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Abstract

The aim of the present study was to fabricate and characterise chitosan scaffolds from animal and fungal 
sources, with or without gelatine as a co-polymer, and cross-linked to 3-glycidyloxyproply trimethoxysilane 
(GPTMS) or genipin for application in dental root tissue engineering.
	 Chitosan-based scaffolds were prepared by the emulsion freeze-drying technique. Scanning electron 
microscopy (SEM) and nano-focus computed tomography (nano-CT) were used to characterise scaffold 
microstructure. Chemical composition and cross-linking were evaluated by Fourier transform infrared-
attenuated total reflectance spectroscopy. Compression tests were performed to evaluate scaffold mechanical 
properties. Scaffold degradation was evaluated by gravimetric method and SEM. Scaffold bioactivity immersed 
in simulated body fluid was evaluated by SEM, with associated electron dispersive X-ray spectroscopy, 
and apatite formation was examined by X-ray diffraction. Finally, human dental pulp stem cells (hDPSCs) 
viability was evaluated.
	 The fabrication method used was successful in producing scaffolds with organised porosity. Chitosan 
source (animal vs. fungal), co-polymerisation with gelatine and cross-linking using GPTMS or genipin had 
a significant effect on scaffold properties and hDPSCs response. Chitosan-genipin (CS-GEN) scaffolds had 
the largest pore diameter, while the chitosan-gelatine-GPTMS (CS-GEL-GPTMS) scaffolds had the smallest. 
Animal chitosan-gelatine co-polymerisation increased scaffold compressive strength, while fungal chitosan 
scaffolds (fCS-GEL-GPTMS) had the fastest degradation rate, losing 80 % of their weight by day 21. Gelatine 
co-polymerisation and GPTMS cross-linking enhanced chitosan scaffolds bioactivity through the formation 
of an apatite layer as well as improved hDPSCs attachment and viability.
	 Tailored chitosan scaffolds with tuned properties and favourable hDPSCs response can be obtained for 
regenerative dentistry applications.
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to repair/replace the inflamed/necrotic dentine/pulp 
complex to restore vascularisation, immune response, 
innervation and dentine deposition at a regulated rate 
mimicking that of the normal dentine/pulp complex 
(Albuquerque et al., 2014; Huang and Garcia-Godoy, 
2014). REPs are of particular importance in the 
treatment of children’s immature teeth suffering pulp 
necrosis to induce root development and subsequent 
maturation (Austah et al., 2018; EzEldeen et al., 2015; 
Meschi et al., 2018; Meschi et al., 2019). Other more 
common examples are guided periodontal and 
alveolar bone regeneration (Larsson et al., 2016). 
Nevertheless, current clinical protocols for dental 
tissue regeneration have been associated with highly 
variable outcomes (Larsson et al., 2016; Meschi et al., 
2018; Meschi et al., 2019). Therefore, there is a need 
for clinically applicable biomaterial-supported dental 
tissue regeneration approaches.
	 TERM can be approached either in a cell-free 
or in a cell-based manner and the choice of the 
appropriate scaffold plays a crucial role in both 
approaches. Several natural and synthetic materials 
have been proposed as candidates for dento-alveolar 
tissue engineering (Galler and D’Souza, 2011; Galler 
et al., 2010). Chitosan has attracted much attention 
mainly because of its antimicrobial (Fakhri et al., 
2020) and immunomodulatory properties (Caires 
et al., 2018; 2016), in addition to biocompatibility, 
biodegradability, low immunogenicity, gel-forming 
ability and osteoinductivity (Ceccarelli et al., 2017; 
Sharma et al., 2014). Chitosan is obtained by partial 
deacetylation of the insoluble chitin, which is a 
copolymer of N-acetylglucosamine and glucosamine 
residues linked by β-1,4-glycosidic bonds (Nwe et 
al., 2009) as well as a natural polymer and structural 
element of the exoskeleton of crustaceans (such as 
crabs and shrimps), fungi or insects (Gathani and 
Raghavendra, 2016). The DA and MW of chitin can 
vary among members of the chitosan family (Liu et 
al., 2016). Chitosan’s drawbacks are low strength, 
difficulty to control pore size, possible toxicity caused 
by chemical modifications and inconsistent behaviour 
with seeded cells (Gathani and Raghavendra, 2016). 
Moreover, chitosan isolated from crustaceans’ shells 
can induce a possible allergic reaction in the human 
body. Therefore, chitosan preparation from fungal 
cell walls using fermentation technologies has been 
suggested as an alternative for the fabrication of 
scaffolds used in tissue engineering (Nwe et al., 2009). 
Fungal chitosan usually has a lower MW compared to 
animal chitosan, which is linked to a faster degradation 
rate and higher release of chitooligosaccharides (Nwe 
et al., 2009). Chitooligosaccharides have an important 
role in antimicrobial activity, immunomodulation, 
wound healing and subsequent tissue regeneration 
(Batista et al., 2018; Hamedi et al., 2018; Nwe et al., 
2009). Therefore, the use of fungal chitosan might 
offer several advantages in the context of tissue 
engineering.
	 Chemical  cross- l inking agents  such as 
glutaraldehyde and formaldehyde have been 
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Introduction

Oral tissues exhibit a slight regenerative capacity in 
response to decay, inflammation, trauma or resective 
surgeries. However, irreversible damage occurs 
frequently and a full recovery of the dentoalveolar 
structures is extremely challenging due to its complex 
anatomy (Albuquerque et al., 2014; Larsson et al., 
2016). Recently, TERM has been explored for the 
replacement of injured and missing tissues, claiming 
promising results. Modern TERM has also opened 
new possibilities for regenerative dentistry. One of 
these is the application of REPs (Austah et al., 2018; 
EzEldeen et al., 2015; Meschi et al., 2018), which aim 
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used to enhance the stability of chitosan scaffolds. 
However, the risk of toxicity upon release of non-
reacted groups or after degradation has led to the 
interest in enzymatically or naturally derived cross-
linking agents (Gao et al., 2014; Tonda-Turo et al., 
2011). GPTMS contains an epoxy and silicon alkoxide 
functionality and can, therefore, be used as a coupling 
agent (Šapić et al., 2014). Genipin, found in Gardenia 
jasminoides fruit, is a natural cross-linking agent for 
macromolecules by binding amine groups between 
adjacent molecules (Gao et al., 2014). Genipin has 
interesting properties for dental applications, as it 
shows anti-inflammatory properties (Mi et al., 2005), 
and promotion of odontoblastic differentiation of 
human dental pulp cells (Kwon et al., 2015). Further, 
copolymerisation of chitosan with gelatine can 
enhance the biological response due to the presence 
of the integrin-binding RGD-like sequence in gelatine 
that will promote cellular attachment (Kumar et al., 
2017).
	 The overall aim of the present study was to 
fabricate and characterise chitosan scaffolds from 
animal and fungal sources, with or without gelatine as 
a co-polymer and cross-linked to GPTMS or genipin 
for application in dental root tissue engineering.

