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A B S T R A C T   

Fiber spinning technologies attracted a great interest since the beginning of the last century. Among these, 
electrospinning is a widely diffuse technique; however, it presents some drawbacks such as low fiber yield, high 
energy demand and the use of organic solvents. On the contrary, centrifugal spinning is a more sustainable 
method and allows to obtain fiber using centrifugal force and melted materials. The aim of the present work was 
the design and the development of polydioxanone (PDO) microfibers intended for tissue engineering, using 
centrifugal spinning. PDO, a bioresorbable polymer currently used for sutures, was selected as low melting 
polyester and DES (deep eutectic solvents), either choline chloride/citric acid (ChCl/CA) or betaine/citric acid 
(Bet/CA) 1:1 M ratio, were used to improve PDO spinnability. Physical mixtures of DES and PDO were prepared 
using different weight ratios. These were then poured into the spinneret and melted at 140 ◦C for 5 min. After the 
complete melting, the blends were spun for 1 min at 700 rpm. The fibers were characterized for physico chemical 
properties (morphology; dimensions; chemical structure; thermal behavior; mechanical properties). Moreover, 
the preclinical investigation was performed in vitro (biocompatibility, adhesion and proliferation of fibroblasts) 
and in vivo (murine burn/excisional model to assess safety and efficacy). The multidisciplinary approach allowed 
to obtain an extensive characterization to develop PDO based microfibers as medical device for implant to treat 
full thickness skin wounds.   

1. Introduction 

The skin is the protective barrier against external agents (microor
ganisms, ultraviolet light, physical insults) and allows thermoregulation 
(Enoch and Leaper, 2008). The loss of its structural and functional 
integrity exposes the organism to issues of different origins. Usually, skin 
wounds rapidly heal following a complex process based on four stages 
(hemostasis, inflammation, proliferation, and remodeling) to restore 
skin integrity (Ruggeri et al., 2021; Mofazzal Jahromi et al., 2018; 
Ruggeri et al., 2020). However, when the healing is impaired, chronic 
wounds occur with a healing time greater than 12 weeks. It happens 
especially when there are underlining metabolic disorders (such as 
diabetes) and in the elderly population, mainly in the case of circulatory 
failure (Wilkinson and Hardman, 2020). Wound chronicization is deeply 

related to the inflammatory reactions which lead to the overexpression 
of proinflammatory cytokines, proteases, and reactive oxygen species 
(ROS). In this frame, the presence of senescent cells is substantial, and 
there is the simultaneous deficiency of stem cells. Moreover, the wound 
infection, common in chronic lesions, further enhances the inflamma
tory phase and prolongs the healing time (Frykberg and Banks, 2015). In 
addition, the scarring process could deserve severe issues caused by the 
lack of functionality of the area and its poor elasticity, which could 
inhibit movements, especially in the limb region. Currently there are 
options from tissue engineering aiming at repairing and restoring skin 
chronic lesions. Among these, 3D biomimetic constructs are scaffolds 
that act as template to enhance cell attachment, proliferation, extra
cellular matrix (ECM) production and deposition, thanks to their 3D 
structure, their porosity, their chemical, physical, and mechanical 
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properties (Nikolova and Chavali (2019); Chouhan et al., 2019; Kim 
et al., 2019). 

Currently there are many examples of biomaterials-based scaffolds in 
skin wound healing and their mechanical properties proved to be an 
essential characteristic for clinical translation. Although this is contro
versial, the microstructure is a crucial factor not only to achieve me
chanical resistance to the stress but also to positively affect the 
biological response of the surrounding tissue. This is conceivably due to 
the ECM composition made of fibers of different sizes, from nano-to 
micron-scale. It is reported that 350–1100 nm fiber diameters upregu
late the expression of the type-III collagen gene and there is a critical 
minimum fiber diameter, namely 970 nm, that efficiently promote skin 
tissue regeneration and remodeling. Moreover, it seems that small 
diameter fibers (about 250–300 nm) are support stronger than bigger 
fibers to enhance dermal fibroblast proliferation and stem cell differ
entiation (Wang et al., 2022). Despite these findings, more recently 
there are evidences that microfibers possess superior properties in skin 
wound healing (Huang et al., 2022; Jia et al., 2021). 

Along mechanical strength and healing enhancement, the in vivo 
degradation is another key point and should occur simultaneously to the 
formation of the ECM driven by in situ proliferating cells (Ruggeri et al., 
2020; Sandri et al., 2019). Polydioxanone (PDO), a biodegradable 
polyester, is an interesting candidate to design 3D constructs thanks to 
its compatibility, degradation rate, and mechanical properties 
(including high elasticity and shape memory) and has been recently 
considered as biomaterial in tissue engineering (Boland et al., 2005). 
PDO scaffolds are generally characterized by mechanical properties 
comparable to the major structural components of native ECM, in 
particular, collagen and elastin (Goonoo et al., 2015). PDO is reported in 
literature as nonantigenic compound, capable to induce minimal tissue 
reaction during absorption after implantation. It is degraded by hydro
lysis and is completely metabolized in the body, with an intermediate 
absorption duration (typically 6–8 months), particularly suitable to 
sustain soft tissue reparation (Martins et al., 2020). 

