75°C for 3 
hours. The intermediate from the first step is reacted with the 
PEG backbone at 70°C, then heated to 80°C. The reaction is 
monitored by FT-IR spectroscopy and stops when the 
isocyanate absorption band disappears (2270 cm-1). Post-
reaction, acetone is added to reduce viscosity, and the polymer 
is precipitated in diethyl ether, dried under vacuum at 40°C for 
4 days, and checked for dryness using TGA. The final product 
is stored in an argon atmosphere in a dark HDPE bottle. 

C. Characterization of materials before cross-linking 

The chemical structure of the materials was analyzed using a 
Fourier-transform infra-red spectroscopy (FT-IR) system 
(PerkinElmer Frontier FT-IR spectrometer) and a proton 
nuclear magnetic resonance (1H-NMR) system (Bruker Avance 

400/500 MHz NMR spectrometer). The NMR spectra were 
analyzed using the software MestreNova.  

The following equations were used to calculate the alkene 
content and the molar mass of the NUP precursors: 𝐴𝑙𝑘𝑒𝑛𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 = 𝐼𝛿=5.94−6.13 𝑝𝑝𝑚𝐼𝛿=8 𝑝𝑝𝑚 ∙ 𝑁𝛿=8 𝑝𝑝𝑚𝑁𝛿=5.94−6.13 𝑝𝑝𝑚 ∙ 𝑊𝐷𝑀𝑇𝑀𝑀𝐷𝑀𝑇 ∙ 1000𝑊𝑁𝑈𝑃 

𝑋 = 𝑁𝐴𝑙𝑘𝑒𝑛𝑒 ∙ 𝐼3.4−4.0 𝑝𝑝𝑚𝐼5.94−6.13 𝑝𝑝𝑚 ∙ 𝑁5.94−6.13 𝑝𝑝𝑚𝑁3.4−4.0 𝑝𝑝𝑚𝑀𝑀𝑃𝐸𝐺 𝑏𝑎𝑐𝑘𝑏𝑜𝑛𝑒𝑀𝑀𝐸𝑂  

𝑀𝑀𝑁𝑈𝑃 𝑃𝐸𝐺 = 2 ∙ 𝑀𝑀𝑁𝐵𝑀𝑒𝑂𝐻 + 𝑀𝑀𝐼𝑃𝐷𝐼 + 𝑋 ∙ (𝑀𝑀𝐼𝑃𝐷𝐼 + 𝑀𝑀𝑃𝐸𝐺 𝑏𝑎𝑐𝑘𝑏𝑜𝑛𝑒) 

 

Where: Iδ =5.94–6.13ppm = integral of the signal of the proton 

part of the alkenes; Iδ =8 ppm = integral of the signal of the 
protons of the aromatic ring in DMT; Iδ =3.4-4ppm = integral 

of signal of the methylene protons; Nδ=5.94–6.13ppm = 

number of protons per alkene endgroup (= 2); NAlkene = 

number of alkenes per NUP (=assumed to be 2); Nδ=8ppm = 
number of protons in the benzene ring of DMT (= 4); Nδ=3.4–
4.0ppm = number of protons in 1 EO unit (= 4); MM PEG 

backbone = MM of PEG backbone used for synthesis = 2000 

g·mol-1; MMEO = MM of 1 EO unit = 44 g·mol-1; MM 

NBMeOH = 124.18 g·mol-1; MM IPDI = 222.3 g·mol-1 

The following equations were used to calculate the degree of 
substitution for GelNB: 𝑛𝑛𝑜𝑏𝑜𝑟𝑛𝑒𝑛𝑒 = 0.384 (𝐼6.0 + 𝐼6.3)2𝐼1.0  𝑛𝑁𝐻2 = 0.0385 𝑚𝑜𝑙𝑒𝑠 𝑝𝑒𝑟 100𝑔 𝑔𝑒𝑙𝑎𝑡𝑖𝑛 𝑡𝑦𝑝𝑒 𝐵 𝐷𝑆[%] = (𝑛𝑛𝑜𝑏𝑢𝑟𝑛𝑒𝑛𝑒𝑛𝑁𝐻2 ) ∙ 100% 

Where: Iδ=6.3-6.0ppm = integral of the signal of the protons 

of 5-norbornene-2-carboxylic acid; Iδ=1.0ppm = integral of 
the signal of the protons of the reference peak (chemically inert 

hydrogen atoms of Val, Leu and Ile); 0.0385 mol/100g: the 

amount of primary amines in Gel-B that are prone to reaction 

0.384 mol/100g: the amount of methyl protons in the reference 

signal (of Val, Leu and Ile) 

O-phthaldialdehyde (OPA) assay was conducted to 
determine the degree of substitution of Gel-SH. To prepare the 
reagents, 20 mg of OPA was dissolved in 10 mL of ethanol and 
diluted to 50 mL with double-distilled water. Separately, 25 μL 
of 2-mercaptoethanol was mixed with 50 mL of borate buffer 
(pH 10). A reference sample was made by combining 1000 μL 
of double-distilled water, 1500 μL of the 2-mercaptoethanol 
solution, and 500 μL of the OPA solution. A calibration plot 
was created using samples with varying concentrations of n-
butylamine standard solutions. For testing, 25 mg of each 
gelatin type (unmodified, GelNB, GelSH1eq, GelSH3eq, 
GelSH5eq) was dissolved in 1 mL of double-distilled water and 
heated to 37°C. Each sample was prepared by mixing 50 μL of 
the gelatin solution with 950 μL of double-distilled water, 1500 
μL of the 2-mercaptoethanol solution, and 500 μL of the OPA 
solution, then vigorously mixed. Absorbance was measured 
using UV-VIS spectroscopy at 335 nm against a blank. 
Measurements were taken at the absorbance peak, and 
measurements were done in triplicate. 

The thermal stability of the biomaterials was studied using 
thermogravimetric analysis (TGA; TA Instruments, Q50), 
while the thermal transitions (melting point, glass transition 
temperature, crystallization) were studied through differential 
scanning calorimetry (DSC) using a TA Instruments Q2000 
DSC system. 

Photo-rheology was conducted with the Anton Paar Physica 
MCR 301 rheometer to investigate the rheological properties of 
the hydrogels as they undergo photo-induced crosslinking. 
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Aqueous solutions of GelSH and GelNB/NUP were then 
prepared at different concentrations using a 1:1 molar ratio of 
thiol to alkene. These mixtures were warmed at 40°C for 50 
minutes. A 0.006 (w/v)% LAP photo-initiator was added based 
on the double bond concentration and allowed to dissolve for 
an additional 5 minutes. The UV-crosslinking was performed 
with a UV light source filtered for 400–500 nm wavelengths. 
The experiment used a parallel plate setup with a 25 mm top 
spindle, and samples were exposed to UV light (22.5mW⋅cm-²) 
at 37°C. The storage (G') and loss (G'') moduli were measured 
under a 0.1% strain and 1 Hz frequency, with a 0.3 mm gap and 
0.5 N normal force. The same system was used to determine 
the gel point for dose optimization, with the difference that the 
intensity of the light was lowered to 4.9 mW/cm2. The dose 
used for volumetric printing (Dv) was calculated with the 
following formula: 𝐷𝑣 [𝑚𝐽 ⋅ 𝑐𝑚−2] = 𝑇𝑔𝑒𝑙 𝑝𝑜𝑖𝑛𝑡[𝑠] ∙ 𝐷𝑟[𝑚𝑊 ⋅ 𝑐𝑚−2] 

Where Dr is the light dose used for photo-rheology and Tgel 

point is the time in seconds from the start of the light irradiation 

until the G’-G’’ 
Absorption at 405 nm was measured using a UV-VIS 

spectrophotometer (UvikonXL, Bio-Tek Instruments) with 
temperature control set to 10°C. The spectrophotometer was 
warmed up, set to 405 nm, and zeroed with a blank cuvette. 
Solutions were prepared as described above with 0.05 (w/v)% 
LAP, and cuvettes were checked for air bubbles and residue 
before measurement. The cuvette was placed in the 
spectrophotometer, and absorbance was recorded in triplicate. 
The absorption coefficient 𝛼(𝜆) for VAM-printing was 
calculated using the following formula: 𝛼(𝜆)[𝑐𝑚−1] = 2.303 𝐴(𝜆)𝑡 [𝑐𝑚] 
Where 𝐴(𝜆) is absorbance and t is the sample thickness. 

D. Characterization of materials after cross-linking 

Gel sheets were prepared with 0.05 (w/v)% LAP for 
consistency with upcoming VAM-printing. The solutions were 
encased between two parallel glass plates with Teflon foil and 
a 1.2 mm silicone spacer, then irradiated for 30 minutes from 
both sides with UV-A light (λ = 320-385 nm, 2 × 5 mW⋅cm-2). 

Crosslinking efficiency was evaluated by measuring gel 
fraction and solvent uptake capacity. Twelve 6 mm cylindrical 
samples were cut from the crosslinked gel sheets, frozen 
overnight, and freeze-dried. Their initial mass (md1) was 
recorded. The samples were then swollen in double-distilled 
water at 37°C for 3 days, excess water was removed, and the 
swollen mass (ms) was measured. The samples were freeze-
dried again, and the final mass (md2) was recorded. Gel fraction 
and solvent uptake capacity were calculated using the 
following equations: 𝐺𝑒𝑙 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 [%] = 𝑚𝑑2𝑚𝑑1 ∙ 100 𝑆𝑜𝑙𝑣𝑒𝑛𝑡 𝑢𝑝𝑡𝑎𝑘𝑒 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 [%] = 𝑚𝑠 − 𝑚𝑑2𝑚𝑑2  

Crosslinking efficiency was assessed using high-resolution 
magic angle spinning (HR-MAS) NMR spectroscopy on a 
Bruker Ascend™ 500 MHz Avance III spectrometer. 
Measurements were taken at room temperature with a 6 kHz 
spinning rate, using a 4 mm 1H/13C dual channel HR-MAS 
probe and topspin 3.6.5 software. Quantitative data were 
collected with a 30-second d1 relaxation time. Freeze-dried 
samples were placed in a 4 mm Kel-F insert, compressed, and 
45 µL of deuterium oxide (D2O) was added. The insert was 
sealed and placed in the rotor for analysis. The degree of 
conversion (DC) was calculated using the following equation: 

𝐷𝐶 [%] =  𝐼𝑖𝐼𝑟𝑖 − 𝐼𝑒𝐼𝑟𝑒𝐼𝑖𝐼𝑟𝑖  ∙ 100 

 

 

For NUP-GelSH: 

Ii = integral of the norbornene before crosslinking (5.94 – 6.13 

ppm); Iri = integral of the reference peak before crosslinking 

(3.55 – 3.65 ppm); Ie = integral of the norbornene after 

crosslinking (5.94 – 6.13 ppm); Ire = integral of the reference 

peak after crosslinking (3.55 – 3.65 ppm) 

For GelNB-GelSH:   

Ii = integral of the norbornene before crosslinking (6.0 – 6.3 

ppm); Iri = integral of the reference peak before crosslinking 

(1 ppm); Ie = integral of the norbornene after crosslinking (6.0 

– 6.3 ppm); Ire = integral of the reference peak after 

crosslinking (1 ppm) 

  To characterize the viscoelastic properties, a frequency sweep 
was conducted using a Physica MCR 301 rheometer from 
Anton Paar with a 15 mm diameter plate. Crosslinked gel sheets 
were swollen in double-distilled water for 3 days at room 
temperature. Cylindrical samples (14 mm diameter, 1.5 mm 
thick) were punched. Frequency sweep analysis was performed 
from 0.1 to 10 Hz (FN = 0.5 N, 0.1% amplitude, T = 37°C) to 
derive the storage (G') and loss (G'') moduli. The compressive 
modulus [Pa] was determined with the following equation: 𝐸 = 2 ∙ 𝐺′(1 + ν) 

Where 𝜈 is the Poisson number assumed to be 0.5 for ideal 

hydrogels [178]. 

Ring tensile tests were performed to analyze the tensile 
properties. Crosslinked sheets were punched into rings (14 mm 
inner diameter, 18 mm outer diameter, ~1.5 mm thick). The 
tensile properties of the swollen NUP-GelSH and GelNB-
GelSH samples were measured at room temperature using a 
Tinius Olsen 3ST universal testing machine with a 500 N load 
cell. 

E. Volumetric printing protocol and scaffold fabrication 

Dose testing determined the reference dose for optimization 
and CAD/CAM mimicry. 3 ml of solution was placed in a 
PMMA cuvette. The cuvette was then kept at 4°C and physical 
gelation occurred in 5 minutes. After that, dose tests were 
conducted following Readily3D’s protocol, using the provided 
Dose_test spreadsheet. The exposure dose (D) was calculated 
from intensity (I) and illumination time (t) as such: 𝐷 [𝑚𝐽 · 𝑐𝑚−2] = 𝐼[𝑚𝑊 · 𝑐𝑚−2] ∙ 𝑡[𝑠] 

The optimal dose (OD) was determined following the 
reference dose from above by printing the Swiss_cylinder 
model from the Tomolite user manual. This model is a 6 mm 
diameter, 3 mm high cylinder with varying hole sizes (0.8 to 
0.1 mm). Prints were assessed as UP (under-polymerization) if 
too soft or shapeless, OP (over-polymerization) if it presented 
spikes, or OD (optimal dose) if it had sharp edges, correct size, 
and open holes. Then the dose was modified according to the 
Optimal_dose spreadsheet from Tomolite user manual. 

To assess the printing resolution of the resins, the CAD/CAM 
mimicry was tested using the benchmark (Figure 2), created in 
Blender 4.0 to challenge various resolution aspects. Printed 
with the optimal dose (OD), the benchmark was analyzed using 
optical light microscopy (Zeiss-Axiotech100HD/DIC) and 
ZEN Core software immediately after printing. 
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Figure 2 Benchmark 3D model with features ranging in size. Biggest 
feature at 1.29 mm and smallest feature at 85 µm. 

F. Characterization of VAM-printed scaffolds 

To test the compression properties of 3D printed hydrogels, 
5 mm cubes were VAM-printed and allowed to swell in double 
distilled water for 3 days. The cubes were tested using a Tinius 
Olsen 3ST universal testing machine with a 500 N load cell. 
After removing surface water, each cube was placed between 
compression plates, with a preload of 0.01 N and a compression 
rate of 2 mm/min. Force and displacement were recorded until 
failure. Measurements were done in triplicate. 

Frequency sweep on VAM-printed discs was performed as in 
the section above. To conduct oscillatory rheology of the 
VAM-printed hydrogels, discs with the diameter of 8.8 mm and 
height of 1.5 mm were VAM-printed. The discs were stored in 
double distilled water for 3 days to swell to equilibrium. 

The dry state of the VAM-printed scaffolds was examined 
using a scanning electron microscope (SEM). After air-drying, 
samples were fixed to a metal holder with carbon tape, coated 
twice with gold using an Au sputter coater K550X, and 
analyzed with a JEOL JCM-7000 benchtop SEM. 

G. In vitro assay 

Equine adipose tissue-derived mesenchymal stem cells 
(eqAT-MSC) were cultured at 38.5°C with 5% CO2 in 
expansion medium (low glucose DMEM with 20% FBS, 1% 
ABAM, and 1% L-glutamine) until 90% confluent. Cells were 
then detached with trypsin-EDTA, counted, and sub-cultured to 
reach the desired quantity. 

For cell encapsulation, a 10 (w/v)% GelNB-GelSH solution 
was prepared by dissolving GelSH with 0.25 equivalents TCEP 
in expansion medium, then adding GelNB. After dissolution, 2 
million cells/mL (eqAT-MSC, passage 4) and 0.006% (w/v) 
LAP were included. The solution was distributed into three 96-
well plates, placed in the fridge for 10 minutes, and irradiated 
with UVA light (λ = 365 nm, 8 mW·cm²) for 10 minutes. 
Expansion medium (100 µL) was added to each well, with 
changes twice weekly. 

An MTS assay was conducted to evaluate metabolic activity. 
The culture medium was replaced with 120 µL MTS solution 
(100 µL LG-DMEM and 20 µL MTS) and incubated in the dark 
for 2 hours. Absorbance was measured at 490 nm (with 750 nm 
as background) using a Tecan Infinite M200 Pro plate reader. 
The assay was performed on days 1, 7, 14, and 21 (n = 3), with 
crosslinked material without cells as a control. 

For VAM-printing, a 10 (w/v)% GelNB-GelSH solution with 
0.05% LAP was prepared and mixed with 2 million cells ∙ mL⁻¹ 

eqAT-MSC (passage 4). Two designs were printed: a disc (0.88 
mm thick, 5.28 mm diameter) and the IWP-30 structure (scaled 
to 20% of the original .STL file). The printed samples were 
placed in a 96-well plate with 100 µL expansion medium, 
which was changed twice weekly. 

A live/dead staining was conducted on day 3 using a dye 
solution with calcein acetoxymethyl (Ca-AM) for live cells and 
propidium iodide (PI) for dead cells. Samples were washed 
with DPBS, then incubated with a 2 µL·mL⁻¹ Ca-AM and 2 
µL·mL⁻¹ PI solution in Fluorobrite DMEM for 15 minutes. 
Imaging was done using a Zeiss LSM 710 confocal 
microscope, and the live/dead ratio was analyzed with Fiji 
software. 

H. Statistical analysis 

Statistical analysis of the obtained data was conducted using 
Prism GraphPad Software version 10.2.2. A one-way ANOVA 
test with Tukey’s multiple comparisons was applied to compare 
the different experimental groups. A p-value of less than 0.05 
was considered statistically significant for differences between 
groups. 

IV. RESULTS AND DISCUSSIONS 

A. Characterization of developed photo-crosslinkable 

biomaterials 

1) Chemical structure and determination of degree of 

substition 

FT-IR, in ATR mode, was used to monitor the reaction 
progress by detecting molecular vibrations specific to certain 
bonds. For NUP, the diisocyanate signal was observed at 2270 
cm⁻¹ over seven time points. A decrease in this absorption band 
indicated the reaction's completion. 

 

Figure 3 FT-IR spectrum of NUP with a scaled section around the 
2270 cm-1 absorption band showing three different time points. T0 at 
the start of the synthesis, T5 at 240 min and T7 at 420 min. 

In Figure 3, the absorption band at 2270 cm⁻¹ did not 
significantly decrease at T5 (240 min), indicating that the 
reaction was not over. Adding fresh bismuth neodecanoate (50 
ppm) until the band was no longer observable at T7 (420 min) 
proved the reaction reached the end. 

Quantitative 1H-NMR spectroscopy determined the 
crosslinkable functionalities of NUP using dimethyl 
terephthalate (DMT) as an internal standard. The alkene signals 
for NUP, between 5.94 and 6.13 ppm, confirmed successful 
PEG backbone functionalization. The NUP functionality 
content was calculated as 0.528 mmol·g⁻¹, with a molecular 
weight of 3476 g·mol⁻¹. 

The OPA assay quantifies the degree of substitution in GelSH 
and GelNB by measuring fluorescence from the reaction with 
primary amines. Results (Table 1) showed that GelSH5eq had 
the highest functionalization at 0.241 mmol·g⁻¹, followed by 
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GelSH 3eq at 0.203 mmol·g⁻¹, and GelSH1eq at 0.147 
mmol·g⁻¹. GelSH5eq and GelNB functionalities were 
comparable, with GelSH5eq at 0.223 mmol·g⁻¹ and GelNB at 
0.222 mmol·g⁻¹. 
Table 1 Results of OPA assay showing the available primary amines 
before and after modification [mmol⋅g-1], and degree of substitution 
[%] of the developed photo-crosslinkable natural materials 

 GelSH 
1eq 

GelSH 
3eq 

GelSH 
5eq 

Gel  
NB 

Available primary 
amines [mmol ⋅g - 1] 

0.375 0.375 0.353 0.353 

Functionali ty 
content  [mmol ⋅g - 1] 

0.147 0.203 0.223 0.222 

DS [%] 39.27 54.08 65.23 67.38 

 
2) Thermal properties 

Thermogravimetric analysis (TGA) and differential scanning 
calorimetry (DSC) were used to assess the thermal properties 
of the synthesized NUP precursors (Table 2). TGA revealed 
that the polymer's initial degradation began at 177.42°C, with 
complete degradation at 406.31°C, indicating high thermal 
stability and minimal residual solvents. DSC analysis showed 
a melting temperature of 34.82°C, which is beneficial for 
bioprinting applications requiring low processing temperatures 
to protect encapsulated cells. 

Table 2 Thermal properties obtained by TGA and DSC analysis for 
the NUP materials 

T9 9  ( w / v ) %  

[°C]  
To n s e t  
[°C]  

T e n d  

[°C]  
Tg  

[°C]  
Tm  

[°C]  
T c  

[°C]  

177.42 359.89 406.31 -53.71 34.82 -32.28 

 
3) Physico-chemical properties 

In-situ photo-rheology was used to study the rheological 
properties of hydrogels during photo-induced crosslinking. 
This technique measured changes in the storage modulus (G') 
and loss modulus (G''), reflecting the material's strength and 
elasticity. The photo-rheology data (Figure 4) showed that 
increasing polymer concentration significantly raised the 
storage modulus (G') (p<0.001), indicating enhanced 
crosslinking density and mechanical properties. This aligns 
with expectations, as higher polymer content improves network 
connectivity and stability. 

 

Figure 4 Plateau values of storage moduli (G’), measured by photo-
rheology, of solutions with 0.006 (w/v)% PI 

 

Figure 5 Photo-rheology comparison of GelNB-GelSH(1eq, 3eq and 
5eq) and NUP-GelSH 5eq for 10 (w/v)%, all with 0.006 (w/v)% photo-
initiator 

In-situ crosslinking with 0.05 (w/v)% PI were conducted for 
determining the optimal dosage for VAM-printing. 
Measurements focused on the first 15 seconds after light 
exposure to determine the gel point. The photo-rheology results 
showed that higher polymer concentrations led to earlier G'/G'' 
crossover points: 5 (w/v)% at 5.5 seconds, 7.5 (w/v)% at 3.5 
seconds, and 10 (w/v)% at 2 seconds (Table 3). Further 
adjustments on optimal dosage are needed due to the different 
testing conditions (liquid at 37°C vs. solid at 4°C which will be 
used for VAM-printing). 

Table 3 Crossover time and dosages for GelNB-GelSH 5eq 5 (w/v)%, 
7.5 (w/v)% and 10 (w/v)%, 

 Time crossover [s]  Dosage [mJ/cm2] 

5 (w/v)% 5.5 123.75 

7.5 (w/v)% 3.5 78.75 

10 (w/v)% 2 45 

Crosslinking efficiency was initially assessed using a gel 
fraction (GF) assay, which measures the proportion of hydrogel 
that remains after soluble components are washed out. A higher 
GF indicates better crosslinking. Additionally, the solvent 
uptake capacity (SUC) of the hydrogels, which measures their 
swelling ability, was evaluated. Results showed that increasing 
polymer concentration significantly increased SUC (p < 
0.0001), except for GelNB-GelSH 5eq at 10 (w/v)%, likely due 
to its denser polymer network.  

The mechanical properties of crosslinked hydrogels were 
analyzed using oscillatory rheology on swollen samples, 
showing strong mechanical stability under compressive stress. 
The storage modulus (G'), indicating elasticity and stiffness, 
was notably higher than the loss modulus (G''). At a 
concentration of 10 (w/v)%, hydrogels with GelSH5eq had the 
highest storage modulus at 3333.9 Pa, compared to 2461.4 Pa 
for 3eq and 2838.6 Pa for 1eq. Higher functionality content 
(5eq) consistently led to higher storage moduli. For NUP-
GelSH5eq at 10 (w/v)%, the storage modulus was 1930.76 Pa 
and the loss modulus was 55.13 Pa, suggesting good elasticity 
and minimal energy dissipation. Although less rigid than 
GelNB-GelSH hydrogels, NUP-GelSH may offer greater 
flexibility, making it suitable for applications requiring a softer 
material. 

Tensile testing of swollen hydrogels using the ring tensile 
method revealed a clear correlation between hydrogel 
concentration and mechanical performance (Figure 6). The 
ultimate tensile strength (UTS) and Young's modulus of 
hydrogels increased with polymer concentration. The highest 
UTS of 28.10 kPa was observed in GelNB-GelSH5eq at 10 
(w/v)%, indicating enhanced crosslink density and strength. In 
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comparison, NUP-GelSH 5eq at 10 (w/v)% had a lower UTS 
of 17.90 kPa. Young's modulus also peaked in GelNB-GelSH 
5eq at 1.60 kPa, reflecting greater stiffness. The NUP-GelSH 
5eq hydrogel had a modulus of 0.36 kPa and the highest strain 
(48.4%) before breaking, suggesting more flexibility but less 
stiffness. 

 

Figure 6 Stress-strain curves of hydrogels at varying concentrations (5 
(w/v)% with light shade, 7.5 (w/v)% with medium shade and 10 
(w/v)% with dark shade) and functionality content (1eq with BLUE, 
3eq with RED and 5eq with GREEN) for GelNB-GelSH and NUP-Ge 

4) Optical properties 

UV-Vis absorption measurements at 405 nm showed that 
GelNB-GelSH5eq resins at 5 (w/v)%, 7.5 (w/v)%, and 10 
(w/v)% had absorption values of 0.243, 0.2495, and 0.3738, all 
below the 0.869 threshold for volumetric printing, indicating 
their suitability. In contrast, the NUP-GelSH5eq resin at 10 
(w/v)% had an absorption of 1.912, exceeding the threshold and 
making it unsuitable for volumetric printing. 

B. Resin optimization for VAM-printing 

Dose testing for volumetric printing showed that the 
reference dose increased as hydrogel concentration decreased. 
For GelNB-GelSH5eq hydrogels, the reference dose was 46 
mJ·cm² at 10 (w/v)%, 71 mJ·cm² at 7.5 (w/v)%, and 229 
mJ·cm² at 5 (w/v)%, indicating that lower concentrations need 
higher doses for effective polymerization. GelNB-GelSH 1eq 
hydrogels required even higher doses, with 71 mJ·cm² at 10 
(w/v)%, 92 mJ·cm² at 7.5 (w/v)%, and 229 mJ·cm² at 5 (w/v)%, 
highlighting the difficulty of crosslinking at lower 
concentrations. 

The dose optimization process (Figure 7) aimed to find the 
optimal dose for accurately printing the Swiss_cylinder model 
with precise dimensions. The model, with a diameter of 6 mm 
and height of 3 mm, featured holes of various sizes. Initial 
printing at the reference dose (46 mJ·cm²) resulted in under-
polymerization. Increasing the dose by 140% (64.4 mJ·cm²) led 
to over-polymerization with missing holes and spikes. The 
optimal dose was found to be 120% of the reference dose (56.25 
mJ·cm²), which successfully printed the model with all holes 
visible. This dose will be used for more complex structures. 

 

Figure 7 Dose optimization for GelNB-GelSH 5eq 10%. Step 1 is 
under-polymerized; Step 2 is over polymerized; Step 3 is printed with 

the optimal dose. In step 3 all hole sizes can be seen with the naked 
eye, but in the photograph are not visible due to water filling the holes. 

After determining the optimal dose, the benchmark model 
was printed to test the precision and accuracy of the volumetric 
printing process. This model, featuring complex geometries, 
was analyzed using light microscopy and Scanning Electron 
Microscopy (SEM) to evaluate how closely the printed features 
matched the original 3D design. 

 

Figure 8 Image of printed benchmark with GelNB-GelSH5eq 10 
(w/v)% 

Microscopy images revealed that most features of the printed 
model closely matched the intended 3D design, as shown in 
Figure 9. Features like 0.34 mm holes, 0.34 mm pillars, 0.21 
mm steps, 0.12 mm crosses, and 0.12 mm walls were 
reproduced with high fidelity. 

 

Figure 9 Original CAD design is shown in grey. The smallest 
measured features observed under light microscopy are marked in red 
on the CAD design. The sample is imaged right after printing. 

SEM imaging provided a detailed examination of the 
benchmark model’s surface, confirming that most features 
were accurately reproduced. Figure 10.A shows successful 
printing of the smallest 0.17 mm pillar. However, Figure 10.B 
highlights difficulties with printing cross features due to 
limitations in sharp edges. Figure 10.C reveals rounded corners 
on the checkered pattern, suggesting over-curing. Figure 10.E 
shows that extremely thin walls (0.085 mm) were printed but 
lost shape, likely due to post-curing in PBS. Additionally, 
Figure 10.D indicates deformation occurred during drying, 
preventing the object from staying straight. 