Materials and Methods

Chemicals and materials
Two types of chitosan have been investigated for 
preparing the scaffolds: 1) chitosan of animal origin, 
i.e. 75-85 % deacetylated chitin, having a medium MW 
of 190-310  kDa (448877, Sigma-Aldrich); 2) fungal 
chitosan derived from Aspergillus niger, i.e. 70-80 % 
deacetylated chitin having a low MW < 30 kDa (KION.
CSH.PC, KIOnutrime CsG, KitoZyme s.a., Herstal, 
Belgium). Gelatine powder derived from porcine skin 
by acid-curing (type A) and having a gel strength of 
~ 300 g was used as additional polymer (G2500, Sigma-
Aldrich). As cross-linking agents, genipin (powder, 
>  98  % purity, G4796, Sigma-Aldrich; or >  98  % 
purity, 6902-77-8, Challenge Bioproducts, Douliu, 
Taiwan) and 3-glycidyloxypropyl trimethoxysilane 
(GPTMS, liquid, >  98  % purity, 440167, Sigma-
Aldrich) were used. Acetic acid (>  99  % purity, 
Chem-Lab NV, Zedelgem, Belgium) was used as 
a solvent for chitosan. PBS was purchased from 
Sigma-Aldrich. SBF medium was purchased from 
Heraeus, Weiss Technik, Belgium. hDPSCs were 
cultured in αMEM (Sigma-Aldrich) supplemented 
with 2  mmol/L L-glutamine (Sigma-Aldrich), 
100  U/mL penicillin (Sigma-Aldrich), 100  μg/
mL streptomycin (Sigma-Aldrich) and 10  % FBS 
(Gibco, Thermo Fisher Scientific). Serum-free MSC 
medium (MesenCult-ACF Plus Medium, Stem 
Cell Technologies, Vancouver, Canada) was used 
for the metabolic activity assay. Fibronectin was 
purchased from Sigma-Aldrich and alamarBlue™ 

kit (alamarBlue™ cell viability reagent solution) from 
Thermo Fisher Scientific. Well plates used were 96-
well plate, TPP tissue culture plates (Sigma-Aldrich) 
and 96-well plate, Chimney well (Fluotrac™, Greiner, 
Austria).

Scaffold synthesis and fabrication
Chitosan-based scaffolds were prepared by the 
emulsion freeze-drying technique (Fig. 1). To this 
end, suitable size moulds were first designed using 
CAD software (3-Matic, Materialise, city?, Belgium) 
and then 3D printed using a polyjet printer (Objet350 
Connex3, Stratasys, Rehovot, Israel). Next, chitosan 
was dissolved in an aqueous acetic acid solution to 
obtain a concentration of 1.5 % (w/v), heated at 40 °C 
after mixing and kept under the fume hood for 3 h 
to remove most of the bubbles. Gelatine was added 
as an extra polymer to chitosan (for 2 experimental 
groups), with a chitosan/gelatine weight ratio of 1 : 1 
(Cui et al., 2014; Sakai and Kawakami, 2007). After 
preparing the polymer solutions, GPTMS (chitosan/
GPTMS weight ratio of 1 : 1) (Chao, 2008) or genipin 
(animal chitosan/genipin weight ratio of 100  :  1) 
(Dimida et al., 2017; Lluch et al., 2009) were added 
as cross-linking agents to improve the mechanical 
properties and the chemical stability of the scaffolds 
(Sakai and Kawakami, 2007). As such, three different 
scaffold compositions were investigated, further 
referred to as chitosan-gelatine-GPTMS (CS-GEL-
GPTMS), fungal chitosan-gelatine-GPTMS (fCS-
GEL-GPTMS) and chitosan-genipin (CS-GEN). After 
solution preparation, the precursor solutions were 
dispensed in the moulds and immediately placed 
in dry ice for directional freezing to obtain radially 
oriented pore structure. Finally, the filled moulds 
were freeze-dried for 24 h and demoulded to obtain 
the final scaffolds (Fig. 1).

Scaffold characterisation
SEM
To visualise the internal structure of the different 
chitosan scaffolds, cross-sections were prepared from 
cylindrical freeze-dried samples by immersing them 
in liquid nitrogen and cutting into pieces using a razor 
blade. Subsequently, samples were mounted on an 
aluminium sample holder using double-sided carbon 
tape and sputter coated with a 10 nm-thick platinum 
layer under vacuum to achieve conductivity. Then, 
both cross-sections in longitudinal and transverse 
direction were observed by SEM (XL30 FEG, FEI 
Europe BV, Zaventum, Belgium). Imaging was 
conducted at an accelerating voltage of 5 or 10 kV, 
a spot size of 2 or 3, a 10 mm working distance. A 
low accelerating voltage and a small spot size were 
used to avoid charging effects. The image processing 
software Fiji (Image J, National Institutes of Health) 
(Schindelin et al., 2012) was used to process the SEM 
images and determine the average pore size of the 
scaffolds by measuring the diameter of 5 pores in 5 
different areas, for a total of 25 pores.
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Nano-CT
To non-destructively visualise the internal pore 
structure in a 3D fashion, fabricated scaffolds 
were investigated by X-ray CT. Acquisition of CT 
images was carried out using a submicrometric 
resolution CT device (Nanotom, GE Phoenix, 
Blomberg, Germany). Samples were positioned on 
a sample holder on the rotary table ensuring that 
the longitudinal axis coincided with the rotary 
axis. Scanning was performed over 360° with a step 
size of 0.7°. All measurements were obtained using 
molybdenum target applying an operating voltage 
of 90 kV and a current of 250 mA during a 16.5 min 
exposure time for one scan. No filters were used and 
an isotropic voxel size of 8.5 μm could be reached. 
The projected radiographs were reconstructed in 
cross-sectional images using a commercial software 
package (Phoenix datosx, GE Phoenix, Wunstorf, 
Germany). The reconstructed nano-CT dataset was 
further visualised and analysed using a commercially 
available image analysis software (Amira, Thermo 
Fisher Scientific). Three ROIs (2  × 2  × 1 mm) were 
created from each image and were used to calculate 
the porosity and mean polymer strut thickness of the 
chitosan scaffolds.

