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ARTICLE INFO ABSTRACT
Keywords: Starch is a safe biopolymer, whose use for the production of scaffolds intended for deep wounds treatment is
Starch limited, due to its low mechanical and thermal properties. For this reason, until now, it has been used in low

Thermoplastic filament

Fusion Deposition Modelling (FDM)
Scaffold

Wound healing

Antimicrobial activity

amounts and/or in combination with other biopolymers. The aim of the study was to produce thermoplastic
filaments (TPS) with high starch content, useful for scaffolds production by Fusion Deposition Modelling 3D
printing technique. TPS was obtained by hot melt extrusion from a mixture of starch (70 % w/w) and glycerol
(30 % w/w) combined to cationic clay montmorillonite, citric acid and magnesium stearate to improve strength
and processability. The prepared scaffold was characterized and compared to other two scaffolds, where the
effect of the addition of polycaprolactone (PCL) or methylsulphonylmethane (MSM) (as thermostable model
drug) to the blend was evaluated. The mechanical properties were investigated by Brillouin Light Scattering. In
vitro studies highlighted that the scaffolds are: i) able to absorb simulated exudates (reaching a hydration of 35 %
in 7 days); ii) safe on keratinocytes (viability > 70 %) stimulating their growth; iii) able to inhibit S. pyogenes
growth.

1. Introduction technique for the production of scaffolds intended for wound treatment
is also of interest [3]. In comparison to traditional wound dressings (e.g.
Fusion Deposition Modelling (FDM), a hot melt extrusion technique films, foams, gauzes hydrocolloids) [4], scaffolds designed with this

followed by solidification after deposition, is an emerging procedure in technique may offer numerous advantages such as promotion of better
the health field for the production of customized oral solid dosage forms and complete healing process as well as the possibility to build a
[1] as well as implants and prostheses [2]. The exploitation of this customized formulation according to the patient needs [5,6]. In fact, it is

Abbreviations: BLS, Brillouin Light Scattering; CA, citric acid; CS, Corn starch; DMEM, Dulbecco’s Modified Eagle Medium; DMSO, Dimethyl sulfoxide; DSC,
Differential Scanning Calorimetry; FBS, Fetal Bovine Serum; FDM, Fusion Deposition Modelling; Gly, Glycerol; HAL, halloysite; HME, hot melt extrusion; MgSt,
magnesium stearate; MMT, montmorillonite; MTT, (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide) assay; MSM, methyl sulfonyl methane; PBS,
phosphate-buffered saline; PCL, poly(caprolactone); PLA, poly(lactic acid); SEM, scanning electron microscope; SWF, simulated wound fluid; TPS, thermoplastic
starch.
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possible to design an object of proper shape and dimensions, adaptable
to the wound bed and able to reside there for prolonged time in order to
promote a more efficient healing process [5]. In particular the possibility
of using solvent-free FDM, to prepare scaffolds through a thermoplastic
matrix, opens up new perspectives in the development of biocompatible
and biosustainable health products.

Taking these requirements into account, the choice of materials is an
important aspect to evaluate. The polymeric materials suitable for FDM
must be properly processable and mechanically compatible with the
tissue [4,7]. Polymers already considered for this application are mainly
represented both by synthetic not degradable matrices (e.g. poly-
ethylene and polyurethane) and biodegradable ones as polylactic acid
(PLA) and polycaprolactone (PCL) [8]. Considering to develop effective
and, at the same time, biosustainable formulations, the use of bio-
polymers for scaffolds production represents an emerging field of in-
terest [9]. Among biopolymers from natural resources, polysaccharides
(e.g. chitosan, hyaluronic acid) attracted considerable interest due to
their safety, biocompatibility, biodegradability, abundance in nature
and low costs [10]. Also, starch is an interesting polysaccharide that
could be successfully employed for the production of filaments for
scaffolds production by FDM.

[11,12]. Qiu et al. developed a 3D printing filament based on
oxidized maize starch (OMS) using the hot extrusion technique. In vitro
biodegradation experiments showed excellent biodegradability, with
the material being able to completely degrade within 90 min under the
action of amylase [13]. Analogously, in the paper of Zhang et al. found a
correlation between rheological properties and printability of oxidized
starch with varying carboxyl group contents and molecular chain length
[14]. More recently, Hernandez-Tenorio and coworkers reviewed the
different possibilities for polysaccharide-based ink formulations [15],
including starch, to realize scaffolds for would healing [16], while
Gonzalez obtained starch-based pharmaceutical tablets, loaded with a
non-soluble drug, by using starches of different botanical origin, drug
release properties were found to be dependent of the microstructure,
porosity degree, chemical composition (amylopectin/amylose ratio and
the presence of other components) of the starch and the ability to the
formation of an effective network structure [17]. A more general over-
view on starch potentialities in additive manufacturing, including its use
in food technology, was given by Rong et al. [18].