 

Figure 10 SEM images of benchmark after slow drying. Benchmark 
was printed with GelNB-GelSH 5eq 10% at a dosage of 56.25 mJ⋅cm-

² with 0.05 (w/v)% PI  
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C. Multi-layered structure for composition control 

To evaluate the printability of a multi-layered structure with 
different materials, a 3D "puzzle-piece" model was designed to 
visualize the transition between materials, marked by notches. 
Three solutions (S1, S2, and S3) were prepared as described in 
section 3.5.1, with S2 containing Brilliant Blue (2 (w/v)%) due 
to its low absorbance at 405 nm. Each solution was placed in a 
10 mm vial and gelated at 4°C for 7 minutes. This process was 
repeated for all layers to prevent liquefying the layer 
underneath. As shown in .C, this method resulted in sharp 
boundaries with no diffusion between layers. 

 

Figure 11 A. "Puzzle-piece" 3D model; B. Photograph of prepared 3 
layered 10 mm vial with 5 minutes of time at cold (4 °C) for each layer; 
C. Photograph of prepared 3 layered 10 mm vial with 7 minutes of 
time at cold (4 °C) for each layer 

D. Scaffold characterization 

The mechanical properties of VAM-printed hydrogel cubes 
made from GelNB-GelSH5eq 10 (w/v)% were assessed 
through compression testing, as detailed in section 3.6.1. After 
swelling, the cubes measured about 5.25 mm in length and 
width, but their height was slightly smaller at 5.12 mm, likely 
due to the layer formation from the DLP array resolution during 
printing, visible along the Z axis. The tests showed consistent 
mechanical behavior across samples, with an initial linear 
elastic region followed by non-linear elasticity as force 
increased, reaching a maximum strain of 69.7%. The hydrogels 
could withstand a mean compressive strength of 507.63 kPa (± 
53.15 kPa), demonstrating high compressive strength before 
structural failure. 

The oscillatory rheology analysis of VAM-printed discs 
made from GelNB-GelSH5eq 10 (w/v)% was conducted as 
outlined in methodology. The VAM-printed hydrogels had an 
average storage modulus of 7013.74 Pa (± 714.93 Pa), which is 
about twice as high as the UV lamp crosslinked gel sheets 
(3333.92 ± 783.92 Pa). This increased strength is likely due to 
the solid-state crosslinking in the case of the VAM-prints. 

The double bond conversion percentage was measured after 
5, 10, and 15 minutes of post-curing under both UVA and 405 
nm light using HR-Mas (NMR). No significant differences 
were observed in conversion rates between the two light 
sources or among the different curing times. This indicates that 
the polymerization process was equally effective across all 
conditions, achieving high double bond conversion and 
efficient crosslinking quickly. Given that 405 nm light is less 
harmful to cells while still achieving a high conversion rate 
(96.2% at 5 minutes), it is recommended for future use. 
Additionally, exposure time can be reduced to 5 minutes 
without compromising crosslinking efficiency. 

E. Scaffold fabrication 

The I-WP 30% structure was VAM-printed. The printing 
process accurately produced the intended structure, as seen in 
Figure 12, closely matching the 3D model. This successful 
replication demonstrates the effectiveness of the volumetric 
printing method for creating complex geometries with high 
fidelity, highlighting its potential for fabricating intricate 
designs. 

 

Figure 12 A. 3D CAD design of I-WP 30%. B. Photograph of the 3D 
printed I-WP 30% structure with GelNB-GelSH 5eq 10 (w/v)%, 
captured immediately after printing. C. SEM image of the I-WP 30% 
structure after slow drying, highlighting surface features. 

To create the Voronoi scaffold with gradient porosities, 
Blender 4.0 was used because of its Geometry Nodes feature, 
which allows for detailed architectural control. This process 
combined position data, value mapping, Voronoi textures, and 
binary operations to generate scaffolds with varying porosities. 
Adjusting the distribution of Voronoi texture cell points 
controlled the transition between areas of dense and sparse 
porosity as seen in Figure 13. 

 

Figure 13 Voronoi 3D porous models with A. Low density pores, B. 
High density pores and C. Gradient density porosity 

The Voronoi scaffolds with gradient porosities were VAM-
printed. The printed scaffolds (closely matched the 3D models, 
with a clear transition from dense to sparse areas. However, 
minor discrepancies were noted in areas of highest porosity, 
where wall thickness sometimes deviated from the design. The 
scaffold with high porosity (Figure 14.A) printed effectively, 
retaining its intended structure, while the scaffold with smaller 
pores (Figure 14.B) faced issues with clogging due to slight 
over-polymerization. The gradient porosity scaffold (Figure 
14.C) was successfully printed, demonstrating the process's 
capability to manage complex porosity gradients. 
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Figure 14 Voronoi scaffolds with varying porosities with GelNB-
GelSH 5eq 10(w/v)% and 0.05 (w/v)% PI. Left: Low-density scaffold 
with large pores. Middle: High-density scaffold with small pores. 
Right: Gradient porosity scaffold transitioning from high to low 
density. 

F. Biological characterization 

The MTS assay was used to assess the metabolic activity of 
eq AT-MSCs encapsulated in GelNB-GelSH5eq hydrogels at a 
10 (w/v)% concentration. Results showed a significant increase 
in absorbance (p < 0.0001) over time (Figure 15), indicating 
cell proliferation. Initial absorbance was low on day 1, 
increased by day 7 as cells adapted, and continued to rise 
through days 14 and 21, reflecting sustained growth and 
metabolic activity. This indicates that the MSCs not only 
survived encapsulation and crosslinking but also proliferated 
and remained metabolically active, suggesting that the 
hydrogel supports cell growth, viability, and metabolic activity 
effectively. 

 

Figure 15 Metabolic activity of MSCs encapsulated in GelNB-
GelSH5eq 10 (w/v)% hydrogels on days 1, 7, 14, and 21. 

The live/dead staining assay (Figure 16) on VAM-printed 
GelNB-GelSH5eq hydrogel discs with MSCs at day 3 showed 
that live cells (green fluorescence) predominated over dead 
cells (red fluorescence). Confocal microscopy revealed well-
spread live cells on the surface and spherical cells inside, 
highlighting good cell viability and the importance of hydrogel 
porosity. 

 

Figure 16 Confocal microscopy images (day 3) of VAM-printed discs. 
A. Surface of the discs; B. Withing the disc structure; C. Stacked 
images at different depths. Green fluorescence represents live cells and 
red fluorescence represents dead cells. 

Confocal microscopy (Figure 17) of the VAM-printed I-
WP30% porous structure revealed that live cells predominated 
both on the surface and within the hydrogel matrix. Cells spread 

more on the scaffold struts, indicating that the increased surface 
area due to porosity supports better cell growth and spreading. 

 

Figure 17 Confocal microscopy images (day 3) of VAM-printed 
porous scaffold I-WP30%. A1 and A2. Images within the hydrogel 
scaffold; B. Stacked images at different depths. Green fluorescence 
represents live cells and red fluorescence represents dead cells. 

V. CONCLUSIONS 

This research focused on developing a gradient Voronoi-
patterned scaffold for enthesis tissue engineering to address the 
complexities of the tendon-bone junction. The study combined 
synthetic norbornene-based urethane polymers (NUP) and 
norbornene-modified gelatin (GelNB) with thiolated gelatin 
(GelSH) to create biomimetic scaffolds. 

In the initial phase, the polymers were synthesized and 
characterized. The combination of GelNB-GelSH5eq exhibited 
the highest storage modulus at 13038±583 Pa, while NUP-
GelSH5eq showed lower values at 1171±138 Pa. GelSH5eq 
was found to require the least dose for crosslinking at 56.25 
mJ⋅cm-². Mechanical testing on crosslinked hydrogels revealed 
that increasing polymer concentration improved the storage 
modulus, with GelNB-GelSH5eq reaching 3333.9±783.9 Pa. 
NUP-GelNB5eq demonstrated high strain (48.4%) and a low 
Young’s modulus (0.36 kPa), making it suitable for 
applications requiring flexibility. 

For VAM-printing, the absorption at 405 nm was too high for 
effective use of NUP-GelSH5eq (0.869), although natural 
polymers performed well (0.243 to 0.3738). The Voronoi 
scaffold model was successfully printed with a resolution 
capable of detailing features as small as 120 µm. The VAM-
printed scaffolds showed increased storage modulus 
(7013.74±714.93 Pa) compared to UV-crosslinked sheets 
(3333.9±783.9 Pa). 

The final phase included assessing the biological 
performance of the scaffolds. Cell proliferation assays and 
live/dead staining of MSCs encapsulated in the GelNB-
GelSH5eq hydrogel demonstrated effective cell viability and 
distribution. This research successfully developed a gradient 
Voronoi-patterned scaffold that closely mimics the natural 
tendon-bone junction. 

VI. FUTURE PERSPECTIVES 

To better understand the mechanical properties of VAM-
printed scaffolds, ring tensile testing should be conducted. This 
will provide crucial data on tensile strength, especially for 
scaffold zones requiring high elasticity. Further development 
should focus on creating 3D models and using volumetric 
additive manufacturing to print scaffolds at sizes similar to the 
tendon-bone junction (2-3 mm). This will help replicate the 
natural gradient transitions found in entheses. Research should 
also investigate scaffolds with three distinct layers, each with 
materials tailored to different zones of the tendon-bone 
junction. This biomimetic approach would more accurately 
replicate the natural gradient of tissue properties. Building on 
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initial cell studies, future work should explore the 
differentiation of MSCs into the gradient in cell phenotype (as 
found in the enthesis)/ Moreover, the use of co-culturing 
osteoblasts and tenocytes with mesenchymal stem cells (MSCs) 
in various scaffold zones can also be studied. Specifically, co-
culturing osteoblasts with MSCs in the bone zone, MSCs alone 
in the transition zone, and tenocytes with MSCs in the tendon 
zone could better mimic the native tendon-bone junction. 
Finally, identifying and incorporating growth factors specific 
to each scaffold zone will be important. These factors could 
enhance cellular differentiation and tissue regeneration, closely 
mimicking natural healing processes. 
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1 Introduction 

The tendon-bone junction is a specialized anatomical region where the tendon transitions 

seamlessly into bone, characterized by a gradual change in tissue composition and mechanical 

properties. This unique gradient structure is crucial for the effective transfer of load between 

the soft tendon and the hard bone; any disruption to this gradient can lead to poor healing 

outcomes and long-term functional deficits. Tendon injuries are a significant health concern, 

with an estimated annual incidence of 2.35 cases per 1000 individuals [1]. Additionally, 18% 

of muscle-tendon-bone injuries occur at the tendon-bone junction, with 98% resulting from 

tissue fatigue and 2% from evident trauma [2]. Studies show that patients suffering from 

tendon-bone injuries have an average age of 51.4 years [2]. The supraspinatus, Achilles tendon, 

and patellar tendon are among the most frequently injured sites of enthesis due to acute trauma 

or tissue degeneration [3]. 

Regenerating the tendon-bone junction is a major challenge in tissue engineering, given the 

high incidence of injuries at this complex interface and the limitations of current clinical repair 

strategies. Existing repair and rehabilitation protocols often yield suboptimal outcomes, leading 

to high rates of reinjury and increased disability [4]. Many studies have focused on using 

sponges combined with growth factors to regenerate the enthesis fibrocartilage zone, while 

others have experimented with autografts and autologous periosteal flaps to regenerate the 

cartilaginous tendon-to-bone transition zone, though with limited success [3]. Injuries at or near 

the interface between soft tissue and bone frequently result in pain, disability, and significant 

medical costs; for example, tears of the rotator cuff tendons in the shoulder and cruciate 

ligaments in the knee often require surgical reattachment of the tendon to its bony insertion [5].   

Consequently, surgical repair techniques have high reinjury rates; failure rates range from 30% 

to 94% for repaired massive rotator cuff tears, and 56% of anterior cruciate ligament (ACL) 

reconstruction patients experience knee pain one year post-surgery [6], [7], [8]. This is 

aggravated by the dramatically different mechanical behaviours of tendon and bone: tendon has 

a tensile modulus of around 200 MPa along the direction of muscle force but buckles under 

compression, whereas bone has a tensile and compressive modulus of 20 GPa, making it rigid 

and brittle in comparison to tendon. Thus, attaching a compliant material like tendon to a much 

stiffer material like bone presents a fundamental engineering challenge [9]. 
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The primary objective of this research is to develop and characterize a Voronoi gradient 

hydrogel scaffold that can effectively mimic the complex structure of the tendon-bone junction. 

In the first chapter of this thesis, a comprehensive review of the relevant literature is presented, 

beginning with an introduction to the anatomy and biology of tendon, bone and the tendon-

bone junction. This includes a discussion of the natural gradient observed in the tendon-bone 

junction and its significance in maintaining the functional integrity of the musculoskeletal 

system. Following this, the principles of tissue engineering are introduced, with a focus on the 

development of biomaterials, the selection of appropriate cell sources, the incorporation of 

growth factors, and the application of various techniques. Particular emphasis is places on 

scaffold types and the concept of gradient scaffolds which aim to replicate the natural transition 

of tissue properties found in native tendon bone junction. Here, the concept of Voronoi scaffolds 

is described, together with advantages and disadvantages. The following sections focus on 

volumetric printing as it allows precise control of scaffold architecture and the creation of 

complex, biomimetic structures. The potential of volumetric printing together with the Voronoi 

pattern scaffold sets the stage for the experimental work described later in the thesis. 

The materials and methods chapter details the synthesis of photo-crosslinkable biomaterials, 

specifically GelSH, GelNB, and NUP, which were developed to support the fabrication of 

gradient scaffolds. These materials were characterized using a range of techniques, including 

OPA assay, Fourier-transform infrared spectroscopy (FTIR) and 1H-NMR spectroscopy for 

chemical structure analysis, thermogravimetric analysis (TGA) and differential scanning 

calorimetry (DSC) for thermal properties, in situ crosslinking photo-rheology and absorption at 

405 nm. Further characterization of the crosslinked hydrogels was conducted to assess their gel 

fraction, solvent uptake capacity, absolute crosslinking efficiency, and mechanical properties 

through frequency sweep analysis and ring tensile testing. Volumetric printing was chosen for 

the fabrication of Voronoi scaffolds, with extensive dose testing, optimization, and computer-

aided design (CAD)/CAM mimicry used to refine the process. The fabricated scaffolds were 

evaluated through compression tests, frequency sweep tests and scanning electron microscopy 

(SEM), ensuring their suitability for tendon-bone junction regeneration applications. 

The thesis concludes with in vitro assays designed to assess the biological performance of the 

scaffolds. These assays include cell encapsulation studies and live/dead staining on porous 

scaffolds, providing insights into the biocompatibility and potential for cellular integration of 

the engineered constructs. 
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2 Literature study 

2.1 Tendon-bone junction 

The tendon-bone junction, also known as the enthesis, is a specialized anatomical structure that 

connects the tendon to the bone [10]. The main role of this interface is to transmit forces 

generated by muscular contraction from the tendon to the skeleton, enabling musculoskeletal 

movement [11]. The enthesis is located where the tendon inserts into the bone, usually at the 

diaphysis or metaphysis of long bones [12]. The structure of the enthesis exhibits a gradual 

transition from soft flexible tendon to a hard rigid bone (as seen later in Figure 4). This transition 

zone consist of four tissue zones: the tendon, the fibrocartilage, the mineralized fibrocartilage, 

and the bone [13]. 

2.1.1 Tendon 

Functional Role 

Tendons are dense fibrous connective tissues that connects muscles to bones [11]. The role of 

tendons is to transmit the force generated by the muscle to the bones, allowing for movement 

but also providing stability to joints [14]. During movement, some tendons store and release 

energy for efficient biomechanics. This is crucial for activities such as jumping, or running 

where sudden bursts of movement use a lot of energy quickly [15].  

Structural Anatomy of the tendon 

Tendons have a hierarchical structure presented in Figure 1 . The smallest unit is the collagen 

molecule (tropocollagen), which aggregates to form myofibrils. These myofibrils subsequently 

assemble into subfibrils, which constitute the primary unit of fibrils. Fibrils, along with 

fibroblasts, form fascicles. Multiple fascicles combine to compose the tendon. The fascicles are 

wrapped in a interfascicular matrix called endotendon and the tendon is wrapped in a fascicular 

matrix called epitenon [16]. The tendon is about 500-1000 µm in diameter, the fascicle 50-500 

µm, the fibril 10-50 µm, the subfibril about 50-500nm and the collagen molecule about 1-20 

nm [17]. 
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Figure 1 Hierarchical structure of tendon taken from Cota-Almeida et al. (2015) [18] 

Composition of tendon 

Cells 

The tendon is mainly composed of tenoblasts and tenocytes in a network of extracellular matrix 

(ECM). Tenoblasts and tenocytes make up 90-95% of the cellular elements and the remaining 

5-10% consists of chondrocytes at the bone attachment and insertion sites, synovial cells of 

tendon sheath and vascular cells [16].  

Tenocytes are the predominant cell type in tendons, and they are responsible for the synthesis 

of specific ECM  (complex dynamic network of proteins, glycoproteins and proteoglycans [19]) 

that gives the tendons their characteristic strength and flexibility. Tenocytes exhibit a unique 

response to mechanical stress  by increasing the production of extracellular matrix components, 

aligning along the force direction, activating signalling pathways, enhancing metabolic activity, 

and releasing growth factors and cytokines to promote tendon adaptation and repair[20], [21].  

Tenoblasts are the progenitor cells for the primary cell found in tendons, the tenocyte [22]. 

These cells are classified as “progenitor” cells due to their ability to differentiate into multiple 

cell lineages, including tenocytes, chondrocytes and even osteocytes [21].  This remarkable 

plasticity allows tenoblasts to play a crucial role in the regenerative capacity of tendons as they 

can self-renew and replenish the tendon cell population. 

In addition to tenocytes and tenoblasts, tendons also contain a population of chondrocytes, 

which are cartilage-producing cells. The chondrocytes are usually found at the interface 

between the tendon and the bone, where they help to facilitate the transition between the two 

tissues [23].  

Tendons are surrounded by the synovial membrane, which helps to lubricate the tendon and 

reduce friction during movement. Synovial cells, which line the synovial membrane contribute 
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to the production of synovial fluid and help maintain the proper environment for tendon 

function [24]. 

Finally, tendons are supplied with blood vessels, which are essential for the delivery of oxygen 

and nutrients to the tendon cells and the removal of waste products. The vascular cells that make 

up these blood vessels, including endothelial cells and pericytes, play a crucial role in the 

maintenance and repair of tendons [25]. 

Extracellular matrix 

The ECM provides structural support and signalling cues that guide tendon development, 

maturation, and healing [16], [24]. The collagen fibrils are embedded in a hydrated ECM which 

is complex dynamic network of proteins, glycoproteins and proteoglycans that give the tendon 

unique mechanical and biological properties [19].  

The main structural components of the tendon extracellular matrix are type I collagen, which 

accounts for 65-80% of the dry weight, as well as smaller amounts of types III, V, and VI 

collagen [22].  

Glycoproteins in extracellular matrix of tendon, such as fibronectin and tenascin-C, provide 

binding sites for cells and regulate cellular adhesion, migration, and differentiation [16].  

Glycoproteins and collagen provide binding sites for cells through specific sequences, such as 

Arg-Gly-Asp (RGD) peptide sequences, which interact with integrin receptors on cell surfaces, 

facilitating cell adhesion, migration, and signalling [26]. Glycoconjugates, including 

hyaluronan, also contribute to the viscoelastic properties of the matrix and facilitate the 

transmission of forces [19]. 

Proteoglycans, such as decorin, biglycan, and fibromodulin, help to organize the collagen 

fibrils, regulate fibril diameter, and provide resistance to compressive forces [19]. 

Mechanical Properties of Tendon 

The complex hierarchical structure of tendons give them exceptional tensile strength and 

elasticity [15]. One of the key mechanical properties of tendons is their high tensile strength, 

which allows them to withstand the forces exerted during muscle contraction and joint 

movement. The tensile strength of tendons is between 10-100 MPa [27], [20], with tendons 

such as the Achilles reaching even higher values. Extensor tendons are tendons that connect 

muscles to bones and enable the straightening (extension) of a joint, while flexor tendons 
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connect muscles to bones to enable the bending (flexion) of a joint. Extensor tendons are about 

20% stronger than flexor tendons  [28], [29], [30]. 

Tendons exhibit a viscoelastic response, meaning that they exhibit both elastic and viscous 

behaviour under loading. This viscoelastic nature allows tendons to store and release energy 

efficiently during movements. Tendon storage modulus at the site near the biceps muscle-

tendon junction is of 24-30 MPa [31]. 

Another important mechanical property of tendons is their ability to undergo deformations 

without permanent damage, known as their strain capacity. Tendons can withstand strains up 

to 8-10% before failure [32]. Studies have shown that muscles reach failure at a tensile strain 

ranging from 17% to 65% depending on the type of muscle [33], [34], [35]. While bones reach 

failure at a tensile strain ranging from 0.6% to 1.8% [36], [37], [38], [39]. This enables tendons 

to accommodate between the high elastic properties of muscle to the stiffer bone for joint 

movement and muscle contractions during physical activities while still being stiff enough to 

conserve the energy transfer from muscle to bone. 

The mechanical properties of tendons can also vary depending on their location and their 

function. For example, tendons involved in precise and delicate movements, such as the flexor 

tendons of the fingers, tend to have longer and thinner structures, while tendons responsible for 

high-force and endurance activities, like the Achilles tendon, are typically shorter and more 

robust [22]. 

Tendon healing and regeneration 

Tendon healing and regeneration is a complex process that involves multiple stages. During the 

initial inflammatory stage, immune cells are recruited to the site of injury to remove damaged 

tissue and promote an inflammatory response. During the proliferative stage, tenocytes and 

other cells within the tendon begin to synthesize new collagen fibres and rebuild the tissue [40]. 

The final stage of tendon healing, known as the remodelling stage, involves the reorganization 

and realignment of collagen fibres to increase the strength and functionality of the healed tendon 

[20]. 

In order to gain a deeper understanding of human pathology, animal models are often employed. 

Despite mice being one of the most used clinical models, mice cannot serve as an accurate 

model for studying tendon injuries. Large animal studies on horse models for tendons are 

accepted as they have similar epidemiology, aetiology and pathology seen in human age-related 

musculoskeletal disease [41], [42], [43]. Protein profile was assessed on studies on equine 
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tendon on isolated interfascicular matrix (IFM) and fascicular matrix (FM) from superficial 

digital flexor tendon in the horse. The results showed that the IFM which plays an important 

mechanical role in energy storing tendons have a higher turnover than FM, maintaining tendon 

health and preventing damage accumulation [44]. In aged individuals, the number of 

neopeptides in IFM is decreased, thus resulting in a decrease in turnover and contributing to 

damage accumulation and age-related tendon injury [45]. 

2.1.2 Bone 

Functional Role of the bone 

The bones are a fundamental and adaptable dense mineralized connective tissue. They 

constitute almost 15% of total body weight and are one of the largest organs in the human body 

[46]. The structure and composition provide a beautiful balance of its key functions which are:  

• provision of mechanical stability for locomotion, support and protection of soft tissues 

[47], 

• mineral reserve such as calcium and phosphate storage for supporting metabolism[48], 

• harbouring the bone marrow for haematopoiesis [48], 

• the ability to repair itself through regeneration and restoring to a fully functional pre-

injury state [48], 

• acid-base balance, bone can act as a buffer against pH changes in the blood by 

absorbing/releasing alkaline salts through bone cells activity [49], 

• endocrine organ producing circulating hormones [49], 

• blood detoxification, foreign elements such as heavy metals are stored in bone and alter 

excreted [50], 

• adipose tissue storage, yellow bone marrow functions as an energy reserve [50] 

Structural Anatomy of the bone 

The structure of bone tissue is complex and precisely organized. It allows to withstand various 

mechanical stresses. At macroscopic level, bones can be broadly classified into several distinct 

types such as: long bones for supporting the weight of the body (e.g. femur, humerus, radius), 

short bones for stability with little to no movement (e.g. carpals, tarsals), flat bones that serve 

as attachment points for muscles and protect organs (e.g. cranial bones, sternum, scapulae), 

irregular bones with complex shapes which serve various purposes (e.g. mandible, pelvic bones, 

vertebrae) and sesamoid bones that protect tendons and act as levers (e.g. patella) [51]. 
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The internal structure of a long bone is comprised of compact (cortical) and cancellous 

(trabecular) bone tissue. The compact bone forms a dense outer shell, providing the majority of 

its structural strength. This layer is thicker in the diaphysis (midshaft) of bone and gets thinner 

towards the epiphysis (end of bone). The cancellous bone consists of porous, sponge-like 

network of interconnected bony struts (trabeculae) that fill the interior of the bone [52], [53]. 

From nanoscale to macroscale, the structure of bone starts with the fundamental nano building 

block of bone, the mineralized collagen fibril, composed of staggered arrays of triple helix 

collagen (300 x 1.5 nm) and mineral platelets of carbonated hydroxyapatite (50 x 25 x 2 nm). 

These mineralized fibrils form the collagen fibres (5 µm) that form the lamellae (7 µm). The 

lamellae form the basic unit of bone, the Osteon (Haversian system, 200 µm) [47], [52], [53, p. 

7]. 

 

Figure 2 Hierarchical structure of bone, illustration taken from Wegst et al. (2015) [54] 

Composition of bone 

Bone Cells 

The bone tissue presents 4 types of cells: osteoblasts, osteoclasts, osteocytes, and bone lining 

cells. These work in harmony to maintain skeletal integrity and support physiological processes. 

Each with distinct roles in the intricate balance of bone formation, resorption, and remodelling 

[55].  

Bone marrow mesenchymal stem cells (BM-MSCs) are the reservoir of osteoprogenitors that 

under a phase of proliferation become osteoblasts. The osteoblasts have key functions in 

mineralization and bone matrix deposition. Osteoblasts can be found at the interface of newly 

synthesized bone [56] . Osteoblasts secrete collagen type I and non-collagenous proteins [57]. 
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Osteoclasts are multinucleated giant cells from the monocyte-macrophage lineage. The 

principal function of osteoclasts is bone resorption. The acidification phase dissolves the 

hydroxyapatite crystals which is followed by the enzymatic digestion of the organic 

components of ECM. Bone digestion releases growth factors that fuel the bone remodelling 

process by attracting osteoblasts [57]. 

From the mature osteoblasts, a small fraction of about 15% remains embedded in the bone 

matrix and become osteocytes. Due to their intricate three-dimensional (3D) network of 

cytoplasmic processes, osteocytes are considered mechano-sensing cells. Their role is to 

convert mechanical stimulus into biological signals. Osteocytes are also important regulators 

in bone remodelling, the apoptosis of osteocytes primes bone resorption [57]. Osteocytes also 

secrete factors for controlling the osteoclast population and other factors [55]. 

The remaining mature osteoblasts that reach maturation and do not become osteocytes or do 

apoptosis, become inactive flat osteoblasts called lining cells [57]. The quiescent bone lining 

cells are capable of becoming osteoblasts. These are a major source of osteoblasts during 

adulthood under anabolic stimuli [58].  Another function of bone lining cells is to form a barrier 

between the bone marrow and bone [59].  

Extracellular Bone Matrix 

The bone ECM is a dynamic environment with regulated mechanical and biochemical 

properties. Bone ECM is involved in cell adhesion, proliferation and responses to growth 

factors. It is composed of two major components, the organic and inorganic part [60]. 

The organic ECM contains collagen type I, III, and V, with type I being the most abundant 

(90%) [60]. These act as mechanical support for the bone cells and provide the strength of bone. 

Organic ECM also contains non-collagenous proteins such as: proteoglycans, γ-

carboxyglutamic acid containing proteins, glycoproteins and small integrin-binding ligand N-

linked glycoproteins [50], [60]. 

The inorganic part represents the hard tissue constituent which is hydroxyapatite (HA, 

Ca5(PO4)3OH). Amino acids present in non-collagenous proteins control HA formation while 

collagen acts as a template for the deposition of HA [60]. 

Endocrine Functions of Bone Tissue 

The bone cells have respective endocrine functions. Osteoblast, osteoclasts, BM-MSCs, and 

adipocytes in bone can synthesize bioactive substances such as proteins, polypeptides, 
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cytokines, inflammatory factors, adipokines, and exosomes. These bioactive substances 

regulate local and distant functions and regulate bone remodelling. Released into the circulation 

they can also affect the energy metabolism of the whole body [61]. 

Bone marrow mesenchymal stromal cells are multipotent stem cells with the potential to 

differentiate into many types of cells. They can also secrete active substances that affect bone 

and energy metabolism. The bone marrow adipose tissue represents more than 10% of the total 

human adipose tissue. It is comprised of regulated marrow adipose tissue (rMAT) in red bone 

marrow and constitutive marrow adipose tissue (cMAT) in yellow bone marrow. Additionally, 

MAT secretes regulatory factors to modulate endocrine function [62]. To understand the 

multitude of factors secreted by bone and their origin, a summary of factors and their function 

is presented in Table 1. 

