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Abstract
In this study, novel scaffolds based on natural polymers were developed by combining 
3D printing (3DP) and electrospinning (ES) techniques. ES ink was prepared with 
gelatin and poly(vinyl alcohol) (PVA), while 3DP ink was prepared with gelatin and 
chitin. Different biopolymers were used to confer unique properties to each ink and 
obtain a multilayered scaffold suitable for tissue regeneration. First, gelatin is able to 
exhibit the characteristics needed for both inks since gelatin chains contain arginine-
glycine-aspartic (RGD) motifs, an important sequence in the promotion of cell 
adhesion, which gives gelatin an improved biological behavior in comparison to other 
polymers. Additionally, PVA was selected for ES ink to facilitate gelatin spinnability, 
and chitin was incorporated into 3DP ink as reinforcement to provide mechanical 
support and protection to the overall design. In this work, chitin was extracted from 
fruit fly pupae. The high extraction yield and purity of the chitin obtained from the 
fruit fly pupae confirmed that this pupa is an alternative source to produce chitin. 
Once the chitin was characterized, both inks were prepared and rheological analysis 
was carried out in order to confirm the shear thinning behavior required for additive 
manufacturing processes. The combination of 3DP and ES processes resulted in 
porous scaffolds, which were proven biocompatible, highlighting their potential for 
biomedical applications.
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1. Introduction
Millions of tonnes of biowaste are generated annually by agricultural and industrial 
activities[1], leading to a diverse array of environmental issues[2,3]. The potential of 
biowaste to produce value-added products can help boost the circular economy and 
lead to a significant reduction in the amounts of waste generated and to the efficiency 
in the use of resources. In this context, fruit fly pupae (Ceratitis capitata) can be 
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assessed as an alternative source for chitin extraction. 
C. capitata causes indirect economic losses in fruit 
production and thus, different strategies are employed 
for an integrated pest management of fruit flies, such as 
the sterile insect technology, in which large quantities of 
pupae are generated[4]. These pupae represent a source of 
chitin, since this polysaccharide with unique technological 
properties is the major organic component in pupae 
(around 86% of the total weight)[5]. Chitin is the second 
most abundant polysaccharide in nature and it has a long 
history of scientific studies, such as those for biomedical 
applications[6]. Moreover, chitin can be employed to 
enhance the functional properties of other biopolymers, 
such as gelatin, which can also be extracted from 
biowastes[7,8].

Several technologies have been employed to obtain 
products from available, zero-cost, and biodegradable 
wastes[9]; among them, 3D printing (3DP) and 
electrospinning (ES) have been utilized[10]. On the one 
hand, 3DP techniques are known since 1986, when Charles 
Hull introduced 3D lithography technology[11]. This 
technology never cease to develop and provide solutions 
in different sectors, such as automotive, aerospace, dental, 
and biomedical fields; sometimes, it is used to obtain 
prototypes and final parts[12-14]. Nowadays, 3DP techniques 
are gaining interest because of their unique capacity to 
deposit biological and non-biological components to 
mimic the extracellular matrix and provide the required 
microenvironment to ensure cell adhesion, migration, 
and replication[15,16]. In this regard, adding chitin to 
gelatin-based inks can lead to the formulation of inks with 
enhanced properties, such as good adhesion performance, 
biological compatibility, and appropriate biodegradability 
rate[17], with potential for wound healing applications[18]. 
On the other hand, ES is a technique to obtain nano- and/
or micro-fibers with high area/volume ratio via an electric 
field[19,20]. High voltage and constant feed rate are applied 
to a polymer solution, making the electrostatic repulsion 
force overcome surface tension, and ejecting the polymer 
solution to the ground. In this process, the solvent is 
evaporated and the polymer is deposited to form a porous 
mat. In this regard, poly(vinyl alcohol) (PVA) is frequently 
blended with other polymers, such as gelatin or sodium 
alginate, in order to ensure the spinnability of natural 
polymers due to its water solubility, biocompatibility, and 
biodegradability[19].