Literature does not report studies where scaffolds are realized using
filaments composed by starch alone or as main component, due to the
poor processability and low mechanical properties of this material [19].
Some studies are available dealing with thermoplastic starch combined
with polyesters, such as PLA, PCL, or polyhydroxybutyrate, in order to
obtain filaments with enhanced processability and mechanical proper-
ties. Mahani et al. produced a filament using PLA/TPS blend in the ratio
of 40:60 wt./wt. [19]. Ju et al. prepared thermoplastic starch (TPS)/poly
(lactic acid) (PLA)/poly (butylene adipate-co-terephthalate) (PBAT)
composites for FDM 3D printing technology using a ratio of 50:40:10 wt
% (TPS:PLA:PBAT) [20]. Ni et al. developed filaments suitable for FDM
based on Astragalus residue powder (ARP)/TPS/PLA in the ratio 11/10/
79 wt [21]. Zhao et al. fabricated successfully PCL/starch composites
using and amount of starch of 9 phr [22]. Trebunova et al. produced
filaments using a blend of PLA/polyhydroxybutyrate (PHB)/TPS blend
in a ratio 75:25:20 wt% [23].

However, these filaments are mainly used for the production of
scaffolds for bone regeneration, often loaded with biologically active
molecules to obtain functional activity, such as antimicrobial or healing.

The aim of this present work was to develop a thermoplastic starch
(TPS) based filament, using high starch content, processable by FDM 3D
printing for the production of scaffolds intended for deep wound treat-
ment. High starch amounts (70 % w/w) were combined to additives,
such as the cationic clay montmorillonite, citric acid and magnesium
stearate useful to obtain a processable filament.

The same composition was also used in combination with PCL or the
model drug methylsulphonylmethane (MSM) and their effect on
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processability of the filament was considered as well. Such filament was
then used to produce scaffolds by FDM 3D printing, that were deeply
characterized for their hydration behaviour, mechanical properties,
cytotoxicity, healing activity, and antimicrobial activity.

2. Materials and Methods
2.1. Materials

Corn starch (Ph. Eur. grade, amylopectin/amylose ratio 74/26) and
methyl sulfonyl methane (MSM, purity > 99 %) were purchased from A.
C.E.F. (Fiorenzuola d’Arda PC, Italy). Glycerol (Gly), halloysite (HAL),
montmorillonite (MMT), magnesium stearate (MgSt) and citric acid (CA,
purity > 98.5 %) Calcium chloride (CaCly, purity > 93.0 %) were pur-
chased from Merck (Milano, Italy). Polycaprolactone (PCL) CAPA 6400
was purchased from Perstorp (Castellanza VA, Italy). Ultrapure water
was obtained by reverse osmosis process in a MilliQ system Millipore
(Roma, Italy). Other reagents and solvents were of analytical grade and
used without further purification. The simulated wound fluid (SWF), pH
6.5, was prepared by dissolving 8.30 g of NaCl and 0.28 g of CaCl; in
1000 mL of ultrapure water.

2.2. TPS filaments production

TPS filaments were produced by hot melt extrusion (HME) according
to a previous work [24,25] using the compositions reported in Table 1.

Methyl sulfonyl methane (MSM) was chosen as model drug. The
filaments were prepared as follows: a physical mixture of corn starch
(CS) and glycerol (Gly) was prepared by mechanical mixing for 15 min
using a dough mixer (450 W). Additives were introduced in the first
extrusion step to produce homogeneous granules. This mixture was
extruded by using a co-rotating twin-screw extruder Micro Compounder
5 & 15 cc from DSM (Xplore Instruments BV, Sittard, The Netherlands)
using the following parameters:

i) temperatures: 134, 140 and 145 °C in the three heating zones,
ii) force: 3,700, 4,000 N,
iii) rotating speed: 30 rpm during feeding, 120 rpm during
compounding.

Then, the obtained granules were submitted to a second extrusion,
that was performed by using a desktop Pellet Filament Extruder
(Extruder Line II + ROBOTDIGG LIMITED) to obtain filaments with a
diameter of 1.75 mm (Supplementary Material, Fig. S1) suitable for FDM
extrusion. Finally, the prepared filaments were stored at 40 °C for two
weeks under a relative humidity (R.H.) of 40 % before use. The same
conditions have been considered for the preparation of all the filaments
reported in Table 1. The filaments have not been post-treated.