Table 1 Factors secreted by bone and their function, summary from [61] 

Factors  Secreted by  Function  

Osteocalcin 

(OCN) 

mature 
osteoblasts  

The bone glutamic acid protein (gla protein) residue 
promotes the storage of carboxylated osteocalcin in bone. 
When it is released, carboxylated osteocalcin can regulate 
bone resorption and remodelling by promoting osteoclasts  
activity  

Osteoprotegerin 

(OPG) 
osteoblasts  

OPG inhibits the function of osteoclast by combining 
with RANKL to prevent excessive bone absorption  

Osteopontin 

(OPN) 

osteoblasts, 
osteoclasts, 

chondrocytes, 
and BMSCs 

It binds to several extracellular receptors,  such as 
integrins and CD44. In bone tissues, OPN can be secreted 
by BMSCs and serve as an autocrine cytokine to regulate 
bone migration, adhesion, and resorption.  

Bone 

morphogenetic 

protein (BMP) 

osteocytes, 
osteoblasts  

It is a subfamily of the  transforming growth factors  
(TGF-β) ligand family. Bone morphogenetic protein 
(BMP) was first isolated from bovine bone. It can 
promote osteogenesis and chondrogenesis after 
implantation into bone tissue or extraosseous tissue of 
mice.  

Fibroblast 

growth factors 

(FGFs) 

osteocytes, 
osteoblasts  

FGFs regulate multiple processes of growth and 
development of organisms. Among them, FGF19, FGF21, 
and FGF23 are called endocrine fibroblast growth factors 
(eFGFs) because their functions are closely related to 
metabolic regulation.  

Lcn2 osteoblasts  

The expression level of Lcn2 in osteoblasts is at least 10 
times higher than that in white adipose tissue (WAT) or 
other organs. In general, Lcn2 influences energy 
metabolism via a complex regulatory network and it is 
related to obesity  

Sclerostin (Scl)  
mature 

osteocytes 

Scl can suppress osteoblast and osteoclast activity, which 
stabilizes the strength and toughness of bone under 
normal physiological conditions. The lack of Scl will lead 
to overhardening of bone, and its overexpression will 
inhibit the formation of bone.  
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Neuropeptide Y 
Osteoblasts, 
osteocytes 

It acts on bone tissues through autocrine and paracrine 
functions. NPY is generally considered to have no direct 
effect on bone formation but rescues bone loss in high -fat 
diet-fed mice.  

Parathyroid 

hormone-related 

protein (PTHrP) 

immature 
chondrocytes 

It promotes proliferation and suppress differentiation of 
chondrocytes. PTHrP can bind to either hypertrophic 
chondrocytes or hypertrophic mast cells, slowing their 
proliferation or differentiation.  

Exosomes 

all bone 
cells, more 

BMSCs 

The diameter of exosomes is between 40 nm and 150 nm, 
and they contain proteins, RNA, cytokines, etc. 
Osteoclasts can release exosomes containing RANK to 
suppress osteoclastogenesis. Conversely, exosomes 
containing miR-214 are secreted by osteoblasts and 
inhibit their function.  

Inflammatory 
cytokines 

Osteoblasts, 
BMSCs 

Inflammatory factors secreted by bone can regulate its 
growth. It has been determined that IL -6 secreted by 
osteoblasts can regulate bone resorption. However, 
BMSCs seem to be more capable of producing 
inflammatory factors than osteoblasts.  

Adiponectin MAT 

It was initially thought to be secreted by WAT, but later,  
a large amount of adiponectin expression was also 
observed in MAT. In fact, the expression of adiponectin 
in MAT was higher than that in WAT. Adiponectin 
produces a remarkable effect in regulating adipose 

metabolism, insulin secretion, and other metabolic 
pathways.  

Leptin MAT 

Leptin, which is encoded by the obesity gene (Ob) and 
secreted primarily by WAT, is directly related to obesity. 
leptin expressed in bone MAT can directly act on leptin 
receptors in bone and affect bone growth by activating 
FGF23 and regulating the secretion of osteocalcin.  

 

Mechanical Properties of bone 

The biomechanical properties of the bone depend on a multitude of factors such as porosity, 

mineralization degree, organization of solid matrix and composition. Adjustments in these 

factors change the response on compressive, tensile, bending and torsion stresses. In the elastic 

region, no permanent damage is caused to the bone structure and anything above the yield point 

causes permanent deformation in the form of trabecular facture, cement lines and cracks [63]. 

The organic and inorganic phases of the bone contribute to different strengths of the bone, the 

mineral phase is correlated to the bone stiffness and compression strength and the collagen 

fibrils are correlated to the bone toughness and tensile strength. These properties differ 

according to the type of bone, as there is a tight relationship between the bone structure and its 

function, which can be observed from macroscale to nanoscale features [64]. For example, 

cortical bone has a higher Young’s modulus (16.2 GPa to 20.7 GPa) compared to trabecular 

bone (10.0 GPa to 14.8 GPa), mainly due to its structure and density [65], [66]. 
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Due to its aligned architecture, the cortical bone also has anisotropic behaviour when put under 

load. The spongious bone has an isotropic behaviour. For example, the human femoral cortical 

bone has an impressive compressive yield stress of 115.06±16.36 MPa for longitudinal loads, 

but for transverse loads, it has a compressive yield of only 53±10.7 MPa [64]. 

Bone exhibits limited resistance to shear stresses when compared to compressive or tensile 

forces with a shear yield stress of 40.95±5.61 MPa [64]. To be able to transmit forces generated 

by muscles through the body, the bone has a low compressive strain of only 0.98±0.09% [64].  

Bone healing and regeneration 

Bone healing occurs through specific stages. Initially, in the haematoma/inflammatory phase, 

a clotting cascade is triggered, and inflammatory/immune factors are released to stimulate fibrin 

formation and the signalling of progenitor cells. In the subsequent soft callus phase, 

chondrocyte proliferation and intramembranous woven bone formation take place due to 

relative local hypoxia. Once vascularity in the area is restored, ossification ensues, leading to 

the formation of a hard callus. As these phases progress, the callus undergoes mineralization 

and expansion. Finally, bone remodelling gives the final shape of bone and completes the 

healing process [60], [67]. 

2.1.3 Tendon-Bone Junction 

The integration of tendon into bone is called the enthesis. A structurally continuous gradient 

from uncalcified tendon to calcified bone. The enthesis transmits tensile forces from the tendon 

to the bone [13]. This gradient acts to balance the difference of elastic moduli of tendon and 

bones so that local peaks are avoided [68]. 

There are two types of enthesis depending on their skeletal attachment site. The first type is the 

fibrous enthesis attached directly to bone or periosteum through fibrous tissue. The second type 

is the fibrocartilaginous enthesis that attach to bone through a layer of fibrocartilage. The 

majority of entheses are fibrocartilaginous. Throughout this work the focus will be on the 

fibrocartilaginous entheses since most injuries happen at this type of enthesis. They are more 

prone to overuse injury due to their insertion angle changes being greater. Examples of such 

entheses are the rotator cuff and Achilles tendons [13]. 

Anatomy and composition of Enthesis 

The fibrocartilaginous enthesis, depicted in Figure 3, has four distinct zones and its commonly 

attached to the epiphysis and apophyses [13]. Beneath the red line is the bone tissue, between 
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the red line and white line there is the calcified fibrocartilage, between the white line and yellow 

line is the uncalcified fibrocartilage and above the yellow line is the tendon. 

 

Figure 3 Illustration of the four zones on a histological section of a mouse supraspinatus taken from Apostolakos 
et al. [13] 

The four zones of enthesis are the following: 

1) Dense fibrous connective tissue 

In this part, the connective tissue is pure tendon with many fibroblasts and tenocytes. The 

mechanical properties are similar with that of tendon [69]. The composition is mainly type I 

collagen in a linear arrangement, together with type III collagen, elastin and proteoglycans 

around the cells [13]. 

2) Uncalcified fibrocartilage 

The uncalcified fibrocartilage is an avascular zone of unmineralized fibrocartilage populated 

with fibrochondrocytes. The composition is of proteoglycan aggrecan and collagen type I, II 

and III [69]. The uncalcified fibrocartilage functions as a force damper that dissipates stress 

generated by bending the collagen fibres in the tendon. Sites with more insertion angles have 

more uncalcified fibrocartilage to dissipate the energy of bending collagen fibres [13]. 

3) Calcified fibrocartilage  

The calcified fibrocartilage is avascular, mineralized fibrocartilage populated by 

fibrochondrocytes. The composition is predominantly of Type II collagen together with Type I 

and X Collagen as well as aggrecan [69]. This zone is highly irregular which provides 
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mechanical integrity. The irregularity forms interlocking between the calcified fibrocartilage 

zone and bone [13].  

4) Bone 

Bone consists of osteoclasts, osteocytes and osteoblasts in a type I collagen matrix and 

carbonated apatite mineral [13].  

Gradient in natural tendon-bone junction 

Polarized light and angular deviation have demonstrated a lower orientation of the collagen 

fibres at the bone insertion site compared to tendon [69]. Analysis using Raman microprobe 

demonstrated a linear increase in mineral content towards the bone [70]. The gradient of matrix 

alignment and mineral composition is illustrated in Figure 4. 

 

Figure 4 Schematic representation of the tendon-to-bone gradient in microstructure, phenotype differentiation, 
vascularization, composition and mechanical properties. 

The insertion sites of tendons are relatively avascular as the blood supply comes from the joint 

capsule. The vessels in the tendon connect with those of the periosteum. In avulsion injuries at 

the bone surface, the external vessels of the external peritendineum and of the periosteum are 

the major disrupted vessels [71]. 

The nerve supply is similar to that of the blood supply. There are no nerves that cross the zone 

of fibrocartilage. Surrounding tissue like bones, tendons and ligaments all have many neural 

elements that transmit essential information about joint motion, position and acceleration. 
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Nerve endings and Pacini and Ruffini receptors have been found in the interfascicular tissue 

[71].  

Development and growth 

Fibrocartilaginous entheses form by endochondral ossification. The attachments are first to 

primordial cartilage which are replaced in time by bone. The cartilaginous precursor of a 

fibrocartilaginous enthesis is eroded at the bone side by osteoclasts and lamellar bone is 

deposited by osteoblasts. On the tendon side, chondrocytes deposit cartilaginous material [68]. 

Regeneration and healing 

After an injury, the transitional gradient present in enthesis is not (fully) recreated during the 

natural process of healing. This failure to restore the transitional gradient can lead to 

compromised mechanical function, increasing the risk of re-injury. The process of healing 

stages are characterised by homeostasis (minutes), inflammation (0-7 days), repair (5-14 days), 

remodelling (>14 days) [72]. The repaired enthesis is more similar to fibrous tissue rather than 

the original fibrocartilaginous interface [69]. The enthesis fails regeneration and scar tissue 

forms with a high probability of retear [73]. The abrupt transition in stiffness between the 

tendon and bone changes the way force is transmitted and dampened. The scar tissue is 

mechanically weaker and ends in rupture [72]. 

2.2 Tissue engineering 

Regenerative medicine is an interdisciplinary field that focuses on the repair, replacement or 

regeneration of human cells, tissues, or organs to restore or establish normal function. This field 

uses techniques such as stem cell therapy, tissue engineering (TE), and gene editing to repair 

or replace damaged tissues and organs, promoting healing and restoring their normal function. 

It uses biocompatible materials, cells, and growth factors to stimulate the body's natural 

regenerative processes.  [74].  

Tissue engineering (TE) is a subset of regenerative medicine. It was defined in 1993 by Robert 

Langer and Joesph P. Vacanti as "an interdisciplinary field that applies the principles of 

engineering and life sciences toward the development of biological substitutes that restore, 

maintain, or improve tissue function or a whole organ" [75]. The field of TE uses knowledge 

from various domains such as molecular biology, cell biology, physiology but also from 

engineering disciplines such as electrical, mechanical and materials science. Tissue engineering 

leverages the innate ability of the human body to regenerate and heal [74]. 
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The historical background of TE dates back to 19th century when complex skin flaps were used 

for nasal reconstruction [76]. The modern concept of TE was born in 1980s when biodegradable 

polymer scaffolds were used to culture cells that were later used to replace tissue defect in the 

body [76]. One of the first applications was the creation of artificial skin used widely for wound 

healing and burn treatment [77]. Over the past three decades the field evolved at a fast rate due 

to the development of stem cell technologies, nanotechnology, and CRISPR gene editing and 

biomaterial processing techniques including 3D printing. Although there were big 

advancements in the field, the translation from laboratory research to clinical application has 

not been that advanced due to the intrinsic complexity of human tissue and certain limitations 

[78]. 

TE faces several significant challenges and limitations. One of the primary obstacles is the 

immune rejection of the scaffold by the host, additionally the shortage and expenses of using 

viable seed cells slows down research and lastly, the complexity of recreating/integrating blood 

vessels and innervation are critical issues. Another limitation is the mechanical properties of 

scaffolds which usually are subpar to biological tissue, so even if the scaffold has all the 

aforementioned challenges resolved, it cannot be used as a replacement if mechanical 

functionality is needed [79].  

Another major impediment is the architectural complexity of tissues. Tissues are composed of 

various cell types each with specific roles and arranged in precise patterns. Extracellular matrix 

conformation can vary within the same tissue, and that affects the structural support and 

biochemical signals to cells. Vascularization varies within the same tissue with zones that are 

highly vascularized that gradually change into avascular structures. Mechanical properties that 

exhibit gradient stiffness or elasticity and lastly spatial alignment of cells and ECM is critical 

for some tissues. 

2.2.1 Biomaterials 

Biomaterials play a crucial role in tissue engineering because they provide the scaffold that 

supports cell attachment, growth, and organization by mimicking the natural extracellular 

matrix [80]. These materials need to be able to provide an attachment medium, support 

proliferation and when needed, cell differentiation. This is done by mimicking the ECM of 

specific tissues by providing similar chemical compositions, mechanical properties and 

biochemical cues for an adequate cellular response [81]. In many cases certain material 

properties are needed to be able to withstand mechanical forces or stimuli like those experienced 
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by natural tissues. This may be a certain strength, flexibility or conductivity of the biomaterial. 

The ideal biomaterial is biocompatible, meaning that is does not elicit an adverse immune 

response. Often these materials are required to be biodegradable, allowing them to perform their 

functions for a certain period. Materials initially used for mechanical stability can degrade and 

make room for the newly synthesized tissue [82], [83].  

Biomaterials can usually be classified by their origin: natural or synthetic, or by their type: 

metals, polymers, ceramics, glasses, composites [84]. 

Synthetic biomaterials such as poly(ethylene) (PE), poly(ethylene glycol) (PEG), poly(lactic 

acid) (PLA) or polyurethanes (PU) offer a higher degree of customization and control over their 

physical properties [85]. Another advantage of using synthetic materials is their batch-to-batch 

consistency and scalability which are important for commercial production and clinical 

implementation [86]. The main limitation of these materials is the potential to elicit 

inflammatory or cytotoxic responses, having difficulty in achieving complete integration with 

host tissue [87], [88]. 

Natural biomaterials such as collagen, gelatin, chitosan and hyaluronic acid have gained 

attention due to their inherent biocompatibility and similar composition with ECM [89]. 

Naturally derived polymers can promote cell-adhesion, proliferation and differentiation, and 

inherent biodegradability properties makes them a good candidate for biomaterials [90]. Natural 

polymers like collagen and gelatin may have limitations for TE applications because they can 

degrade more rapidly under physiological conditions. At body temperature (37°C), these 

materials may not retain their structural integrity for the desired duration.  The inherent 

properties of these materials, such as their sensitivity to pH, temperature, and enzymatic 

activity, make it challenging to precisely control their degradation rate and achieve the desired 

tissue regeneration outcomes [91]. Another limitation is their poor mechanical properties. These 

materials often lack the necessary strength and stiffness to support the mechanical requirements 

of various tissues [92]. 

To address the limitations of natural biomaterials, one approach is to chemically modify the 

natural polymers or utilize combinations of synthetic and natural polymers. For example, the 

introduction of crosslinking agents can enhance the mechanical strength and tune the 

degradation rate [92]. 
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2.2.2 Cell Sources 

The success of a tissue engineering construct is influenced by the cell source. Cells can be 

autologous from the patient, allogenic from another patient (donor) or xenogeneic, from another 

species. The advantage of using xenogeneic cells is that there is a large pool from which these 

can be obtained and that makes them the least expensive option. On the other hand, the 

disadvantages are increased immune reaction and risk for disease transmission. Allogeneic cells 

have the advantage that they are less expensive and more available than the autologous. With 

allogeneic cells there is still a risk of disease transmission, immune reaction and genetic 

anomalies. Autologous cells have the advantage of no disease transmission and minimal 

immune reaction [93]. The use of autologous cells has its own drawbacks such as limited 

availability and the extraction of such cells can be a complex and invasive procedure leading to 

patient discomfort and increased risk of complications [94]. 

Other than the donor origin, the cells can be classified based on their differentiation 

characteristics. Differentiated cells already display the desired phenotype but they are more 

expensive, and they are difficult to grow in vitro. Stem cell types that are undifferentiated cells 

can be obtained from several sources. The disadvantage is that it needs to be guided to 

differentiate as desired into the chosen phenotype [93]. 

Undifferentiated cells can be sourced from four different tissue origins. The first one is the 

embryonic stem cell (ESC), which are totipotent and can be found in spherical embryonic 

masses. The second type is the foetus-derived stem cells (umbilical cord mesenchymal stem 

cells (UC-MSC)/ endothelial progenitor cells (EPC), chorion villi endothelial progenitor cells 

(CV-EPC), amniotic fluid mesenchymal stem cells (AF-MSC)/EPC) which are pluripotent or 

multipotent. These type of stem cells come from umbilical cord, chorionic villi, amniotic fluid 

but also from abortion foetuses including neural crest stem cells from foetal brain, foetal 

hematopoietic stem cells from foetal blood, foetal mesenchymal stem cells and pancreatic islet 

progenitors. The third type is adult stem cells (EPC, BM-MSCs, adipose-derived stem cells 

(ADSC)) which are pluripotent or multipotent and they are sourced from blood, bone marrow 

and adipose tissue from donor or from patient itself. The fourth type are induced pluripotent 

stem cells  (iPSC) which are derived from somatic cells [78].  iPSCs development is a complex 

procedure. iPSCs are derived by introducing specific sets of pluripotency-associated genes into 

a given cell type. These reprogramming factors are the transcription factors Oct4, Sox2, Klf4 

and cMyc [95]. 



 

19 

 

Totipotent stem cells can give rise to all three primary germ cell layers and into the placenta, 

being available only in the first weeks of embryogenesis. Pluripotent stem cells are present in 

later embryogenesis and can differentiate into all three germ layers but are unable to 

differentiate into placenta. Multi-, oligo-, or unipotent stem cells are present postnatally and 

they are found in many tissues. They have limited differentiation potential based on their source 

[74]. 

2.2.3 Ethical and Regulatory Considerations for Stem Cells 

There are 10 main themes recurring on the ethical front of stem cell usage:  
1. Animal welfare concern regarding the animal derived TE components and their balance 
with scientific need,  
2. Handling human tissue regarding a pain free collection, consent from the donor,  
3. Informed consent for the donor about the specific usage of stem cells,  
4. Therapeutic potential for diseases that currently have no therapy available,  
5. Risk and safety for patients in trial with stem cell therapies,  
6. Clinical translation,  
7. Societal impact regarding market, biosecurity, longevity and enhancement of human 
experience,  
8. Scientific integrity to prevent disillusionment on the hype of organ bioprinting, organoid 
research and TE,  
9. Regulations framework for stem cell work and  
10. Patient and public involvement that require reliable information and services to counter 
misinformation [96].  

Other ethical regulations closely related to theme 2 (consent from donor) are linked to religious 

patients and possible donors of foetal-stem cells sourced from foetuses or ESC from embryonic 

masses, that acknowledge that human life begins at conception. Given so, the donor cannot give 

consent for the practices and raises ethical concerns [97]. 

2.2.4 Growth factors 

Growth factors are a large class of cytokines that stimulate cell growth by specifically binding 

to cell membrane receptors. These factors regulate various cellular functions, including growth, 

proliferation and migration. In addition, they play crucial roles in processes such as wound 

healing, tissue regeneration, and immune regulation [98]. 

There are numerous types of growth factors, each with distinct biological roles. These include 

platelet-derived growth factors (PDGF and osteosarcoma-derived growth factor ODGF), 

epidermal growth factors (EGF), transforming growth factor (TGF-α, and TGF-β), fibroblast 

growth factors (α-FGF, β-FGF), insulin-like growth factors (IGF-I, IGF-II), nerve growth factor 
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(NGF), interleukin-like growth factors (IL-1, IL-3), erythropoietin (EPO), and colony-

stimulating factors (CSF) [99]. 

For tendon, different GFs are present for the three main stages of tendon regeneration 

summarised in Table 2. In the first inflammation stage, different chemotactic factors are 

liberated for mediating the inflammatory response, stimulate proliferation of fibroblast and 

tenocytes, and stimulate angiogenesis. In the second proliferative stage, there is an increase in 

cellularity and synthesis and deposition in a random way of materials for ECM synthesis. The 

last phase, remodelling, the synthesis of GAGs and collagen is decreased, and tenocytes and 

collagen fibres align in the direction of stress [100]. 

Table 2 Main growth factors for each different phases in tendon regeneration and their role, table summarized 
from illustration in [100] 

Inflammatory stage (days) Proliferative stage (weeks) Remodelling  stage 
(years) 

Chemotaxis 

IGF-1, TGF-β, Interleukin-6, 

Interleukin-1β 

Cell proliferation 

IGF-1, PDGF, TGF-β, bFGF, BMP-

12, -13, -14 

ECM remodelling 

IGF-1 

Expression of other growth factors 

PDGF 

Synthesis of collagen and ECM 

components 

IGF-1, PDGF, β -FGF, TGF-β 

Termination of cell 

proliferation 

TGF-β 

Angiogenesis promotion 

VEGF, β-FGF 

Cell matrix interaction 

β-FGF, TGF-β 

Type I collagen synthesis 

TGF-β, BMP-12, -13, -14 

 

Bone regeneration relies on the recruitment of progenitors, which can differentiate into bone-

forming osteoblasts, and can be separated into three main stages summarised in Table 3. 

Inflammation is the first stage in which multiple pro-inflammatory signalling molecules are 

released by platelets in vivo to promote invasion of lymphocytes, plasma cells, macrophages 

and osteoclasts. In the second phase, the formation of new vessels is essential for proper bone 

regeneration to provide the necessary nutritional support for the newly formed tissue, the most 

important pro-angiogenic factors are platelet-derived Angiopoietin (Ang), GFs (PDGF), BMPs, 

FGFs and TGF-β. In the third stage, bone is formed through endochondral and 

intramembranous ossification and subsequently remodelled by osteoclasts for the formation of 

new intramembranous bone. Multiple pro-osteogenic GFs have been identified including 

PDGF, TGF-β, fibroblast growth factors (FGF), IGF and BMPs [101]. 
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Table 3 Main growth factors for each different phases in bone regeneration and their role, table summarized 
from [101] 

Inflammatory stage 
Soft callus stage 
(angiogenesis) 

Hard callus 
(osteogenic) 

Early regulation 

Interleukin-1, Interleukin-6, 

UC-MSC-α, RANK-L  

Early regulation 

Ang-1, Ang-2 BMP-2, BMP-3, BMP-4, 

BMP-5, BMP-6, BMP-7, 

BMP-8 Late regulation 

TGF-β, PDGF, BMP-2 

Late regulation 

VEGF A, VEGF B, VEGF C 

 

2.2.5 Scaffolds 

Scaffolds are the roots of tissue engineering, since they serve as the structure which upholds 

the regeneration process and overcome the limitations of conventional transplantation (donor 

availability, graft rejection). Scaffolds are 3D structures which mimic the ECM, and the ideal 

scaffold should have the following properties: biocompatible and non-cytotoxic, porous, 

suitable mechanical properties, biodegradable, bioactive, promote cell adhesion, infection 

resistance, as well as to be cost-effective [102].  

Biocompatibility is a characteristic which shows the compatibility between a structure with a 

biological system, and implicitly determines whether a medical device is safe. Moreover, cell 

adhesion, proliferation and differentiation are directly influenced by biocompatibility 

[103],[104]. Therefore, one of the main biocompatibility tests performed on medical devices is 

the cytotoxicity assessment, which indicates the potential of a device or structure to cause harm 

to living cells. This is determined by assessing the cell viability, morphology changes, and cell 

detachment and lysis. While it is ideal to achieve non-toxicity, multiple other factors should be 

considered when deciding if a scaffold is safe and suitable for its application [105]. 

Porosity is a characteristic that directly influences the functionality of a scaffold: by definition, 

porosity represents the material void present within a structure, which allows cells and 

molecules to infiltrate through the structure. Aside from influencing the functionality of a 

scaffold, porosity can also influence biocompatibility through inducing foreign body reactions, 

thrombogenicity, biofilm formation, and calcification [106]. The type of porosity is determined 

by the pore properties, such as size distribution, size, volume, shape, and interconnectivity. 

Tissue engineering applications usually require open porous and interconnected networks, as 

these promote cell proliferation and migration, facilitating tissue formation [107]. 
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Mechanical properties such as tensile strength, elastic modulus and stiffness are important 

factors which influence the performance of a scaffold. These characteristics are major 

determinants of the durability and structural function of a scaffold and should generally mimic 

the properties of the natural tissue which is to be regenerated or replaced. Moreover, it is 

important to note that the age of the patient is very important to be considered when designing 

certain scaffolds such as those for bone regeneration, as the mechanical properties of bones 

vary with age and impact the regeneration and durability of the newly formed or implanted 

tissue [108].  

Biodegradability is the characteristic of a material to break down in a controlled manner over a 

desired period of time without generating toxic products, allowing the scaffold to be replaced 

by newly formed tissue [109]. Bioactivity is the ability of a material to generate a favourable 

response from the biological environment. Both biodegradability and bioactivity are desired in 

scaffolding in tissue engineering, as they highly promote the integration of both the scaffold 

and the formed tissue in the body of the host [108]. 

One of the most important limitations of scaffolds that has been reported in literature is the 

infection of the implantation site of the scaffold, which has been overcome in the recent years 

by fabrication of infection resistant scaffolds. The infection resistant property of a scaffold can 

be achieved through two methods: fabrication of scaffolds which have a high intrinsic infection 

resistance, or the introduction of additional compounds which have the potential to prevent or 

treat infections [110].  

Lastly, an ideal scaffold should be cost effective: this can be achieved by choosing appropriate 

materials and manufacturing methods for the scaffold fabrication, without compromising the 

desired properties the final product should have [111]. The scale-up and reproducibility are 

often considered when designing a cost-effective scaffold [102]. 

2.2.6 Scaffold design 

Developing intricate scaffold designs for tissue engineering serves several purposes. Mimicking 

the natural ECM of the specific tissues is the fundamental purpose of scaffold design, including 

the influence on cell attachment, proliferation, differentiation and migration [112]. Another 

crucial role is facilitating cell growth by providing nutrient and waste transport capacity through 

the interconnected porous structure of these scaffolds. Intricate designs can also enable the 

organization of cells in a specific spatial arrangement which is necessary for the development 

of certain tissues [113]. Another role is to control the mechanical properties of scaffolds for 
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tissues with unique mechanical properties. By altering the scaffold design with different pore 

sizes, shapes or distribution, the mechanical properties of the scaffold can be tuned to match 

the target tissue. By using anisotropic pore architecture or fibre reinforcement, scaffolds can be 

designed to replicate the natural anisotropy of tissues like bone or tendon. Another role of 

anisotropic pore architecture could be controlled deformation, that allows the scaffold to deform 

predictably under stress. 

In the context of TE scaffolds, interconnected porosity and isolated porosity refers to the ways 

in which the pores within the scaffold are organized. Isolated porosity refers to a scaffold 

structure where the pores are independent in a closed space within the material. Since there is 

no continuous pathway for the diffusion of nutrients and cell migration, this hinders the 

formation of a cohesive tissue structure deep within the scaffold. However, they might still find 

use in certain niche applications such as drug delivery systems where these factors are less 

important and where controlled isolated environments within the scaffold are desired. 

Interconnected porosity refers to scaffold structures where pores are connected with each other 

forming a continuous network of pathways throughout the material that allow for efficient 

nutrients transport and cell migration [112]. 

Design of traditional scaffold fabrication methods 

Traditional scaffold fabrication methods, such as lyophilization, gas foaming, and 

electrospinning, each offer unique advantages and drawbacks for tissue engineering. 

Lyophilization and gas foaming, both porogen-based techniques, create porous structures but 

often lack precise control over pore architecture, leading to irregular shapes and sizes [114]. 

Electrospinning, favoured for producing fibrous scaffolds that mimic the natural extracellular 

matrix, can generate fibres with diameters from nanometres to micrometres. However, it 

struggles with precise control over fibre diameter and alignment, affecting scaffold mechanics 

and specific architectures [115]. Particulate-based techniques allow for control over pore size 

and porosity but face challenges in removing sacrificial particles, potentially introducing 

impurities or inconsistencies. Often these techniques might create isolated porosity or semi-

isolated porosity [116]. 