Taking the above into consideration, chitin/
gelatin/PVA scaffolds were prepared in this work 
for biomedical applications. Since scaffolds should 
replicate the morphology and the function of target 
tissue[21,22], morphology requirements are related to the 
scaffold porosity, a limiting factor to ensure new tissue 

formation[23]. Both macro- and micro-porosity, as well 
as interconnectivity between pores, are required[23,24]. To 
address all these challenges, the combination of 3DP and 
ES is carried out in this work, using both techniques in a 
sequential mode to get a sandwich-type hybrid structure. 
Although some works have been carried out with chitosan 
and gelatin inks[25,26], the incorporation of chitin into 
gelatin-based ink is a novel approach to improve cellular 
adhesion and protect cells from bacterial colonization. 
In this work, a complete assessment was carried out, 
from the optimization of the chitin extraction to the 
characterization of the final scaffolds to evaluate their 
viability for biomedical applications.

2. Materials and methods
2.1. Materials
Porcine gelatin (250 bloom) was supplied by Sancho de 
Borja SL (Spain). Chitin was extracted from the fruit fly 
pupae (C. capitata), which were supplied by TRAGSA 
(Spain). Glycerol (99.01% purity) and acetic acid were 
obtained from Panreac (Spain), and PVA was provided 
by Sigma-Aldrich (USA). NaOH and H2O2 employed for 
the chitin extraction were purchased from Panreac (Spain) 
and Honeywell (Germany), respectively.

2.2. Sample preparation
2.2.1. Extraction of chitin from fruit fly pupae
The chitin extraction procedure followed in this work 
was selected based on previous experiments in order to 
optimize the yield and increase the resources efficiency, 
both environmental and economical. Hence, in this 
work, 50 g of fruit fly pupae were washed with water to 
remove impurities and treated with NaOH (1 M) at room 
temperature for 24 h under continuous stirring. Then, 
samples were filtered and the solid fraction (chitin) was 
washed with distilled water up to neutral pH. Prior to use, 
chitin was decolored with H2O2 in a ratio of 1:20 (w/v) at 
room temperature for 2 h. The mixture was filtered and the 
solid fraction was dried in an oven at 40°C for 24 h. Finally, 
chitin was milled to obtain the powder.

2.2.2. 3DP ink preparation
3DP ink was prepared by dissolving 8 wt% gelatin in 
distilled water together with 5 wt% chitin (based on gelatin 
mass) and 30 wt% glycerol (based on gelatin mass). The 
mixture was kept at 85°C under constant stirring for 
30 min. Then, the pH was adjusted to 7 with NaOH (1 M) 
and the sample was stirred at 8000 rpm for 300 s with 
an IKA S 25N-18G-ST ULTRA-TURRAX homogenizer 
(IKA-Werke, Germany) using a 18 mm head. Finally, 
mixtures were poured into 3D printing syringes and stored 
in a fridge at 4°C until further analysis.
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2.2.3. ES ink preparation
ES ink was prepared using 0.5 M acetic acid as a solvent. 
First, a 10 wt% PVA solution was prepared at 120°C under 
magnetic stirring. Once PVA dissolved, the solution was 
cooled to 85°C and 2 wt% gelatin was added. The resulting 
solution pH was 3.2.

2.2.4. Scaffold processing
Scaffolds were fabricated with a domoBIO 2A bioprinter 
(Domotek, Gipuzkoa, Spain), equipped with a syringe 
extruder, an electrospinning extruder, and a refrigerated 
platform. An electrospinning adapter with a teflon sheet 
was used as substrate. The whole process was performed by 
a single bioprinter, capable of integrating both technologies 
in a single printing platform. First, the digital structure, 
consisting of a cylinder of 21 mm diameter and 1.2 mm 
height, was designed employing a computer-aided design 
(CAD) software (Solid Edge, Siemens, Germany) and 
Ultimaker Cura 4.13.1 (Ultimaker BV, the Netherlands) as 
slicer. The processing parameters are shown in Table 1. The 
electrospinning solution was run for 1 min per line. 3DP-
ES scaffolds were composed by four lines of 3DP layers and 
three interpenetrating ES lines, resulting in a sandwich-
like structure. All scaffolds were stored at a chamber under 
controlled conditions (25°C, 50% relative humidity). All 
characterization tests were carried out at least in triplicate.

2.3. Characterization
2.3.1. Chitin extraction yield
First, pupae were weighed (wp) and, after the extraction 
process, dry chitin was weighed (wc). The extraction yield 
was calculated as shown in Equation I.