2.3. X-ray powder diffraction (XRPD)

Filaments were firstly dried at 40 °C for 24 hrs and then pulverized
with by a knife mill (for 2 min at 40 rpm) prior to XRPD analyses. The
study was carried out by using a PANalytical X'Pert diffractometer
equipped with an X’Celerator solid-state detector and a sample holder
spinning. XRDP patterns were recorded by using random oriented
mounts with CuKa radiation, at 45 kV, 40 mA, in the range 3 to 50° (26).
The estimation of the solid composition in crystalline phases was ob-
tained by X’Pert HighScore Plus (PANanalytical, 2005). The crystallinity
was calculated (Eq.1.) as the ratio of area under the crystalline peaks to
the entire area of under the diffractogram [26,27].

Ac

X, = 100 1
. Ac+Aax (@)
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Table 1
Compositions of the filaments produced.
Filament CS %(wt/wt) Gly! % (wt/wt) HAL MMT(phr) CA*(phr) MgSt® (phr) MSM(phr) PCL(phr)
(phr*)
FO 70 30
F1 70 30 2
F2 70 30 2
F3a 70 30 3
F3b 70 30 3 2
F4 70 30 2 3 2
F4a 70 30 2 3 2 43
F5 70 30 2 3 2 2.5

Gly! = glycerol; CA2 = citric acid; MgSt> = magnesium stearate; phr* = parts per hundred of resin (CS + Gly).

2.4. Thermal analysis

DSC analysis of MSM was performed using an automatic thermal
analyser (Mettler Toledo DSC821e) and indium standard for tempera-
ture calibrations. Holed aluminum pans were employed in the experi-
ments for all samples and an empty pan, prepared in the same way, was
used as a reference. The sample (3-6 mg) was weighted directly into
aluminum pans and the thermal analysis was carried out in the following
heating conditions, in order to simulate the heating—cooling cycles to
which the material is submitted during the filament production as well
as the extrusion procedure for scaffold production:

i) dynamic heating at 20 °C min™! from 25 to 145 °C, isothermal
heating at 145 °C isotherm for 3 min, cooling from 145 to 25 °C at
20 °C min’l,
ii) dynamic heating at 20 °C min~! from 25 to 130 °C, isothermal
heating at 130 °C isotherm for 3 min, cooling from 130 to 25 °C at
20 °C min_l,
iii) dynamic heating at 20 °C min~! from 25 to 210 °C, cooling from
210 to 25 °C at 20 °C min .

DSC measurements were also carried out for the produced filaments
from 30 to 600 °C at 10 °C/min. Each sample was scanned 3 times.

The thermogravimetric Analysis (TGA) was performed using a Seiko
6300 (Seiko Instruments, Torrance, CA, USA) over a range of tempera-
tures from 30 to 900 °C under nitrogen atmosphere.

2.5. Scaffold production

The most affecting parameters for the FDM 3D printer (Creality 3D
Ender-3 V2 Upgraded 3D PRINTER) were investigated by a slicer soft-
ware (Ultimaker Cura 4.13.1) (Table 2) using a nozzle diameter of 0.4
mm. The final shape of the scaffold is a circular disk with a diameter of
15 mm, thickness 15 mm) with grid infill designed using a CAD model.
The prepared filament was extruded by a print head and driven by a
motor. The material layer was deposited along an “xy” plane while the
extrusion itself advances in the “z” direction.

2.6. Morphological analysis

The morphology of the samples was analyzed by field emission
scanning electron microscopy FE SEM LEO 1525 (ZEISS). The samples

Table 2
Setting parameters for scaffold printing by 3D FDM.

Settings Value

Nozzle temperature (extrusion temperature) 205 to 220 °C

were deposited on aluminum support using conductive carbon adhesive
tape. Before the analysis, the samples were metalized with a thin layer of
chromium (8 nm). Measurements were carried out using a standard
Everhardt-Thornley secondary electrons detector at 5 kV.