Computational topology design (CTD) 

In tissue engineering, computational topology design is used to create scaffolds with specific 

pore structures, shapes, and properties. This is facilitated by the advancements in 3D printing 
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techniques and the resolution is imposed by the chosen 3D printing technique. There are various 

types of computational topology designs, each suited to different needs and functionalities. 

Rod pattern scaffolds are prevalent in numerous constructive approaches, primarily due to 

their ability to define internal geometry through the periodic repetition of regular rods. The 

benefits associated with these periodic porous structures include simplified modelling and 

fabrication processes, as well as the capacity to predict their structural properties with greater 

accuracy [117]. An improvement to basic rod patterns in scaffold internal architecture design 

have been achieved through the application of space-filling curves in the X and Y directions as 

seem in Figure 5. Space-filling curves are characterized by their ability to systematically occupy 

a specified space by either recursively altering their trajectory or by ensuring coverage of every 

point within the defined space [118]. Given the limitations in extrusion-based techniques, 

continuous, non-intersecting curves are particularly advantageous. In the Z direction, various 

modifications to the uniform fibre spacing can be implemented, including doubling the number 

of layers, staggered fibre spacing, or introducing a pore size gradient by adjusting the distance 

between rods. Additionally, rod-patterned scaffolds offer the benefit of allowing the integration 

of bi- or multi-material configurations by varying the material composition of individual rods. 

[119]. 

 

Figure 5 Rod patterns with (A) simple lay-down patterns with honeycomb pores and (B) Hilbert recursive 
curves. Image taken form [119]. 
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Triply Periodic Minimal Surfaces (TPMS) scaffolds are smooth, continuous surfaces that 

divide space into two interconnected regions and are periodic in three independent lattice 

directions. This design eliminates any sealed cavities within the structure. The most isotropic 

TPMS exhibit cubic symmetry and can be constructed by repeatedly translating a cubic unit 

cell [120]. These surfaces arise from a principle of local area minimization, meaning they 

locally exhibit symmetric saddle shapes characterized by zero mean curvature and non-positive 

Gaussian curvature. The most known ones (Figure 6) are translational unit cells of C(Y), 

Diamond, C(D), Batwing, F-RD, Gyroid, Manta 35, Primitive, and Fischer Koch S. All of the 

mentioned TPMS are bicontinuous cubic unit cell types, meaning that they divide the volume 

into two domains that never connect [121]. 

 

Figure 6 Examples of triply periodic minimal surfaces. Shown are (from top left to bottom right) translational 
unit cells of C(Y), Diamond, C(D), Batwing, F-RD, Gyroid, Manta 35, Primitive, and Fischer Koch S. Image 

taken from [121]. 

Voronoi pattern scaffolds are irregular scaffolds that enable geometric and mechanical 

parameters to be designed precisely or distributed in a gradient manner. Irregular porous 

scaffolds have the ability to simulate the complex and anisotropic microstructures of bone 

tissues. This provides additional freedom within bionic design and topological optimization 

[113]. Unfortunately, most of previous studies on irregular porous structures ignored the effect 

of irregularity and its evolution. Uncontrollable irregularity leads to poor repeatability of 
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morphology and the mechanical properties. Voronoi tessellation pattern scaffolds disrupt this 

limitation by allowing the construction of controllable porous irregular scaffolds [122].  

A Voronoi pattern is created by dividing a plane into regions based on a set of points as seen in 

Figure 7. First, several distinct points are placed on a plane, known as sites. Then, for each pair 

of adjacent sites, lines are drawn that are equidistant from both points. These lines are called 

perpendicular bisectors. The intersections of these lines form the boundaries of different 

regions. Each region, or Voronoi cell, includes all the points that are closer to one specific site 

than to any other site [123]. Essentially, the Voronoi pattern visually shows how the plane is 

divided based on the nearest distances to each of the original points. The development of a 3D 

Voronoi model is described later in section Figure 7. 

   

A B C 

Figure 7 Steps in creating 2D Voronoi patterns A. Finding the perpendicular bisectors. B. Creating the Voronoi 
cells; C. Appling a Laplacian smoothing to edges. 

The Voronoi pattern is a common one in nature. From microscopic cells to macroscopic pattern 

of dragonfly wings and the coat of giraffes as seen in Figure 8. Voronoi patterns are a 

spontaneous pattern that appears whenever something is growing at a uniform growth rate from 

separate points. For instance, giraffe embryos have a scattered distribution of melanin-secreting 

cells, which is responsible for the dark pigmentation of the giraffe’s spots [124]. 

A B  C 

Figure 8 A: giraffe coat pattern shows a collection of irregular brown spots, B the structure of the dragonfly 
wings and C histological sample of striated muscle tissue under the microscope. Images taken from [125]. 
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Design choices for tendon-bone enthesis scaffold 

Firstly, the construction methods of the rod patterns have regular pore morphology, good 

connectivity, and controllable mechanical properties, but lack in being able to create gradients 

in all three dimensions. TPMS scaffolds seem like a good choice for tendon-bone junction 

scaffolds. It seems at a quick look that the pores are interconnected but in reality, only half of 

the pores are interconnected because the folding structure of the gyroid divides the domains 

into two different parts that never connect. Another issue of TPMS scaffolds is the inability to 

create controlled porosity gradients in all three dimensions without disrupting the pattern. In 

the search of a better scaffold design, nature leads the way with the Voronoi pattern, by 

providing irregular patterns with controllable pore sizes and gradients.  

TPMS structures are made of symmetric saddle shapes characterized by zero mean curvature. 

That means half of the structure has positive mean curvature (concave valley) and half has 

negative mean curvature (convex valley). A number of studies showed that cells locally respond 

to high positive mean curvature by producing tissue, and do not produce tissue on high negative 

mean curvatures [126], [127], [128], [129]. This makes the Voronoi scaffold a better choice 

than TPMS, since all mean curvatures are positive (concave). Another study showed that cell 

differentiation of hMSC into adipocytes or osteoblasts can be controlled by the degree of mean 

positive curvature [130]. The mean positive curvature of Voronoi scaffolds can be controlled 

by the degree of smoothing applied. More smoothing results in a lower positive curvature and 

vice-versa. 

2.2.7 Gradient scaffolds 

Despite great efforts to achieve the ideal scaffold, it is often not possible to fabricate a scaffold 

that serves as one absolute solution to certain tissue engineering applications. This occurs due 

to the difficulties which arise from finding an optimal compromise between the desired 

properties, as well as the complexity of the natural tissue which is challenging to mimic. One 

potential breakthrough which can minimize the limitation of scaffolds is the fabrication of 

gradient scaffolds. Gradient scaffolds are structures which present gradual transitions in 

geometry, structure, density, porosity, mechanical properties, composition and so on, allowing 

for a more accurate representation of the ECM [131].  

Gradients can influence various properties in a scaffold, including structural, chemical, 

physical, and biological properties. Through optimizing these properties and choosing the 

appropriate gradient type, scaffolds can allow for great results in biomimetic tissue 
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regeneration, as chemical and physical signals and cell response can be accurately controlled 

while maintaining the desired properties of the scaffold. Such changes can be induced by using 

different gradient types, out of which the most well-known ones are composition, porosity and 

multi-layer gradients. Ideally, the gradients are done through methods which minimize the risk 

of delamination, especially in composition gradients, as it is currently one of the most common 

challenges of this approach [131],[132]. Some examples of gradient scaffolds and their 

applications are represented in Table 4.  

Table 4 Summary of different types of gradient scaffolds with materials, applications and fabrication techniques 

Gradient type Materials  Application Fabrication 

techniques 

Ref 

Composition 

HA and TCP 
(both mixed with 
poly(caprolacton
e)(PCL) in 
different 
proportions)  

Controlled 
degradation rate 
of scaffolds in 
bone tissue 
engineering 

Extrusion 3D 
printing 

[133]  

Heparin 
methacryloyl 
and bone 
morphogenetic 
protein (BMP-2) 

Osteochondral 
tissue 
engineering 

Mixing and 
ultraviolet (UV) 
crosslinking 

[134]  

PEOT/PBT with 
gradient 
composition of 
HA 

Study of 
potential 
techniques for 
scaffolding in 
tissue 
engineering 

Extrusion 3D 
printing 
integrated with 
atmospheric 
pressure plasma 
jet 

[135]  

Collagen and 
HA 

Osteochondral 
tissue 
engineering 

Sequential 
addition of 
aqueous 
suspensions and 
freeze-drying 

[136]  

PLLA, PDLLA, 
carbonated 
amorphous 
calcium 
phosphate, 
calcium 
carbonate 

Cranioplasty 
implants 
implanted using 
computer 
assisted surgery  

Various 
techniques: hot-
pressing, gas 
foaming, 
moulding 
according to 
CAD models 

[137]  

Zirconia coated 
with HA in 
gradient  

Increasing 
osteoconductive 
properties of 
porous scaffolds  

Various 
techniques: sol-
gel and powder 
slurry methods 

[138]  

Zirconia and 
Alumina 
toughened 
zirconia (ATZ) 

Functionally 
graded bone 
scaffold 
synthesis 

Extrusion 3D 
printing; 
foaming method 
to obtain the 
printing ink  

[139]  
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Porosity 

High density 
polyethylene 

Controlled drug 
delivery systems 
and scaffolds 

Selective laser 
sintering 

[140] 

PCL and 
variable amounts 
of HA  

Scaffolds for 
bone tissue 
engineering  

Fused filament 
fabrication 

[141] 

Nickel-Titanium 
alloy with 
Niobium 

Bone tissue 
engineering 

Selective laser 
melting 

[142]  

PCL 
Bone tissue 
engineering 

Centrifugation 
and heat 
treatment for 
fibril bonding 

[143]  

PCL 

Study of axial 
porosity gradient 
obtained through 
changing 
electrospinning 
parameters 

Electrospinning [144]  

PEOT/PBT and 
PCL 

Bone tissue 
engineering 
through 
improved 
osteogenic 
differentiation 

Rapid 
prototyping 
through 
extrusion 

[145]  

Multi-layer 

Chitosan/HA, 
chitosan/silk 
fibroin 

Study of 
calcification of 
osteochondral 
matrix 

Electrospinning [146]  

PCL 
microspheres 
with HA in 
different 
proportions 

Regeneration of 
complex tissue 
interfaces, 
chondrogenesis  

Selective laser 
sintering 

[147]  

Sodium alginate 
with poly-L-
lysine 

Biomimetic bone 
scaffold 
preparation with 
physical and 
material gradient  

3D printing 
using a home-
built set-up with 
multi-nozzle 

[148]  

PGA, PCL and 
silk yarn 

Tendon tissue 
engineering for 
scaffolds with 
different 
degradation 
rates between 
layers 

Weaving and 
electrospinning 

[149]  

Porosity and 

multi-layer 

PEG diacrylate 
and N-acryloyl 
6-aminocaproic 
acid 

Synthesis of 
osteochondral 
tissue in vivo  

Cryogelation 
and 
hydrogelation  

[150]  

PCL/PLGA 
constructs 
populated with 
MSC 

Scaffolds for 
articular 
cartilage 
regeneration 

3D bioprinting  [151]  

*HA-hydroxyapatite, TCP-tricalcium phosphate, PCL- poly(caprolactone) , BMP-2-bone 
morphogenetic protein, PBT- poly(butylene terephthalate), PLLA-poly(L-lactic acid), PDLLA-
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poly(D,L-lactic acid), ATZ-alumina toughened zirconia , PGA-poly(glycolic acid), PEG-
poly(ethylene glycol) ,  MSC-mesenchymal stem cells  

 

In the context of this research, to effectively replicate the tendon-bone junction using scaffolds, 

a gradient design is advantageous due to the intricate nature of the enthesis. A gradient scaffold 

can more accurately reproduce the four specific zones of dense fibrous connective tissue, 

uncalcified fibrocartilage, calcified fibrocartilage, and bone. The gradual transition in a gradient 

scaffold ensures smooth change in mechanical properties as observed in [148]. This mechanical 

gradient could provide a higher elasticity and lower Young’s modulus in the tendon part and a 

stiffer material in the bone part. Another type of gradient can also be applied in terms of 

mineralization by changing the content of HA such as in [136]. This gradient in mineralization 

could provide a highly mineralized ECM in the bone part and make the transition with 

mineralized fibrocartilage into the tendon. Another change in the gradient can be the cell types 

encapsulated such as in [151]. Where for example, in the tendon part tenocytes could be 

encapsulated and in the bone part, osteoblasts with a transition zone in-between. 

2.2.8 Techniques and technologies 

Numerous scaffold fabrication methods have been employed in tissue engineering, most of 

them falling into two main categories: conventional techniques (such as solvent casting, freeze 

drying, sol-gel etc) and additive manufacturing (such as stereo-lithography, fused deposition 

modelling, selective laser sintering, laser-assisted bioprinting, direct cell writing etc) [108]. 

Whereas conventional methods do not give control over the 3D structure of the scaffold in 

additive manufacturing these scaffolds are fabricated in a layer-by-layer method according to a 

computer-aided design (CAD) model. Hence, it is one of the most versatile manufacturing 

methods allowing to construct even the most complex structures in an automated manner [109]. 

Some of the applications of 3D (bio)printing which have been reported include the 

manufacturing of wound dressings, blood vessels, bones, cartilage, heart valves, urethra and 

oesophagus [108], [152].   

Another widely used method of obtaining scaffolds is represented by decellularization, a 

process in which the ECM is conserved through the removal of cellular and antigenic materials 

which populate it, leading to the successful preservation of the structure and composition of the 

matrix. Moreover, the removal of the cellular and antigenic material has the purpose of reducing 

the immunogenicity of the scaffold [153]. The main advantage of using a decellularized scaffold 

for medical applications is that it allows for the conserved ECM to be repopulated with other 

cells, minimizing the risk of rejection when it is implanted in a patient [154].  The disadvantage 
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is the inherent heterogeneity of decellularized scaffolds, which can vary depending on the 

source tissue and the decellularization method. This can contribute to the unpredictable 

thrombogenic properties of these materials [155]. 

2.3 Scaffold fabrication methods through 3D printing 

3D printing is a scaffold fabrication method developed in the 1990s, which uses additive 

manufacturing techniques to fabricate complex and optimized scaffolds. The layer-by-layer 

deposition is done according to a CAD model, as mentioned in section 2.2.6, and it allows for 

a close mimicking of the ECM by highly controlling the characteristics of the printed structure. 

3D printing is often approached in tissue engineering as it is an easy method to obtain controlled 

pore size and interconnectivity [109],[139]. 

The CAD models can be either designed from the ground-up or taken from already existing 

tissular structures through imaging techniques such as MRI for soft tissues and CT for hard 

tissues. Due to the desire to closely mimic the natural ECM and tissues, the availability of native 

tissue images represents a great advantage in tissue engineering because it allows for the model 

to be created or modified according to the actual defect for which it should compensate for, 

both in morphology and size [139].  

3D printing methods fall under one of the two categories: deposition-based printing, or light-

based printing. These categories include numerous printing methods which are described in the 

following tables: 

2.3.1 Deposition based 3D printing 

Table 5 Summary of deposition-based 3D printing methods 

Printing method 

and resolution  
Description  Advantages  Disadvantages  Ref.  

Fused deposition 

modelling (FDM)  

0.1 to 0.5 mm  

- implies the 
extrusion of a 
thermoresponsive 
polymer filament 
through a heated 
nozzle; the 
deposition is done 
layer-by-layer on 
a solid platform 

- average accuracy 
of models 

- cost-effective 

- fast and simple 
method 

- no toxicity due 
to lack of organic 
solvents 

- requires support 
structures and often 
requires post-
processing 

- limited selection of 
materials 

- low resolution  

[156] 

Powder bed 

fusion (PBF) –  

most well-known 

sub-type of PBF is 

SLS  

0.1 to 0.2 mm  

- PBF makes use 
of a laser or a 
binder to 
selectively melt 
and fuse powder, 
usually metallic, 

- it does not use a 
support material  

- wide selection of 
materials  

- time consuming 

- expensive 

- requires post-
processing 

[157] 
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into a structure 
according to the 
CAD model  

- final product has 
high mechanical 
properties 

- altered properties 
due to the fusion 
with the binder  

Binder jetting 

(BJ3DP)  

0.1 to 0.5 mm  

- BJ3DP uses a 
liquid binder 
which is 
selectively jetted 
on layers of 
powders, leading 
to densification of 
the powder  

- fast method 

- results are 
complex 
structures 

- widest selection 
of materials 
compared to other 
3DP methods 

- allows unused 
material recycling 

- multistep process 
which requires post-
processing 

- low relative 
density of final 
product 

- high surface 
roughness 

[158] 

Material jetting 

or inkjet printing  

0.01 to 0.1 mm  

- material jetting 
implies the 
layering in 3 
dimensions with 
an inkjet head 
while the material 
is cured with UV 
lamps 

- allows multi-
material printing  

- cost-effective 

- easy and fast 
method 

- high resolution  

- expensive 
equipment 

- only small 
elements can be 
printed 

- limited to usage of 
thermopolymers  

[159] 

Sheet lamination  

0.5 to 1 mm  

- bonding method 
for paper, metal 
or plastic films, in 
which a material 
sheet is cut with a 
laser or a blade 
according to the 
respective slide of 
the CAD model; 
the resulting 
sheets are stacked 
with a binder  

- cost-effective 

- fast method 

- wide selection of 
materials  

- removal of excess 
material is difficult  

- poor surface finish  

- low dimensional 
accuracy 

- poor layer bonding  
[160], 
[161] 

Directed energy 

deposition  

1 to 2 mm  

- directed energy 
deposition makes 
use of a material, 
usually metal, 
which is 
continuously 
being deposited 
on a surface 
through a nozzle, 
and then 
immediately 
melted with a 
laser or electronic 
beam 

- wide selection of 
materials (usually 
works with 
polymers and 
ceramics, but it  
can be used for 
metals as well)  

- good mechanical 
properties of the 
result  

- allows printing 
of full parts or 
local features  

- model shrinkage, 
residual stress, 
deformation 

- low resolution  

- high surface 
roughness 

- limited complexity 
of the final model  

[161], 
[162] 

Cold spray  

0.5 to 2 mm  

- cold spray 
manufacturing 
implies the 
acceleration of 
particles of 
powder at 
supersonic speed; 
upon impact 
between the 
particles and 
substrate, a 

- allows for 
deposition of 
dissimilar 
materials (for 
example metals 
with different 
melting points)  

- high material 
deposition rate 
and efficiency 

- poor geometric 
accuracy 

- low mechanical 
properties 

- high brittleness  
[163] 
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bonding 
mechanism is 
triggered which 
consolidates the 
material  

Bioprinting  

(also by  light-

based 3D 

printing)  

- uses cells and 
inks made of 
biocompatible 
materials to print 
structures which 
closely mimic the 
properties and 
structure of the 
living tissues and 
organs 

- wide potential in 
healthcare 
(presurgical 
planning, highly 
customized 
implants, 
synthesis of 
organs, medical 
imaging phantoms 
etc)  

- precise and 
complex resulting 
models 

- expensive 
technology 

- difficult to 
maintain the proper 
environment (risk of 
contamination)  

- ethical concerns  

- limited material 
selection 

[161] 

 

Melt 

electrowriting 

(MEW)  

0.01 to 0.1 mm  

-extrusion of 
molten polymer 
through a fine 
nozzle under the 
influence of an 
electric field, 
which directs the 
polymer jet onto a 
collector  

-high precision 
over fiber 
alignment 

-creation of 
complex micro-
scale structures  

-the process is 
relatively slow 

- restricted materials 
that can be melted 
and extruded 

-requires careful 
calibration and 
conditions for 
consistent results  

[164] 

 

2.3.2 Light-based 3D printing 

Table 6 Summary of light-based 3D printing methods 

Printing method  Description  Advantages  Disadvantages  Ref.  

Stereolithography 

(SLA)  

0.025 to 0.1 mm  

- SLA makes use of UV 
lasers which irradiate 
an uncured liquid 
photosensitive resin 
tank according to the 
CAD model; the 
platform lowers after 
the solidification of 
each resin layer  

- complex 
resulting 
models 

- high 
resolution 

- fine surface 
finish 

- high CAD to 
printable 
model 
accuracy 

- requires post-
curing 

- slow process 

- limited 
selection of 
materials  

- support 
structure removal 
limits the 
complexity of the 
models 

[165] 

Digital light 

processing (DLP)  

0.025 to 0.1 mm  

- similar to SLA, uses 
photopolymerization to 
cure resin; it compares 
to SLA by using a 
projector instead of a 
laser beam 

- increased 
efficiency and 
accuracy 

- high 
resolution 

- fast method 

- risk of warping  

- expensive 
equipment 

[156] 
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Liquid crystal 

display (LCD)  

0.05 to 0.1 mm  

- a liquid crystal 
display which acts as a 
mask is used in the 
irradiation with UV of 
a resin layer  

- inexpensive 
equipment 

- high 
accuracy of 
results with 
no geometric 
distortion 

- short lifetime 
of equipment  

- poor resolution 
compared to DLP 

[166] 

Two-photon 

polymerization 

(2PP)  

0.1 to 1 micron  

- makes use of low 
light energy to solidify 
resin, effects which 
occurs when the 
molecules absorb the 
energy from two 
photons at the same 
time  

- wide 
selection of 
materials 

- high control 
of feature 
size 

- low surface 
roughness 

- complex 
resulting 
models 

- loss of laser 
power that must 
be compensated 
for 

- shrinkage of 
material  

[167] 

Volumetric  

(VAM)  

0.1 to 0.5 mm  

- works by fabrication 
of structures from all 
points within a 
medium’s volume 
through selective 
delivery of energy 

- fast method 

- does not 
require 
support 
structures 

- good 
surface 
quality  

- good 
mechanical 
properties 

- complex 
resulting 
models 

- limited 
equipment 
available  

- complex 
printing 
algorithms  

- limited 
selection of 
materials  

[168] 

 

2.4 Volumetric printing 

In selecting an appropriate 3D printing method for tendon-bone junction scaffold fabrication, 

volumetric 3D printing offers several advantages. One of the primary reasons for focusing on 

VAM is its ability to provide precise control over scaffold architecture. With a resolution 

ranging from 0.1 to 0.5 mm, volumetric printing allows for detailed and accurate replication of 

complex scaffold designs, essential for mimicking the intricate structures found in the enthesis. 

Additionally, volumetric 3D printing is notable for its speed, which significantly reduces the 

time that cells are exposed to the printing environment. Another important advantage is the 

capability to layer different materials within the printing cuvette, enabling the creation of 

scaffolds with varied compositions along the Z-axis. This versatility is important for developing 
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scaffolds with gradient properties or specific material combinations tailored to the requirements 

of different tissue types. Moreover, volumetric 3D printing avoids the shear forces typically 

associated with extrusion-based methods. In extrusion printing, cells can experience 

mechanical stress that may affect their viability. By eliminating these shear forces, volumetric 

printing has a gentler processing environment for the cells. 

2.4.1 Principles of Volumetric Printing 

Volumetric additive manufacturing is a novel printing method which was first introduced in 

2017. This technique is set apart from the conventional printing methods by the ability to 

quickly manufacture large parts (or print around already existing features) through selective 

delivery of energy in a 3D environment, which occurs in a single operation in all points within 

the space in which the object is fabricated. As listed in Table 6, the advantages of volumetric 

printing over the conventional 3D printing include fast processing time, lack of need for support 

structures, good mechanical properties and consistency over the entire structure, good surface 

quality of the final structure, and possibility of obtaining complex models, while the main 

disadvantages include the limitation of commercially available equipment and supported 

materials, as well as the complexity of the algorithms [168],[169]. 

The models are printed through projection, where the patterns are generated through 

tomography-based algorithms which will be described in more detail in the next chapter. The 

structure is printed through the back projection of the patterns contained within the model, 

which are superimposed and form a stable light dose distribution. Upon exceeding the 

solidification threshold of the resin in which the energy is selectively distributed, the structure 

is formed consecutively in all points through photopolymerization [170]. 

2.4.2 Projection Algorithm 

The base algorithm of volumetric printing is reconstructive filtered back projection (FBP), 

which is also used in computed tomography. The first step is to convert the STL files in 3D 

voxel maps where the values of “1” indicate the presence of the object, while “0” indicates the 

absence of the object, forming a 3D matrix. Projections are calculated for each two-dimensional 

section of the 3D matrix over a grid of angles of 360º with spacing of 0.6º using the Radon 

transform, resulting in a sinogram [169]: 

𝑝𝜃(𝑡) =  ∬ 𝑓 (𝑥, 𝑦)𝛿(𝑥𝑐𝑜𝑠𝜃 + 𝑦𝑠𝑖𝑛𝜃 − 𝑡)𝑑𝑥𝑑𝑦 
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where θ represents the projection angle, pθ the forward projection, f(x,y) the voxel map, δ the 

Dirac Delta distribution, and t the radial distance. The sinogram is then reverted to image space 

through back projection according to the following equation: 

𝑓𝑏(𝑥, 𝑦) =  ∫ ∫ 𝑝𝜃(𝑡)∞
−∞

𝜋
0 𝛿(𝑥𝑐𝑜𝑠𝜃 + 𝑦𝑠𝑖𝑛𝜃 − 𝑡)𝑑𝑡𝑑𝜃 

The superimposed back projections are used to determine which area of the resin is 

photopolymerized, which is often controlled by a feedback algorithm [169],[171]. The integral 

of the attenuated intensity from all projections is considered proportional to the 

photopolymerization dose as follows: 

𝑓(𝑟, 𝑧) =  ∫ 𝑒−𝜇𝑟θ𝑖𝑓𝑏(𝑟 ∙  θ, θ, 𝑧)𝑑𝜃2𝜋
0  

where r represents the real space coordinate along plane z, θ = (cos θ, sin θ) and θi = (-sin θ, cos 

θ) are the direction vectors of each back projection, and µ represents the absorption coefficient 

of photopolymerization [170]. 

2.4.3 Resin characteristics 

There are certain requirements that a resin should fulfil in order to be suitable for volumetric 

printing. Unlike other light-based additive manufacturing techniques such as DLP and SLA, 

the resin should be transparent so that the spatial and temporal level of photopolymerization 

can be controlled easily and allow the irradiation to reach the entire volume [169]. The 

photopolymerization is possible only in the presence of an appropriate photoinitiator which 

absorbs the photons with specific wavelength – usually 405 nm – triggering the crosslinking 

and solidifying the liquid resin into the desired scaffold [168]. Additionally, the concentration 

of the photoinitiator has a direct effect over the printing time and final structure quality. 

Inhibitors such as oxygen and other additives are often used to control the minimum dose for 

crosslinking of the resin [168], [172]. 

2.5 Tendon-bone junction engineering strategies 

The tendon-bone junction plays a crucial role in dispersing the mechanical stresses to the bones, 

protecting the anatomical structures composing it and maintaining joint stability (as mentioned 

in section 2.1.3). Although the tears located at the junction can heal naturally, it is a difficult 

process and is often associated with a high rate of tear recurrence, making it an important area 
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in medical research and creating the need for appropriate scaffolds to be developed. There are 

numerous studies which cover different approaches in efforts to find a solution for the correct 

regeneration of the enthesis.  

Pugliese et al. (2023) [173] conducted a study in which collagen (I and II) that was extracted 

from porcine Achilles tendons and kneecaps was used to prepare a suspension of collagen I and 

HA. Collagen scaffolds of three layers were prepared as follows: one bone layer was obtained 

through crosslinking with polyethylene glycol succinimidyl glutarate (PEG-SG) and freezing 

of the collagen/HA suspension, one fibrocartilage layer was obtained through crosslinking of 

the collagen II solution with PEG-SG (the solution was then poured on the frozen bone layer 

and was let to freeze as well), and one tendon layer was obtained through the same crosslinking 

process of collagen I and PEG-SG, but with a lower final concentration compared to the bone 

layer, which was once again poured over the frozen layers which resemble the bone and 

fibrocartilage. The entire construct was subjected to freeze-drying to obtain a final three-layered 

scaffold with multiple interfaces. The tests performed on the scaffold included in vitro and ex 

vivo analyses, which demonstrated that local differentiation of human bone marrow stromal 

cells (hBMSC) was successfully promoted according to the osteogenic and fibrochondrogenic 

lineages as it was expected. Although the study showed the great potential of using gradient 

scaffold for enthesis regeneration, it was mentioned that the tenogenic lineage was neglected in 

their experiments and therefore the presented gradient scaffold can be studied more in depth 

and further developed. 

Micalizzi et al. (2023) [174] presents an alternative approach to obtain scaffolds for enthesis 

regeneration. In their study, only two regions were considered when fabricating a multi-material 

scaffold: one bone region (based on PCL), and one tendon-ligament region (based on PLGA). 