Extraction yield
w
w

c

p

%( ) = • 100� (I)

2.3.2. Fourier transform infrared spectroscopy
Fourier transform infrared (FTIR) analysis was performed 
using a platinum-ATR Alpha II FTIR spectrometer 

(Bruker). The chitin spectra were obtained from 800 to 
4000 cm-1 with a resolution of 4 cm-1.

2.3.3. Differential scanning calorimetry
Differential scanning calorimetry (DSC) was performed 
using a DSC 822 (Mettler Toledo S.A.E.). About 3.0 ± 
0.2 mg of sample were weighed and sealed in aluminum 
pans, which were heated from 25°C to 250°C at 10°C/min 
under nitrogen atmosphere (10 mL N2/min).

2.3.4. Thermo-gravimetric analysis
Thermo-gravimetric analysis (TGA) measurements were 
carried out using a TGA SDTA 851 (Mettler Toledo 
S.A.E.). Samples were heated from 25°C to 800°C at 10°C/
min under nitrogen atmosphere (10 mL N2/min).

2.3.5. X-ray diffraction
X-ray diffraction (XRD) analysis was carried out using a 
diffraction unit (PANalyticXpert PRO). The radiation was 
generated from a Cu-Kα (λ = 1.5418 Å) source at 40 kV and 
40 mA. Data were collected from 2º to 50º, and crystallinity 
(CrI) was calculated according to the Equation II[27]:

CrI
I I

I
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where I110 is the maximum intensity at 20° and Iam is the 
maximum intensity at 13°.

2.3.6. 13C Nuclear magnetic resonance
13C Nuclear magnetic resonance (13C NMR) was performed 
at 90°C in a Bruker Avance unit, equipped with BBO 
z-gradient probe, using agar solution at 5% (w/v) in D2O. 
About 14,000 scans at 125.75 MHz, spectral window of 
25,000 Hz, and recovery delay of 2 s were employed.

2.3.7. Elemental analysis
Elemental analysis (EA) was performed using an Euro EA 
Elemental Analyser. Carbon (C) and nitrogen (N) contents 
were used to determine the average degree of acetylation 
(DA) of chitin, as represented in Equation III[28]:
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where C/N is the carbon/nitrogen ratio.

2.3.8. Rheological analysis
The rheological measurements of inks were performed 
using Thermo Scientific Haake Rheostress1 Rheometer 
(IFI S.L., Vigo, Spain), equipped with a 35 mm diameter 
serrated plate–plate geometry. The gap between plates 
used was 1 mm for all tests. Experiments were performed 
keeping the temperature constant at 30°C, 32°C, and 35°C 
for 3DP ink and 25°C for ES ink.

Table 1. Processing conditions used to prepare 3DP-ES scaffolds

Process parameters 3D printing (3DP) Electrospinning (ES)

Nozzle/needle size 16 G 22 G

Head temperature 32°C 23°C

Platform temperature 21°C 21°C

Speed 10 mm/s 30 mm/s

Infill density 30% 10%

Applied voltage – 9.5 kV

Flow 155% 12 µL/min

Layer height 0.3 mm –

Offset distance – 9 cm
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Strain sweeps were carried out between 0.01% and 
100% strain at 1 Hz to determine the linear viscoelastic 
range (LVR) and the critical strain. Then, frequency 
sweeps were performed between 0.01 and 50 Hz within the 
LVR to obtain elastic modulus (Gʹ) and viscous modulus 
(G˝). Finally, the shear flow test was carried out from 0.1 
to 50 s−1.

Shear sweep data were fitted to cross model for shear 
thinning fluids[29], represented in Equation IV:

η η
η η

γ
= +

−

+ ( )∞
∞0

1 C
m



� (IV)

where C is consistency or cross time constant, γ̇ shear rate,  
η viscosity, η0, and η∞ viscosity at low and high shear values 
(zero and infinite shear values), and m dimensionless cross 
rate constant, calculated by curve fitting in the slope region.

2.3.9. Mucoadhesion test
Mucoadhesion test was carried out using a TA.XT.Plus C 
Texture Analyzer (Aname, Madrid, Spain) with a 5 kg load 
cell. Data were collected using 0.1 mm/s  test speed, 30 s 
contact time, 3.2 g trigger force, and 20.4 g applied force. 
The biological substrate used was a filter paper moistened 
during 3 min with 1% type II mucin from porcine stomach 
(Sigma-Aldrich, Madrid, Spain).