2.7. Brillouin microscopy

Brillouin spectra have been acquired using the high-contrast version
of the tandem Fabry-Perot interferometer (TFP2 HC, JRS Scientific In-
struments, Tablestable Ltd, Mettmenstetten, Switzerland). In brief, a
diode-pumped solid-state laser by Spectra-Physics Excelsior, operating
at a wavelength of 532 nm, is first passed through a temperature-
controlled etalon (TSED TCF-1, JRS Scientific Instruments, Tablestable
Ltd., Mettmenstetten, Switzerland) to reduce secondary laser modes.
The beam is then focused on the sample using a customized CM-1
confocal microscope from JRS Scientific Instruments, equipped with a
coaxial LED for illuminating and observing the sample surface. A 20x
objective (Mitutoyo, numerical aperture NA = 0.42) is used to focus and
collect the backscattered light, which is sent to the high-contrast version
of the tandem Fabry-Perot interferometer. The spectral resolution of the
interferometer is about 100 MHz, while the spectra were measured
across 512 channels, yielding a sampling step of around 90 MHz, given
the used free spectral range (FSR) of approximately 24 GHz. This FSR
value was chosen to resolve the whole Brillouin peak, typically located
at around 18.5 GHz, by adjusting the mirror spacing to a distance of 6
mm. More details of the instrumental setup can be found in [28].

2.8. Swelling studies and matrix erosion

Filaments and scaffolds hydration capacity, as well as the erosion
ability, were evaluated in vitro. One cm of each filament (or scaffold) was
weighed (W1), immersed in 1 mL of SWF and maintained at 37.0 +
0.1 °C for fixed times (T1: one week; T2: one month; T3: two months; T4:
three months; T6: nine months and T7: eighteen months) were estab-
lished. At each check point the sample was dried using filter paper to
remove the excess of SWF and weighed (W2). The hydration percentage
was calculated according to Equation (2) (Eq. (2):

Hydration% = (W2 — W1)/W2x100 (2)

Then the sample was dried at 37 °C for 48 h in oven and then kept in
desiccator under CaCly for 48 h, then reweighed (W3). The matrix
erosion (DS%) was calculated according to Equation (3) (Eq. (3),
respectively:

DS% = (W1 — W3)/W1x100 3)

2.9. Invitro effect on cells

Flow material 85 to 88 % X i X X

Infill density 40 to 50 % HaCaT cell line (human immortalized keratinocyte, purchased from
Print speed 12 to 30 mm/s 1.Z.S.L.E.R. Istituto Zooprofilattico Sperimentale della Lombardia e dell’
Fan speed 30 to 50 % Emilia Romagna) was used for the in vitro cell experiments. For Thiazolyl
Plate temperature 55 to 65 °C

blue tetrazolium bromide (MTT assay), HaCaT cells were seeded onto a
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96-well plate at a density of 1 x 10* cells/well with Dulbecco’s Modified
Eagle Medium (DMEM) complete medium containing 10 % Fetal Bovine
Serum (FBS). The stock solution of each sample was prepared using an
amount of filament or scaffold immersed in DMEM with a ratio of 10 mg
of sample per 1 mL DMEM.

Filaments and scaffolds samples were incubated at 40 °C for 24 h
then centrifuged 4000 rpm for 30 min and the supernatant with four
different dilutions was incubated with cells for 24 h. Then, MTT reagent
was dissolved in Phosphate-Buffered Saline (PBS) 1X and added to the
culture at 0.5 mg/mL final concentration. After 3 h of incubation at
37 °C, the supernatant was carefully removed and formazan salt crystals
were dissolved in 200 pL dimethylsulfoxide (DMSO). After 30 at 37 °C
min the absorbance expressed as optical density (OD) was measured
spectrophotometrically at 540 nm using an automatic microplate reader
(Eliza MAT 2000, DRG Instruments, GmbH). Each experiment was
performed two times in triplicate. Cell viability was expressed as a
percentage relative to that of the control cells, as described in literature
[29]. A one-way ANOVA test was performed using the Graphpad pro-
gram (GraphPad Prism 9.2.0.332, GraphPad software, San Diego, CA,
USA).

The effect on wound closure was investigated by CytoSelect™
Wound Healing Assay Kit (Cell Biolabs, Inc., San Diego, USA). HaCaT
cells (3x10°) in DMEM were seeded into 24-wells tissue culture plate. A
properly treated inserts were put in each well with their “wound field”
aligned in the same direction. The plate was incubated for 24 h to allow
the cells adhere and reach the confluence [29]. After removing the in-
serts from the wells, the medium was removed, the wells washed twice
with PBS 1X to remove dead cells and debris. Finally, the cells were
treated with different concentrations of the samples for further 6, 12 and
24 h. Migration into the wound field was measured by using manual
fixing with cell stain solution. To analyze cell migration, a picture for
each scratch was taken at the same area of cells at 6, 12 and 24 h of the
incubation time. Representative images focused on the center of the
wound field were photographed. Three sets of experiments were per-
formed. The influence of compounds on wound closure was compared to
untreated control (only complete medium).