The scaffold was synthesized through electrospinning of PLGA – method which was chosen to 

mimic as closely as possible the fibrous structure of the natural tissue – followed by the 

extrusion (FDM) of two layers of PCL directly on the electrospun surface. The results of the 

study showed that the scaffold had enhanced mechanical properties compared to other reported 

scaffolds, and that cell differentiation was successfully optimized and promoted according to 

the desired region of the junction. Despite proving that multi-material scaffolds can correctly 

mimic the physicochemical characteristics of both the hard and soft tissues, the chosen methods 

for region fabrication were not ideal: FDM does not allow for nanometric structures to be 

created, and electrospinning cannot be used to create complex structures. 
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Although gradient scaffolds can be considered a scientific breakthrough in tissue engineering 

applications, conventional scaffolds still maintain a great development potential. Huang et al. 

(2021) [175] synthesised a gelatin methacryloyl (GelMA) hydrogel scaffold loaded with 

kartogenin – an inducer of chondrogenic tissue formation – with the purpose of enthesis healing. 

The performance of the scaffold was assessed both in vitro and in vivo, using female rabbit 

models, which were observed upon the implantation of the scaffold for rotator cuff repair. The 

reported results showed an improved enthesis healing with fibrocartilage formation and good 

mechanical properties. The degradation rate of the scaffold coincided with the tissue formation, 

allowing the enthesis to heal properly.  

A similar study was conducted by Cong et al. (2020) [176] where a multilayered scaffold was 

used in attempting to assist healing in the rotator cuff tears in rat models. The method of choice 

for fabricating the scaffolds was electrospinning of different materials which was done both 

aligned and non-aligned. The upper layer was made of aligned PCL and collagen I, the middle 

layer of non-aligned PCL and collagen II, and the bottom layer of non-aligned PCL and 

nanohydroxyapatite. The choice of composition and structure of the scaffold closely resembled 

the enthesis from a physicochemical and mechanical perspective. The conclusion of the study 

was that the scaffold can have great potential in serving as a bridging graft in enthesis 

reconstruction. 

Ramakrishna et al. (2019) [177] studied tendon-bone junction healing by using a biodegradable 

scaffold fabricated with co-polymeric yarns made of two types of PLA, which were braided in 

a tubular structure. Three similar scaffolds were prepared, each of them designed to mimic a 

different region of the bone junction, namely two for the tendon region (one was made of round 

fibres, while the other was made of both grooved and round fibres which decreased the pore 

size distribution) and one for the bone region. By carefully designing the structure of these 

scaffolds, it was possible to achieve an adequate pore size distribution which facilitated the 

cellular ingrowth and nutrient transfer while mimicking the tendon structure and implicitly 

promoting tenocyte growth.  
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3 Materials and methods 

3.1 Materials 

Table 7 provides an overview of the materials utilized throughout the duration of the research 

including the details of the supplier. The documenting of these details ensures the 

reproducibility of the experiment. For safety and regulatory compliance, the hazard and 

precautionary phrases associated with each material are listed in Appendix A. 

Table 7 Overview of used materials along with the supplier and CAS number 

Material  

 

CAS Number  Supplier  

1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide (EDC) 

25952-53-8 Merck 

2-mercaptoethanol 60-24-2 Merck 

5-norbornene-2-carboxylic acid 120-74-1 Merck 

5-norbornene-2-methanol 95-12-5 TCI chemicals  

Acetone 67-64-1 Chemlab 

Boric acid 10043-35-3 Acros Organics  

Butylated hydroxytoluene (BHT)  128-37-0 Innochem GmbH 

Deuterated chloroform 865-49-6 Euriso-Top 

Diethyl ether 60-29-7 Chem-lab 

Dimethyl terephthalate (DMT)  120-61-6 Sigma-Aldrich 

Dry toluene 108-88-3 Chem-lab 

Ethanol 64-17-5 Chem-lab 

Gelatin type B 9000-70-8 Rousselot  

Isophorone diisocyanate (IPDI)  4098-71-9 Sigma-Aldrich 

Liquid nitrogen 7727-37-9 Air Liquide 

Li-TPO/LAP 85073-19-4 Synthesized 

N-acetyl-homocysteine thiolactone  1195-16-0 Janssen Chimica  

n-butylamine (distilled prior to use)  109-73-9 Acros Organics  

N-hydroxysuccinimide (NHS)  6066-82-6 Merck 

O-phthalaldehyde (OPA) 643-79-8 Acros Organics  

Phosphoric acid 7664-38-2 Sigma-Aldrich 

Poly(ethylene glycol) 2000 g  ⋅  mol -1 25322-68-3 Sigma-Aldrich 

Potassium chloride 7447-40-7 Merck 

Sodium bicarbonate 144-55-8 TCI Europe 

Sodium carbonate 497-19-8 Acros Organics  

Sodium hydroxide 1310-73-2 Chem-lab 

Tetra sodium salt tetrahydrate (EDTA)  60-00-4 Merck 

Valikat bi (bismuth neodecanoate)  34364-26-6 Shepherd 

Phosphate buffered saline (PBS tablets)  7647-14-5 
7732-18-5 

Merck 
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7758-11-4 
7778-77-0 

Triphenyl phosphite (TPP) 101-02-0 Honeywell Fluka  

Phenothiazine (PTZ) 92-84-2 Sigma-Aldrich 

Low glucose DMEM (LG-DMEM) n/a Fisher Scientific  

L-glutamine 56-85-9 Fisher Scientific  

DPBS 7647-14-5 
7732-18-5 

7758-11-4 
7778-77-0 

Fisher Scientific  

Fetal bovine serum (FBS)  9014-81-7 Sigma 

Antibiotic-antimycotic solution (ABAM) 113-98-4 
3810-74-0 
1397-89-3 

Sigma-Aldrich 

Trypsin-EDTA 9002-07-7 Sigma-Aldrich 

MTS-kit 138169-43-4 abcam 

FluoroBrite DMEM n/a Thermo Fisher Scientific  

Calcein-acetoxymethyl (Ca-AM) 148504-34-1 Invitrogen 

Propidium iodide (PI)  25535-16-4 MP Biomedicals  

 

3.2 Synthesis of photo-crosslinkable biomaterials 

3.2.1 Synthesis of thiolated gelatin (GelSH) 

For the synthesis of thiolated gelatine (GelSH), first, 200ml of carbonate buffer at pH 10 was 

prepared and heated to 40°C. Then, 20 g of gelatin type B was stepwise added to the buffer 

solution under argon and constant stirring. When the gelatin was dissolved, 0,12486 g (1.5 mM) 

of tetra sodium salt tetrahydrate (EDTA) was added. An excess of N-acetyl-homocysteine 

thiolactone was added depending on the desired degree of substitution. This was chosen relative 

to the number of primary amines present in the gelatin. Three types of thiolated gelatin were 

synthesized in this way with 1, 3 or 5 equivalents as described in Table 8.  

Table 8 Amount of N-acetyl-homocysteine thiolactone added for 1, 3 and 5eq 

 N-acetyl-homocysteine 

thiolactone [mg]  

1eq 1225.917 

3eq 3677.751 

5eq 6129.585 

 

The reaction then continued for 3 hours at 40°C under vigorous stirring. After 3 hours, the 

solution was diluted with 200 mL of double distilled water and put into dialysis membranes 

(MWCO 12 – 14 kDa, Spectrapor). The membranes with the solution were dialysed against 
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Milli-RO at 40°C under argon atmosphere. In the following 24 hours the dialysis water was 

changed 5 times. Afterwards, the pH was adjusted to 7.2-7.4. Then, the solution of thiolated 

gelatin was frozen in liquid nitrogen by slowly pouring the solution into the liquid nitrogen 

bath. The frozen thiolated gelatin was then freeze-dried and stored at -80°C until it was used. 

3.2.2 Synthesis of gelatin-norbornene (GelNB) 

For the synthesis of gelatin-norbornene (GelNB), initially, 0.848 mL (1.2 equivalents) of 5-

norbornene-2-carboxylic acid was dissolved in 75 mL of dry dimethylsulfoxide (DMSO) at 

room temperature. To this solution, 830.30 mg (0.75 equivalents) of EDC (1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide) was added followed by degassing with argon for five 

minutes. Subsequently, 996.96 mg (1.5 equivalents) of NHS (N-hydroxysuccinimide) were 

added into the mixture. The reaction was allowed to proceed for 8 hours at room temperature 

under argon atmosphere to obtain a DS of 60. After the 8 hours, the solution was placed in a 

warm bath at 40 °C for one hour and at the same time, 15 g of gelatin type B was dissolved in 

450 mL of dry DMSO at 50 °C. This solution was then degassed and maintained under argon 

atmosphere to ensure an inert environment. The activated 5-norbornene-2-carboxylic acid 

solution was then combined with the gelatin solution. This mixture was degassed once more 

and kept under an argon atmosphere. The conjugation reaction was allowed to proceed 

overnight to ensure complete reaction. Next, the reaction mixture was precipitated by adding it 

into a tenfold excess of acetone at room temperature. The precipitate is then collected by 

filtration using a vacuum filter (Por. 4) and washed with acetone. The precipitate was 

redissolved in 1-1.5 L of Milli-Q water and transferred into dialysis membranes (MWCO 12 – 

14 kDa, Spectrapor). Dialysis was performed for 24 hours at 40 °C in Milli-RO water, with the 

water being changed five times. After dialysis, the pH of the solution was adjusted to 7.2-7.4. 

The solution was then poured into petri dishes, frozen, and subsequently freeze-dried. 

3.2.3 Synthesis of norbornene endcapped urethane-based polymer precursors (NUP) 

The synthesis of the norbornene-endcapped urethane-based polymer is conducted by reacting 

the endcap (in this case is 5-norbornene-2-methanol) with IPDI to afford an intermediate NB-

IPDI, followed by the addition of this intermediate to the polyol backbone. 

Preparation for the reaction 

The weak basicity content in poly(ethylene glycol) (PEG) is quantified by titration. If the weak 

basicity expressed in carboxylate content is > 50 ppm COONa, the weak basicity is neutralized 

by phosphoric acid (H3PO4) 85% using the following formula: 
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H3PO4 85% [g] = x [ppm COONa]*mass PEG [g] *98 / 170 850 000 

Then, the poly(ethylene glycol) (PEG) was dried. For this, the PEG backbone with a molar 

mass of 2000g·mol-1 was melted at 90°C under vacuum, under nitrogen or argon atmosphere 

for at least 3 hours. The inert gas is blown through the solution from the bottom. After the PEG 

is molten, the calculated amount of phosphoric acid (H3PO4) and 500 ppm butylated 

hydroxytoluene (BHT) is added to neutralize the small fraction of the weak basicity content in 

PEG and as a radical scavenger to avoid premature crosslinking during reaction. The drying 

then proceeded for the remaining 3 hours. 

Reaction: 1st step 

The endcap, 5-norbornene-2-methanol (for NUP PEG2k IPDI NB, this will from now on be 

referred to as NUP) was reacted with isophoronediisocyanate (IPDI). To this end, IPDI (1 

equivalent) was added to a flame-dried two-neck flask in dry toluene (40 mL for 40 g polymer). 

The post-stabilizers triphenylphosphite (TPP) and phenothiazine (PTZ), and butylated 

hydroxytoluene (BHT) were added. After the complete dissolution of the post-stabilizers, 1 

equivalent of the -NBMeOH endcap was added in combination with bismuth neodecanoate 

(300 ppm on total mass) as a catalyst. The solution was left to stir at 75°C for three hours.  

Reaction: 2nd step 

In the second step, the IPDI-endcapping agent intermediate product is reacted with the 

backbone. The synthesized endcaps from the 1st step were added at 70 °C under inert 

atmosphere at 1:1 equivalent ratio. The reaction temperature is then increased to 80°C. Bismuth 

neodecanoate (300 ppm) was added as catalyst. The reaction progress was monitored using 

Fourier-transform infra-red (FT-IR) spectroscopy at 0 min, 60 min, 120 min and 240 min. The 

reaction is then stopped when the isocyanate absorption band at 2270 cm-1 disappeared. 

After reaction 

40 mL of acetone was added to the material to reduce the viscosity. The NUP in solution was 

then precipitated into a 10-fold excess of diethylether (cooled by liquid nitrogen). The material 

was then dried under vacuum at (40 °C) for around 4 days. TGA was used to check if the 

materials were completely dry. After the drying process, the materials were stored under argon 

in a brown HDPE bottle to avoid exposure to light. 
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3.3 Characterization of developed photo-crosslinkable biomaterials 

3.3.1 Chemical structure analysis by Fourier-transform infra-red spectroscopy 

FT-IR spectroscopy analysis was performed using a PerkinElmer Frontier FT-IR spectrometer, 

equipped with a MKII Golden Gate set-up and a diamond crystal from Specac, operating in 

Attenuated Total Reflection (ATR) mode. This analysis was carried out during the synthesis of 

the NUP polymers to determine the completion of the reaction, indicated by the disappearance 

of the diisocyanate peak. The spectra of the polymers were recorded over a range of 600-4000 

cm-1, with 7 scans, and analysed using the PerkinElmer Spectrum Analysis Software. 

3.3.2 1H-NMR spectroscopy to determine the chemical structure 

The molar mass of the NUP precursors and the number of functional end groups in NUP and 

GelNB were determined using proton nuclear magnetic resonance (1H-NMR) spectroscopy.  

For the NUP precursors, 10 mg of the precursor and 10 mg of dimethyl terephthalate (DMT), 

used as an internal standard, were dissolved at room temperature in 1 mL of deuterated 

chloroform (CDCl3). The NMR spectrum was then obtained using a Bruker Avance 400 MHz 

NMR spectrometer. 

For GelNB, 10 mg of the material was dissolved in 1 mL of deuterium oxide (D2O) and analysed 

on a Bruker Avance WH 500 MHz NMR spectrometer at 40°C. The characteristic peaks of 

norbornene (6.0 and 6.3 ppm) were compared with the reference peak of the chemically inert 

hydrogen atoms of Valine (Val), Leucine (Leu), and Isoleucine (Ile) at 1.01 ppm.  

The NMR spectra were further analysed using MestreNova software, with baseline correction 

performed using the Whittaker smoother method.  

The following equations were used to calculate the alkene content and the molar mass of the 

NUP precursors: 

𝐴𝑙𝑘𝑒𝑛𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 = 𝐼𝛿=5.94−6.13 𝑝𝑝𝑚𝐼𝛿=8 𝑝𝑝𝑚 ∙ 𝑁𝛿=8 𝑝𝑝𝑚𝑁𝛿=5.94−6.13 𝑝𝑝𝑚 ∙ 𝑊𝐷𝑀𝑇𝑀𝑀𝐷𝑀𝑇 ∙ 1000𝑊𝑁𝑈𝑃 

𝑋 = 𝑁𝐴𝑙𝑘𝑒𝑛𝑒 ∙ 𝐼3.4−4.0 𝑝𝑝𝑚𝐼5.94−6.13 𝑝𝑝𝑚 ∙ 𝑁5.94−6.13 𝑝𝑝𝑚𝑁3.4−4.0 𝑝𝑝𝑚𝑀𝑀𝑃𝐸𝐺 𝑏𝑎𝑐𝑘𝑏𝑜𝑛𝑒𝑀𝑀𝐸𝑂  

𝑀𝑀𝑁𝑈𝑃 𝑃𝐸𝐺 = 2 ∙ 𝑀𝑀𝑁𝐵𝑀𝑒𝑂𝐻 + 𝑀𝑀𝐼𝑃𝐷𝐼 + 𝑋 ∙ (𝑀𝑀𝐼𝑃𝐷𝐼 + 𝑀𝑀𝑃𝐸𝐺 𝑏𝑎𝑐𝑘𝑏𝑜𝑛𝑒) 
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With: 

Iδ =5.94–6.13ppm = integral of the signal of the proton part of the alkenes 

Iδ =8 ppm = integral of the signal of the protons of the aromatic ring in DMT 

Iδ =3.4-4ppm = integral of signal of the methylene protons 

Nδ=5.94–6.13ppm = number of protons per alkene endgroup (= 2) 

NAlkene = number of alkenes per NUP (=assumed to be 2) 

Nδ=8ppm = number of protons in the benzene ring of DMT (= 4) 

Nδ=3.4–4.0ppm = number of protons in 1 EO unit (= 4) 

MMPEG backbone = MM of PEG backbone used for synthesis = 2000 g·mol-1 

MMEO = MM of 1 EO unit = 44 g·mol-1MMNBMeOH = 124.18 g·mol-1 

MMIPDI = 222.3 g·mol-1 

The following equations were used to calculate the degree of substitution for GelNB: 

𝑛𝑛𝑜𝑏𝑢𝑟𝑛𝑒𝑛𝑒 = 0.384 (𝐼6.0 + 𝐼6.3)2𝐼1.0  

𝑛𝑁𝐻2 = 0.0385 𝑚𝑜𝑙𝑒𝑠 𝑝𝑒𝑟 100𝑔 𝑔𝑒𝑙𝑎𝑡𝑖𝑛 𝑡𝑦𝑝𝑒 𝐵 

𝐷𝑆[%] = (𝑛𝑛𝑜𝑏𝑢𝑟𝑛𝑒𝑛𝑒𝑛𝑁𝐻2 ) ∙ 100% 

With: 

Iδ=6.3-6.0ppm = integral of the signal of the protons of 5-norbornene-2-carboxylic acid 

Iδ=1.0ppm = integral of the signal of the protons of the reference peak (chemically inert hydrogen atoms of Val, Leu 
and Ile) 

0.0385 mol/100g: the amount of primary amines in Gel-B that are prone to reaction 

0.384 mol/100g: the amount of methyl protons in the reference signal (of Val, Leu and Ile) 

3.3.3 OPA assay 

To this end, 20 mg of o-phthalaldehyde (OPA) was dissolved in 10 mL of ethanol and 

subsequently diluted to a final volume of 50 mL with double-distilled water. A separate solution 

was prepared by mixing 25 μL of 2-mercaptoethanol in 50 mL of borate buffer (pH 10). A 

reference sample was prepared by combining 1000 μL of double-distilled water, 1500 μL of 

the 2-mercaptoethanol solution, and 500 μL of the OPA solution. A calibration plot was 

established by comparing the reference sample to samples containing 50 μL of n-butylamine 

standard solutions (0.002 M, 0.006 M, 0.01 M), 950 μL of double-distilled water, 1500 μL of 

2-mercaptoethanol solution, and 500 μL of OPA solution. 
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Next, 25 mg of each material (unmodified gelatin type B, GelNB, GelSH1eq, GelSH3eq and 

GelSH5eq) was weighed and dissolved in 1 mL of double-distilled water, then heated to 37 °C. 

For each sample, 50 μL of the solution was combined with 950 μL of double-distilled water, 

1500 μL of the 2-mercaptoethanol solution, and 500 μL of the OPA stock solution. This mixture 

was then vigorously mixed. Finally, the absorbance was quantified through UV-VIS 

spectroscopy at 335 nm (UvikonXL, Bio-Tek Instruments), relative to a blank sample (a 

mixture with double-distilled water instead of the gelatin solution) at 37 °C. To make sure all 

samples are measured at the maximum peak of absorbance, a continuous measurement was 

made and only the highest value was considered. All measurements were done in triplicate. 

The degree of substitution (DS) was then calculated by subtracting the amount of free primary 

amines of the modified gelatin (GelSH) from the amount of free primary of the unmodified 

gelatin type B. The DS was then express as a percentage of thiol substitutions from the initial 

available primary amines. 

3.3.4 Thermogravimetric analysis (TGA) 

TGA (TA Instruments, Q50) was conducted to assess the thermal stability of NUP precursors. 

Initially, the material pan was pyrolyzed with a Bunsen burner to eliminate any remaining 

impurities. Subsequently, an approximately 10 mg sample was heated according to a 

programmed method, starting with equilibration at 35°C, then heating to 750°C at a rate of 

10°C·min-1, and finally cooling until equilibrated at 350°C. The software (TA Universal 

Analysis) recorded the mass loss as the temperature changed. 

3.3.5 Differential scanning calorimetry (DSC) 

DSC was conducted using a TA Instruments Q2000 DSC to measure the heat flow associated 

with the temperature changes of the sample over time. A 4-6 mg sample was placed in a Tzero 

aluminium DSC pan, sealed with a Tzero aluminium lid, and then equilibrated at 100°C in the 

device furnace in order to remove the thermal history. The sample was then cooled to -75°C at 

a rate of 10 °C·min-1and held isothermal for 4 minutes. It was then heated to 100°C at a rate of 

10 °C·min-1and held isothermal for 3 minutes. An empty reference pan was measured 

concurrently to calculate the difference in exothermic or endothermic energy released by the 

precursor material. The resulting cooling and heating cycles (cycle 2 and 3 respectively) were 

plotted as a function of temperature, providing insights into the melting point, glass transition 

temperature, and heat capacity of the material. 
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3.3.6 In situ crosslinking using photo-rheology 

First, solutions used for photo-rheology were prepared. The photo-initiator stock solution was 

prepared by dissolving lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) in double 

distilled water (concentration: 8 mg·mL-1). After that, aqueous solutions of GelSH and 

GelNB/NUP at different concentrations were made by using a 1:1 molar ratio of thiol to alkene 

functionalities and let to dissolve in warm bath at 40 °C for 50 minutes. Then, 0.006 w/v% 

photo-initiator (PI) was added relative to the double bond concentration and was let to dissolve 

for another 5 minutes. The following table provides an overview of all the mixtures used for 

photo-rheology for a total of 12 different combinations:  

Table 9 Mixture combinations for in situ crosslinking using photo-rheology 

Material 

1  
Material 

2  
Concentration 

[w/v%]  

GelSH1eq 
GelNB 
1.2eq 

5, 7.5 and 10 

GelSH3eq 5, 7.5 and 10 

GelSH5eq 5, 7.5 and 10 

GelSH5eq NUP 5, 7.5 and 10 

 

The UV-crosslinking behaviour of the aforementioned materials was analysed using photo-

rheology with an Anton Paar Physica MCR 302e rheometer. The rheometer was equipped with 

an Omnicure S1500 light source, featuring a filter for wavelengths between 400–500 nm, which 

irradiated the sample from below through a quartz plate. A parallel plate setup with a 25 mm 

diameter top spindle was utilized. The curing process was monitored by deriving the storage 

modulus (G') and loss modulus (G'') of the solutions over time under UV exposure (22.5 

mW/cm²) at 37 °C, with a strain of 0.1% and a frequency of 1 Hz to ensure measurements were 

within the linear viscoelastic range of the polymers. The gap between the plates was set to 0.3 

mm, and the normal force was maintained at 0.5 N throughout the experiment. Measurements 

of the storage and loss moduli were taken before, during, and after light irradiation with interval 

durations of 1 minute, 9 minutes, and 5 minutes, respectively. The data were analysed using the 

Rheoplus software provided by Anton Paar. 

3.3.7 Determination of gel point for dose optimisation 

Solutions as described in section 3.3.6 were prepared to perform photo-rheology to determine 

the gel point used in calculating the optimal dosage for volumetric printing. The photo-rheology 

analysis was done in the same way as in section 3.3.6. apart from the intensity of the light source 

which was lowered to 4.9 mW⋅cm-² to capture more accurately the gel point. The measurement 
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was stopped 30 seconds after the UV light was turned on. And the dose used for volumetric 

printing (Dv) was calculated with the following formula: 𝐷𝑣 [𝑚𝐽 ⋅ 𝑐𝑚−2] = 𝑇𝑔𝑒𝑙 𝑝𝑜𝑖𝑛𝑡[𝑠] ∙ 𝐷𝑟[𝑚𝑊 ⋅ 𝑐𝑚−2] 
where Dr is the light dose used for photo-rheology and Tgel point is the time in seconds from the 

start of the light irradiation until the G’-G’’ crossover as in Figure 9. 

 

Figure 9 Illustration of crossover point identification in photo-rheology 

3.3.8 Absorption at 405 nm 

The absorption at 405 nm was measured using the UV-VIS spectroscopy (UvikonXL, Bio-Tek 

Instruments) equipped with the temperature control unit. First, the UV-VIS spectrophotometer 

was powered on and allowed to warm up according to the manufacturer’s instructions and the 

internal cuvette temperature set to 4 °C and let to stabilize before any measurements were taken. 

Next, the device was zeroed by setting it to the desired wavelength of 405 nm and inserting an 

empty cuvette as a blank as well as sample. 

The solutions were prepared as in section 3.3.7 and placed into a cuvette. The cuvette was 

inspected for the presence of air bubbles and wiped to remove any residue. The cuvette was 

inserted into the spectrophotometer chamber and the absorbance of the sample was recorded. 

To ensure accuracy the measurements were performed in triplicate. 
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The absorption coefficient 𝛼(𝜆) used for printing with Tomolite was calculated using the 

following formula, where 𝐴(𝜆) is the absorbance measured with the spectrophotometer, and t is 

the thickness of the sample in the UV-vis cuvette: 

𝛼(𝜆)[𝑐𝑚−1] = 2.303 𝐴(𝜆)𝑡 [𝑐𝑚] 
3.4 Characterization of developed crosslinked hydrogels 

3.4.1 Photocuring of the solution to prepare crosslinked sheets 

The solutions described in chapter 3.3.6 were prepared in the same way apart from the photo-

initiator amount. In this case, 0.05 w/v% was used to have comparable results with the 

volumetric printing that would be done in the next steps. 

The solutions were placed between two parallel glass plates that were covered with teflon foil 

and separated with a 1.2 mm thick silicone spacer. The material was then irradiated for 30 

minutes from top and bottom with UV-A light (λ = 320-385 nm, 2 × 5 mW⋅cm-2). 

3.4.2 Evaluation of the gel fraction and solvent uptake capacity 

The crosslinking efficiency was initially assessed using the gel fraction and swelling properties 

of the hydrogel by measuring the solvent uptake capacity. To this end, 12 cylindrical samples 

of diameter 6 mm were punched out from the chemically crosslinked gel sheets (described in 

3.4.1). After punching , the samples were frozen overnight and then freeze-dried. The samples 

were weighted, and the mass was recorded as md1. Then the samples were swollen to 

equilibrium in double distilled water in an incubator at 37 °C for 3 days. After briefly removing 

residual water from the surface by lightly tapping the gel with a tissue paper 3 times, the mass 

was again recorded as ms. Then samples were again frozen and freeze-dried. Once dry, the final 

weight was recorded as md2. The gel fraction and solvent uptake capacity were determined using 

the following equations: 

𝐺𝑒𝑙 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 [%] = 𝑚𝑑2𝑚𝑑1 ∙ 100 

𝑆𝑜𝑙𝑣𝑒𝑛𝑡 𝑢𝑝𝑡𝑎𝑘𝑒 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 [%] = 𝑚𝑠 − 𝑚𝑑2𝑚𝑑2  

3.4.3 Evaluation of absolute crosslinking efficiency 

The absolute crosslinking efficiency can be determined via high resolution magic angle 

spinning (HR-MAS) NMR spectroscopy. These measurements were recorded on a Bruker 
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AscendTM 500 MHz Avance III spectrometer. This spectrometer consists of a 4 mm 1H/13C dual 

channel HR-MAS probe with Z-gradients, running at topspin 3.6.5. All measurements were 

performed at room temperature with a spinning rate of 6 kHz. Quantitative measurements were 

obtained by increasing the d1 relaxation time to 30 seconds. The freeze-dried samples were 

loaded in a 4 mm Kel-F disposable insert and compressed tightly after which 45 µL of 

deuterium oxide (D2O) was added and the insert was closed. Subsequently, the loaded insert 

was placed inside the rotor, which was capped with a Kel-F rotor cap. The following equation 

was used to measure the degree of conversion (DC): 

𝐷𝐶 [%] =  𝐼𝑖𝐼𝑟𝑖 − 𝐼𝑒𝐼𝑟𝑒𝐼𝑖𝐼𝑟𝑖  ∙ 100 

 

For NUP-GelSH: 

Ii = integral of the norbornene before crosslinking (5.94 – 6.13 ppm) 

Iri = integral of the reference peak before crosslinking (3.55 – 3.65 ppm) 

Ie = integral of the norbornene after crosslinking (5.94 – 6.13 ppm) 

Ire = integral of the reference peak after crosslinking (3.55 – 3.65 ppm) 

For GelNB-GelSH:     

Ii = integral of the norbornene before crosslinking (6.0 – 6.3 ppm) 

Iri = integral of the reference peak before crosslinking (1 ppm) 

Ie = integral of the norbornene after crosslinking (6.0 – 6.3 ppm) 

Ire = integral of the reference peak after crosslinking (1 ppm) 

 

3.4.4 Frequency sweep of crosslinked hydrogel samples 

To characterize the viscoelastic properties of the materials, a frequency sweep was performed 

with Physica MCR 301 rheometer from Anton Paar equipped with a plate with diameter of 15 

mm.  

First, crosslinked sheets of the materials were produced as described in section 3.4.1. These gel 

sheets were swollen to equilibrium in double distilled water for 3 days at room temperature. 

After reaching complete swelling, cylindrical samples of 14 mm with the thickness of 1.5mm 

were punched and gently tapped with a tissue to absorb any water that remained on the surface. 