2.3.10. Texture profile analysis
A TA.XT.Plus C Texture Analyzer (Aname, Madrid, Spain) 
with a 5 kg load cell was used to obtain texture profile 
analysis (TPA). Data were collected at 1 mm/s speed, 20% 
strain, and 5 g trigger force.

2.3.11. Optical microscopy
Surface characterization was carried out using Nikon 
Eclipse E600 optical microscope with digital camera (Izasa 
Scientific,) equipped with 10× objective and 10× eyepieces. 
Images were analyzed with Image J software[30].

2.3.12. Biocompatibility assessment
The biocompatibility assessment was performed in 
compliance with the requirements of ISO 10993-5[31]. 
Human fibroblast HS27 (ECACC) cell line was used for the 
biocompatibility determination. Following the manufacturer 
recommendations, fibroblasts were cultured on Dulbecco’s 
Modified Eagle’s Medium (DMEM) (Sigma), supplemented 
with 10% (v/v) inactive fetal bovine serum (FBS) (Lonza), 
1% (v/v) penicillin-streptomycin (Lonza), and 1% (v/v) 
L-glutamine (Sigma) at 37°C in a humidified incubator 
with a 5% CO2 atmosphere. Cell passages were performed 
weekly until confluence. At that point, cells were collected 
by 0.25% trypsin-EDTA (Sigma) and centrifuged at 1500 
rpm for 5 min at room temperature. The obtained pellet was 
resuspended in the above-mentioned medium to obtain a 

homogeneous cell suspension, after which 96-well and 24-
well plates were seeded with a density of 25,000 cells/cm2  
with 100 and 500 µL of medium, respectively.

After 24 h of seeding, samples were placed in contact 
with the cells by putting them on top of the cells. 
Additionally, some wells were left without biomaterial to 
be included as positive and negative controls. For that, 
the samples had been previously cut in 5 mm and 8 mm 
diameter discs for 96-well and 24-well plates, respectively, 
washed by dialysis in Dulbecco’s PBS (DPBS) (Gibco) for 
72 h, and sterilized by immersion into 70% ethanol for 
5 min and exposing to UV for 15 min. Finally, samples 
were washed three times for 5 min with DPBS in sterile 
conditions before placing them into the wells.

Short-term biocompatibility was evaluated in 96-well 
plates at 24, 48, and 72 h of cell culture after the exposure 
of the scaffolds. Cell activity was measured based on the 
reductive capacity of the cells using the colorimetric assay 
Cell Counting Kit-8 (Sigma). Following the manufacturer’s 
recommendations, the wells were first washed with 
DPBS and then, the compound was added to the wells at 
a final concentration of 1:10 in cell medium. After 2 h of 
incubation at 37°C, the absorbance was measured at 450 nm 
in the Halo Led 96. Cell mortality was assessed according 
to plasma membrane integrity; for that, the Cell-Tox Green 
Cytotoxicity Assay (Promega) was used. To this end, the 
protocol recommended by the manufacturer was followed: 
the dye was prepared at a concentration of 1:500 in the given 
buffer and 100 µL were directly added to the wells to a final 
concentration of 1:1000. After 15 min of incubation at 37°C 
and protected from light, the fluorescence was measured in 
the Promega GloMax Discover at a wavelength of 492 nm 
excitation and 535 nm emission.

Long-term observation was performed at 24 h, 72 h, 
and 7 days after the placement of the scaffold through the 
Live/Dead Cell Viability Assay (Thermo Fisher) in order 
to monitor directly the cell status and phenotype. For 
that purpose, calcein AM and ethidium homodimer-1 
were added to a final concentration of 1:2000 and 1:1000, 
respectively, from which 200 µL of the preparation were 
added to the 24 wells. After 15 min of incubation, images 
were taken with the ZEISS LSM 900 confocal microscope.

In addition to the study conditions, positive (CTR+) 
and negative (CTR-) controls were included. For 
CTR+, cells seeded in the same conditions, but without 
biomaterial, were used, while cells were treated with lysis 
solutions to provoke cell death for CTR-. In the case of the 
Cell-Tox Green Cytotoxicity Assay, the given buffer was 
employed and, in the case of CCK-8 and Live/Dead Cell 
Viability Assay, dimethyl sulfoxide (DMSO) (Sigma) was 
used instead. Each condition was analyzed in fourfold.
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For short-term biocompatibility, results were 
relativized to the controls. In the case of mortality, CTR- 
was considered having 100% of mortality and CTR+ 
having 0%; they were considered inversely in the assay of 
metabolic activity.