	 As a measure for the 3D surface roughness of the 
scaffold struts, the FD was calculated from the nano-
CT scans of the chitosan scaffolds. For very smooth 
surfaces, the FD is equal to a value of 2, while for 
extremely rough surfaces the FD will be approaching 
the limit value of 3 (Amancio et al., 2020; Militký and 
Bajzík, 2001). Three ROIs (2 × 2 × 1 mm) were created 
from each image for computational reasons. ROIs 
were binarised to obtain 3D models for the scaffold’s 
struts. Then, the FD was calculated for each ROI and 
averaged to obtain the final score for each scaffold 
type (Amira, Thermo Fisher Scientific).

FTIR-ATR
To investigate the chemical composition and cross-
linking process, fabricated chitosan scaffolds were 
analysed by FTIR-ATR (Vertex 70 with platinum ATR, 
Bruker) Chitosan starting materials and the various 
cross-linking agents (genipin, GPTMS and gelatine) 
were analysed as controls. All samples were prepared 
for analysis by grinding them to a fine powder with 
the aid of liquid nitrogen. Spectra were taken in the 
range 4,000-500 cm− 1 at a resolution of 2 cm− 1 and 
averaged over 64 scans.

Fig. 1. Scaffold fabrication. (a) Polymer solution preparation; (b) CAD mould design and mould 
3D-printing; (c) polymer moulding and directional freezing for different scaffold designs; (d) freeze-drying; 
(e) examples of scaffolds fabricated, scale bars: 10 mm. 



M EzEldeen et al.                                                                                            Chitosan scaffolds from different sources

489 www.ecmjournal.org

Mechanical testing
To determine the load-bearing capacity of the 
chitosan scaffolds, compression tests were performed 
on cylindrical samples (n  =  5) using a mechanical 
testing device (Instron 5567). A load cell of 1 kN at a 
crosshead speed of 1 mm/min was used. Time, load 
and extension were measured and captured using 
the Instron Bluehill software. The initial height and 
diameter of the samples were measured and used 
as input. The compressive modulus was calculated 
from the compressive stress-strain curve in the linear 
strain range, determined for each sample separately 
by plotting the compressive modulus in function of 
the strain. At least 4 samples were used to obtain 
reliable data.

Scaffold degradation testing
In vitro hydrolytic degradation tests were performed 
by incubating the scaffolds (n = 3 per scaffold and time 
point) in PBS (pH 7.4) at 37 °C under agitation for a 
predefined time interval. For these tests, disk-shaped 
(10 mm diameter and 5 mm height) samples were 
used in triplicate. To mimic human body conditions, 
a PBS buffer solution was used. This was prepared 
by dissolving one PBS tablet in 200 mL of deionised 
water at 25 °C, yielding a concentration of 0.01 mol/L 
phosphate buffer, 0.0027 mol/L KCl and 0.137 mol/L 
NaCl (pH 7.4).
	 After recording its initial weight, each scaffold 
was placed in a separate well of a 12-well cell culture 
plate containing 5 mL of PBS. Cell plates were placed 
in an incubator shaker (Innova 43, News Brunswick 
Scientific, Nijmegen, the Netherlands) operating at 
37 °C and agitation of 60 rpm. The buffer solutions 
were replaced twice a week with fresh PBS. At 
each predetermined time interval (1, 2 or 3 weeks), 
scaffolds were removed from the medium, washed 
with distilled water to remove remaining medium 
and freeze-dried to ensure a constant weight. 
Afterwards, scaffolds were weighed again and the 
degradation rate was calculated using the equation:

where W0 denotes the original sample weight and Wt 
the sample weight at the selected time point.
	 For each combination of scaffold type and 
degradation period, one replicate was examined 
by SEM, as described above, to compare the pore 
structure after varying degradation periods (1, 2 and 
3 weeks) with the original pore structure.

Bioactivity testing
The scaffolds’ bioactivity contributes to their potential 
to form an apatite layer (i.e. hydroxyapatite). The 
apatite-forming ability of all types of scaffolds was 
investigated by immersion in SBF, a medium with 
ion concentrations nearly equal to those of human 
blood plasma, following the technique suggested by 
Kokubo and Takadama (2006).

	 To obtain a consistent ratio of liquid to scaffold 
surface area, the required volume of SBF for each 
sample was calculated using the equation (Kokubo 
and Takadama, 2006):

where Vs is the volume of SBF (in mL) and Sa is the 
apparent surface area of the sample (in mm2).
	 For the disk-shaped samples, applying the 
formula resulted in a SBF volume of ~ 32 mL. For 
porous samples, the required volume of SBF should 
be larger than the calculated Vs and, therefore, a 
volume of 40 mL SBF for each sample was chosen. 
Three replicates of each type of scaffold were 
immersed in 40 mL SBF at 37 °C up to 3 weeks, with 
scaffolds being removed after 1 and 3 weeks. From 
day 7 onwards, the SBF was refreshed twice a week. 
At each selected time point, samples were removed 
from the SBF solution, rinsed with distilled water to 
remove the remaining SBF solution and dried using 
a vacuum desiccator (Dimida et al., 2017; Kokubo 
and Takadama, 2006). For each combination of 
scaffold type and immersion time, two replicates 
were examined by SEM with associated EDX (EDAX, 
Tilburg, the Netherlands). Analysis was performed at 
an accelerating voltage of 15 kV, a spot size of 6 and 
a 11 mm working distance. Apatite formation can be 
recognised by a characteristic needle-like layer or by 
a Ca/P ratio around 1.67 (Chen et al., 2015). Further, 
one replicate was examined by XRD (Bruker, D2 
Phaser) to determine if apatite was present or not. 
Prior to the measurements, the chitosan scaffolds 
were milled using a mortar and pestle. A coupled 
2θ/θ scan type (range of 5-80° in 2θ) was used, using 
CuKα (λ = 0.15405 nm) radiation as the source at a rate 
of 2°/min, a voltage of 40 kV and a current of 30 mA. 
The analysis software HighScore Plus (Malvern 
Panalytical, Malvern, UK) was used to identify the 
peaks observed in the obtained XRD spectra.