A frequency sweep analysis was performed from 0.1 to 10 Hz (FN = 0.5 N, amplitude of 0.1 % 
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and T = 37°C) to determine the storage (G') and loss (G'') moduli. The compressive modulus 

[Pa] was determined with the following equation: 𝐸 = 2 ∙ 𝐺′(1 +ν) 

Where 𝜈 is the Poisson number assumed to be 0.5 for ideal hydrogels [178]. These 

measurements were performed in triplicate. 

3.4.5 Ring tensile test of crosslinked hydrogel samples 

First, crosslinked sheets of the materials were produced as described in section 3.4.1, rings of 

14 mm inner diameter and 18 mm outer diameter with the thickness ≈ 1.5 mm were punched. 

The tensile properties of the equilibrium swollen NUP-GelSH and GelNB-GelSH samples were 

determined at room temperature using a universal testing machine (Tinius Olsen 3ST) equipped 

with a 500 N load cell. The specimens were positioned as shown in ,between two 3D-printed 

hooks depicted in Figure 10 with the diameter of 3, 4 and 5 mm and a curved or straight. In the 

final testing, only the curved hooks with the diameter of 5 mm were used to prevent premature 

breakage of the sample and slippage. 

A B 

 
 

Figure 10 A: 3D models of hooks used in ring tensile tests. Hooks labelled with "C" are curved, while those 
labelled with "S" are straight. The models are shown in three different diameters: 3 mm, 4 mm, and 5 mm. B: 

Illustration of ring tensile test in orthographic view. 

A preload force of 0.01 N was applied and the specimens were tested at a crosshead velocity of 

5 mm·min-1. From this, the displacement and force were measured and transformed into stress-
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strain plots. Using the displacement, Δs, the internal circumference, C, was calculated using the 

following formulas [179]: 𝐶 = 𝑑𝑝𝑖𝑛(𝜋 + 2) + 2Δs  

where dpin is the diameter of 3D printed hooks. Then the circumferential stress, σ, and the strain, 

ε, were calculated as the ratio of C with the initial internal circumference, Cinit, using the 

following formulas: 

𝜀 = 𝐶 − 𝐶𝑖𝑛𝑖𝑡𝐶𝑖𝑛𝑖𝑡       ;    σ = 𝐹2𝐿𝑡   
where F is the applied load during testing and L and t are the length and thickness of the tubular 

specimen. Young’s moduli were calculated from the initial linear region slope of the stress-

strain plots. All measurements were performed in triplicate. 

 

3.5 Volumetric printing 

3.5.1 Volumetric printing protocol  

Aqueous solutions of GelSH and GelNB at different concentrations (5%, 7.5% and 10%) were 

made by using a 1:1 molar ratio of thiols to alkene functionalities and let to dissolve in warm 

bath at 40 °C for 50 minutes. Then, 0.05 w/v %  LAP was added and was let to dissolve for 

another 5 minutes. The mixture was then pipetted into the printing vial. The big air pockets 

from the surface were eliminated by tapping the glass and the small air pockets from the solution 

were eliminated by keeping the vial for a few seconds in an ultrasonic bath. Next, the vial with 

the mixture was allowed to physically cross-link by storing it in the fridge for 7 minutes at 4 

°C. 

Then the vial was taken out and used to print the desired structure using Tomolite v1.0 

(Readily3D), together with the dedicated software Apparite (Readily3D). The object in .STL 

format was imported into the Apparite software and scaled to fit the vial size. The object was 

moved 3 mm up on the Z axis to account for the imperfections from the bottom of the volumetric 

vial. The dose was set to the calculated value from section 3.3.7 together with the absorption at 

405 nm, measured in section 3.3.8. The refractive index was taken from the previous work at 

PBM group as 1.34 [180], [181]. 
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After the print, the mixture was kept in the device to cure in the dark for 2 minutes. To retrieve 

the printed specimen, the vial was then placed in a warm water bath at 40 °C for 1 minute and 

then the solution (including the printed samples) was poured into a falcon tube with phosphate 

buffer solution (PBS at 1X concentration) that was pre-heated at 40 °C. After gently shaking 

the falcon tube for 1 minute to allow the uncrosslinked solution to dissolve, the falcon tube was 

placed in the curing station (Form Cure FH-CU-01) to post-cure for 2 minutes at room 

temperature.  

3.5.2 Dose testing 

The dose testing was used to determine the reference dose used in the dose optimisation step 

and in the CAD/CAM mimicry section. The solutions were prepared as in section 3.3.7 and 3 

ml of resin was transferred to a poly(methyl methacrylate) (PMMA) cuvette. Because the dose 

testing PMMA cuvette was smaller than the 14mm printing vial, physical gelation occurred 

after only 5 minutes at 4 °C for the dose testing cuvette. So, the cuvette was kept in the fridge 

at 4 °C for physical gelation for 5 minutes and then the dose tests were performed.  

The dose test was executed following the Readily3D’s company protocol by using the provided 

Dose_test and it consisted of 2 steps. The exposure is defined by the following equation, where 

D is the exposure dose, I the intensity and t the illumination time: 𝐷 [𝑚𝐽 · 𝑐𝑚−2] = 𝐼[𝑚𝑊 · 𝑐𝑚−2] ∙ 𝑡[𝑠] 
The first step is testing the resin for 25 different exposures in a broad range of doses from 2.00 

to 578.00 mJ·cm-2 by varying the time and intensity of the dosage as depicted in Table 10.  

Table 10 First dose test exposure values [mJ·cm-2] 

In
te

n
si

ty
 [

m
W
·c

m
-2

] 17 34 69.7 139.4 283.9 578 

8.37 16.7 34.3 68.6 139.8 284.6 

4.12 8.2 16.9 33.8 68.8 140.1 

2.03 4 8.3 16.6 33.9 69.1 

1 2 4.1 8.2 16.7 34 

  2 4.1 8.2 17.7 34 

  Time [s] 

 

Each exposure was in form of a spot with the size of 800 μm with a 1mm gap between the spots 

and a bottom margin of 4 mm. The diameter of each spot was then measured using optical light 
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microscopy (Zeiss-Axiotech100HD/DIC) with ZEN Core software. The Excel spreadsheet 

Dose_test takes as input 4 different classifications of the spots and they were determined as 

such: a spot was considered “No dot” if it was not visible with the naked eye or under the 

microscope, “Barely visible” if Dspot/Dexpected < 0.625 or it was visible with the naked eye, 

“Small” if 0.75 > Dspot/Dexpected > 0.625 and “Large” if Dspot/Dexpected > 0.75, where Dspot 

represents the measured diameter [μm] and Dexpected is the set diameter [μm] (8 μm).  

The second step uses the values from the first step to create a more refined range of dosages. 

The range of the second step dosage is chosen between the first unprinted isodose (an isodose 

is represented by a diagonal line with the same exposure dose) and 120% of the last fully printed 

isodose of the first step. Then the second step is performed in the same way as the first step.  

3.5.3 Dose optimisation 

The optimal dose (OD) was determined in accordance with the reference dose in section 3.5.2. 

The optimisation was done by printing the Swiss_cylinder model provided in the Tomolite user 

manual depicted in Figure 11. The model is a cylinder with diameter of 6 mm and height of 3 

mm with protruding holes varying in size (0.8, 0.6, 0.4, 0.2 and 0.1 mm). After printing using 

the protocol in section 3.5.1, the specimen was inspected and classified in UP (under 

polymerization) if the print was too soft with no shape or no print at all, OP (over-

polymerization) if the print had spiked protruding out of the edges or if it was a cylinder with 

the diameter of the vial and OD (optimal dose) if the print had sharp edges, correct size and the 

protruding holes were open. 

 

Figure 11 Swiss_cylinder 3D model in orthographic view 

Using the method in Optimal_dose spreadsheet, the next dosage was chosen (higher dose for 

UP and lower dose for OP), until the print reached the optimal dose (OD) in the order specified 

in Table 11. This way, in maximum 5 prints the optimal dose (OD) can be found. 
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Table 11 Scheme for searching for the optimal dose (OD) using the reference dose (RD) 

%RD 60 65 70 75 80 85 90 95 100 105 110 115 120 125 130 135 140 

Order 2 5 4 5 3 5 4 5 1 5 4 5 3 5 4 5 2 

 

3.5.4 CAD/CAM mimicry for determining printing resolution 

To determine the printing resolution of the resins, the CAD/CAM mimicry was evaluated on 

the benchmark from Figure 12, designed in Blender 4.0 graphical software with features 

ranging in size that challenges different aspects of printing resolution. 

 

Figure 12 Benchmark 3D model with features ranging in size 

The benchmark was printed using the protocol from section 3.5.1. with the optimal dose (OD) 

found in section 3.5.3. Optical light microscopy (Zeiss-Axiotech100HD/DIC) with ZEN Core 

software was used to measure the features right after printing process.  

The measurements from light microscopy were used to compare with the CAD model. This 

involved quantifying the minimum feature size that was accurately reproduced and any other 

discrepancies in dimensions and shapes. 

3.6 Scaffold characterization 

3.6.1 Compression test of VAM-printed hydrogels 

To conduct the compression test of the 3D printed hydrogels, cubes with the width of 5 mm 

were printed following the protocol described in section 3.5.1. The cubes were stored in double 

distilled water for 3 days to swell to equilibrium at room temperature. For testing, the universal 

testing machine (Tinius Olsen 3ST) equipped with a 500 N load cell in compression mode was 
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used. The cube was gently tapped with a wipe to remove the water from the surface then placed 

between the two compression plates. The compression plates were moved until they contacted 

two sides of the discs, and position and force were zeroed. A preload force of 0.01 N was 

applied and the compression rate was set to 2 mm·min-1, then force and displacement were 

measured in real-time. The test continued until the hydrogel reached its failure point and 

collapsed. The measurements were performed in triplicate. 

3.6.2 Frequency sweep test of 3D-printed hydrogels 

To conduct oscillatory rheology of the 3D printed hydrogels, discs with the diameter of 8.8 mm 

and height of 1.5 mm were printed as described in section 3.5.1. The discs were stored in double 

distilled water for 3 days to swell to equilibrium. To characterize the visco-elastic properties of 

the materials, a frequency sweep test was performed with Physica MCR 301 rheometer from 

Anton Paar equipped with a plate with a diameter of  mm. The frequency sweep analysis was 

performed from 0.1 to 10 Hz (FN = 1.0 N, amplitude of 0.1 % and T = 37°C) to determine the 

storage (G') and loss (G'') moduli. The compressive modulus [Pa] was determined with the 

following equation: 𝐸 = 2 ∙ 𝐺′(1 +ν) 

Where 𝜈 is the Poisson number assumed to be 0.5 for ideal hydrogels [178]. These 

measurements were performed in triplicate. 

3.6.3 Scanning electron microscopy (SEM) imaging 

The dry state of the volumetrically printed scaffolds was visualized by scanning electron 

microscope (SEM). After airdrying of the samples, the samples were attached to a metallic 

sample holder using double-sided carbon tape. Prior to SEM analysis, samples were coated 

twice with an automatic Au sputter coater K550X (EmiTech) for 60 seconds at 15 mA under 

vacuum using an RV3 two stage rotary vane pump. The measurements were performed using a 

JCM-7000 benchtop SEM from JEOL.  

3.7 In vitro assay 

3.7.1 Cells and cell culture  

Equine adipose tissue-derived mesenchymal stem cells (AT-MSC) (passage 4) were cultured 

under standard culture conditions (37 °C, 5% CO2) in an expansion medium (low glucose 

DMEM culture medium, with 20% FBS, 1% ABAM and 1% L-glutamine). The cells were 

cultured until a confluency of 90% was reached. Then, the cells were enzymatically detached 
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with trypsin-EDTA and counted. Next, they were sub-cultured until the required amount of 

cells was obtained.   

3.7.2 Cell encapsulation in GelNB and GelSH 

For cell encapsulation, a 10 (w/v)% solution of the GelNB GelSH was made by first dissolving 

GelSH with 0.25 equivalents TCEP in expansion medium. Next, GelNB was added and after 

complete dissolution, 2 million cells ∙ mL-1 (eqAT-MSC, passage 4) and 0.006 w/v% LAP (with 

respect to the -SH functionalities) were added. Then, three wells (96-well plate) were filled with 

100 µL of the solution. The plate was placed in the fridge for 10 minutes, after which they were 

irradiated for 10 minutes with UVA-light (λ = 365 nm, 8 mW·cm-2). Expansion medium (100 

µL) was added to each well. The medium was changed twice weekly.   

3.7.3 Cell proliferation assay  

A 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-

tetrazolium (MTS) assay was performed in order to assess the metabolic activity. The culture 

medium was removed and replaced by 120 µL MTS solution, i.e. 100 µL LG- DMEM and 20 

µL MTS. After an incubation period of 2 hours in the dark, the absorbance was measured using 

a plate reader (Tecan Infinite M200 Pro) at 490 and 750 nm (as background). The MTS assay 

was performed on day 1, 7, 14 and 21 (n = 3). The crosslinked material (without cells 

encapsulated) was used as a control group. 

3.7.4 Volumetric printing with AT-MSCs  

For volumetric printing, a 10 (w/v)% solution of the GelNB GelSH was prepared following the 

protocol as described above (section 3.5.1), containing 0.05 w/v% LAP. Then, the solution was 

added to the eqAT-MSC (2 million cells ∙ mL-1, passage 4) and homogenously mixed. The 

volumetric printing was performed using the protocol from section 3.5.1 (washing and post-

curing of 5min at 405 nm). Two designs were VAM printed: (1) disc (0.88 mm thickness, 5.28 

mm diameter – which will result, after equilibrium swelling, to a disc with dimensions: 1 mm 

thickness and 6 mm diameter) and (2) the IWP-30 structure (at 20% from the original .STL file, 

see section 4.5.1). The printed samples were then moved to a 96-well plate. Expansion medium 

(100 µL) was added to each well. The medium was changed twice weekly.   

  

3.7.5 Live/dead staining of volumetrically printed scaffolds 

A live/dead staining was performed using a dye solution of Fluorobrite DMEM with calcein 

acetoxymethyl (Ca-AM) and propidium iodide (PI) to visualize the live and dead cells, 
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respectively. The live/dead assay was performed at day 3 as a preliminary study. At day 3, the 

culture medium was removed, and the samples were washed twice with DPBS. Then, the dye 

solution of 2 µL·mL-1 Ca-AM and 2 µL·mL-1  PI in Fluorobrite DMEM was added to each 

sample (100 µL). After an incubation period of 15 minutes at room temperature, (z-stack) 

imaging was performed on a confocal microscope (Zeiss LSM 710). The raw data images were 

exported, and Fiji software version 2.9.0 was used to calculate the live/dead ratio. 

3.8 Statistical analysis 

Statistical analysis of the obtained data was conducted using Prism GraphPad Software version 

10.2.2. A one-way ANOVA test with Tukey’s multiple comparisons was applied to compare 

the different experimental groups. A p-value of less than 0.05 was considered statistically 

significant for differences between groups. 
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4 Results and discussion 

4.1 Synthesis of polymer precursors 

4.1.1 Norbornene-endcapped urethane-based polymer precursors 

The developed norbornene-endcapped urethane-based polymer precursors consisted of 

different building blocks: a backbone, urethane linkers, and crosslinkable endgroups depicted 

in Figure 13. The physicochemical properties of NUPs are mainly determined by the backbone 

selection. The PEG backbone was chosen because of its hydrophilicity and excellent 

biocompatibility [182]. Isophorone diisocyanate (IPDI) was chosen as diisocyanate, resulting 

in the urethane linkers upon reaction with the polyol backbone. Lastly, the photo-crosslinkable 

endgroups enable the formation of a covalently crosslinked network upon irradiation. 

Norbornene-endcaps were used as photo-crosslinkable groups due to their intrinsic photo-

reactivity with the thiol groups in the thiolated gelatin and other thiol-containing materials. By 

changing one of these components, the physico-chemical properties of the material could be 

tuned. 

 

Figure 13 Synthesis of norbornene-endcapped urethane-based polymer precursors (NUP) 
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4.1.2 Thiolated gelatin and norbornene-functionalized gelatin  

Gelatin is a natural polymer derived from collagen, which makes it inherently biocompatible 

[183]. Non-modified gelatines often suffer from low mechanical strength, which can limit their 

suitability for certain applications [184]. 

One type of gelatin hydrogel that has gained attention for its potential use in tissue engineering 

applications is norbornene-modified gelatin. The incorporation of norbornene groups onto 

gelatin can address this limitation by enabling the formation of a more robust and mechanically 

stable hydrogel network. The norbornene groups can undergo crosslinking, resulting in a 

hydrogel with improved mechanical properties, while still maintaining the favourable 

biological characteristics of gelatin [185]. Gelatin B (Gel-B) was used as starting material on 

which the photo-crosslinkable norbornene functionalities were introduced as seen in Figure 14. 

These functional groups were used to enable thiol-ene click crosslinking in presence of LAP 

photo initiator.   

 

Figure 14 Synthesis of gelatin-norbornene (GelNB) 

Thiolation of gelatin introduces free thiol groups that can efficiently crosslink with the 

norbornene groups under light exposure, creating a stable and customizable hydrogel network. 

An advantage of thiol–ene chemistry over free radical polymerization is the generally rapid 

reaction kinetics favourable for volumetric 3D printing [186]. Gelatin B was again used as 

starting material on which the photo-crosslinkable thiol functionalities were introduced as seen 

in Figure 15. 

 

Figure 15 Synthesis of thiolated gelatin (GelSH) 
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The use of natural materials comes with the risk of incorporating endotoxins into the scaffold. 

Endotoxins are complex molecules found on the outer membrane of Gram-negative bacteria, 

such as Escherichia coli [187]. These molecules can elicit a strong immune response in the 

human body, leading to inflammation, fever, and in severe cases, septic shock . In the context 

of tissue engineering, the presence of endotoxins in biomaterials used for scaffolding or cell 

culture can have effects on the viability and function of the engineered tissues [188]. Thus, the 

synthetic NUPs, being endotoxin free are a good choice. Another alternative is the low 

endotoxin gelatin type B that undergo complex purification, but at a higher cost.  

4.2 Characterization of developed photo-crosslinkable biomaterials 

4.2.1 Chemical structure of precursors and determination of degree of substitution 

The chemical structure of the developed NUP polymer precursors was elucidated by FT-IR and 
1H-NMR spectroscopy. FT-IR, particularly in ATR mode, is good method to analyse the 

progress of the reaction. FT-IR spectroscopy offers detailed information about the molecular 

vibration specific to certain bonds. This method uses a small amount of material, and it is 

relatively quick and easy to perform during the reaction, facilitating assessments of reaction 

progress. 

In the case of NUP, the progress was checked by observing the diisocyanate signal at 7 different 

time points, shown in Figure 16. The characteristic absorption band at 2270 cm-1 corresponds 

with the isocyanate groups (-N=C=O). When this group reacts with the hydroxyl functionalities 

of the backbone (PEG2k), the intensity will be reduced. The complete disappearance of this 

absorption band indicated the reaction was finalized. 

 

 

Figure 16 FT-IR spectrum of NUP with a scaled section around the 2270 cm-1 absorption band showing three 
different time points. T0 at the start of the synthesis, T5 at 240 min and T7 at 420 min. 
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In the spectrum from Figure 16 the absorption band at 2270 cm-1 was not showing signs of 

significantly decreasing at T5 (240 min) so it was noticed that the bismuth neodecanoate 

catalyst was no longer active enough to efficiently catalyse the reaction between an alcohol and 

the isocyanate. To aid in the completion of the reaction, new bismuth neodecanoate (50 ppm) 

was added to the solution until the absorption band was not observable (T7 at 420 min). This 

showed the advantages of actively measuring the progress of the reaction. 

1H-NMR spectroscopy is sensitive to the chemical environment of hydrogen atoms in a 

molecule. Different functional groups exhibit characteristic chemical shifts. By analysing these 

shifts, specific functional groups within the molecule can be identified. The integration of the 

NMR signals correlates with the number of protons contributing for each signal. This allows 

for a quantitative analysis for specific functional end groups. 

Quantitative 1H-NMR spectroscopy, shown in Figure 17, was used in order to determine the 

number of crosslinkable functionalities of NUP. A known amount of internal standard dimethyl 

terephthalate (DMT) was used to determine the alkene content in the NUP precursors. The 

signal of the internal standard (i.e. DMT) can be located at 8.0 ppm. The characteristic signals 

of the alkenes for the NUP precursors can be located between 5.94 and 6.13 ppm. These 

indicated a successful functionalization of the PEG backbone. The NUP functionality content 

calculated at 0.528 mmol·g-1, and molecular weight calculated at 3476 g⸳mol-1, was found using 

the formulas in section 3.3.2.  

 

Figure 17 1H-NMR spectra of NUP. Green shading corresponds to the protons of ethylene oxide, blue shading 
corresponds to the alkene endgroups, and orange shading corresponds to the peak of DMT standard. 
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The OPA (o-phthaldialdehyde) assay is well-suited for determining the degree of substitution 

of GelSH (thiol-modified gelatin) and GelNB (norbornene modified gelatin). The fluorescence 

produced by the reaction between OPA and primary amine groups in gelatin allows for the 

detection and quantification of thiol substitution on the gelatin. The OPA assay is a colorimetric 

assay that provides the variance in absorption at 335 nm over time. At the beginning, the 

absorbance is low and increases until a maximum and then decreases again.  

In this case, the OPA assay was employed to assess the functionalization levels of thiolated 

gelatin (GelSH) at different equivalents of N-acetyl homocysteine (1eq, 3eq, and 5eq) and of 

norbornene-modified gelatin (GelNB). The results indicated that the functionalization degree 

of GelSH 5eq was the highest with 0.241 mmol·g-1, then GelSH 3eq with 0.203 mmol⋅g-1 and 

lastly GelSH 1eq with 0.147 mmol⋅g-1 as it can be seen in Table 12. The OPA analysis  showed 

similar results with the previously synthesized GelSH and GelNB from PBMgroup (DS of 72% 

for GelSH5 and DS of 53% for GelNB1eq) [103]. It can be observed that only GelSH 5eq has 

a similar density of functionalities (0.223 mmol⋅g-1) compared with the GelNB functionalities 

(0.222 mmol⋅g-1). 

Table 12 Results of OPA assay showing the available primary amines before and after modification [mmol⋅g-1], 
and degree of substitution [%] of the developed photo-crosslinkable natural materials 

 GelSH 1eq GelSH 3eq GelSH 5eq GelNB 

Available primary amines [mmol ⋅g -1] 0.375 0.375 0.353 0.353 

Primary amines after functionalization [mmol ⋅g -1] 0.228 0.172 0.129 0.131 

Functionality content [mmol ⋅g -1] 0.147 0.203 0.223 0.222 

DS [%] 39.27 54.08 65.23 67.38 

 

4.2.2 Thermal properties of NUP 

TGA helps identifying the temperature at which materials decompose to understand their 

thermal stability. By analysing the weight loss steps and their corresponding temperatures, TGA 

can also provide information about the composition of polymers. By heating the sample, any 

moisture present will evaporate resulting in a weight loss that can be detected and quantified. 

By using this method, the NUP precursors can be analysed to check if there is any moisture left. 

DSC identifies thermal transitions such as the melting point, glass transition temperature, and 

crystallization, which are crucial for understanding the thermal behaviour and stability of the 

NUP precursor. 

The thermal properties of the synthesized polymers were evaluated using thermogravimetric 

analysis (TGA) and differential scanning calorimetry (DSC) summarized in Table 13. TGA was 



 

63 

 

employed to determine the degradation onset temperature, which provides insights into the 

thermal stability of the polymer. Specifically, the TGA results indicated that the temperature at 

which 1% of the material's mass loss occurred was 177.42°C, highlighting the initial 

degradation phase of the polymer is high, showing that the material was absent of significant 

remaining solvent or impurities because the boiling point of 5-norbornene-2-methanol lies 

around 90 °C. Additionally, the onset of degradation was observed at 359.89°C (Tonset), with 

complete degradation occurring at 406.31°C (Tend). These findings suggest that the polymer 

exhibits a high level of thermal stability and is suitable for the desired application where the 

maximum temperature can reach about 37°C. Complementary to TGA, DSC analysis was 

performed to further understand the thermal transitions of the polymer. The DSC provided 

valuable data on the crystallization temperature (Tc), melting temperature (Tm), and glass 

transition temperature (Tg) of the material. These thermal properties are critical for determining 

the polymer's behaviour under different thermal conditions. The melting temperature of the 

materials was determined to be approximately 34.82°C. This relatively low melting temperature 

is highly advantageous, particularly for applications in bioprinting where the materials are used 

as bio-inks. In such applications, maintaining a low processing temperature is essential to 

preserve the viability of encapsulated cells, which cannot withstand high temperatures.  

The obtained TGA and DSC thermograms for each material can be found in Appendix B in 

Figure B  1 and Figure B  2. 

Table 13 Thermal properties obtained by TGA and DSC analysis for the NUP materials 

T99 w /v% [°C] Ton se t  [°C] Ten d [°C] Tg [°C] Tm [°C] Tc [°C] 

177.42 359.89 406.31 -53.71 34.82 -32.28 

 

4.2.3 Physico-chemical properties of thiolated gelatin and norbornene-functionalized 
gelatin/ norbornene-endcapped urethane-based polymer 

In situ crosslinking photo-rheology was used to investigate the rheological properties of 

hydrogels as they undergo photo-induced crosslinking. This method was used to measure 

changes in mechanical properties like the storage modulus (G') and loss modulus (G'') which 

can indicate the strength and elasticity of the solution before and after crosslinking. 

Photo-rheological measurements were performed on multiple solutions with varying weight-

to-volume percentages (w/v%). These measurements provided  insights into the mechanical 

stability and crosslinking behaviour of the polymers. The key outcome from these experiments 
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was the determination of the storage modulus (G'), depicted in Figure 18, which reflects the 

material’s ability to store energy elastically during deformation. 

 

Figure 18 Photo-rheology of GelNB-GelSH(1eq, 3eq and 5eq) at 5, 7.5 and 10 w/v% and NUP-GelSH 5eq at 5, 
7.5 and 10 w/v%, all with 0.006 w/v% photo-initiator 

The results, summarized in Table 14 and Figure 19, showed the plateau values of G' across the 

different solutions. A higher G' value indicated a stronger hydrogel network.  

Table 14 Plateau values of storage moduli (G’), measured by photo-rheology, of solutions with 0.006 w/v% PI 

 Storage modulus (G') [Pa]  

GelNB-GelSH 5eq  3508±148 9590±594 13038±583 

GelNB-GelSH 3eq  2812±189 7594±459 12203±964 

GelNB-GelSH 1eq  1665±210 5334±122 9102±386 

NUP-GelSH 5eq  542±39 710±67 1171±138 

 5 w/v% 7.5 w/v% 10 w/v% 
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Figure 19 Plateau values  of storage moduli (G’), measured by photo-rheology, of solutions with 0.006 w/v% PI 

The photo-rheology data, presented in Figure 20, revealed that as the concentration of the 

polymer solution increased, the storage modulus (G') value also rose significantly (p < 0.001), 

confirming that higher polymer concentrations enhance the material's crosslinking density and 

mechanical properties. This trend is consistent with expectations, as higher polymer content 

typically leads to a more interconnected network, providing greater mechanical stability. This 

finding helped in making the decision to continue with the GelNB-GelSH 5eq for further 

testing. This is also confirmed by the similar degree of substitution between GelSH5eq and 

GelNB (as described in section 4.2.1), allowing the material to have better mechanical 

properties. 

 

Figure 20 Photo-rheology comparison of GelNB-GelSH(1eq, 3eq and 5eq) and NUP-GelSH 5eq for 10 w/v%, 
all with 0.006 w/v% photo-initiator 
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After choosing the GelNB-GelSH 5eq solution, another set of experiments were performed with 

0.05 w/v% of PI instead of 0.006 w/v% to assess the in-situ crosslinking behaviour of the resin 

that will be used for volumetric printing. These measurements focused on the 15 second interval 

after the light source was turned on, to calculate the gel point using the formula in section 3.3.7. 

 

Figure 21 Photo-rheology comparison of gel point for GelNB-GelSH 5eq at 5 w/v%, 7.5 w/v%  and 10 w/v% 
with 0.05 w/v% PI 

The photo-rheology results in Figure 21 showed a clearer picture of the gel point with the 

increase in polymer concentration. The crossover point also appeared earlier with the increase 

of polymer concentration as such: GelNB-GelSH 5eq at 5 w/v% having a G'/G'' crossover at 

5.5 seconds after the light source was turned on, 7.5 w/v% having the crossover at 3.5 seconds 

and 10 w/v% with a crossover after only 2 seconds. The crossover points and dosages calculated 

with the formula from section 3.3.7 are shown in Table 15.  