MSM and CA quantification in the samples obtained by scaffold in-
cubation overnight in DMEM was performed by NMR. NMR spectra were
recorded on a Bruker Avance NEO 400 spectrometer equipped with a PI-
HR probe (400 MHz for 1H) with a z gradient coil. In the case of the
quantitative NMR analysis, the samples were suspended in SWF (10 mg/
mL) for 24 h at R.T. Subsequently, 540 uL of the suspension of the
samples and 60 L of a solution 60.35 mM of maleic acid in D0 were
transferred inside the NMR tubes for a total volume of 600 uL. The
quantitation of the analytes was carried out using the solvent suppres-
sion pulse sequence “noesygpprld” from the Bruker library. The mono-
dimensional 'H NMR pulse sequence is a normal 'H NMR with a low-
energy soft pulse on the solvent resonance (50 Hz pulse window) prior
to the excitation pulse. The soft pulse is necessary to suppress the solvent
signal (90 % H20/ 10 % D,0) that could distort the spectrum baseline
preventing the correct integration of the analytes’ peaks. The MSM and
CA concentrations were obtained by relative integration of the reso-
nances of the analytes versus the signal of the internal standard.

Maleic acid was used as internal standard as: i) it is a common and
broadly accepted NMR standard in aqueous samples; ii) it is extremely
soluble in water and thermally stable; iii) from the spectroscopic point of
view, in D0, it is characterized by a sharp single peak resonating at 6.1
ppm which is far enough from the solvent signal and it is in a region
where, in our samples, there is no overlapping with other peaks
(Supplementary Material, Fig. S2).

All the spectra were acquired using 32 k points, 8 scans and were
processed with 32 k points and a line broadening of 0.3 Hz. The ex-
periments were carried out with a total recycle delay of about 45 s. In the
case of the filament F5, three replicates were carried out.
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2.10. Antimicrobial activity

The antibacterial activity was evaluated against 15 strains, including
Gram + bacteria, Gram — bacteria and yeasts, using agar well diffusion
technique [30]. All the tested strains were bought from Microbiologics,
St. Cloud, MN, USA. Propionibacterium acnes was bought from Mecconti
S.A.R.L. Sp. z 0.0., (Warsaw, Poland). For each organism, 100 uL of a 0.5
McFarland in 0.9 % sterile saline solution suspension were distributed
on Mueller-Hinton agar (MHA)/Mueller-Hinton agar 5 % defibrinated
sheep blood (MHAB) plates (Oxoid Limited, Basingstoke, UK) by a swab.
The filaments and the scaffolds were put on the plates that were incu-
bated according to the growth conditions shown in Table S1 in the
Supplementary Material. After the incubation, the diameters of the in-
hibition halo were evaluated by a gauge (mm).

3. Results and discussion
3.1. TPS filaments production and characterization

Starch is a versatile biopolymer that can be considered for the pro-
duction of thermoplastic filaments. However, the main limitation for
this purpose may be represented by the lack of a semicrystalline struc-
ture which may be responsible for softening of the matrix with difficult
solidification during subsequent cooling. Furthermore, starch is also
sensitive to other external factors, such as humidity, which could affect
both the viscosity and ageing of the plasticized material. This could have
a negative effect on the processability of the material. On the basis of
these constraints, compositions and processing conditions for thermo-
plastic starch-based filaments production were therefore optimized as
follows (Scheme 1). Initially, starch was combined to glycerol (Gly)
using a starch/Gly ratio of 70/30 wt/wt % and thermally processed in
the extruder. However, the obtained thermoplastic starch filament (TPS)
did not possess suitable processability for thermal extrusion through the
printer nozzle. Thus, some further components were considered in order
to modify the thermomechanical properties of the material and adapt it
to FDM 3D printing. For this objective, two inorganic cationic clays were
considered: the lamellar clay montmorillonite (MMT) and the tubular
clay halloysite (HAL), largely used as fillers in polymeric mixtures for
their ability to improve the mechanical strength and durability, as well
as the thermal stability [31-33].

Citric acid (CA) was also selected as further additive. Literature data
document that CA addition to corn starch filament, plasticized with Gly,
allows to obtain a product with enhanced thermal stability, useful for
the extrusion process. Moreover, it has been observed that CA is able to
establish strong hydrogen-bond interaction with corn starch preventing
the re-crystallization (i.e. retrogradation) [34]. Magnesium stearate
(MgSt) was then used as additional lubricant in the final mixture to
promote the easy flow and release of material from the nozzle.