Biological evaluation
Primary cell cultures
Dental pulp tissues were acquired with informed 
consent from patients (15-20 years of age, male and 
female) undergoing extraction of third molars for 
therapeutic or orthodontic reasons. Written informed 
consent was obtained from the patients and/or 
their parents, as approved by the medical ethical 
committee of Hasselt University, Belgium (protocol 
13/0104U). Pulp tissue was obtained using forceps 
after mechanically fracturing the extracted and 
disinfected tooth with surgical chisels. Pulp tissue 
was rinsed and kept at 37 °C in αMEM supplemented 
with 2  mmol/L L-glutamine, 100  U/mL penicillin, 
100  μg/mL streptomycin and 10  % FBS. hDPSCs 
were isolated according to the explant method 
and expanded in culture, as described previously 
(Hilkens et al., 2013). Cells were cultured in αMEM, 
enriched with 10 % heat-inactivated FBS, 2 mmol/L 
L-glutamine, 100  U/mL penicillin and 100 µ g/mL 
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streptomycin. Only mycoplasma negative cells, 
screened using the PlasmoTestTM kit (InvivoGen), 
were used. All hDPSC cultures were tested by means 
of flow cytometry for the expression at the protein 
level of the following mesenchymal cell markers, as 
described previously (Hilkens et al., 2013): positive 
for CD29, CD73, CD90 and CD105; negative for CD31, 
CD34 and CD45.

Evaluation of hDPSC viability and metabolic activity
To obtain sterile scaffolds, 24  h before seeding, 
scaffolds were placed in 70 % EtOH for 2 h, washed 
with PBS, placed in a 96-well plate and stored in an 
incubator until the next step. 5 × 105 cells/mL hDPSCs 
were seeded in 40 μL of serum-free MSC medium 
on top of an uncoated scaffold (n = 9, per scaffold 
composition and time point) or a scaffold coated with 

Fig. 2. Scaffolds microstructure. (a-f) Representative SEM images (higher magnification in the top right 
corner of each image) of (a,c,e) transverse cross-sections showing radially oriented pores and (b,d,f) 
longitudinal cross-sections. (g) Average pore size as measured from SEM images. (h-p) Representative nano-
CT images. (h,k,n) 3D map of the strut thickness in a 2 × 2 × 1 mm ROI from the different scaffolds. (i,l,o) 
Transverse cross-sections and (j,m,p) longitudinal cross-sections, both showing radially oriented pores. 
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20 μg/mL fibronectin (n = 9, per scaffold composition 
and time point). In addition, scaffolds devoid of 
cells were prepared and served as blank replicates 
to remove background signal. Cells were allowed 
to attach for 30 min, then 200 μL of serum-free MSC 
medium supplemented with 2 mmol/L L-glutamine, 
100  U/mL penicillin and 100  μg/mL streptomycin 
was added to each well. 2D controls of 5 × 103 cells 
were seeded in a 96-well plate in two different types 
of culture medium: αMEM supplemented with 
2 mmol/L L-glutamine, 100 U/mL penicillin, 100 μg/
mL streptomycin and 10 % FBS or serum-free MSC 
medium (same composition as the medium used for 
the scaffolds). After 1, 2, 3 and 7 d in culture, scaffolds 
were transferred to a new well and an alamarBlue 
solution (1/10 volume of the culture medium) was 
added to each well and incubated for 2 h at 37 °C 
and 5  % CO2. After incubation, the medium was 
transferred to a 96-well plate and the fluorescence 
excitation/emission was measured at 560/590  nm 
using a microplate reader (Varioskan, Thermo 
Fisher Scientific). Readings of the blank replicates 
were subtracted to obtain the actual cell signal.

Statistical analysis
Statistical analysis was performed using GraphPad 
Prism for MacOS, version 9.0. (GraphPad Software). 
Statistical analysis (IQR method) was carried out 
to determine outliers and exclude them from the 
compressive modulus calculation. The influence of the 
different scaffold compositions on the compressive 
modulus was tested using a one-way ANOVA. The 
influence of the different experimental conditions and 
the time factor on scaffold degradation rate and cell 
viability was modelled using a two-way ANOVA. All 
ANOVA tests were followed by Tukey’s correction 
for multiple comparisons. Statistical significance 
was determined at p < 0.05. Descriptive statistics are 
represented as mean ± standard deviation.

Results

Microstructure of fabricated chitosan scaffolds
The fabrication method used was successful 
in producing porous scaffolds. Fig. 2 shows 
representative SEM cross-sectional images of the 
chitosan scaffolds fabricated either in the transversal 
(Fig. 2a,c,e) or in the longitudinal direction (Fig. 
2b,d,f). It can be observed that all scaffolds exhibited a 
significantly different pore structure in the transverse 
cross-section as compared to the longitudinal cross-
section. This pore anisotropy was obtained by 
manipulating the cooling direction during solution 
moulding by using dry ice only on the sides of the 
mould. The transverse cross-section consisted of 
elongated pores or radially oriented lines of pores 
(Fig. 2a,c,e), while these radially oriented pores 
were not well observed in the longitudinal cross-
section. The average pore diameter of the scaffolds 
was determined by analysis of SEM images of the 