Table 15 Crossover time and dosages for GelNB-GelSH 5eq 5 w/v%, 7.5 w/v% and 10 w/v%, 

 Time crossover [s]  Calculated dosage [mJ/cm2]  

GelNB-GelSH 5eq 5 w/v% 5.5 123.75 

GelNB-GelSH 5eq 7.5 w/v% 3.5 78.75 

GelNB-GelSH 5eq 10 w/v% 2 45 

 

Due to the fact that these measurements are done in a different state than the volumetric printing 

(liquid at 37 °C instead of solid at 4 °C), further dose optimisation is described in section 4.3. 

Nonetheless, these initial tests give a good indication of the required dose for volumetric 

printing as it narrows the range.  

A first indication of crosslinking efficiency was assessed using a gel fraction assay that 

measures the proportion of hydrogel that remains a gel after removing all soluble components.  
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The GF represents the proportion of the material that remained within the polymer network 

after the incubation process. A higher G-F indicates a more effective crosslinking process, as 

more material remains in the network rather than being washed away. 

 The solvent uptake capacity (SUC) of the hydrogels provided additional insights about the 

swelling of hydrogels. SUC measures the amount of solvent that the hydrogel can absorb. Both 

GF and SUC values are provided in Table 16 and Figure 22. 

Table 16 Gel fraction and solvent uptake capacity 

 w/v% GF SUC 

GelNB-GelSH 1eq 

5 91.37±9.15 54.1±23.86 

7.5 93.70±5.29 95.56±10.65 

10 91.47±3.77 105.44±11.56 

GelNB-GelSH 3eq 

5 88.37±10.69 58.41±6.21 

7.5 99.50±6.79 80.21±18.64 

10 93.04±29.51 81.09±26.92 

GelNB-GelSH 5eq 

5 101.75±9.95 45.97±15.70 

7.5 100.86±4.76 93.34±10.67 

10 98.92±4.05 87.95±5.85 

NUP-GelSH 5eq 10 101.41±8.69 161.85±17.14 

 

It seems that the increase of polymer concentration leads to a significant increase (p < 0.0001) 

in solvent uptake capacity (SUC) with the exception of GelNB-GelSH 5eq 10 w/v%. This may 

be due to the fact that it has the highest density of polymer network which makes it more rigid 

and does not allow for more swelling. The highest SUC is seen in GelNB-GelSH 1eq 10 w/v% 

which seems to be the perfect balance between polymer density (10 w/v%) and degree of 

substitution of GelSH (39.27%). This showed that different degrees of functionality contents 

[mmol·g-1] between the norbornene modified materials and thiolated gelatin might be beneficial 

for a high solvent uptake capacity, in this case being 0.147 mmol⋅g-1 for GelSH 1eq and  0.222 

mmol⋅g-1 for GelNB.  
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Figure 22 Gel fraction and solvent uptake capacity 

The mechanical characteristics of the crosslinked hydrogels were further characterized using 

oscillatory rheology on swollen samples. The analysis revealed that the hydrogels exhibited 

robust mechanical stability under compressive stress as depicted in Figure 23. The storage 

modulus (G') was significantly higher than the loss modulus (G''). 

Table 17 Storage modulus [Pa] and loss modulus [Pa] of hydrogels in swollen state at different polymer 
concentrations 

  
 10 w/v%  7.5 w/v%  5 w/v%  

Storage 

modulus 

[Pa]  

GelNB-

GelSH 

5eq  3333.9±783.9 2974.5±461.4 2266.8±930.1 

3eq  2461.4±702.2 2051.3±427.9 1049.2±718.5 

1eq  2838.6±439.2 2583.2±939.6 1181.9±668.1 

NUP-GelSH 5eq 1930.7±313.9 n/a n/a 

Loss 

modulus 

[Pa]  

GelNB-

GelSH 

5eq 737.4±157.1 453.7±273.4 134.8±45.5 

3eq 187.3±42.7 140.4±54.6 62.1±14.4 

1eq  732.2±216.7 238.8±18.5 164.9±18.1 

NUP-GelSH 5eq  55.1±16.2 n/a n/a 

 

The storage modulus (G'), which indicated the elastic behaviour and stiffness of the hydrogels 

showed a clear dependence on both the hydrogel concentration (w/v%) and the varying 

functionality content [mmol⋅g-1] of the thiolated gelatin. At a hydrogel concentration of 10 

w/v%, the storage modulus is highest across all hydrogels (5eq, 3eq, 1eq). Specifically, at 10 

w/v%, the hydrogels crosslinked with GelSH5eq exhibited a storage modulus of 3333.9 Pa, 

significantly higher than those crosslinked with 3eq (2461.4 Pa) and 1eq (2838.6 Pa). The data 
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also revealed that higher functionality content hydrogels (5eq) consistently leads to higher 

storage moduli. 

 

Figure 23 Storage modulus [Pa] and loss modulus [Pa] of hydrogels in swollen state at different polymer 
concentrations 

For the NUP-GelSH5eq 10 w/v%, the storage modulus (G') is 1930.76 Pa, and the loss modulus 

(G'') is 55.13 Pa. The lower storage modulus compared to the GelNB-GelSH hydrogels of 

similar concentration, suggested that while NUP-GelSH may not be as rigid, it could offer 

enhanced flexibility or be more suitable for applications where a slightly softer material is 

advantageous. The low loss modulus (55.13 Pa) further confirms the prevalence of elastic 

behaviour in the NUP-GelSH hydrogel, with minimal energy dissipation. This low G'' value 

indicates that the hydrogel retains its shape and structure effectively under stress, making it 

potentially useful in dynamic environments. 

The tensile testing of the hydrogels was conducted using the ring tensile method on swollen 

samples. Figure 24 and Figure 25 indicate a clear relationship between the concentration of the 

hydrogel solutions and their mechanical performance, as evidenced by both the ultimate tensile 

strength (UTS) and Young's modulus presented in Table 18.  
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Table 18 Ultimate tensile strength [kPa] and Young's Modulus [kPa] of GelNB-GelSH with different polymer 
concentration (5, 7.5 and 10 w/v%) and functionality content (1eq, 3eq and 5eq) in swollen state 

    Ultimate tensile 

strength [kPa]  

Young's Modulus 

[kPa] 

GelNB-GelSH5eq  

10w/v% 

28.10 1.60 

GelNB-GelSH3eq  27.06 1.35 

GelNB-GelSH1eq  25.30 1.21 

GelNB-GelSH5eq  

7.5w/v% 

20.10 1.34 

GelNB-GelSH3eq  12.98 0.52 

GelNB-GelSH1eq  14.10 0.74 

GelNB-GelSH5eq  

5w/v% 

10.20 0.71 

GelNB-GelSH3eq  11.40 0.79 

GelNB-GelSH1eq  6.53 0.45 

NUP-GelSH5eq  10w/v% 17.90 0.36 

 

The ultimate tensile strength, which measures the maximum stress that a material can withstand 

while being stretched before failing, showed a consistent trend across the different 

formulations, increasing with polymer concentration. The highest UTS was observed in the 

GelNB-GelSH5eq at 10 w/v%, with a value of 28.10 kPa. The higher UTS in the 5eq hydrogels 

suggests that increased functionality content within the GelSH enhances the crosslink density, 

resulting in a stronger hydrogel network. As expected from the compressive rheology results, 

the NUP-GelSH 5eq hydrogel at 10 w/v% exhibited a significantly lower UTS of 17.90 kPa 

compared to the GelNB-GelSH 5eq  (28.10 kPa) hydrogel at the same concentration.  

Young's modulus, which reflects the stiffness of the hydrogels, also followed a similar pattern 

to the UTS. The highest modulus was again observed in the GelNB-GelSH 5eq at 10 w/v%, 

with a value of 1.60 kPa, indicating that this hydrogel formulation not only withstand higher 

stress before failure but also deformed less under applied stress. The NUP-GelSH 5eq hydrogel, 

with a modulus of 0.36 kPa at 10 w/v%, was considerably less stiff than the corresponding 

GelNB-GelSH 5eq hydrogel, having the highest strain (48.4%) before breaking as seen in 

Figure 25. 
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Figure 24 Stress-strain curves of hydrogels at varying concentrations (5, 7.5 and 10 w/v%) and functionality 
content (1eq, 3eq and 5eq) for GelNB-GelSH and NUP-GelSH 10 w/v% 

 

Figure 25 Stress-strain curves of hydrogels at varying concentrations (5 w/v% with light shade, 7.5 w/v% with 
medium shade and 10 w/v% with dark shade) and functionality content (1eq with BLUE, 3eq with RED and 5eq 

with GREEN) for GelNB-GelSH and NUP-GelSH 10 w/v% with PURPLE. 

4.2.4 Optical properties of resins 

The UV-Vis absorption measurements at 405 nm at 10°C were conducted to evaluate the 

suitability of the resin materials for volumetric printing. The threshold for successful volumetric 
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printing is set at an absorption value lower than 0.869. The absorption values obtained for 

GelNB-GelSH5eq resins at concentrations of 5 w/v%, 7.5 w/v%, and 10 w/v% were 0.243, 

0.2495, and 0.3738, respectively. These values are well below the critical threshold, indicating 

that the GelNB-GelSH5eq resins at all tested concentrations are compatible with volumetric 

printing. In contrast, the NUP-GelSH5eq resin at 10 w/v% exhibited an absorption value of 

1.912, which significantly exceeds the threshold, suggesting that this material is unsuitable for 

volumetric printing under the tested conditions.  

In conclusion, GelNB- GelSH5eq stands out as the most suitable candidate for further resin 

optimization and volumetric printing based on several critical factors. The photo-rheological 

measurements demonstrate that this formulation exhibits a significantly higher storage modulus 

(G'), particularly at 10 w/v%, which indicates a robust and highly elastic network structure, 

which is also confirmed by ring tensile testing. Additionally, the GelNB- GelSH5eq resin shows 

a favourable gel point and efficient in-situ crosslinking behaviour, with rapid G'/G'' crossover 

times as polymer concentration increases, ensuring quick and effective setting during the 

printing process. 

4.3 Resin optimization for volumetric printing 

4.3.1 Dose testing 

The dose testing for volumetric printing was conducted as described in section 3.5.2 ,to identify 

the reference dose required for the search of optimal dose in section 4.3.2, for successful 

volumetric printing of the hydrogel resins. 

The results from the first step indicated a clear correlation between the exposure dose and the 

degree of polymerization. At the lowest doses (2.00 to around 20.00 mJ⋅cm-²), the spots were 

either not visible ("No dot") or barely visible under the microscope, indicating insufficient 

exposure for polymerization. As the dose increased, the spots became more defined, with 

"Small" and "Large" classifications appearing at higher doses. The spots were then measured 

with light microscopy and classified accordingly as seen in Figure 26. 

 

 

 

 



 

73 

 

A B C 

   

Figure 26 Light microscopy example of A. “barely visible”, B. “small” and C. “large” classification of spots. 
(“Small” if 0.75 > Dspot/Dexpected > 0.625 and “Large” if Dspot/Dexpected > 0.75) 

The second refined testing yielded more consistent and precise spot sizes, with the optimal dose 

range falling within a narrower window, depicted in Table 19. This range provided a balance 

between sufficient polymerization and minimal deviation from the expected spot size, ensuring 

that the resin could be accurately printed with high fidelity. 

Table 19 Reference dose calculated from spot size for GelNB-GelSH (1eq, 3eq and 5eq) at different polymer 
concentrations (5, 7.5 and 10 w/v%) 

  

Reference dose [mJ⋅cm-²] 

GelNB-GelSH 5eq 

10 w/v% 46 

7.5 w/v% 71 

5 w/v% 229 

GelNB-GelSH 3eq 

10 w/v% 53 

7.5 w/v% 62 

5 w/v% 293 

GelNB-GelSH 1eq 

10 w/v% 71 

7.5 w/v% 92 

5 w/v% 229 

 

For the GelNB-GelSH hydrogels, the reference dose increased substantially as the 

concentration of the hydrogel decreased. Specifically, the 10 w/v% concentration required a 

reference dose of 46 mJ·cm-², while the 7.5 w/v% and 5 w/v% concentrations required 71 

mJ⋅cm-² and 229 mJ⋅cm-², respectively. This indicates that a reduction in functionality content 

increases the dose required for effective polymerization.  

The GelNB-GelSH 1eq hydrogels exhibited the highest reference doses across all 

concentrations, with 71 mJ⋅cm-² at 10 w/v%, 92 mJ⋅cm-² at 7.5 w/v%, and 229 mJ⋅cm-²  at 5 

w/v%. The increasing reference dose with decreasing concentration is more pronounced in this 
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formulation, highlighting the challenges associated with achieving effective crosslinking in 

hydrogels with lower functionality. 

4.3.2 Dose optimisation 

The dose optimization process aimed to determine the optimal exposure dose for printing the 

Swiss_cylinder model with accurate dimensions and well-defined features. The optimization 

was conducted using a systematic approach based on the reference dose (RD) and involved 

multiple iterations of printing and inspection. 

The Swiss_cylinder model, characterized by a 6 mm diameter and 3 mm height with varying 

hole sizes (0.8, 0.6, 0.4, 0.2, and 0.1 mm), was printed at different exposure doses determined 

through the optimization protocol. The prints were evaluated and classified into three categories 

based on their quality: Under-Polymerization (UP),  Over-Polymerization (OP) and Optimal 

Dose (OD),  as shown in Figure 27. 

Step 1 Step 2 Step 3 

   

Figure 27 Dose optimization for GelNB-GelSH 5eq 10%. Step 1 is under-polymerized; Step 2 is over 
polymerized; Step 3 is printed with the optimal dose. In step 3 all hole sizes can be seen with the naked eye, but 

in the photograph are not visible due to water filling the holes. 

The first print that used the dose calculated in section 4.3.1 (46 mJ⋅cm-²) was under-polymerized 

(UP), characterized by a soft mass that did not hold shape. In the next step, according to the 

optimal_dose spreadsheet, the dose was increased by 140% to 64.4 mJ⋅cm-². The second step 

was over-polymerized (OP). The holes were not printed and visible spikes on the edges were 

formed. In the third and final step the dose was decreased to 120% of RD to 56.25 mJ⋅cm-² and 

the print was successful with all the holes visible with the naked eye. This does will be further 

used in the printing of more complex structures. 

4.3.3 CAD/CAM mimicry 

After determining the optimal dose through the dose optimization process, the benchmark 

model was printed (Figure 28) to evaluate the precision and accuracy of the volumetric printing 
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process. The benchmark model featured a range of intricate geometries and dimensions 

designed to test the limits of the printing resolution. The printed structures were then analysed 

using light microscopy and Scanning Electron Microscopy (SEM) to assess how well the 

printed features matched the original 3D models. 

 

Figure 28 Photograph of printed benchmark with GelNB-GelSH 5eq 10 w/v% 

The microscopy images showed that most of the features on the printed model closely matched 

the intended geometries from the 3D model as seen in Figure 29. Features such as holes of 0.34 

mm (1), pillars of 0.34 mm (2), steps of 0.21 mm (3), crosses of 0.12 mm (4) and walls of 0.12 

mm (5 and 6) were reproduced with high fidelity.  

 

Figure 29 Original CAD design is shown in grey. The smallest measured features observed under light 
microscopy are marked in red on the CAD design. The sample is imaged right after printing and tapped with a 

lint free wipe to absorb the moisture. 

However, some minor deviations were observed in the light microscopy analysis. These 

deviations included slight rounding of edges and small discrepancies in the dimensions of the 

smallest features, particularly holes with diameters less than 0.2 mm. These variations can be 

attributed to the inherent limitations of the volumetric printing process, such as the resolution 

limits of the light source and the diffusion of the polymerization front during curing. Despite 

these minor discrepancies, the overall quality of the prints was satisfactory for the intended 
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applications. CAD/CAM mimicry where the size of the VAM-printed features was compared 

with the size of the CAD model features showed that the size of the VAM-printed benchmark 

had features with an increase size of 9.01%. This is probably due to the fact that during the 

postcuring step, the print swells slightly. 

SEM imaging provided a more detailed and high-resolution examination of the benchmark 

model's surface morphology and feature accuracy as seen in Figure 30. The SEM images 

confirmed the findings from the light microscopy analysis, revealing that the majority of the 

printed features were accurately reproduced.  Figure 30.A demonstrated the high fidelity by 

successfully printing the smallest pillar at 0.17 mm. However, Figure 30.B showed difficulties 

in printing cross features, likely due to the limitations of the volumetric printing process in 

accurately curing sharp edges. Image C highlighted that the checkered pattern corners were 

rounded, suggesting over-curing, while Image E displayed that extremely thin walls (0.085 mm) 

were printed but lost their shape, possibly due to post-curing in PBS medium. Additionally, 

Image D indicated that the object deformed during drying, failing to remain straight. 

 

Figure 30 SEM images of benchmark after slow drying. Benchmark was printed with GelNB-GelSH 5eq 10% at 
a dosage of 56.25 mJ⋅cm-² with 0.05 w/v%PI  

One significant observation from the SEM analysis was the presence of micro-scale surface 

roughness on the printed features, which was not as apparent in the light microscopy images. It 

appears to be due to the formation of crystals seen in Figure 31, likely resulting from the PBS 

added during the process. It is possible that the PBS crystallized as the sample dried, leading to 

the observed surface irregularities. To prevent this crystallization and achieve a smoother 

surface finish, incorporating an additional wash step before drying is necessary. 
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Figure 31 SEM image of crystals formed on the surface of the print 

4.4 Multi-layered structure for composition control 

To evaluate the printability of a multi-layered structure with different materials for each layer, 

the following method was used. A 3D model of a “puzzle-piece” was made as in Figure 32.A, 

to be able to visualize the different parts of the prints with the notches on each-side of the object 

to delimit the transition from one material to another. 

Three solutions (S1, S2 and S3) were prepared as in section 3.5.1. In one of the solutions (S2), 

instead of double distilled water, a solution of Brilliant Blue 2 (w/v)% was used. Brilliant Blue 

was chosen for its low absorbance for the 405 nm wavelength (3%, [189]). Then, the first 

solution S1 was put in the 10 mm volumetric vial and kept in the fridge at 4 °C for 7 minutes. 

This was repeated with the second solution (S2) and the third (S3). After the 3 solutions were 

physically gelated as in Figure 32.C, the printing process continued as described above. A 

minimum time of 7 minutes per layer was needed, otherwise the higher temperature of the 

second (S2) or third solution (S3) would liquify the layer underneath as seen in Figure 32.B. In 

Figure 33.C it can be seen that the boundary between two layers is sharp and there is no 

diffusion of a solution into the other with 7 minutes of cold physical gelation at 4 °C for each 

layer.  



 

78 

 

Figure 32 A. "Puzzle-piece" 3D model; B. Photograph of prepared 3 layered 10 mm vial with 5 minutes of time 
at cold (4 °C) for each layer; C. Photograph of prepared 3 layered 10 mm vial with 7 minutes of time at cold (4 

°C) for each layer 

The printed “puzzle-piece” had an offset on the Z axis as seen in Figure 33A, which was 

measured to be 3.60 mm and was corrected afterwards by lifting the object in the software as 

in Figure 33.B. 

A B C 

   

Figure 33 A. Photograph of "puzzle-piece" with no offset; B. Photograph of "puzzle-piece" after applying an 
offset of 3.60 mm on the Z axis; C. Light microscopy of the boundary between two different solutions 

4.5 Scaffold fabrication 

4.5.1 I-WP 30% 

The I-WP 30% structure was printed according to printing process in section 3.5.1. The printing 

process successfully produced the intended structure, as shown in Figure 34.A, which 

accurately reflects the 3D model. The successful replication of the I-WP 30% structure 

A B C 
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highlights the effectiveness of the volumetric printing method for creating complex geometries 

with high fidelity, reinforcing its potential for fabricating intricate designs.  

 

Figure 34 A. 3D CAD design of I-WP 30%. B. Photograph of the 3D printed I-WP 30% structure with GelNB-
GelSH 5eq 10 w/v%, captured immediately after printing. C. SEM image of the I-WP 30% structure after slow 

drying, highlighting surface features. 

 

4.5.2 Design of gradient Voronoi scaffold CAD-design 

To create the Voronoi scaffold with gradient porosities, the graphical software Blender 4.0 

(Used on HP-Pavilion, Intel(R) Core(TM) i7-10750H CPU, 16GB RAM, 6 GB NVIDIA 

GeForce GTX 1660 Ti with Max-Q Design graphic card) was used due to its capabilities to 

work with Geometry Nodes that allow complex setups for architecture control. This process 

uses a combination of position data, value mapping, premade Voronoi textures and binary 

operations (illustrated in Figure 35) to create the scaffold with varying porosities. Manipulating 

the Voronoi texture cell point distribution controls the transition between dense porosity and 

sparse porosity. 
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Figure 35 Geometry nodes connections and positions 

First, a volume cube (11) node is used to create a cuboid shape with width and length of 2 and 

height of 4. An Integer node (10) is used to control the X,Y,Z resolution of that cube which was 

in the end set to 400. From that cube the Position node (1) is used to get the coordinates of each 

point in 3D space. The position data is then separated into its X, Y and Z components using the 

Separate XYZ node (2). From that, only the Z components is processed with a Map range node 

(3) that control the input values from -1 to 3 and distribute them to a new range from 0 to 1. 

The output of the Map Range node (3) is fed into a Color Ramp node (4) which allows for direct 

control of the distribution with 0 being the smallest pore scale and 1 being the maximum pore 

scale. For the scaffold with small pores the min and max values were set both to 0, for the 

scaffold with big pores the min and max values were both set to 1 and for the gradient scaffold 

the min value was set to 0 and the max value was set to 1. More intermediary values can be set 

if needed, for example a 0,1,0 configuration would create a scaffold that has small pores at 

extremities and big pores in the middle. After this, the output of the Color Ramp node (4) is 

connected to a Multiply Add node (5). This node performs two operations, it controls how big 

the difference between the big pores and the small pores is by multiplying (in this case the big 

pores are 1.6 times bigger than the small pores) and then it sets the initial pore size to the added 

value (in this case it was 0.930). The output with the distribution in 3D space is connected to 

the scale input of the Voronoi texture nodes (6A and 6B). The first Voronoi node (6A) is set to 

the F1 distance metric, which calculates the distance to the nearest feature point, resulting in a 

sharp cell-like texture as presented in Figure 36.A. The second Voronoi node (6B) is set to 
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Smooth F1 which also calculates the distance to the nearest point but with a smoother transition 

between the cells, as depicted in Figure 36.B. Next the outputs of the two Voronoi Nodes (6A 

and 6B) are fed into a math node (7) set to Subtract. This operation subtracts the smooth F1 

result from the regular F1 result. The subtraction emphasizes the edges and transitions within 

the structure as seen in Figure 36.C. The resulting difference is then passed into a Less Than 

node (8) which compares each value against a threshold of 0.085. This node outputs a value of 

1 where the input is below the threshold and 0, otherwise binarizing the values creating sharp 

features as in Figure 36.D. Following this, the output is connected to another Subtract node (9) 

which subtracts all points from 1. This inversion step flips the binary mask, switching the 

regions of porosity and solid as seen in Figure 36.E.  

 

Figure 36 A. Voronoi texture, 2D slice, with F1 distance; B. Voronoi texture, 2D slice, with Smooth F1; C. 
Voronoi texture of subtracted Smooth F1 from regular F1; D. Less Than node applied on subtracted Voronoi 

texture; E. Inverted image of D  

The output from the final subtraction is fed into the Density output of the Volume cube node 

(11) with resolution 400. This step creates the 3D volume with a higher resolution providing 

finer details but more computation requirements. Finally, the generated volume is converted 

into a mesh using the Volume to Mesh node (12). This node creates a polygonal mesh based on 

the density values in the volume. The object is then scaled to the desired dimensions and 

exported to .STL format and is ready be printed as seen in Figure 37. 
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Figure 37 Voronoi 3D porous models with A. Low density pores, B. High density pores and C. Gradient density 
porosity 

4.5.3 Voronoi scaffolds VAM-printed 

The porous scaffolds were printed as described in section 3.5.1. The I-WP 30% is a 3D model 

of a porous scaffold with high printability with the volumetric printing technique due to its high 

contrast between illuminated and dark areas in the image stack. In contrast, the Voronoi texture 

scaffold has a low printability due to its high intensity radiation in areas that are supposed to be 

dark as shown in Figure 38.B. The models were printed and then imaged with SEM microscopy. 

 

Figure 38 Slice of image stack showing light intensity from Voronoi scaffold with gradient porosity. 
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The Voronoi scaffolds with gradient porosities were developed according to the printing 

process in section 3.5.1. Photographs of the printed scaffolds (Figure 39) show a high fidelity 

to the 3D models. However, some minor discrepancies were observed, particularly in the 

regions of highest porosity, where the printed scaffolds occasionally had deviations from the 

intended wall thickness. The scaffold with gradient porosity showed promising results, with the 

transition between dense and sparse areas being clearly visible. 

 

Figure 39 Voronoi scaffolds with varying porosities with GelNB-GelSH 5eq 10w/v% and 0.05 w/v% PI. Left: 
Low-density scaffold with large pores. Middle: High-density scaffold with small pores. Right: Gradient porosity 

scaffold transitioning from high to low density. 

The scaffold with high porosity, as shown in Figure 39.A, printed effectively with all inner 

walls retaining their intended structure, aligning closely with the designed model. The smaller 

pore featured scaffold from Figure 39.B, was difficult to reproduce accurately, likely due to 

some pores that appeared clogged, which could be attributed to slight over-polymerization. This 

slight over-polymerization may have led to unintended solidification within the smaller pores 

during post curing, disrupting the intended porosity. The gradient porosity scaffold depicted in 

Figure 39.C achieved a successful print, maintaining the structural integrity of the walls 

throughout the transition from high to low porosity. This result highlights the capability of the 

printing process to handle complex porosity gradients. 

4.6 Scaffold characterization 

4.6.1 Compression Testing of Hydrogel Scaffold Cubes 

The mechanical properties of the VAM-printed hydrogel cubes of GelNB-GelSH5eq 10 w/v% 

were evaluated using compression testing, as described in section 3.6.1. The cubes had a length 

and width of about 5.25 mm after swelling but the height was smaller at about 5.12 mm. This 
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may be due to the different layers created by the DLP array resolution during VAM-printing 

which is observable only on the Z axis. The results demonstrated consistent mechanical 

behaviour across the triplicate samples as seen in Figure 40. The hydrogels exhibited an initial 

linear elastic region, where the force increased proportionally with displacement, but as the 

force increased, non-linear elasticity was observed at higher values. The non-linear behaviour 

with increased force might be attributed to the highly elastic properties of the material with a 

maximum strain at 69.7%. As the compression continued, the hydrogels reached a critical point 

at which they could no longer sustain the applied stress, leading to structural collapse. The data 

showed that the hydrogels could withstand a mean compressive strength of 507.63 kPa (with a 

standard deviation of 53.15 kPa), indicating that the material can withstand a significant amount 

of compressive force before failure. 

 

Figure 40 Compressive stress-strain curve for GelNB-GelSH5eq 10w/v%. 

4.6.2 Oscillatory Rheology of Hydrogel Scaffolds  

The oscillatory rheology analysis of the VAM-printed discs of GelNB-GelSH5eq 10w/v% was 

performed as described in section 3.6.2. After equilibrium swelling, the discs had a diameter of 

8.8 mm and a height of 1.5 mm. The results from the oscillatory rheology test indicated that the 

hydrogel scaffolds exhibit storage modulus, averaging 7013.74 Pa with a standard deviation of 

714.93 Pa. Compared to the storage modulus of the same material, oscillatory rheology test on 

UV lamp crosslinked gel sheets (3333.92 ±783.92 Pa), the VAM-printed discs presented a two-

fold increase in strength. This may be due to the fact that the VAM-printed discs were 

crosslinked in solid state after physical gelation for 7 minutes at 4 °C, compared to the UV lamp 

crosslinked gel sheets that were crosslinked in liquid state at room temperature. The calculated 

loss modulus of the VAM-printed discs was 77.34±7.25 Pa. Compared to the loss modulus of 

UV lamp crosslinked gel sheets (737.4±157.12 Pa), the loss modulus of the VAM-printed 
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hydrogels indicated they are more elastically dominant and exhibit reduced energy dissipation. 

This can be advantageous for applications requiring high energy storage, as it implies that the 

material has a lower tendency to deform under applied stresses and recovers its shape more 

effectively. 

4.6.3 Effect of Post-Curing on Double Bond Conversion  

The double bond conversion percentage was assessed at 5, 10, and 15 minutes of post-curing 

under UVA light and 405 nm light source as seen in Figure 41. No significant differences in 

double bond conversion between the 405 nm and UVA light sources, nor among the different 

post-curing times of 5, 10, and 15 minutes were found. These findings suggest that the double 

bond conversion was efficient and comparable regardless of the light source used or the duration 

of the post-curing process. The high double bond conversion percentages observed at all tested 

time points (5, 10, and 15 minutes) demonstrated that the polymerization process was effective 

and achieved crosslinking within a short period. The lack of significant differences between the 

405 nm and UVA light sources implies that both wavelengths were equally effective in 

facilitating the polymerization of the hydrogels. This result suggests that either light source can 

be used for post-curing without impacting the quality of crosslinking. In conclusion, for future 

work, 405 nm is a better light source for cross-linking having a less negative impact on cells 

[190], [191], while still providing a high double bond conversion (96.2% at 5 min). Also, the 

time of cells under radiation can be reduced to 5 min while still preserving the high crosslinking 

efficiency. 