The produced filaments (compositions reported in Table 1) were
deeply studied in order to evaluate their suitability for FDM 3D printing.
Considering that during FDM extrusion the processed materials are
treated with rather high temperatures, the drug (generally mixed to the
polymer before HME treatment) must be thermostable in order to avoid
the degradation during processing. Thus methylsulfonylmethane
(MSM), an organosulfur compound known for the anti-inflammatory
and antioxidant properties, was selected as model drug [35]. MSM
thermal stability was evaluated by differential scanning calorimetry
analysis. The thermal profile of MSM submitted to heating—cooling cy-
cles (see par. 2.3.) to simulate the thermal extrusion was registered. In
the thermogram reported in Supplementary Material Fig. S3, it is
possible to observe that MSM does not undergo to substantial modifi-
cation, except for a limited crystallinity decrease, that does not affect the
activity. Considering the effect on clay addition on the final filament
characteristics, it was observed that HAL addition to starch is respon-
sible for an increase of the filament stiffness (filament F1) and this is also
confirmed by literature data [36].
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Scheme 1. Flowchart of the research method followed.

The produced filaments were then submitted to deep characteriza-
tion in order to find the most suitable to be used for scaffold production.
In agreement to Ghanbari et al. [37] the main diffraction peaks visible in
all the XRDP patterns can be ascribed to the plasticizing process of CS
with Gly (Fig. S4, Supplementary material). The main reflection in each
diffractogram at 20 = 23.0°, 17.3°, 20.0°, 18.3° and 20.4° for FO, F1, F2,
F4 and F5, respectively, suggested that the crystalline structure of each
filament follows Vy-type pattern [37]. The presence of MMT in F2, F4
and F5 is confirmed by weak diffractions at 20 = 7.0 °and 27.4°. HAL
possess a reflection around 26 = 13.0°, which in this case coincides with
a reflection ascribable to other ingredients (probably CS or Gly), being
therefore, masked. No other mineral diffractions are detectable, prob-
ably due to the low amount of MMT and HAL in the total filament

composition. MSM is not detectable due to its amorphous form, since
during the preparation process this active is melted. Regarding crystal-
linity (Fig. S4, Supplementary material), samples F1 and F5 showed
smaller crystallinity values in comparison to FO. F3b showed the lowest
crystallinity as a result of the incorporation of MgSt. This effect was
attenuated in samples F4 and F5, due to the presence of crystalline
phases (MMT). Some studies show that TPS without clays does not have
any impact on CS crystallinity and retrogradation. However, this result
suggests that when CS is plasticized with Gly, clays have the possibility
of interacting with polymeric chains of starch, obstructing their rear-
rangement to a certain extent, and consequently preventing retrogra-
dation of the polymeric matrix. This could be attributed to the fact that
the filament has absorbed humidity from the environment, according to
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Camila et al. [38]. In addition, the results suggest that the addition of the
different additives (CA, MgSt, MSM) also decrease the crystallinity of the
samples [39]. Particularly, CA has proven to increase the thermal profile
and plasticization of TPS, ultimately slowing down the crystallization
[34,40]. It should be underlined that the addition of plasticizing addi-
tives aimed to reduce the mechanical strength of the filament and fa-
vours its extrusion. In this sense, both Gly and MgSt fulfil this function
(Fig. S4, Supplementary material). The crystalline values in the presence
of clays (F1, F2, F4, F5) are slightly higher than F3a and F3b, due to the
presence of particular crystalline minerals that do not melt during pro-
cessing. Then, the thermal properties of the filaments were evaluated by
both DSC and TGA analyses. DSC was considered as a valuable method
to identify transition temperatures (Fig. S5, Supplementary Material). In
the case of FO, wide endothermic events probably due to the combina-
tion of physisorbed water evaporation and CS and Gly melting were
observed. CA shows an endothermic event at ~ 160 °C [41], which can
be modified when combined with CS and other additives (thus
explaining the results of F4 and F5). The endothermic event starting
around 140 °C in F3b can be ascribed to the presence of MgSt, whose
melting range has been reported to be around 120-150 °C [42]. This
event can also be detectable in F4 and F5. No exothermic events are
detectable in this temperature range, pointing out that no degradation
events occur for any ingredient. The first scan evidences the presence of
an endothermic peak, due to the residual plasticization of the TPS based
materials, that was almost complete in the case of F5 sample, loaded
with the model drug MSM. The presence of melting peaks at lower
temperatures (between 60 and 90 °C) are ascribable to MgSt (recrys-
tallized during the cooling step), that partially covered the signal related
to TPS glass transition (Tg). The TGA curves (Fig. S6A, Supplementary
Material) of TPS filaments reported in Table 1 show three main steps in
the ranges 60-250 °C, 250-350 °C and 350-600 °C. The first ramp
accounted in all cases for approximately 20 % of weight loss, corre-
sponds to the water desorption, in agreement with the DSC results
(Fig. S5, Supplementary Material). The second step, the main weight loss
(65 % of total mass), occurring from 250 to 350 °C, can be ascribed to
the dehydration of polysaccharide hydroxyl groups followed by the
polymer decomposition, as reported in literature [43]. The delimitation
of this stage was obtained in the derivative curve DTG (Fig. S6B, Sup-
plementary Material) that shows a well-defined peak, which suggests
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that this degradation happened as a single mechanism of decomposition.
Finally, a slow weight loss occurs starting from 350 °C until reaching
stability at temperatures higher than 600 °C. At these temperatures, the
degradation products of the previous event continue to degrade. The
residual mass is represented by the inorganic components of TPS fila-
ments, namely MMT and HAL [44]. In the first step, FO filament shows
higher weight losses in comparison to the other filaments, due to the
absence of additives. F1 profile is similar to FO in the whole range,
indicating that HAL does not improve the thermal resistance of the
filament. On the contrary, the presence of MMT (F2) seems to improve
the thermal resistance, especially during the first weight loss step,
starting the second degradation step at slightly higher temperatures.
This makes sense when looking at the TGA profiles of these clay minerals
on their own, MMT having less weight loss than HAL [45,46]. The
increased thermal stability of the filaments containing MMT could be
attributed to interactions between MMT and CS, responsible for a more
compact internal structure [47]. A higher mass loss was reported for the
filament F3a during the second step, suggesting that its composition is
more thermally labile [48]. Nevertheless, this lability can be compen-
sated by the addition of MMT, since the F4 and F5 filaments weight loss
profile was similar to those without CA and even showed higher residual
mass.