transverse cross-sections (Fig. 2g). CS-GEN scaffolds 
showed the largest pore diameter of 112.6 ± 11.8 µm, 
followed by fCS-GEL-GPTMS scaffolds, with a pore 
diameter of 57.4 ± 4.3 µm. CS-GEL-GPTMS scaffolds 
had the smallest pore diameter of 39.8 ± 3.2 µm.
	 Nano-CT was used as an additional technique 
to evaluate the 3D pore structure of the fabricated 
scaffolds. Fig. 2h-p shows a 3D map of the scaffold 
strut thickness together with a representative 
transverse and longitudinal cross-section for the 
selected scaffolds. The radially oriented pores 
were observed in the transverse cross-sections 
of all investigated scaffolds, which matched the 
observations in the SEM images. Additionally, this 
desired pore directionality was also observed in 
the longitudinal cross-sections. Scaffold porosity 
and mean strut thickness, as calculated from the 
nano-CT data, revealed a comparable porosity 
level and mean strut thickness between all three 
scaffold compositions. This was 38.7 % porosity for 
CS-GEL-GPTMS, with a mean strut thickness of 
27.1 ± 12.2 µm; 36.6 % porosity for CS-GEN, with a 
mean strut thickness of 26.4 ± 11.3 µm; 34.2 % porosity 
for fCS-GEL-GPTMS, with a mean strut thickness of 
27.2 ± 11.6 µm.
	 Finally, the nano-CT datasets were used to 
calculate the FD of the scaffolds struts as a measure 
of 3D surface roughness. All scaffold compositions 
had a FD value close to 3, indicating a high surface 
roughness. This was 2.8 ± 0.006 for CS-GEL-GPTMS 
scaffolds, 2.8 ± 0.003 for fCS-GEL-GPTMS scaffolds 
and 2.7 ± 0.001 for CS-GEN scaffolds.

Chemical composition and cross-linking
All tested sample spectra showed absorption bands 
at 2,800-3,000  cm−  1 and a broad band between 
3,000-3,600 cm− 1, which could be attributed to C-H 
stretching vibrations (symmetric and asymmetric) 
and an overlap of amine and alcohol stretching 
vibrations, respectively (Chiono et al., 2008; Klein et 
al., 2016). For the sake of simplicity, these bands are 
not shown and only the wave number range from 
1,800 to 650 cm− 1 is presented.
	 The FTIR spectra for scaffolds obtained from 
animal chitosan (CS-GEL-GPTMS, Fig. 3a) and 
fungal chitosan (fCS-GEL-GPTMS, Fig. 3b) were 
similar, with approximately the same peaks, although 
some smaller differences could be observed. The 
cross-linking of GPTMS with chitosan consisted of 
the reaction between amine groups of the chitosan 
with oxirane groups in the GPTMS. This could be 
observed by an intensity decrease in the absorption 
band at 1,552 cm− 1, attributed to the N-H bending of 
the primary amine (Liu et al., 2004). The N-H bending 
peak was more intense in the fCS-GEL-GPTMS 
spectrum, suggesting a lower degree of cross-linking 
(Liu et al., 2004). All spectra showed bands around 
1,021  cm− 1 and 920  cm− 1, which could be assigned 
to the Si-O-Si and Si-OH stretching, respectively 
(Connell et al., 2014; Liu et al., 2004; Tonda-Turo et al., 
2011). The presence of these bands was characteristic 
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for the cross-linking mechanism of GPTMS. In these 
spectra, bands at 1,020  cm−  1 and 910  cm−  1 were 
observed, associated with Si-O-Si bonds and Si-OH 
stretching, respectively. The presence of these bonds 
confirmed the successful cross-linking between 
chitosan and gelatine by GPTMS (Tonda-Turo et al., 
2011).
	 Fig. 3c shows the spectra for scaffolds obtained 
from animal chitosan crosslinked to genipin 

(CS-GEN), confirming successful cross-linking 
as demonstrated by the presence of new peaks 
indicating the reaction between chitosan and genipin 
and the disappearance of peaks characteristic of 
the starting materials. The cross-linking of genipin 
with chitosan is a two-step process. The first, and 
fastest, reaction consists of the nucleophilic attack by 
the amino group of chitosan on the olefinic carbon 
atom at C3 of genipin, resulting in an opening of the 

Fig. 3. Chemical composition and cross-linking. FTIR spectra of the chitosan scaffolds tested in comparison 
to the respective starting materials. (a) CS-GEL-GPTMS, (b) fCS-GEL-GPTMS, (c) CS-GEN. 
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dihydropyran ring and formation of a tertiary amine 
(i.e. a heterocyclic compound of genipin cross-linked 
to polymers containing primary amine groups) (Cui 
et al., 2014; Klein et al., 2016). In the FTIR spectra, this 
reaction can be seen by an increase in the intensity 
of the C-N band around 1,078 cm− 1 (Cui et al., 2014). 
The subsequent slower reaction is a nucleophilic 
substitution that forms an amide through the reaction 
of the amino group on chitosan with the ester 
carboxymethyl group (by C11) of genipin (Cui et al., 
2014; Klein et al., 2016). This can be observed by the 
secondary amide band at 1,546 cm− 1 (characteristic of 

N-H bending) and the peak at 1,633 cm− 1, assigned 
to C=O stretching in secondary amides (Klein et al., 
2016). Additionally, the increase in the peaks around 
1,404  cm−  1 and 1,015  cm−  1 could be attributed to 
C-N stretching and C-OH stretching vibrations, 
respectively (Klein et al., 2016).

Animal chitosan gelatine co-polymerisation 
increases scaffold compressive strength
CS-GEL-GPTMS scaffolds showed the highest 
compressive modulus (364 ± 30 kPa). This was 3-fold 
higher than scaffolds fabricated with the fungal 

Fig. 4. Scaffolds degradation. (a) Hydrolytic degradation rate of the chitosan scaffolds showing fastest 
degradation rate for fCS-GEL-GPTMS scaffolds, reaching 80 % by 21 d. Data are represented as mean 
± standard deviation. (b-m) Representative SEM images of scaffold degradation up to 21 d; (f,g) fCS-GEL-
GPTMS and CS-GEN scaffolds showing wider pores and rougher surfaces at 7 d; (i,l) fCS-GEL-GPTMS 
scaffolds showing progressive degradation leading to loss of structural organisation at 14 and 21 d matching 
the gravimetric results in a. 
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chitosan (fCS-GEL-GPTMS) (122 ± 9 kPa) and 5-fold 
higher than scaffolds fabricated only with animal 
chitosan without gelatine and crosslinked using 
genipin (67 ± 15 kPa).