3. Results and discussion
3.1. Chitin extraction yield and characterization
Since insects have a large protein content, deproteinization 
must be carried out and the temperature, NaOH 
concentration, and reaction time used in this process 
influence the extraction yield[32]. In this work, the extraction 
yield achieved was 25.52%. Other Diptera species, such as 
Hermetia illucens, have also shown values around 20%–
25%[33]. Considering that the extraction yield of chitin 
from insects is similar to that obtained from crustacean 
shell waste, insects can be considered an alternative chitin 
source[34].

Chitin presents in three crystalline forms, known as α, 
β, and γ, with α-chitin being the most abundant form[35,36]. 
The α- and β-forms can be differentiated by FTIR analysis. 
The spectrum of the α-form has two bands at 1650 and 
1620  cm-1[37], while the β-form has only one band at 
1630 cm-1[38]. As can be seen in Figure 1A, the amide I band 
was divided into two peaks, which appear at about 1650 
(shoulder) and 1622 cm-1; therefore, α-chitin was obtained 
in this work. α-chitin is usually found in the cuticles of 
insects[39]. Other characteristic bands of chitin are amide II 
(1550 cm-1) and amide III (1309 cm-1)[40]. Moreover, a major 
peak around 3425 cm-1 is due to O-H and two sharper 
peaks at 3255 and 3107 cm-1 are attributed to N-H[41,42]. 
The peak around 1010 cm-1 is associated to C-O stretching. 
These characteristic bands indicate the high purity of chitin 
isolated from fruit fly pupae[40].

In order to analyze thermal events occurred in chitin 
extracted from fruit fly pupae, DSC analysis was performed 
and results are shown in Figure 1B. As can be observed, 
chitin showed an endothermic peak around 75°C, ascribed 
to the evaporation of entrapped water[43].

Additionally, derivative thermo-gravimetry (DTG) 
was carried out and curves are shown in Figure 1C. The 
first mass loss step was found around 57°C, related to 
the evaporation of water. The second mass loss step was 
observed around 385°C, attributed to the decomposition 
of the polysaccharide structure[44]. It is worth highlighting 
that chitin was degraded before reaching the fusion 
temperature, a typical behavior of polysaccharides[45].

As mentioned in the above, there are three crystalline 
forms of chitin, known as α, β, and γ, with α-chitin being 
the most abundant and stable form. These chitin forms have 
different chain arrangements in the crystalline region and, 

in particular, the α-form has an antiparallel arrangement[46]. 
As can be seen in XRD patterns (Figure 1D), chitin showed 
a high level of crystallinity, with XRD peaks observed at 9°, 
19°, 21°, and 23°, characteristic of α-chitin[27]. Sharp peaks 
around 9° and 19° are (0 2 0) and (1 1 0) diffraction planes 
of the orthorhombic crystal structure[6]. Additionally, a 
number of XRD peaks are attributed to some impurities 
found in chitin from insects, as also shown by other 
authors[34]. These results are similar to those reported 
for chitin extracted from other insects[39]. Regarding 
crystallinity, the CrI value found was 86%, in accordance 
with literature[34]. It should be noted that the nature of 
the organism from which the chitin is extracted and the 
conditions used in the process can affect the crystallinity 
values[47].

13C NMR analysis was performed to confirm that 
chitin powder extracted from fruit fly pupae showed 
the typical α-chitin 13C NMR spectrum. As shown in 
Figure 1E, 13C NMR spectrum contains eight well-defined 
peaks ranging from 20 to 190 ppm, corresponding to 
C1-C6, CH3 and C=O carbons. Specifically, the signals 
associated to C1-C6 were clustered in the 50–110 ppm 
region: C1 (103.73ppm), C2 (54.80 ppm), C3 (73.11 ppm), 
C4 (83.08  ppm), C5 (75.24 ppm), and C6 (60.62 ppm). 
Meanwhile, methyl and carbonyl carbons showed peaks at 
23 ppm and 173 ppm, respectively[48].