The literature reports PDO scaffolds manufactured via electro
spinning or co-electrospinning (Saska et al., 2021; Zhou et al., 2019; 
Boland et al., 2005; Song et al., 2018; Chaim et al., 2012; McClure et al., 
2009). Nevertheless, the processes require organic solvents (such as 
hexafluoro propanol) to obtain electrospun nanofibers (Rashid et al., 
2020), due to the PDO poor solubility properties. Moreover, electro
spinning has critical issues because of low fiber yield, high energy de
mand and the usage of organic solvent (Rashid et al., 2020). Considering 
the relatively low PDO melting point (110 ◦C), compared to the other 
polyesters, centrifugal spinning of melted polymers seems the more 
suitable spinning technique since it avoids solvents, and allows high 
yields with shorter manufacturing time. The origin of this technique is 
traced back to the beginning of the 20th century, but the method was 
recently rediscovered in the 2009 (Obregon et al., 2016) when a rotating 
centrifuge was patented for the manufacturing of polymer fibers in the 
molten or liquid state. 

Given these premises the aim of the work was the design and the 
development of novel 3D scaffolds intended as skin substitutes to be 
grafted in a full thickness skin wound to restore tissue integrity. These 
were based on microfibers made of PDO blended to a deep eutectic 
solvent (DES) to increase its spinnability. The plasticizing effect of DES 
enabled to spin melted PDO using a centrifugal spinning as innovative 
approach. Microfibers were selected as target to take advantage of the 
superior mechanical properties and the enhancement of ECM synthesis 
from fibroblasts driven by 3D scaffold network. 

2. Experimental part 

2.1. Materials 

Polymer: polydioxanone (PDO, Resomer X206S, Evonik Operations 
GmbH, Darmstadt, Germany) 2.0 dl/g inherent viscosity. 

Components of deep eutectic solvents (DES): betaine (Bet), choline 
chloride (ChCl) (Sigma-Aldrich, Milan, Italy), citric acid monohydrate 
(VWR Chemicals, Milan, Italy). 

2.2. Methods 

2.2.1. Fiber manufacturing 
The fibers were manufactured using a customized force spinning 

equipment (Fig. 1), equipped with an AC motor (230 V, 50 Hz and 1030 
W), a rotator system consisting of an aluminum spinneret coupled with 
brass needles (Ø=1 mm), a speed controller, a temperature controller 
coupled with a platinum sensor thermometer (PT-100) and a digital 
thermometer (from 20 to 300 ◦C). Finally, a static collector based on 
vertical steel bars was installed on the rotor system. PDO was spun alone 
or in mixture with DES. DES physical mixtures were obtained by 
blending betaine (Bet) or choline chloride (CHCl) to citric acid (CA) at 
1:1 M ratio giving Bet/CA and CHCl/CA (Dai et al., 2013; Florindo et al., 
2019). Then, PDO was added to the mixtures at different weight ratios, 
as reported in Table 1. 

Each resultant physical mixture was poured in the spinneret and 
heated at 140 ◦C ± 10 ◦C for 10 min up to complete melting. Then, three 
1 min spinning cycles were performed at 700 rpm. Each cycle was 
spaced out by 2 min time-lag to restore the initial temperature (140 ±
10 ◦C). The yield (Y) of the spinning process was calculated as follows: 

%Y = (mf/mp)*100 

mf = amount of spun fibers (mf); mp = total mass of the physical 
mixture in the spinneret. 

2.2.2. Physical-chemical characterization 
Fiber morphology was assessed by means of scanning electron mi

croscopy (SEM-EDS, Tescan, Mira3XMU, Brno, Czechoslovakia - 
ARVEDI, CISRIC, University of Pavia, I). The samples were sputtered by 
means of the vacuum deposition of graphite (2 × 10-4 mbar). The image 
acquisition was performed at high voltage (8 kV) and high vacuum (6 ×
10-4 mbar) at room temperature. The representative images were ac
quired at different magnifications (1kx, 2kx and 5kx). Fiber morphology 
was then acquired also upon hydration. To this purpose fibers were 
dipped in pH 7.4 PBS (phosphate buffer solution, Sigma Aldrich, Milan, 
Italy) for 7 days at 37 ◦C. SEM analysis was then performed after fiber 
drying. The fiber diameter before and after hydration was measured 
using an image analysis software (Diameter plugin, Image J, NIH). 

The stability of the components to the centrifugal spinning process 
was assessed using nuclear magnetic resonance spectroscopy (NMR). 
The NMR spectra were recorded at 298 K on a AVIII 400 MHz Bruker 
NMR spectrometer (Bruker Corporation, Billerica, MA, USA). All 1D and 
2D NMR spectra were acquired using the standard pulse sequences 
available with Bruker Topspin 3.6. CDCl3 (Merck, Milan, Italy) and 
DMSO‑d6 (Sigma Aldrich, Milan, Italy) and their mixture were used as 
solvents. Chemical shifts (δ) were expressed in ppm and referred to the 
solvent signal (δH 7.28 ppm for CDCl and 2.50 ppm for DMSO‑d6). 

Differential scanning calorimetry (DSC) and thermogravimetric 
analysis (TGA) were performed by means of a TGA/DSC1 equipment 
(Mettler-Toledo GMBH, Spain) equipped with a microbalance (precision 
0.1 µg) and with a horizontal oven, in 25–950 ◦C temperature range and 
10 ◦C/min heating rate, and in atmospheric air. Approximately 20 mg of 
each sample were weighted in aluminum sample pans. The weight loss 
% has been calculated considering the % ratio between the weight loss 
and the initial weight. 