In vitro assays were then performed in order to evaluate the water
absorption capacity of the filaments (expressed as hydration %), as well
as their ability to undergo erosion (DS%) once in contact with a fluid
simulating the wound exudate. The results of the hydration studies
(Fig. 1A) show that all filaments were capable to absorb fluids and this is
attributable to the hydrophilicity of starch, able to bind the water
molecules due to high amount of hydroxyl groups. However, some dif-
ferences can be detected and, considering that all the filaments are
constituted by starch and Gly in the same ratio, these are attributable to
the presence of the other additives in their compositions (Table 1). FO
(without CA) and F3a (containing CA) show the same profile and the
lowest value for hydration ability (~45 % maintained for all the
experiment). Considering the results coming from DS % assay, FO shows
a limited erosion degree (about 25 % during all the experiment), sug-
gesting filament integrity and compactness (Fig. 1B). F3a shows a high
% of erosion (~50 %) probably due to CA presence in the composition
(Fig. 1B) as, due to its hydrophilicity, it could be hypothesized that CA is

100

80+

a0+
—+— FQ
F1

70+

e I FPC Y
=58 TEE - = —« F4
F5

DS (%)

R B e S L e L
o 30 80 a0 120 150 180 210 240 270
time (days)

Fig. 1. Results of A) hydration (%) and B) DS, Degree of swelling (%); C) Pictures of the filaments during swelling experiments.
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responsible for the water penetration in the inner spaces with conse-
quent enhanced erosion compared to FO.

F1 and F2 show a hydration value of ~ 65 %, maintained constant
during all the experiment, attributable to the presence of HAL and MMT
clays for F1 and F2, respectively. As the swelling property of these two
clays is well described in literature [49], it can be assumed that their
presence in the filament might be responsible for a better filament
swelling, compared to TPS filament without clays (FO). Considering DS
% results (Fig. 1B), the two filaments F1 and F2 undergo limited erosion
(< 30 %), attributable to the clays presence, responsible of filaments
compactness and integrity. F3b shows the highest hydration percentage
reaching ~ 95 % at 90th day (Fig. 1A). However, the profile is not
regular and this is attributable to the filament loss of integrity during the
incubation in SWF (Fig. 1C) probably this is due to the coexistence of
hydrophilic/soluble CA and lipophilic MgSt responsible for filament
fragmentation, for this reason it was not possible to report the DS%
profile. This filament was then excluded from the study. F4 and F5 show
a hydration percentage, respectively, of ~ 50 % and ~ 45 %, maintained
during all the experiment. Compared to F1 and F2, the hydration is
reduced, due to the presence of the lipophilic MgSt responsible for the

A B
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decreased water uptake (Fig. 1A). Considering the results deriving from
matrix erosion assay (Fig. 1B) the profiles are similar to F3a and could be
attributed to CA presence able to promote the water penetration and
consequent erosion.