Additionally, elemental analysis was performed to 
calculate the DA of chitin. The nitrogen content of chitin 
found was 4.5%, a significant indicator of its purity[49]. In 
chitin samples with high percentages of nitrogen, protein 
residues can be present[50]. The DA value for chitin was 
calculated as 99%, so it can be concluded that the extraction 
process allowed obtaining chitin with high purity.

3.2. Rheological properties of 3DP and ES inks
First of all, rheological analysis was carried out to determine 
the temperature range for 3D printing. As can be observed 
in Figure 2A and C, viscosity values decreased when shear 
rate increased, indicating that 3DP and ES inks showed 
shear thinning behavior, a favorable performance for both 
3D printing and electrospinning techniques. Regarding 
Gʹ and G˝ moduli (Figure 2B and D), these values did not 
change a lot at different frequencies for 3DP inks, while 
they showed a noticeable increase for ES inks at high 
frequencies. 3DP inks showed higher storage modulus (Gʹ) 
than loss modulus (G˝) and, thus, tan δ < 1, while ES inks 
showed the opposite tendency during the entire frequency 
sweep. Therefore, it can be said that 3DP inks had solid-like 
behavior, while ES inks had liquid-like behavior[51,52]. The 
two moduli joined at high frequency values for both inks.

Regarding the effect of temperature on viscosity 
(Table 2), zero shear viscosity values were reduced by half 
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from 30°C to 35°C for 3DP inks. For ES samples, zero shear 
viscosity value was very low, suggesting that the material 
will not present difficulties to be extruded and thus will 
not require purge-type printing strategies. Additionally, 
m parameter was also the lowest at 35°C, indicating that 
the samples at this temperature are the least viscous at 
high shear values. This effect is favorable for 3D printing, 
because low viscosities are required to facilitate material 

extrusion through the nozzle (high shear values)[51].  
However, in addition to rheological properties, other 
factors must be considered in order to select the most 
appropriate temperature for 3D printing. In this work, 
since chitin sedimentation on the tip can cause nozzle 
clogging, a lower temperature was required to ensure a 
homogenous chitin dispersion in the extruded 3DP ink. 
As a consequence, temperature values selected to process 

Figure 1. Physicochemical characterization of chitin powder extracted from fruit fly pupae. (A) FTIR spectra, (B) DSC thermogram, (C) DTG curves, 
(D) XRD patterns, and (E) 13C NMR spectrum.
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the scaffold were 25°C and 32°C for ES and 3DP inks, 
respectively.

3.3. Mucoadhesion and textural properties of  
3DP inks
Mucoadhesion is defined as a state in which two materials 
(mucin and natural or synthetic polymer) adhere to each 
other via interfacial forces for a certain period of time[53,54]. 
Mucoadhesive polymers interact with mucosal membranes 
because of their hydrophilicity and through different 
functional organic groups. These interactions might be 
covalent or non-covalent[53,55]. In this work, mucoadhesion 
tests were performed to assess the adhesion behavior of 
3DP inks. As shown in Figure 3, the value of the maximum 
force to separate the 3DP ink from mucin was 7.47 N, 
and the adhesion work, calculated by integrating the area 
under the curve, was 6.96 mJ, which was higher than 
those found in the literature for mucoadhesive gelatin-

based materials[56]. Mucin, a negatively charged highly 
glycosylated protein, can provide physical interactions 
(hydrogen bonds or electrostatic forces) with other 
polymers[55]. Therefore, in contact with the gelatin present 
in 3DP ink, noncovalent interactions can be formed 
through –COOH, –NH2, and –OH polar groups present 
in both proteins[53]. As a result, good mucoadhesion 
performance was observed for 3DP inks. This behavior 
is considered interesting for biomedical applications in 
order to address the necessity to stick to target surfaces 
and induce cell proliferation[17].

TPA was carried out to assess the mechanical properties 
of the scaffold under compression forces. TPA is commonly 
used to study food-related materials[57], although it is a 
good approximation to analyze other types of applications 
like hydrogels for scaffolds in biomedical applications[58,59]. 
TPA consists of two compression cycles with a recovery 
time between them, and it is typically represented as a 
curve of force vs time[60], as shown in Figure 4 for 3DP inks. 
Two peaks were observed on the positive side (marked as 
2 and 5) and a third peak on the negative side, whose area 
(marked in green) represents adhesiveness (1.27 ± 0.43 g·s).  
The first peak describes the required force for a given 
deformation and represents the material hardness (25.21 
± 7.54 g). The ratio of the positive force area during the 
second compression to that during the first compression 
(marked in red) is related to the cohesiveness (1.02 ± 0.04). 
This parameter is related to the deformation degree of the 