The surface area was measured according to the Brunauer, Emmett 
and Teller (BET) single point (Flowsorb II 2300, Micromeritics, US). 
Each sample was accurately weighed (about 0.4 g) and degassed at 60 ◦C 
for 3 h under a continuous stream of a N2:He, 30:70 mixture. Gas 
adsorption was then achieved by placing the sample in liquid N2. Spe
cific surface area (SSA) was calculated as follows (Chen et al., 2009): 

SSA: surface area (m2/g)/volume (m3/g). 
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2.2.3. In vitro degradation test 
The degradation of PDO microfibers was assessed in saline solution 

(NaCl 0.9 % w/v) at 37 ◦C ± 0.2 ◦C in shaking bath. Fiber disks, ob
tained by tabbletting 0.1 g of the yarn randomly oriented in a stainless- 
steel matrix (Ø= 10 mm) through a hydraulic press using 1 t force 
applied for 60 s, were placed a 6-well plate in 5 mL of saline solution. At 
fixed times, the disks were withdrawn, dried, then weighed. The weight 
loss was expressed as the weight loss percentage W, as follows: 

W = (W0 − Wt)/W0 × 100  

Where W0 was the initial weight and Wt the weight at the fixed time t. 

2.2.4. Mechanical properties 
The mechanical properties were assessed on fibers arranged as disks, 

obtained as previously described A compression test was then performed 
using a texture analyzer (TAXT Plus, Stable Micro Systems, Godalming, 
UK) equipped with a 5 kg loading cell (Sandri et al., 2020a,b). The whole 
disk surface (~78.54 mm2) was compressed with a 10 mm-diameter 
probe (P10) and subjected to a maximum compression force of 50 N. 
Pre-test, test and post-test speeds were set at 0.1 mm/s, 0.1 mm/s, 5 
mm/s, respectively. Analogously hydrated disks were characterized 
using the same approach. Dynamic compression test was performed 
using five compression cycles every 30 s. Stress–strain curves were 
recorded and the parameters were normalized for the disk depth. This 
allowed to evaluate the microfiber evolution upon cyclic stress appli
cation, simulating the in vivo repetitive movements. The obtained fibers 
were also shaped as an aligned structure using a frame consisting of iron 
pins placed at a fixed distance of 0.2 mm between each other. The fibers 
were positioned between the pins until a compact and uniform 1 cm 

wide structure was obtained. A tensile strength test to break point was 
performed. A cross-sectional area of 1 cm2 of the aligned fibers was 
placed among two jaws and subjected to a total elongation of 70 mm. 
Pre-test, test and post-test speeds were set at 0.5 mm/s, 0.5 mm/s, 5 
mm/s, respectively. A trigger force of 0.01 mN was applied. The aligned 
fibers were further immersed in distilled water, at room temperature, for 
a total time of 6 min to perform the same test in hydrated conditions. 
Stress–strain curves were recorded for both dry and hydrated state. A 
low cycle fatigue assay was then performed at the dry state to assess the 
material fatigue. Strain controlled cyclic tension tests were performed 
on all samples at dry state using the texture analyzer in the tensile mode. 
No significant preload (0.01 mN) and an initial strain with a magnitude 
of 3 % were applied. During the experiments, the strain oscillated at a 
frequency of 1.4 Hz with a peak-to-peak amplitude of 3 % and 10 
loading cycles were performed. Then the test was conducted at the same 
frequency by setting 6 %, 12 %, 18 %, 24 % and 42 % of elongation. The 
maximum tensile strength was recorded. 

2.2.5. Preclinical characterizations 

2.2.5.1. Cytocompatibility, adhesion and proliferation towards normal 
human dermal fibroblasts (NHDFs). Normal human dermal fibroblast 
cells (NHDFs from juvenile foreskin, PromoCell, WVR, Italy) were grown 
in DMEM medium (Sigma-Aldrich, Italy) supplemented with 200 IU/mL 
penicillin/0.2 mg/mL (Sigma-Aldrich, Italy) and with 10 % v/v foetal 
bovine serum (FBS, Euroclone, Italy). Briefly, 3.5*104 cells were seeded 
in a 96-well plate and, when the cultures reached confluency, the DES 
components were added, and cells were re-incubated for 3 days (Fac
cendini et al., 2020). 

Disks, based on Bet/CA or CHCl/CA PDO microfibers, B20 and C20, 
respectively, were obtained by compressing 6 mg yarn randomly ori
ented at 2 t for 10 s with a 0.36 cm2 surface area exposed. The disks were 
placed in a 96-well plate, 3.5*104 cells (NHDF) were seeded onto their 
surface and kept in culture for 3 up to 10 days. DES components at the 
same theoretical amount present in 1.5, 3 and 6 mg of microfibers were 
also evaluated and cells grown in standard conditions have been 
considered as control (growth medium, GM). 

Cell viability was assessed using AlamarBlue® test. AlamarBlue® test 
is based on resazurin that is converted by living cells in the fluorescent 
compound resofurin. The conversion of resazurin in resofurin 

Fig. 1. Schematic of the centrifugal spinning equipment.  

Table 1 
Physical mixtures subjected to centrifugal spinning.  