Scaffold degradation affected by chitosan source 
and type of cross-linker
Scaffolds with fungal chitosan (fCS-GEL-GPTMS) 
showed the fastest degradation rate in PBS, 
followed by CS-GEN and CS-GEL-GPTMS scaffolds, 
respectively (Fig. 4a). There was a significant (p < 0.05) 
effect on scaffold degradation rate based on scaffold 
composition [F (2, 6) = 363.1, p < 0.0001] and time point 
[F (1.63, 9.79) = 1244, p < 0.0001]. Post-hoc comparisons 
by Tukey test showed that fCS-GEL-GPTMS scaffolds 
were degrading faster when compared to CS-GEL-
GPTMS scaffolds at all time points (p < 0.05), while the 
difference in degradation rate was only statistically 
significant at day 21 compared to CS-GEN scaffolds 
(p < 0.05). The differences between CS-GEL-GPTMS 
and CS-GEN scaffolds were statistically significant 
at all time points (p < 0.05). For the two groups with 
animal chitosan, the greatest bulk of degradation 
occurred in the first 7 d, afterwards the degradation 
rate seemed to plateau up to day 21. This was in 

contrast with the observations for the fungal chitosan 
group, where the degradation progressed steadily up 
to day 21 (Fig. 4a). The results from the gravimetric 
analysis were confirmed by the SEM images for the 
scaffolds at the different experimental time points 
(Fig. 4b-m). fCS-GEL-GPTMS scaffolds showed an 
increase in pore size, pore irregularity and pore 
surface roughness, with the porous structure changed 
in a sheet-like structure with bigger pores after 
degradation (Fig. 4c,f,i,l).

Gelatine as a co-polymer enhanced chitosan 
scaffolds bioactivity through the formation of an 
apatite layer
After 7 d of soaking in SBF solution, no CaP deposits 
could be detected on any of the scaffolds (results not 
shown). All spectra showed high peaks of carbon, 
which could be explained by chitosan (since it mainly 
consists of C, O and H) and the use of a carbon 
coating. Furthermore, traces of Ca, P, S, K, Mg were 
detected on the surface of all scaffolds, which could 
also be explained by the immersion in SBF.
	 After 21 d in SBF, CaP deposits could be observed 
on chitosan/gelatine blend scaffolds (CS-GEL-GPTMS 
and fCS-GEL-GPTMS) (Fig. 5a-d). The EDX spectra 

Fig. 5. Scaffold bioactivity. (a,b) Representative SEM images and (c,d) corresponding EDX point analysis 
after 21 d in SBF, showing high levels of Ca and P deposition characteristic of hydroxyapatite formation. 
(e,f) XRD analysis confirming the formation of hydroxyapatite crystals. 
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Fig. 6. hDPSCs metabolic activity. (a) hDPSCs metabolic activity up to 7 d in response to scaffolds showing 
a favourable cellular response to all chitosan scaffolds, with significantly higher viability in response to CS-
GEL-GPTMS scaffolds over the experimental period. (b) Metabolic activity in response to scaffolds coated 
with fibronectin (FC). ANOVA showing significantly higher viability in response to CS-GEL-GPTMS with 
FC scaffolds compared to the other two groups and significantly higher viability for fCS-GEL-GPTMS 
with FC scaffolds compared to the Ch-GEN with FC scaffolds. (c) Cellular response to CS-GEL-GPTMS 
scaffolds was not affected by the addition of FC, while (d) a positive effect was observed with fCS-GEL-
GPTMS and (e) a negative effect with CS-GEN scaffolds. (f) 2D controls in different cell culture media. 
(g,h) Representative SEM images for hDPSCs attached to the scaffold surface (g) CS-GEL-GPTMS and (h) 
fCS-GEL-GPTMS. Data are represented as mean ± standard deviation. * statistically significant; ns: not 
significant. FU: fluorescence unit.
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showed the presence of Si related to the use of GPTMS 
and C related to chitosan. Additionally, traces of SBF 
(Ca, P, S, K, Mg) and some NaCl crystals were detected 
at distinct positions on the surface of the scaffolds. 
However, the chitosan/gelatine blend scaffolds (CS-
GEL-GPTMS and fCS-GEL-GPTMS) showed some 
clear Ca and P peaks (Fig. 5c,d). Moreover, the CaP 
deposits showed a typical cauliflower structure of 
hydroxyapatite crystals on the SEM images (Fig. 
5a,b). XRD analysis at 21 d suggested the formation of 
HA crystals on the surface of chitosan/gelatine blend 
scaffolds (CS-GEL-GPTMS and fCS-GEL-GPTMS) 
(Fig. 5e,f). To further investigate the deposits on 
CS-GEL-GPTMS and fCS-GEL-GPTMS scaffolds, 
the average Ca/P ratio was calculated by examining 
5 different points at the surface by EDX (Table 1). 
A Ca/P ratio of 1.98 and 1.89 was found for animal 
chitosan/gelatine blend scaffolds (CS-GEL-GPTMS) 
and fungal chitosan/gelatine blend scaffolds (fCS-
GEL-GPTMS), respectively. It should be noted that 
small amounts of Ca and P were also detected on the 
CS-GEN scaffolds at very high magnification (results 
not shown). However, since this was only observed 
at a very small area on the scaffold surface, the Ca/P 
ratio was not further analysed.

Fabricated scaffolds supported hDPSCs attachment 
and viability
Overall, the 3 scaffold compositions tested all showed 
the ability to support hDPSCs attachment and 
viability as demonstrated by the increased metabolic 
activity over the experimental period, as assessed by 
alamarBlue assay (Fig. 6a-b). There was a significant 
(p < 0.05) effect on hDPSC metabolic activity based 
on scaffold composition [F (2, 128) = 32.81, p < 0.0001] 
and time point [F (3, 128) = 30.76, p < 0.0001]. Post-hoc 
comparisons by Tukey test showed a significantly 
higher metabolic activity in response to CS-GEL-
GPTMS scaffolds when compared to the other 2 
groups (p < 0.05), suggesting a better cell attachment 
and proliferation pattern (Fig. 6a). The addition of 
fibronectin did not affect cell behaviour in response 
to CS-GEL-GPTMS scaffolds (p  >  0.05) (Fig. 6c). 
This was in contrast with the results obtained for 
fCS-GEL-GPTMS scaffolds, where a significant 
positive effect could be observed after the addition 
of fibronectin (p < 0.05) (Fig. 6d). Surprisingly, the 
addition of fibronectin had a slightly negative effect 
when added to the CS-GEN scaffolds as compared to 
scaffolds without fibronectin (Fig. 6e). There were no 
differences in cell metabolic activity in cells cultured 
as 2D controls in different culture media (p > 0.05) 

(Fig. 6f), supporting the use of serum-free MSC 
medium in hDPSCs cultures.