Table 2. Zero shear rate viscosity (µ0), infinite shear viscosity 
(µ∞), time constant (C), and rate constant (m) of Cross model 
for 3DP and ES samples

Sample T
(ºC)

µ0
(Pa s)

µ∞
(Pa s)

C
(s)

m R2

3DP 30 605.77 3.59 0.30 1.66 0.99

32 400.25 2.29 0.34 1.61 0.99

35 287.65 0.45 0.27 0.86 0.99

ES 25     3.29 0.61 0.18 0.82 0.99

Figure 2. (A) Shear sweep and (B) frequency sweep tests for 3DP inks at 30°C, 32°C, and 35°C. (C) Shear sweep and (D) frequency sweep tests for ES inks 
at 25°C.
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material before breaking and it indicates the strength of the 
internal bonds of the material[59]. Since cohesiveness is the 
ratio between the areas of the second and the first cycles, 
the value close to 1 suggested that the material recovered 
the shape.

3.4. Characterization of 3DP-ES scaffolds
The shape fidelity and dimensional stability of the scaffold 
is shown in Figure 5A, where an image of a 3DP-ES scaffold, 
obtained by optical microscopy, can be seen. Additionally, 
the electrospun mat attached to the 3D-printed layer can 
be observed in Figure 5B. The resulting scaffolds showed 
an average porosity of 2.5 mm in the 3D-printed layer 
and an average value of 64 µm in the electrospun layer. 
This porosity can allow the cells to seed without falling to 
the bottom of the culture plate so as to ensure 3D spatial 
deposition[15,22]. Since the combination of electrospun 
nanofibers with larger structures resulted in complex 
hierarchical scaffolds that can mimic the highly organized 
structure of tissues and improve biological performance, 
biocompatibility tests were carried out. Results showed that 
this structure ensures the desired interconnected porous 
architecture to achieve successful growth of cell culture.

With the aim of assessing the potential of these 
multilayered scaffolds for tissue regeneration, such as 
wound healing, biocompatibility was determined using 
human dermal fibroblasts. The short-term biocompatibility 
(Figure 6) was evaluated based on the metabolic activity 
and cell mortality along 72 h. Regarding the activity, cells 
had optimal activity values from the first date (75.0%), 
showing an ascending trend with the course of the days 
(91.8% at 48 h and 106.8% at 72 h). Additionally, the cell 
mortality was maintained around 10% along the studied 
time points (10.3, 7.6, and 8.4% at 24, 48 and 72 h, 
respectively).

Concerning long-term biocompatibility assay, 
the cells observed with the live/dead fluorescence kit 
showed optimal results (Figure 7). From 1 to 7 days of 
culture, the vast majority of the cells were alive, although 
some mortality labeling was observed. This tendency, 
although non-significant, could have been due to the 
high confluence of the culture. Likewise, the cells showed 
a normal fibroblastic phenotype, with spindle-shaped, 
central and elliptical nucleus and long cytoplasmic 
prolongations.

Figure 4. Textural profile analysis (TPA) of 3DP inks.Figure 3. Load-deformation curves for 3DP inks.

Figure 5. Optical images of (A) the hybrid scaffold macrostructure (scale bar = 4 mm) and (B) the nanofibrous mat on the pore of the 3D-printed scaffold 
(scale bar = 200 µm).
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4. Conclusion
Fly fruit pupae were found to be good candidates for 
chitin extraction, as proven by the high extraction yield 
obtained. Additionally, the purity of the chitin obtained 
was high, as suggested by FTIR and XRD analyses. 
This chitin was used to prepare gelatin-based inks for 
3DP, while ES inks were prepared with gelatin and 
PVA. Both inks had shear thinning behavior, required 
for additive manufacturing processes, as shown by 
the rheological assessment. Furthermore, 3DP inks 
exhibited good mucoadhesion and textural properties 
for tissue engineering applications. It is worth noting 
the good replicability of the scaffolds manufactured by 
combining 3DP and ES. Resulting scaffolds showed an 
interconnected pore architecture, favorable for cellular 

adhesion and growth. Therefore, cell viability was tested 
and biocompatibility was confirmed.
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