Mixture DES DES:PDO (%w/w) 

B10 Bet-CA 10:90 
B20 20:80 
B50  50:50 
C10 ChCl-CA 10:90 
C20 20:80 
C50  50:50  
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(fluorescent molecules) is directly related to cell viability. Briefly, 100 μl 
10 % (v/v) AlamaBlue® in DMEM were added to each well. After 3 h, 
fluorescence was measured (λex 530 nm and λem 560 nm) (FLUOstar 
Omega multi-mode microplate reader, BMG Labtech, Euroclone SPA, 
Milan, Italy). Cell viability was expressed as fluorescence intensity of 
each sample and compared to cells grown in standard condition (GM) 
(Faccendini et al., 2021): this allowed to evaluate the evolution of cell 
viability over time. 

Confocal microscopy (CLSM) analysis allowed to visualize the NHDF 
adhesion and morphology onto the microfiber disks previously tested by 
AlamarBlue®. At 3rd and 7th days of culture, cells were fixed for 1 h at 
room temperature by using 3 % v/v of glutaraldehyde and then washed 
twice with PBS for 5 min. Substrates were permeabilized with 0.1 % w/ 
w tryton solution for 5 min, washed twice and treated with 50 μl of FITC- 
phalloidin (25 μg/ml), avoiding light exposure (Sigma Aldrich, Milan, 
Italy). After 40 min, cells were washed twice in PBS and then the fibrous 
matrix marked with 100 μl of 0.5 µg/ml Hoechst 33,258 solution diluted 
in PBS for 10 min (Sigma Aldrich, Milan, Italy). Finally, cell nuclei were 
stained with 100 μl of propidium iodide (PI) (Sigma Aldrich, Milan, 
Italy) at 25 μg/ml for 2 min washed twice for 5 min. Then, the samples 
were placed on microscope slide and analyzed by using a CLSM, Leica 
TCS SP8 STED 3X (Leica Microsystems, Milan, Italy) at λex = 346 nm and 
λem = 460 nm for Hoechst 33258, λex = 501 nm and λem = 523 nm for 
phalloidin Atto 488 and λex = 488 nm and λem = 561 nm for Propidium 
Iodide (PI). The acquired images were processed by means of a software 
(LASX, Leica Microsystem, I). 

2.2.5.2. In vivo wound healing studies. All animal experiments were 
carried out in full compliance with the standard international ethical 
guidelines (European Communities Council Directive 86/609/EEC) 
approved by Italian Health Ministry (D.L. 116/92). The study protocol 
was approved by the Local Institutional Ethics Committee of the Uni
versity of Pavia for the use of animals and by ISS (Istituto Superiore di 
Sanità). Six male rats (Wistar 200–250 g, Envigo RMS S.r.L.) were 
anesthetized with equitensine at 3 mL/kg (39 mM pentobarbital, 256 
mM chloral hydrate, 86 mM MgSO4, 10 % v/v ethanol, and 39.6 % v/v 
propylene glycol) and shaved to remove all hair from their backs. The 
animals were kept separately in different cages (one per cage) 
throughout the experiment. In the supplementary information a scheme 
of the treatments is reported: to each rat an ID number was assigned, and 
all the tissue samples obtained from the experiments were coded using 
rat ID plus a specific code number (Table S1). 

2.2.5.2.1. Evaluation of systems safety. To analyze the in vivo re
actions triggered by the systems, a subcutaneous implant model was 
employed (Al-Maawi et al.,2018). Disks based on Bet/CA and CHCL/CA 
PDO fibers (2 t for 10 s) having 4 mm diameter were subcutaneously 
implanted by means of an 8 mm incision (one for each rat) in the rats 
back. The six rats were divided in two groups of three to evaluate the 
different systems. The incisions were then sutured using strips (Steri- 
Strip Suture, Italy). After the treatment (18 days), full thickness biopsies 
were taken in correspondence of the incisions and the histological 
analysis was performed. A biopsy of intact skin was also taken for 
comparison. 

2.2.5.2.2. Evaluation of systems efficacy on excisional/burn model. 
Three circular full thickness burns, 4 mm in diameter, were produced on 
the back of the animals by contact with an aluminum rod (105 ◦C for 40 
s). After 24 h, the formed blisters were removed using a 4 mm diameter 
biopsy punch to obtain a full-thickness lesions. Two full thickness lesions 
were treated with each scaffold and the third lesion with saline solution. 
Scaffolds having 4 mm diameter (as big as the lesions) were applied and 
wetted with 20 µl of saline solution (0.9 g/l). Lesions treated with 20 μl 
saline solution were the negative control. Lesions were covered with a 
sterile gauze and the rat back was wrapped with a surgery stretch 
(Safety, Italy) to protect lesions. At prefixed times after blister removal 
(0, 3, 7, 10, 14 and 18 days) photographs of the lesions were taken by 

using a digital camera (Sigma SD 14) for sizing the lesions and moni
toring the healing process. The size of wounded area was determined 
with an image analysis software (Image J, ICY, Institute Pasteur, 
France). Eighteen days after the treatment, full thickness biopsies were 
taken in correspondence of the initial lesions and the histological anal
ysis of the excised tissues was performed. A biopsy of intact skin was also 
taken for comparison. 

2.2.5.2.3. Histological analysis. Tissue samples were bisected, 
immediately immersed in the fixative solution (10 % v/v neutral buff
ered formalin), embedded in paraffin, and sectioned at a thickness of 5 
μm. Some sections were stained with hematoxylin and eosin (H&E), 
others with picrosirius red (PSR). Picrosirius red stain was applied as 
follows: deparaffinized sections were hydrated, faintly stained with 
Weigert‘s hematoxylin for nuclei, and stained with PSR (1 h). Then all 
sections were dehydrated, cleared in xylene, and mounted with DPX. 
Stained sections were observed with a light microscope Carl Zeiss Axi
ophot provided, for circular polarizing microscopy, with suitable filters 
in the condenser stage and in the microscope tube. Images were recor
ded through a microscope digital 5 megapixels CCD camera Nikon DS - 
Fi2. 