Discussion

Dental conditions such as caries, trauma and 
developmental anomalies frequently affect the 
developing permanent teeth, leading to tissue 
or even whole tooth loss (Kassebaum et al., 2014; 
Kassebaum et al., 2017; Petti et al., 2018). The roots 
of immature teeth with pulp necrosis fail to develop 
and are left functionally compromised on the long-
term due to arrested dentine formation (Murray et 
al., 2007). Dental tissue engineering has emerged as 
a valuable solution for dentine-pulp complex repair/
regeneration and eventually tooth replacement 
through the fabrication of bioengineered tooth-root. 
Scaffolds are key elements in the development of 
any tissue engineering solution, as they provide 
a temporary 3D structures to support cellular 
attachment, migration, proliferation and guided 
differentiation (Ceccarelli et al., 2017; Galler and 
D’Souza, 2011; Galler et al., 2010). In general, 
scaffolds should possess the following characteristics: 
biocompatibility; inter-connected porosity; patient-
specificity, with mechanical properties allowing 
surgical handling; biodegradability; and should 
mimic the ECM and promote appropriate cell 
behaviours (Albuquerque et al., 2014; Huang and 
Garcia-Godoy, 2014; Larsson et al., 2016). Chitosan 
is a natural biopolymer that possess several of the 
required scaffolds characteristics, as summarised 
in the introduction, in addition to antimicrobial 
properties and induction of M2 macrophage 
polarisation through elected immune-reaction profile 
(Caires et al., 2018; 2016).
	 The present study focused on the fabrication and 
characterisation of customised scaffolds made of 
chitosan from different sources and cross-linkers for 
dental root tissue engineering. Chitosan scaffolds 
were prepared by means of emulsion freeze-drying 
using 3D-printed moulds. While moulds of basic 
geometries were applied, it can easily be appreciated 
how patient/tooth specific moulds and subsequently 
also scaffolds can be fabricated based on low-dose 
cone beam CT imaging (EzEldeen et al., 2017) and 
inserted, for example, in the wide canals of immature 
teeth or bony defects for the delivery of bioactive 
molecules or stem cells.
	 Interconnected pores and appropriate pore 
diameter are required to promote cell seeding and 

Table 1. Detected Ca (wt. %), P (wt. %) and Ca/P ratio of 5-point analysis on the animal- and fungal-
derived chitosan/gelatine blend scaffolds (CS-GEL-GPTMS and fCS-GEL-GPTMS). Data are represented 
as mean ± standard deviation.

Sample code Ca (wt.%) P (wt.%) Ca/P ratio
CS-GEL-GPTMS 22.33 (± 9.55) 11.73 (± 5.55) 1.98 (± 0.22)
fCS-GEL-GPTMS 26.27 (± 3.62) 13.86 (± 1.65) 1.89 (± 0.07)
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diffusion of cells, nutrients, oxygen, waste and 
growth factors (Hutmacher, 2001; Karageorgiou and 
Kaplan, 2005). The exact required porosity and pore 
diameter are dependent on the specific cell type, but 
it is hypothesised that the average pore diameter 
should be at least three times the cell size to ensure 
cell communication (Kim et al., 2017). hDPSCs, which 
are targeted in dental tissue engineering, are about 
10-15 µm in size, hence a minimal pore diameter of 
~  45 µ m is required. The porosity of the chitosan 
scaffolds fabricated in the present study ranged 
between 40 and 112 µm, depending on the chitosan 
source and the addition of gelatine as a co-polymer 
(Fig. 2a-g), which should be sufficient for hDPSC 
attachment and proliferation. Moreover, as a result 
of the directional freezing applied during emulsion 
freeze-drying, pores were radially oriented, as shown 
by the structural characterisation using SEM and 
nano-CT (Fig. 2). This directionality mimicked the 
architecture of natural dentine (Bertassoni, 2017) 
and might be favourable for hDPSC attachment, 
proliferation, guided differentiation into odontoblasts 
and subsequent dentine deposition. Therefore, future 
studies should focus on determining the effect of 
different pore diameters and 3D architecture on 
dental stem cells behaviour.
	 To improve the stability of the chitosan scaffolds, 
gelatine was added as a co-polymer and different 
cross-linking agents were applied (GPTMS or 
genipin). FTIR analysis proved the successful cross-
linking of chitosan and chitosan-gelatine by both 
GPTMS and genipin (Fig. 3a-c). Moreover, animal 
and fungal chitosan showed similar chemical 
composition and cross-linking behaviour. This 
successful co-polymerisation with gelatine increased 
the compressive strength of the scaffolds (CS-GEL-
GPTMS and fCS-GEL-GPTMS) compared to CS-
GEN, suggesting improved handling properties. In 
addition, chitosan source influenced the compressive 
strength since scaffolds from animal chitosan had 
a compression modulus 3-fold higher than fungal 
chitosan. Very limited information can be found in 
the literature on the application of fungal chitosan 
in tissue engineering. However, Nwe et al. (2009) 
reported a 1.5-fold higher tensile strength for 
scaffolds from fungal chitosan (Gongronella butleri) 
(MW  =  50  kDa) when compared to scaffolds from 
animal chitosan. The fungal chitosan used in the 
present study was obtained from Aspergillus niger 
(MW  <  30  kDa), suggesting that fungal species 
and MW would influence the properties of fungal 
chitosan scaffolds.
	 Another significant effect of the chitosan source 
was the degradation rate. Scaffolds from fungal 
chitosan (fCS-GEL-GPTMS) lost 80 % of their weight 
by 21 d when compared to 40 % for scaffolds from 
animal chitosan (CS-GEL-GPTMS) (Fig. 4a). This 
could be due to a lower MW and DA. This faster 
degradation rate for fungal chitosan was also reported 
by Nwe et al. (2009) to be 11 % at 14 d, compared to 
2-5  % for scaffolds from animal sources. It can be 