 

Figure 41 Double bond conversion percentages for hydrogels post-cured under 405 nm or UVA light sources for 
5, 10, and 15 minutes. 
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4.7 Biological characterization 

4.7.1 Cell proliferation assay of encapsulated MSCs 

The MTS assay was employed to evaluate the metabolic activity of eq AT-MSCs encapsulated 

in GelNB-GelSH5eq hydrogels with a 10 w/v%  concentration. The MSCs were encapsulated 

in the hydrogel at a concentration of 2·106 cells·mL-1 and subjected to UVA light crosslinking, 

and their metabolic activity was assessed at days 1, 7, 14, and 21. Absorbance measurements at 

490 nm, with a background subtraction at 750 nm, provided a quantitative measure of cell 

viability and metabolic activity. The assay was performed in triplicate for each time point.  

The results revealed that the absorbance, indicative of metabolic activity, increased 

significantly (p<0.0001) over the culture period, suggesting cell proliferation and viability 

within the hydrogels. On day 1, the absorbance was relatively low, reflecting the initial 

metabolic state of the encapsulated cells. By day 7, a notable increase in absorbance was 

observed, indicating an initial adaptation and metabolic activity of the MSCs. Absorbance 

values continued to rise at days 14 and 21, demonstrating sustained cell growth and metabolic 

activity throughout the culture period. 

 

Figure 42 Metabolic activity of MSCs encapsulated in GelNB-GelSH5eq 10 w/v% hydrogels on days 1, 7, 14, 
and 21. 

The MTS assay results demonstrated that MSCs encapsulated in GelNB-GelSH5eq 10w/v% 

hydrogels showed significant (p<0.0001) increase in absorbance from day 1 to day 21, which 

indicated that the encapsulated MSCs not only survived the encapsulation and crosslinking 

process but also proliferated and remained metabolically active within the hydrogel matrix. 

This suggests that the GelNB-GelSH hydrogel provides a suitable environment for cell growth, 

supporting both cell viability and metabolic activity. 
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4.7.2 Live/dead staining on VAM-printed samples 

The live/dead staining assay was conducted to evaluate cell viability within the VAM-printed 

GelNB-GelSH5eq hydrogels, with MSCs encapsulated in the bio-ink, at day 3 of culture. The 

assay employed Fluorobrite DMEM containing calcein acetoxymethyl (Ca-AM) to stain live 

cells and propidium iodide (PI) to stain dead cells. 

The confocal microscopy images of VAM-printed discs (Figure 43) revealed a clear distinction 

between live and dead cells, with live cells exhibiting green fluorescence due to Ca-AM and 

dead cells showing red fluorescence from PI. The analysis showed a predominance of live cells 

within the hydrogel matrix (Figure 43.B), indicating good cell viability at this early time point. 

The cells on the surface (Figure 43.A) spread out while the cells in the inside of the hydrogel 

matrix remained spherical. This further proves the importance of porosity within the hydrogel. 

 

Figure 43 Confocal microscopy images (day 3) of VAM-printed discs. A. Surface of the discs; B. Withing the 
disc structure; C. Stacked images at different depths. Green fluorescence represents live cells and red 

fluorescence represents dead cells. 

Next, confocal microscopy was performed on the VAM-printed I-WP30% porous structure to 

assess how porosity influences the cell conformation. The analysis showed again a 

predominance of live cells on the surface and within the hydrogel matrix as show in Figure 44. 

It was observed that the cells on the scaffold struts spread out more, this allowed for more cells 

to grow and spread due to the increased surface created by the porosity. 



 

88 

 

 

Figure 44 Confocal microscopy images (day 3) of VAM-printed porous scaffold I-WP30%. A1 and A2. Images 
within the hydrogel scaffold; B. Stacked images at different depths. Green fluorescence represents live cells and 

red fluorescence represents dead cells. 
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5 Conclusions and future perspectives 

The primary objective of this master’s thesis was to develop a gradient Voronoi-patterned 

scaffold tailored for enthesis tissue engineering. This work aimed to address the challenges 

associated with regenerating the complex tendon-bone junction by creating a biomimetic 

scaffold that mimics the natural gradient of this complex interface. To this end, hybrid 

formulations of synthetic norbornene-endcapped urethane-based polymers (NUP) were 

combined with natural thiolated gelatin (GelSH) in a thiol-ene click reaction, compared to 

natural formulations of thiolated gelatin (GelSH) with norbornene modified gelatine (GelNB) 

with different polymer concentrations. The hybrid formulation was compared to the natural 

combinations. 

In the initial phase of the research, synthetic norbornene-based urethane polymers (NUP) and  

thiolated gelatin (GelSH) were synthesized and characterized. The progress of NUP synthesis 

was closely monitored using Fourier-transform infrared spectroscopy (FT-IR), while 1H-NMR 

provided insight into the molecular mass and functionality amount of NUP and GelNB. The 

amount of functionalities in GelNB and various thiolated gelatin formulations (GelSH1eq, 

GelSH3eq, and GelSH5eq) was further quantified using OPA assays (DS[%]: 39.27, 54.08, 

65.23, 67.38 for GelSH 1eq, GelSH 3eq, GelSH 5eq, GelNB respectively). Thermal 

characterization through thermogravimetric analysis (TGA) and differential scanning 

calorimetry (DSC) was performed to assess the stability and thermal properties of NUP. The 

results showed the NUP had a melting temperature of 34.82°C, suitable for VAM-printing at 

37°C, and the thermal degradation (Tonset) at 359.89°C which is notably higher than tissue 

engineering applications. The in-situ photo-crosslinking behavior of the polymer combinations, 

including NUP-GelSH5eq, GelNB-GelSH5eq, GelNB-GelSH3eq, and GelNB-GelSH1eq, was 

analysed. As expected, the combination of GelNB-GelSH5eq exhibited the highest storage 

moduli (13038±583 Pa), while the NUP-GelSH5eq showed lower storage moduli values 

(1171±138 Pa). Then the gel point was determined for dose optimization, revealing that 

GelSH5eq had a clear and rapid gelation process (2 seconds).  

In the second phase of research, the crosslinked hydrogels were characterized in terms of gel 

fraction and solvent uptake capacity, providing insight into their structural integrity and 

hydration properties. The results showed that the increase of polymer concentration leads to an 

increase in solvent uptake capacity (SUC). Absolute crosslinking efficiency was measured to 
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assess the effectiveness of the crosslinking process. Frequency sweep and ring tensile tests were 

employed to evaluate the mechanical properties of the crosslinked hydrogels, including their 

viscoelastic behavior and tensile strength. The results showed that the increase in polymer 

concentration and degree of substitution leads to higher storage modulus values with GelNB-

GelSH5eq having the highest value of 3333.9±783.9 Pa. On the other hand, tensile results 

showed the highest strain before breakage with the NUP-GelNB5eq at 48.4% having the lowest 

Young’s modulus (0.36 kPa) of all materials making this a great candidate for scaffolds that 

require stretching.  

The absorption at 405 nm indicated that while natural polymers performed well (values between 

0.243 and 0.3738), NUP-GelSH5eq had values too high for effective volumetric printing 

(0.869). 

The Voronoi porous model with gradient porosity was then modelled. Blender 4.0 was utilized 

for this purpose due to its advanced Geometry Nodes capabilities, which allow for precise 

control over scaffold architecture. The process involved creating a gradient Voronoi scaffold 

model with varying porosities by manipulating Voronoi textures and binary operations. 

A key part of the research involved developing a volumetric printing protocol for creating the 

Voronoi-patterned scaffolds. This included conducting dose tests and dose optimization which 

resulted in an ideal dose of 56.25 mJ⋅cm-² at 7 minutes physical gelation time at 4°C. And 

finally, CAD/CAM mimicry to observe the resolution of the prints which showed good 

printability of features as small as 120 µm. The multi-layered structure composition method 

was also developed for further research.  

The scaffolds were successfully VAM-printed and mechanically evaluated. Compression tests 

and frequency sweep analysis, on cubes and discs respectively, were conducted to assess the 

mechanical properties of the printed scaffolds. The results showed that VAM-printing increased 

the storage modulus (7013.74 ±714.93 Pa) compared to UV-lamp crosslinked sheets 

(3333.9±783.9 Pa). The I-WP 30% structure, known for its ease of printing, was successfully 

fabricated confirming the printability of porous structures, and then, the printed gradient 

Voronoi scaffold demonstrated the potential for effective gradient porosity. 

The final phase of the research focused on the biological performance of the scaffolds. A cell 

proliferation assay was used to analyse the metabolic activity of eq AT-MSCs encapsulated in 

the GelNB-GelSH5eq hydrogel. Live/dead staining was performed on the volumetrically 
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printed I-WP 30% scaffold with MSCs encapsulated in the GelNB-GelSH5eq hydrogel, to 

assess cell viability and distribution. 

In summary, this master’s thesis achieved the development of a gradient Voronoi-patterned 

scaffold that closely mimics the natural tendon-bone junction. The successful integration of 

natural polymers with advanced volumetric printing techniques demonstrates a promising 

approach for enhancing enthesis tissue regeneration. 

For future work, the primary focus will be on enhancing the resolution and printability of the 

GelNB-GelSH formulations to optimize them for mesenchymal stem cell (MSC) printing using 

volumetric additive manufacturing (VAM).  

To better understand the mechanical properties of the printed scaffolds, future studies should 

include ring tensile testing of volumetrically printed scaffolds. This will provide data on their 

tensile strength, which is essential for zones of the scaffold that require high tensile strength. 

Further development should involve creating 3D models and printing scaffolds using 

volumetric additive manufacturing (VAM) at sizes comparable to those observed in histological 

images of the tendon-bone junction (approximately 2 to 3 mm). This approach will help in 

replicating the precise gradient transitions seen in natural entheses. 

Another future research is the development of scaffolds with three distinct layers, each tailored 

with materials that possess mechanical properties specific to the requirements of different zones 

within the tendon-bone junction. This strategy would allow for a more biomimetic approach, 

replicating the natural gradient of tissue properties across the enthesis in terms of architectural, 

chemical, mechanical and differentiation cues gradients. 

Building on the initial cell studies, future research should continue to investigate the co-culture 

of osteoblasts and tenocytes with mesenchymal stem cells (MSCs) across different scaffold 

zones. Specifically, osteoblasts should be co-cultured with MSCs in zone 1 representing the 

bone part, MSCs alone in zone 2 representing the transition zone, and tenocytes with MSCs in 

zone 3 representing the tendon part. This would provide a more accurate cellular mimicry of 

the native tendon-bone junction. 

Further studies should also focus on identifying and incorporating growth factors that are 

beneficial for each of the three scaffold zones. Specific growth factors could promote cellular 

differentiation and tissue regeneration in a manner that closely mimics natural healing 

processes. 
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Appendix A: H- & P- Phrases 

1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) C8H17N3 

• H315 Causes skin irritation 

• H319 Causes serious eye irritation 

• H335 May cause respiratory irritation 

• P280 Wear protective gloves/protective clothing/eye protection/face protection 

• P261 Avoid breathing dust/fume/gas/mist/vapours/spray 

• P271 Use only outdoors or in a well-ventilated area 

• P264 Wash hands thoroughly after handling 

• P304 + P340 IF INHALED: Remove victim to fresh air and keep at rest in a position 

comfortable for breathing 

• P312 Call a POISON CENTER or doctor/physician if you feel unwell 

• P302 + P352 IF ON SKIN: Wash with plenty of soap and water 

• P362 + P364 Take off all contaminated clothing and wash it before reuse 

• P332 + P313 If skin irritation occurs: Get medical advice/attention 

• P305 + P351 + P338 IF IN EYES: Rinse cautiously with water for several minutes. 

Remove contact lenses, if present and easy to do. Continue rinsing 

• P337 + P313 If eye irritation persists: Get medical advice/attention 

• P501 Dispose of contents/ container to an approved waste disposal plant 

2-mercaptoethanol C2H6OS 

• H301 + H331 Toxic if swallowed or if inhaled. 

• H310 Fatal in contact with skin. 

• H315 Causes skin irritation. 

• H317 May cause an allergic skin reaction. 

• H318 Causes serious eye damage. 

• H361d Suspected of damaging the unborn child. 

• H373 May cause damage to organs (Liver, Heart) through prolonged or repeated 

exposure if swallowed. 

• H410 Very toxic to aquatic life with long lasting effects. 

• P273 Avoid release to the environment. 
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• P280 Wear protective gloves/ protective clothing/ eye protection/ face protection. 

• P301 + P310 IF SWALLOWED: Immediately call a POISON CENTER/ doctor. 

• P302 + P352 + P310 IF ON SKIN: Wash with plenty of water. Immediately call a 

POISON CENTER/ doctor. 

• P304 + P340 + P311 IF INHALED: Remove person to fresh air and keep comfortable 

for breathing. Call a POISON CENTER/ doctor. 

• P305 + P351 + P338 IF IN EYES: Rinse cautiously with water for several minutes. 

Remove contact lenses, if present and easy to do. Continue rinsing. 

5-norbornene-2-carboxylic acid C8H10O2 

• H314 Causes severe skin burns and eye damage. Precautionary Statements 

• P280 Wear protective gloves/ protective clothing/ eye protection/ face protection. 

• P303 + P361 + P353 IF ON SKIN (or hair): Take off immediately all contaminated 

clothing. Rinse skin with water. 

• P304 + P340 + P310 IF INHALED: Remove person to fresh air and keep comfortable 

for breathing. Immediately call a POISON CENTER/ doctor. 

• P305 + P351 + P338 IF IN EYES: Rinse cautiously with water for several minutes. 

Remove contact lenses, if present and easy to do. Continue rinsing. 

• P363 Wash contaminated clothing before reuse. 

• P405 Store locked up 

5-norbornene-2-methanol C8H12O 

• H302 + H312 + H332 Harmful if swallowed, in contact with skin or if inhaled. 

• P261 Avoid breathing mist or vapours. 

• P264 Wash skin thoroughly after handling. 

• P280 Wear protective gloves/ protective clothing. 

• P301 + P312 IF SWALLOWED: Call a POISON CENTER/ doctor if you feel unwell. 

• P302 + P352 + P312 IF ON SKIN: Wash with plenty of water. Call a POISON 

CENTER/doctor if you feel unwell. 

• P304 + P340 + P312 IF INHALED: Remove person to fresh air and keep comfortable 

for breathing. Call a POISON CENTER/ doctor if you feel unwell. 

Acetone C3H6O 

• H225 Highly flammable liquid and vapor. 
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• H319 Causes serious eye irritation. 

• H336 May cause drowsiness or dizziness. 

• Precautionary statement(s) 

• P210 Keep away from heat, hot surfaces, sparks, open flames and other ignition sources. 

No smoking. 

• P233 Keep container tightly closed. 

• P240 Ground and bond container and receiving equipment. 

• P241 Use explosion-proof electrical/ ventilating/ lighting/ equipment. 

• P242 Use non-sparking tools. 

• P305 + P351 + P338 IF IN EYES: Rinse cautiously with water for several minutes. 

Remove contact lenses, if present and easy to do. Continue rinsing. 

Boric acid H3BO3 

• H360FD May damage fertility. May damage the unborn child. 

• P201 Obtain special instructions before use. 

• P202 Do not handle until all safety precautions have been read and understood. 

• P280 Wear protective gloves/ protective clothing/ eye protection/ face protection. 

• P308 + P313 IF exposed or concerned: Get medical advice/ attention. 

• P405 Store locked up. 

• P501 Dispose of contents/ container to an approved waste disposal plant. 

Butylated hydroxytoluene (BHT) C15H24O 

• H410 Very toxic to aquatic life with long lasting effects. 

• P273 Avoid release to the environment. 

• P391 Collect spillage. 

• P501 Dispose of contents/ container to an approved waste disposal plant. 

Deuterated chloroform CDCl3 

• H302 Harmful if swallowed. 

• H315 Causes skin irritation. 

• H319 Causes serious eye irritation. 

• H331 Toxic if inhaled. 

• H336 May cause drowsiness or dizziness. 
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• H351 Suspected of causing cancer. 

• H361d Suspected of damaging the unborn child. 

• H372 Causes damage to organs (Liver, Kidney) through prolonged or repeated exposure 

if swallowed. 

• P202 Do not handle until all safety precautions have been read and understood. 

• P301 + P312 IF SWALLOWED: Call a POISON CENTER/ doctor if you feel unwell. 

• P302 + P352 IF ON SKIN: Wash with plenty of water. 

• P304 + P340 + P311 IF INHALED: Remove person to fresh air and keep comfortable 

• for breathing. Call a POISON CENTER/ doctor. 

• P305 + P351 + P338 IF IN EYES: Rinse cautiously with water for several minutes. 

Remove contact lenses, if present and easy to do. Continue rinsing. 

• P308 + P313 IF exposed or concerned: Get medical advice/ attention 

Diethyl ether (C2H5)2O 

• H224 Extremely flammable liquid and vapor. 

• H302 Harmful if swallowed. 

• H336 May cause drowsiness or dizziness. 

• P210 Keep away from heat, hot surfaces, sparks, open flames and other ignition sources. 

No smoking. 

• P233 Keep container tightly closed. 

• P240 Ground and bond container and receiving equipment. 

• P241 Use explosion-proof electrical/ ventilating/ lighting/ equipment. 

• P301 + P312 IF SWALLOWED: Call a POISON CENTER/ doctor if you feel unwell. 

• P403 + P233 Store in a well-ventilated place. Keep container tightly closed. 

Dry toluene C7H8 

• H225 Highly flammable liquid and vapor. 

• H304 May be fatal if swallowed and enters airways. 

• H315 Causes skin irritation. 

• H336 May cause drowsiness or dizziness. 

• H361d Suspected of damaging the unborn child. 

• H373 May cause damage to organs (Central nervous system) through prolonged or 

repeated exposure if inhaled. 
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• H412 Harmful to aquatic life with long lasting effects. 

• P202 Do not handle until all safety precautions have been read and understood. 

• P210 Keep away from heat, hot surfaces, sparks, open flames and other ignition sources. 

No smoking. 

• P273 Avoid release to the environment. 

• P301 + P310 IF SWALLOWED: Immediately call a POISON CENTER/ doctor. 

• P303 + P361 + P353 IF ON SKIN (or hair): Take off immediately all contaminated 

clothing. Rinse skin with water. 

• P331 Do NOT induce vomiting. 

Ethanol C2H5OH 

• H225 Highly flammable liquid and vapor. 

• H319 Causes serious eye irritation. 

• P210 Keep away from heat, hot surfaces, sparks, open flames and other ignition sources. 

No smoking. 

• P233 Keep container tightly closed. 

• P240 Ground and bond container and receiving equipment. 

• P241 Use explosion-proof electrical/ ventilating/ lighting/ equipment. 

• P242 Use non-sparking tools. 

• P305 + P351 + P338 IF IN EYES: Rinse cautiously with water for several minutes. 

Remove contact lenses, if present and easy to do. Continue rinsing. 

Isophorone diisocyanate (IPDI) C12H18N2O2 

• H315 Causes skin irritation. 

• H317 May cause an allergic skin reaction. 

• H319 Causes serious eye irritation. 

• H330 Fatal if inhaled. 

• H334 May cause allergy or asthma symptoms or breathing difficulties if inhaled. 

• H335 May cause respiratory irritation. 

• H411 Toxic to aquatic life with long lasting effects. 

• P260 Do not breathe mist or vapors. 

• P273 Avoid release to the environment. 

• P280 Wear protective gloves/ eye protection/ face protection. 
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• P302 + P352 IF ON SKIN: Wash with plenty of water. 

• P304 + P340 + P310 IF INHALED: Remove person to fresh air and keep comfortable 

for breathing. Immediately call a POISON CENTER/ doctor. 

• P305 + P351 + P338 IF IN EYES: Rinse cautiously with water for several minutes. 

• Remove contact lenses, if present and easy to do. Continue rinsing. 

Liquid nitrogen N2 

• H281: Contains refrigerated gas; may cause cryogenic burns or injury. 

• P282: Wear cold insulating gloves and either face shield or eye protection. 

• P336+P315: Thaw frosted parts with lukewarm water. Do not rub affected area. Get 

immediate medical advice/attention. 

• P403: Store in a well-ventilated place 

N-acetyl-homocysteine thiolactone C6H9NO2S 

• H301 Toxic if swallowed. 

n-butylamine C4H11N 

• H225 Highly flammable liquid and vapor. 

• H290 May be corrosive to metals. 

• H302 Harmful if swallowed. 

• H311 + H331 Toxic in contact with skin or if inhaled. 

• H314 Causes severe skin burns and eye damage. 

• H335 May cause respiratory irritation. 

• P210 Keep away from heat, hot surfaces, sparks, open flames and other ignition sources. 

No smoking. 

• P280 Wear protective gloves/ protective clothing/ eye protection/ face protection. 

• P301 + P312 IF SWALLOWED: Call a POISON CENTER/ doctor if you feel unwell. 

• P303 + P361 + P353 IF ON SKIN (or hair): Take off immediately all contaminated 

clothing. Rinse skin with water. 

• P304 + P340 + P310 IF INHALED: Remove person to fresh air and keep comfortable 

for breathing. Immediately call a POISON CENTER/ doctor. 

• P305 + P351 + P338 IF IN EYES: Rinse cautiously with water for several minutes. 

Remove contact lenses, if present and easy to do. Continue rinsing. 
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N-hydroxysuccinimide (NHS) C4H5NO3 

• H315 Causes skin irritation. 

• H318 Causes serious eye damage. 

• P264 Wash skin thoroughly after handling. 

• P280 Wear protective gloves/ eye protection/ face protection. 

• P302 + P352 IF ON SKIN: Wash with plenty of water. 

• P305 + P351 + P338 IF IN EYES: Rinse cautiously with water for several minutes. 

Remove contact lenses, if present and easy to do. Continue rinsing. 

• P332 + P313 If skin irritation occurs: Get medical advice/ attention. 

• P362 + P364 Take off contaminated clothing and wash it before reuse. 

O-phthalaldehyde (OPA) C8H6O2 

• H301 Toxic if swallowed. 

• H314 Causes severe skin burns and eye damage. 

• H317 May cause an allergic skin reaction. 

• H335 May cause respiratory irritation. 

• H410 Very toxic to aquatic life with long lasting effects. 

• P260 Do not breathe dust. 

• P273 Avoid release to the environment. 

• P280 Wear protective gloves/ protective clothing/ eye protection/ face protection. 

• P303 + P361 + P353 IF ON SKIN (or hair): Take off immediately all contaminated 

clothing. Rinse skin with water. 

• P304 + P340 + P310 IF INHALED: Remove person to fresh air and keep comfortable 

for breathing. Immediately call a POISON CENTER/ doctor. 

• P305 + P351 + P338 IF IN EYES: Rinse cautiously with water for several minutes. 

Remove contact lenses, if present and easy to do. Continue rinsing. 

Phosphoric acid H3PO4 

• H290 May be corrosive to metals. 

• H302 Harmful if swallowed. 

• H314 Causes severe skin burns and eye damage. 

• P234 Keep only in original packaging. 

• P270 Do not eat, drink or smoke when using this product. 
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• P280 Wear protective gloves/ protective clothing/ eye protection/ face protection. 

• P301 + P312 IF SWALLOWED: Call a POISON CENTER/ doctor if you feel unwell. 

• P303 + P361 + P353 IF ON SKIN (or hair): Take off immediately all contaminated 

clothing. Rinse skin with water. 

• P305 + P351 + P338 IF IN EYES: Rinse cautiously with water for several minutes. 

Remove contact lenses, if present and easy to do. Continue rinsing. 

Sodium carbonate Na2CO3 

• H319 Causes serious eye irritation. 

• P264 Wash skin thoroughly after handling. 

• P280 Wear eye protection/ face protection. 

• P305 + P351 + P338 IF IN EYES: Rinse cautiously with water for several minutes. 

Remove contact lenses, if present and easy to do. Continue rinsing. 

• P337 + P313 If eye irritation persists: Get medical advice/ attention. 

Sodium hydroxide NaOH 

• H290 May be corrosive to metals. 

• H314 Causes severe skin burns and eye damage. 

• P234 Keep only in original packaging. 

• P260 Do not breathe dust. 

• P280 Wear protective gloves/ protective clothing/ eye protection/ face protection. 

• P303 + P361 + P353 IF ON SKIN (or hair): Take off immediately all contaminated 

clothing. Rinse skin with water. 

• P304 + P340 + P310 IF INHALED: Remove person to fresh air and keep comfortable 

for breathing. Immediately call a POISON CENTER/ doctor. 

• P305 + P351 + P338 IF IN EYES: Rinse cautiously with water for several minutes. 

Remove contact lenses, if present and easy to do. Continue rinsing. 

Tetra sodium salt tetrahydrate (EDTA) C10H12N2Na4O8⋅4H2O 

• H302 Harmful if swallowed. 

• H315 Causes skin irritation. 

• H319 Causes serious eye irritation. 

• H335 May cause respiratory irritation. 
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• P261 Avoid breathing dust. 

• P264 Wash skin thoroughly after handling. 

• P271 Use only outdoors or in a well-ventilated area. 

• P301 + P312 IF SWALLOWED: Call a POISON CENTER/ doctor if you feel unwell. 

• P302 + P352 IF ON SKIN: Wash with plenty of water. 

• P305 + P351 + P338 IF IN EYES: Rinse cautiously with water for several minutes. 

Remove contact lenses, if present and easy to do. Continue rinsing. 

Appendix B: TGA and DSC thermograms 

 

Figure B  1 Graph resulting from TGA analysis of NUP 

 

Figure B  2 Graph resulting from DSC analysis of NUP 
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Appendix C: Sustainability and Ethical Reflections 

The development of hydrogel scaffolds for the tendon-bone junction represents a significant 

advancement in tissue engineering, particularly for addressing the complex healing challenges 

associated with injuries at this interface. However, it is equally important to consider the 

sustainability implications of this research across environmental, economic, and social 

dimensions. This reflection aims to explore these aspects, ensuring that the research contributes 

positively to both healthcare outcomes and sustainability goals. 

Environmental Sustainability 

To reduce the environmental impact of hydrogel scaffold production, selecting biodegradable 

materials from sustainable and renewable sources is essential. By minimizing the use of 

petrochemical derivatives and opting for natural or synthetic polymers that degrade safely, the 

carbon footprint associated with scaffold fabrication can be significantly lowered. Additionally, 

optimizing the volumetric printing process through advanced CAD/CAM techniques can 

enhance resource efficiency by reducing material waste and energy consumption. Refining the 

photo-crosslinking process to operate at lower energy levels further supports a sustainable 

manufacturing approach. Moreover, implementing effective waste management strategies for 

excess polymers and unused scaffolds, particularly in clinical settings, is critical to minimizing 

long-term waste and preventing environmental contamination. Biodegradable implants also 

eliminate the need for disposing the used product by biodegrading in the patient. 

Economic Sustainability 

To ensure the economic sustainability of Voronoi gradient hydrogel scaffolds, it is crucial to 

develop cost-effective methods for synthesizing and fabricating these materials. This includes 

optimizing the synthesis of photo-crosslinkable biomaterials to lower costs and increase yields 

and improving the volumetric printing process, which can become more affordable with 

streamlined and automated processes. Economic viability also depends on the scalability of 

production and adaptability to different clinical settings, such as in-house 3D printing 

laboratories in hospitals. Effective hydrogel scaffolds can reduce long-term healthcare costs by 

improving patient outcomes, decreasing reinjury rates, minimizing surgical interventions, and 

shortening rehabilitation periods, thereby lowering the overall economic burden on healthcare 

systems and patients. 
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Social Sustainability and Ethical Considerations 

The primary social benefit of this research is the potential improvement in patient outcomes 

and quality of life. By developing scaffolds that more accurately mimic the natural tendon-bone 

junction, the research aims to promote better healing, reduce pain, and enhance functional 

recovery. This could lead to significant social benefits, including reduced disability rates, 

improved mobility, and a better overall quality of life for patients suffering from tendon-bone 

injuries. Ethical considerations in this research include the use of sustainable and ethically 

sourced materials, especially the animal derived materials such as gelatines. Additionally, the 

research should aim to develop scaffolds that are accessible to a broad range of patient 

populations, including those in low-resource settings, to ensure equity and inclusivity in 

healthcare access. Promoting education and knowledge dissemination about the importance of 

sustainable practices in tissue engineering is vital for social sustainability. This includes sharing 

research findings with the scientific community, healthcare professionals, and the public to 

raise awareness about sustainable biomedical innovations. 
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