2.2.6. Statistical analysis 
Statistical analyses were performed using Astatsa statistical calcu

lator. One-way analysis of variance (ANOVA) was followed by Scheffè 
for post-hoc comparisons. p < 0.05 was considered significant. 

3. Results and discussion 

3.1. Physical-chemical characterization 

3.1.1. Microfiber morphology and size 
The addition of DES to PDO as a physical mixture is essential for fiber 

formation by centrifugal spinning. As already confirmed by literature 
(Roda et al., 2019), the DES acts as a plasticizer and positively affects the 
extrusion and stretching of polymer and DES blends from the spinneret 
during the spinning process. Moreover, the microfiber % yield is higher 
when PDO is 80 % in the blends (Table 2). 

Independently of the PDO/DES ratio and the DES type, microfiber 
diameters are comparable and are conceivably mainly influenced from 
the spinneret orifice dimension that is the main responsible of the system 
morphology as shown in Fig. 2. 

Given the % higher yield, B20 and C20 are selected for further 
characterizations. Microfiber hydration (7 days in pH 7.4 PBS at 37 ◦C) 
affects the surface morphology and microfractures are present on the 
fiber surface, markedly evident in B20 (Fig. 3, red arrows). Moreover, 
the hydration causes the decrease of fiber diameter: in particular, for 
B20, the diameter is 15.78 ± 8.26 with a 7.3 % decrease, although it is 
not significant, while for C20 it is 13.40 ± 5.78 with a 22.1 % significant 
decrease. This is conceivably related to the hydrolytic degradation of 
esters bonds, that occurs at 37 ◦C in PBS. It is reported in literature that 

Table 2 
Fiber composition, yield (%) and fiber diameter (mean values ± s.d.; n=3). 
Statistical analysis: 1-way ANOVA, Test Sheffé: C10 vs C20 p = 0.002; C10 vs 
C50 p = 0.001; C10 vs C80 p = 0.001. C20 vs C50.  

Mixture DES DES:PDO ratio (%w/ 
w) 

% 
Yield 

Mean fiber diameter 
(µm) 

PDO / 100 % PDO / / 
B10 Bet/CA 10:90 9.5 % 19.00 ± 8.78 
B20 20:80 20.5 % 17.02 ± 11.64 
B50 50:50 22.8 % 16.18 ± 8.74 
B80 80:20 5.3 % 18.36 ± 7.33 
C10 ChCl/ 

CA 
10:90 6.0 % 22.58 ± 9.00 

C20 20:80 24.0 % 17.21 ± 9.30 
C50 50:50 7.5 % 14.66 ± 6.67 
C80 80:20 5.5 % 14.97 ± 6.82  
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Fig. 2. Micrographs SEM of PDO fibers prepared using Bet/CA (B) or CHCl/CA (C) DES at different weight ratios. Fibers are characterized by smooth and continuous 
fibers of approximately 1 m length (scale bar 50 µm). 
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the hydrolytic degradation of PDO, occurs in two steps: at first the chain 
break happens in amorphous regions where water enters into inter
microfibrillar space faster than into the crystalline regions. Subse
quently hydrolytic degradation advances in crystalline regions. This 
means that the lowest crystallinity the highest degradation rate (Kang 
and Song, 2022). The presence of DES that act as plasticizer increases the 
hydrolytic degradation since they decrease the crystallinity of the 
polymers. 

The degradation of the microfibers in aqueous environment was also 
quantified and is not related to DES type but it is conceivably led by PDO 
solid state (Fig. 4). Despite this, microfibers containing betaine seems 
slightly resistant to degradation and the weight loss is close to 62 % for 
B20 while is almost 70 % for C20, in agreement with the SEM analysis. 
Moreover, the B20 specific surface area (SSA) is higher than that of C20 

and they are 21.16 μm− 1 (±0.10) for B20 and 16.82 μm− 1 (±0.81) for 
C20 and both results suggest that the microfibers possess a high surface 
(Chen et al., 2009). 

3.1.2. Thermal analysis 
To better understand the solid state change caused by the spinning 

process and its influence on the functional properties of the microfibers, 
thermal analysis was performed. Fig. 5 reports the TGA profiles, and in 
particular Fig. 5a shows the behavior of the pristine components, Fig. 5b 
reports the thermal behavior of the microfibers while the Fig. 5c reports 
the thermal behavior of the microfibers subjected to thermal treatment 
in the conditions of the manufacturing process (isothermal profile at 
140 ◦C for 10 min). The weight losses are evident for the pristine com
ponents (Fig. 5a) at temperatures higher than 140 ◦C (vertical black line 
in each graph). This is also confirmed in both the microfibers type and 
independently of the isothermal treatment at 140 ◦C (Fig. 5b and c). 
Moreover, at 140 ◦C the weight losses for the formulations are negligible 
in all cases and lower than 1 % w/w. 