hypothesised that this faster degradation rate would 
be beneficial for endodontic applications, where the 
scaffold is protected by the root canal walls and is 
expected to degrade at a slower rate. Furthermore, the 
type of crosslinker seems to influence the degradation 
rate, suggesting that the use of genipin (CS-GEN) 
led to a faster degradation compared to GPTMS 
(CS-GEL-GPTMS), possibly related to its larger pore 
diameter or the natural origin of genipin.
	 The formation of calcium phosphates, especially 
hydroxyapatite [(Ca10(PO4)6(OH)2], having a similar 
chemical composition to that of the mineral phase 
of bone and dentine, is important for mimicking 
the mineralised tissue of natural dentine or alveolar 
bone (Lluch et al., 2009; Manjubala et al., 2006). The 
capability of the chitosan scaffolds to stimulate the 
formation of an apatite layer in vitro was tested 
by immersing the scaffolds in SBF for 7 and 21 d. 
The results of the EDX analysis showed clear Ca 
and P peaks that were confirmed by XRD to be 
hydroxyapatite crystals for CS-GEL-GPTMS and 
fCS-GEL-GPTMS scaffolds (Fig. 5a-f). Moreover, 
Ca/P ratios of 1.98 and 1.89 were found for CS-GEL-
GPTMS and fCS-GEL-GPTMS scaffolds, respectively 
(Table 1). Those values are close to the Ca/P ratio of 
mineral phase of human, which is 1.67. This is an 
important parameter, as it has been hypothesised that 
it is easier for DPSCs to attach and proliferate on a 
substrate with a ratio close to the one of natural ECM 
(Liao and Ho, 2010). Other studies have shown that 
a ratio of approximately 1.85 is characteristic of non-
stoichiometric hydroxyapatite phase (Chatzistavrou 
et al., 2015). Overall, the bioactivity testing results 
indicated that the combination of gelatine as a co-
polymer and cross-linking using GPTMS could have 
a positive effect on the formation of an apatite layer 
on the surface of the chitosan scaffolds. Therefore, 
these chitosan scaffolds (CS-GEL-GPTMS and fCS-
GEL-GPTMS) are suitable for the regeneration of 
mineralised tissues such as dentine or alveolar bone.
	 Several authors have successfully reported on 
the application of different hydrogels in dental pulp 
tissue engineering (Dissanayaka et al., 2015; Galler et 
al., 2018; Hilkens et al., 2017; Nakashima et al., 2017). 
From those hydrogels, fibrin seems to be an excellent 
candidate for pulp tissue engineering (Galler et 
al., 2018). Moreover, it has been demonstrated 
that chitosan incorporation in fibrin hydrogels 
could enhance the antibacterial properties and 
immunomodulation in a dental pulp regeneration 
context (Ducret et al., 2019; Renard et al., 2020). 
Therefore, gaining a deeper understanding on the 
effect of chitosan from different sources and the use 
of different cross-linkers on scaffold properties could 
aid in the optimisation of such hydrogel systems.
	 hDPSCs, SCAPs or SHED are mesenchymal stem/
stromal cells that pose the potential to differentiate into 
numerous cell types in vitro including, odontoblasts, 
osteoblasts, chondroblasts, adipocytes and neuronal 
cells (Bronckaers et al., 2013; Bronckaers et al., 
2014; Ratajczak et al., 2016). The relative ease of 
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accessibility from teeth (e.g. from extracted wisdom 
molars or exfoliated primary teeth) (Hilkens et al., 
2016) renders them a valuable tool for studying and 
exploring tissue regeneration possibilities in the 
dentoalveolar and craniofacial regions. hDPSCs were 
used in the present study to evaluate the scaffolds’ 
biocompatibility. hDPSCs were seeded and cultured 
in serum-free MSC medium to avoid false positive 
cell attachment results due to the presence of FBS in 
commonly used cell culture mediums for hDPSCs. 
Results demonstrated the suitability of serum-free 
MSC medium for maintenance and proliferation of 
hDPSCs (Fig. 6f). This is an important parameter for 
future translational clinical research to avoid the use 
of animal components in human cell cultures. The 
cell metabolic activity delivers indirect information 
on viability and attachment to porous scaffolds 
surface (Zhou et al., 2013). All scaffold compositions 
supported cell viability and attachment up to 7  d 
(Fig. 6a,b), however CS-GEL-GPTMS group had the 
best performance, followed by fCS-GEL-GPTMS 
(Fig. 6a). This could be explained by the presence of 
the integrin-binding RGD-like sequence in gelatine, 
which will promote cellular attachment (Kumar et 
al., 2017). Moreover, it has been reported that the Si-
OH and Si-O-Si groups, derived from GPTMS, can 
promote MG-63 osteoblast-like cells attachment and 
proliferation, indicating the importance of silicate 
ions in the promotion of cell differentiation (Tonda-
Turo et al., 2011). These Si-OH and Si-O-Si groups 
were also observed in the FTIR data from the current 
study, which may offer an additional explanation 
for the hDPSC favourable response to CS-GEL-
GPTMS and fCS-GEL-GPTMS groups. Moreover, 
hDPSC attachment and proliferation seemed to 
be inversely proportional to the pore diameter as 
CS-GEN scaffolds had the largest pore diameter, 
followed by fCS-GEL-GPTMS and CS-GEL-GPTMS 
(Fig. 2g and 6a,b). Future studies should apply deep 
learning algorithms (in silico modelling) on combined 
structural and biological data to identify the main 
variables influencing specific cellular responses for 
optimised scaffold design and fabrication (Geris et 
al., 2018).

Conclusion

The present study presented data on a practical 
fabrication method of scaffolds with organised 
porosity, utilising CAD and 3D printing, which 
have become a common clinical practice in the last 
decade. The use of fungal-derived chitosan was 
explored for its desirable properties of reduced risk of 
allergic reaction, low molecular weight and enhanced 
antimicrobial properties. This was followed by a 
comprehensive characterisation showing the effect of 
chitosan source, co-polymerisation with gelatine and 
different cross-linkers on the structural and biological 
properties of the scaffolds. The proposed scaffolds 
combined with bioactive molecules could have a 

direct clinical application in cell-free regenerative 
endodontics of immature teeth to control infections, 
induce dentine formation and root development. 
Moreover, tailored scaffolds could be modified 
through the addition of inorganic components 
such as tricalcium phosphate or bioactive glass for 
alveolar bone regeneration. Further work will focus 
on obtaining a deeper understanding of stem-cell and 
immune-cell behaviour in response to the scaffolds 
to optimise their application in dento-alveolar tissue 
engineering.
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