DSC profiles confirm the system stability at the spinning temperature 
(Fig. 6). In particular, the pristine components, except citric acid, are 
characterized by melting. PDO melts at about 112 ◦C and the sharp peak 
suggests a high polymer crystallinity, while both ChCl and Bet melt at 
about 309 ◦C (Fig. 6a). In the microfibers the melting peaks are less 
sharp and occur at lower temperature (106 ◦C) for both the formulations 
B20 and C20. This is conceivably related to the PDO melting that is 
probably lowered due to the plasticizing effect of both the DES, Bet/CA 
or ChCl/CA. The plasticizing function is attributable to the liquid state of 
DES at room temperature that are completely amorphous (Hansen et al., 
2020a,b; Shafie et al., 2019; Aroso et al., 2017) due to the complexation 
of the quaternary ammonium salt (either choline or betaine) and the 
hydrogen bond donor (citric acid monohydrate) (Mori and Usuki, 2022; 

Fig. 3. SEM micrographs of B20 and C20 after hydration in PBS at 37 ◦C for 7 days (up panels 2 kx magnification; down panel 5 kx magnifications) (scale bars 20 µm 
up panel and 10 µm down panel) (red arrows: microfractures). 

Fig. 4. % weight loss of C20 and B20 microfibers after saline solution treatment 
at 37 ◦C for 30 days. (mean values, ±s.d.; n = 3). 
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Hansen et al., 2020a,b; Aroso et al., 2017). At a temperature higher than 
140 ◦C, and precisely at 277, and 263 ◦C for B20 and C20 microfibers, 
respectively, other endothermic peaks are present. These are in corre
spondence to the marked weight losses (in TGA Fig. 5) and are 
conceivably due to the microfiber degradation. These findings suggest 
that PDO is characterized by less thermal stability at temperature higher 
than 200 ◦C in the microfibers since the complete thermal degradation is 
steeper and at lower temperature, compared to the pristine polymer in 
TGA (Fig. 5), and causes a widen endothermic peak at lower tempera
ture, in DSC analysis (Fig. 6), both behaviors conceivably related to the 
poor polymer crystallinity due to the DES. These results strengthen the 
hydrolytic degradation visible in the SEM images upon microfiber hy
dration (Fig. 3) and confirmed by degradation study (Fig. 4). 

3.1.3. Chemical structure analysis 
The microfiber chemical structure was investigated using NMR 

spectroscopy and the NMR spectra of B20 and C20 fibers are reported in 

Fig. 7 in the upper and bottom panels, respectively. All the chemical shift 
values range from 2.0 to 4.5 ppm. Moreover, the signals related to the 
pristine components are all present in the final microfiber structure. In 
particular, in the spectrum of B20, the doublet of doublet peak (δH 2.57 
ppm) corresponding to citric acid is visible, moreover, the singlet (δH 
3.3 ppm) related to betaine and the triplet (δH 3.55 ppm), singlet (δH 
3.90 ppm) and triplet (δH 4.10 ppm) of PDO structure are also recog
nizable. The signals of citric acid, choline chloride, and PDO are also 
evident in C20. The singlet (δH 2.92 ppm), corresponding to choline 
chloride, and the PDO characteristic peaks are evident and confirm the 
identity of the spun matrix. In both cases, the process does not change 
the structure of the components suggesting that no degradation or 
grafting occur in the manufacturing conditions. 

3.2. Mechanical properties 

Since the healing process could be easily altered and impaired by 
external mechanical forces (Fang et al., 2020), a scaffold suitable to 
sustain wound healing should maintain its 3D structure and recover it 
upon mechanical stress, with a minimal deformation to maintain 3D 
architecture. Given this, microfibers were subjected to cyclic mechanical 
stresses to characterize their mechanical properties. In this perspective, 
microfibers have been tested in random – disks - and in aligned – rope −
3D organization. Fig. 8 reports the compression degree and the tensile 
strength evaluated in both the 3D organization, in dry and hydrated 
conditions. 

In random 3D organization, C20 fibers are characterized by 
compressibility higher than B20 at dry and hydrated conditions and the 
hydration does not affect this. However, both B20 and C20 random 
microfibers in disks, show a little compression deformation equal to 15 
and 25 %, respectively (Fig. 8a), suggesting that the structures are 
resistant to compression stress giving a prediction of the scaffold fate 
upon implant. Moreover, the disks are characterized by high resistance 
to repeated compression (Fig. 8b) and no change in deformation is 
evident. Furthermore, the aligned fibers (rope) better show the typical 

Fig. 5. TGA: a) raw materials; b) B20 and C20 (10 ◦C/min); c) B20 and C20 
(10 ◦C/min after isotherm 145 ◦C for 10 min (in the inset) (black line 140 ◦C: 
spinning temperature). In the insets, the % weight loss at 140 ◦C (% WL140) 
is reported. 

Fig. 6. DSC spectra: a) pristine materials; b) B20 and C20 (10 ◦C/min).  
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trend of a quasi-brittle materials, as hard and strong materials and, also 
in this fiber organization, the hydration does not significantly modify 
the mechanical properties. The strain intensively modifies the tensile 
strength. The increase of elongation is related directly to the recorded 
strength values of up to 42 % of B20 microfiber extension. On the con
trary, C20 proportionally shows an increase in strength up to 18 % strain 
as a yield point and a lowering in stress values for higher elongations. 
This is conceivably related to the relaxation of the structure and to a 
softening since this possesses the behavior of rigid plastic materials. 

To better characterize the stiffness/elastic behavior of the fibers, the 
Young’s modulus has been calculated in the linear region of 8 % strain/ 
stress curve for the compression test and the linear region of 10 % strain/ 
stress curve for the tensile strength test (Table 3). The elasticity is similar 

independently of the fiber type and the hydration when the 3D organi
zation is random. On the contrary, the alignment puts in evidence that 
the C20 fibers are highly elastic compared to B20, and this is confirmed 
by the degradation (Fig. 4, faster than that of B20) and the thermal 
(Fig. 6, lower melting) behaviors. In addition, in both compositions, the 
hydration causes a loss in elasticity. It is probably related to the softness 
of the single fiber that prevails in the resistance of the 3D organization. 

3.3. Preclinical characterizations 

3.3.1. Cytocompatibility, adhesion and proliferation towards normal 
human dermal fibroblasts (NHDFs) 

The assessment of in vitro preclinical effectiveness to stimulate cell 

Fig. 7. NMR spectra up panel: a) CA in DMSO‑d6; b) Bet in DMSO‑d6; c) PDO in CDCl3; d) B20 fibers in CDCl3 + DMSO‑d6. low panel - a) CA in DMSO; b) CHCl in 
DMSO c) PDO in CDCl3; d) C20 fibers in CDCl3 + DMSO. 
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homing by enhancing fibroblasts migration, adhesion and proliferation, 
was assessed using normal human dermal fibroblasts, seeded onto 3D 
PDO scaffolds. 

Fig. 9 reports the cytocompatibility of fibroblasts seeded in presence 
of pristine components (Fig. 9a) and onto the microfiber disks (Fig. 9b) 
and grown for 3 days. All DES components are characterized by good 
cytocompatibility, up to 1600 μg/ml concentration, except for citric acid 
which causes a significant decrease in the pH medium justifying its 
negative effect. Alongside, the 3D scaffolds are characterized by good 
biocompatibility towards fibroblasts and the microfibers are able to 
sustain the cell growth up to 10 days. In particular fibroblasts show a 
rapid proliferation up to the 3rd day, while the growth reaches a plateau 
in the subsequent days up to the 10th day, suggesting that the cells reach 
confluency. On the contrary, the cell substrate grown in the standard 
growth condition (GM) is characterized by a significantly higher cell 
growth up to the 6th day and a subsequent significant decrease of cell 
viability suggesting that fibroblasts growth is limited for prolonged 
times. Neither the DES nor the manufacturing process impair the 

Fig. 8. Mechanical properties of the fibers in disks (random): a) maximum 
compression (%) before (dry) and after hydration (hydrated); b) repeated 
compression of the disks in dry state (C = cycle). Mechanical properties of the 
fibers in rope (aligned): c) maximum strain (%) at break point before (dry) and 
after hydration (hydrated); d) maximum stress values (MPa) after tensile 
strength test at different elongation (%) (mean values ± s.d., n = 5). Statistical 
analysis: 1-way ANOVA, post-hoc Scheffé test: * p < 0.05. 

Table 3 
Young Modulus (MPa) calculated for dry and hydrated fibers, as disks (random) 
and rope (aligned) (mean values ± s.d., n = 5). Statistical analysis: 1-way 
ANOVA; Test Scheffé p < 0.05.  

Fiber type Young Modulus (MPa) 

Disks Aligned 

B20-Dry 1.16 ± 0.03 3.08 ± 2.32 
B20-Hyd 1.15 ± 0.03 2.02 ± 0.82 
C20-Dry 1.09 ± 0.04 3.70 ± 0.71 
C20-Hyd 1.05 ± 0.05 3.30 ± 0.68  

Fig. 9. Fibroblasts (NHDF) viability (FI, fluorescence intensity): a) 3-days 
contact with DES components; b) 3-, 6- and 10-days contact of B20 and C20 
disks (mean values ± s.d.; n = 8). Statistical analysis: 1-way ANOVA post hoc 
Scheffè test p < 0.05: a) * GM vs 1600 μg/ml CA; b) * GM vs B20; GM vs C20 
fibers; § B20 vs C20; ** GM 3d vs GM 6d and GM 6d vs GM 10d; B20 3d vs B20 
6d and B20 6d vs B20 10d; C20 3d vs C20 6d, C20 3d vs C20 10d and C20 6d vs 
C20 10d. 
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biocompatibility of PDO. These results are in line with previous studies 
that prove PDO-based scaffolds as excellent support for mesenchymal 
stem cells (MSC) and in particular for human adipose stem cells (hASC) 
inducing differentiation into adipogenic, osteogenic, and chondrogenic 
cells in vitro (Saska et al., 2021; Goonoo et al., 2019; Rowland et al., 
2016). Furthermore PDO-based scaffolds also prove to sustain fibro
blasts proliferation and modulate extracellular matrix deposition (Yue 
et al. 2019; Chummun et al., 2018; Ramphul et al., 2017). 

The confocal images (Fig. 10) support the cytocompatibility findings. 
The cell nuclei (in red) appear well preserved in all cases and the cell 
cytoskeletons (in green) are fusiform and stretched along the microfibers 
forming in some cases bridges between the fibers (in blue). The fibro
blasts are able to spread onto the structure in depth and to establish 
multiple contacts with one fiber and the surrounding ones. The micro
structure is confirmed as essential to promote cell adhesion and prolif
eration and the high SSA seems favorable to promote cell adhesion 
(Wang et al., 2022; Xu et al., 2022; Huang et al., 2022; Jia et al., 2021). 

3.3.2. In vivo wound healing studies: Safety and efficacy 
The safety and efficacy of the microfibers was assessed in vivo in a rat 

burn/excisional wound model. The histological evaluation was per
formed 18 days post-implant. 

Fig. 11 reports the representative images of the tissues in corre
spondence to the subcutaneous implants of B20 and C20 fibers in disks 
(random 3D organization), aiming at studying the scaffold safety. In 
Fig. S1 (see supplementary information) the histological analysis of the 
tissues in correspondence to all the subcutaneous implants are reported. 

H&E images (Fig. 11 a, b) show that numerous microfibers are visible 
in the dermis, indicating a not complete degradation upon implant 
(green arrows), in agreement with the degradation study. Despite this, a 
minimum inflammatory pattern is present and PSR and PSR under the 
polarized light highlight collagen bundles (Fig. 11 c-f). This is confirmed 
by other studies that describe an inflammatory response following PDO 
implant milder than that of other polyesters-based implants (Martins 
et al., 2020; Wada et al., 2001). 

PDO is reported as able to trigger neocollagenesis upon implant and 

the biostimulation starts with the production of type I collagen by the 
dermal tissue, then gradually converted to type III collagen. Moreover 
PDO, characterized by a quite slow degradation rate, is confirmed as 
able to act as homing agent for fibroblasts and endothelial cells (Ha et al, 
2022). 

The scaffold efficacy was investigated in vivo by implanting the 
scaffolds (microfiber disks - random 3D organization) in cutaneous full 
thickness burn/excisional lesions. Fig. 12 reports the profiles of 
wounded area reduction vs time of the lesions treated using B20 and C20 
implant and the control, while Fig. 13 reports the representative images 
of the histology performed in correspondence of the lesions, moreover, 
Figs. S2 and S3 (see supplementary information) reports the histological 
analysis of the tissues in correspondence to all the scaffold implants in 
the full thickness lesions. All the lesions decrease their dimension with a 
similar behavior (Fig. 12) independently of the type of treatment 
(implant of the microfibrous scaffolds or the lesion treated with saline 
solution, as negative control). However, the histology of the tissues in 
the treatment area after 18 days from the implants (Fig. 13) show 
different grade of evolution. In particular, wound closure with 
completely regenerated epithelium is assessable in all the area treated 
with the fibers. B20 and C20 allow to complete restore the epidermis 
integrity in cell multiple layers with a stratum corneum reformed. 
Collagen is loosely arranged in the underlying dermis in an orderly 
pattern. Moreover, zones of normal collagen tissue are also present. 
Overall, collagen is remodeled in an appropriate orientation to with
stand the tensile stresses placed on the area of repair, suggesting a 
maturation and advanced remodeling phase (Singer and Clark, 1999). 
Both microfiber disks show effectiveness in skin healing when compared 
to the negative control (wound treated with physiological solution), and 
this is conceivably due to the stimulation of re-epithelization and the 
accelerated collagen deposition. It is not possible to individuate micro
fibers in the wounded area restored and this could be due to the healing 
process that starts from the wound bed and could remove microfiber 
residues during cell proliferation. 

On the contrary, in the negative control, wound area treated with 
saline solution, shows a partial re-epithelialization and a large amount 
of thin newly formed collagen fibers. Furthermore, PSR staining shows a 
continuous collagen layer, rich in orange-to-red fibers in all the samples, 
confirmed by the images under a polarized microscope. The results are 
in agreement with literature since PDO has been characterized as able to 
stimulate in vivo collagen synthesis without generating fibrosis (Kwon 
et al. 2019; Zhou et al.2019) and PDO scaffolds prove to be histo
conductive and to induce neocollagenesis (Saska et al., 2021, Kwon et al. 
2019; Zhou et al. 2019). The degradation time, the mechanical prop
erties and the neocollagen synthesis contribute to enhance wound 
reparation (Degreef, 1998; Dhivya et al., 2015). 

In addition DES made of betaine and choline and citric acid, together 
with the pH decrease due to PDO degradation, could avoid microbial 
infections by controlling the scaffold colonization. This finding has been 
suggested by Zhang (Zhang et al., 2022) and it is conceivable related to 
the high density of –OH and –COOH groups. 

4. Conclusions 

PDO microfibers have been successfully manufactured using cen
trifugal spinning, using a green, sustainable manufacturing process with 
lower energy consumption. Moreover a solvent-free process has been 
developed using deep eutectic solvents, DES, as plasticizers and betaine/ 
citric acid or choline/citric acid (both at 1:1 wt ratios) have been 
considered. DES:PDO 20:80 ratio allows to obtain suitable process yield 
and, independently of the DES, the microfibers have diameters ranging 
from 10 to 20 mm with a smooth surface. The solid state characteriza
tion confirms the microfiber stability to the manufacturing process. The 
analysis of the mechanical properties suggests that the microfibers are 
resistant to compression (in disk, random 3D organization) and to tensile 
strength (in rope, aligned 3D organization) with high elasticity and 

Fig. 10. CLSM images of NHDF seeded onto B20 and C20 disks after 3 and 7 
days (scale bar 50 μm) (nuclei in red; cytoskeleton in green), fibers in light 
blue). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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minimal deformation, both required for in vivo implant performance. 
The hydration minimally affects the fiber morphology and the degra
dation is as slow as to sustain fibroblasts homing and proliferation. 
Moreover, the microfibers are cytocompatible towards human fibro
blasts in vitro and prove to be characterized by excellent safety and 

efficacy profiles in an vivo burn/excisional murine model. 
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comparison to saline solution (mean values ± s.d.; n = 6). 
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