In order to select the most suitable filament for scaffold production,
extrusion attempts by FDM were carried out. Extrusion trials demon-
strated that, despite F1, F2 and F3a are able to absorb high SWF per-
centages maintaining the integrity, however they resulted not suitable
for extrusion. In fact, problems of nozzle obstruction occurred during
their processing by FDM mainly due to starch thermal susceptibility
during the extrusion. In the case of F4 and F5, better results were ob-
tained, as the presence of both CA and MgSt allowed to obtain a more
processable filament and for this reason used for the next studies.
Together to them it was interesting to develop a further filament by
introducing a compatible biodegradable polymer in F4 composition.
Thus, poly (e-caprolactone, PCL) was selected and the filament named
F4a was produced (Table 1). PCL is a polyester largely employed in
many health products, especially implantable systems, due to its
controlled biodegradability, as well as safety [50-53] thus it was
considered interesting to evaluate its influence in the filament
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Fig. 2. Viability of HaCaT cells incubated with different dilutions of DMEM at 37 °C overnight with portion of filaments (10 mg in 1 ml) A) F4, B) F4a, C) F5, D)
Citric Acid, E) MSM. The negative control (in white) is represented by untreated cells (CTR) in DMEM and set at 100 %. The positive control (in black) is done with
DMSO 1 % and 2 % in DMEM. The percentage of viable cells respect to the control was reported as the mean + SD of three independent experiments. Dotted lines
indicate 80 % cells viability respectively. * p < 0.01, ** p < 0.001, and *** p < 0.0001, treatments versus control (one- way ANOVA test).
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composition. The introduction of PCL allowed to improve TPS print-
ability, thus the filaments F4, F4a and F5 were selected for the next
studies.

3.2. Invitro effect on cells

The effect on cells viability (safety) was evaluated on keratinocytes,
cell line representative of epidermidis. As reported in method section, a
portion of each filament was incubated in the culture medium DMEM
(10 mg in 1 mL) then, the supernatant was incubated with cells at four
different dilutions and the effect on cells viability was evaluated. The
obtained results (Fig. 2A-C), show that all the assayed dilutions are safe
for cells as the viability measured was > 70 % in all cases.

3.3. Scaffold production

3D printing parameters were optimized in order to produce the
scaffold by FDM. In order to achieve a suitable processability of the
material, a compromise was found between rigidity of the filament in
the nozzle and viscosity of the melt. The process window appears to be
rather narrow, however, a previous study [25] showed that it is possible
to play with the ageing of the material, since post-crystallisation can be
achieved by combination of suitable temperature and relative humidity,
thus drying or humidifying the material.

A preliminary bibliographic research was done with the aim to find
the most suitable shape for the printing, being that gyroid and honey-
comb resulted the most common and useful structures [54,55]. Thus, the
first attempt was made with the Infill Pattern “Gyroid” because this
structure is effective for wound dressing applications. It was decided to
print disk-shaped scaffolds prototypes having a diameter of 20 mm and
thickness of 3 mm using an initial infill density of 40 %. However, the
gyroid geometry, that requires continuous curvature variations during
the printing, does not well suited to the processability of the TPS. Thus,
it was decided to use the grid line as infill pattern with more linear
geometry useful to facilitate deposition and adhesion of the TPS layers
during the printing.

Once selected the shape, scaffold prototypes (Table 3) were produced
varying the parameters reported in Table 2 and using F4 composition as
a reference. The rationale behind the variations in the parameters was
the necessity to find a compromise between material viscosity, stiffness,
printing temperature and adequate material flow to allow the melted
filament to flow out of the nozzle. In the case of first scaffold (S_01,
Table 3), the main problem was the rapid collapse on the plate just after
printing and the high plate temperature responsible for browning. To
overcome these problems, flow material, print speed and plate tem-
perature were decreased (S_02, Table 3). However, in these conditions,
an excessive material flow was observed, thus this parameter was
reduced to 60 % (S_03, Table 3), nonetheless no flow was observed in
this case. Thus, the parameter was increased to 73 % (S_04, Table 3) and
84 % (S_05, Table 3), even if only the latter variation allowed to print the
object (Table 3). In S_05 sample, nozzle temperature and print speed
were reduced in parallel to material flow increase. It was observed that
TPS filament relaxation occurred even at 190 °C and lower values of
print speed allowed a precise printing, achieving the desired infill den-
sity (Table 3). The main problem encountered under these working
conditions was the difficulty to obtain the interlayer adhesion during the
layer to layer deposition. For this reason, the size modification of the
scaffold to 15 mm diameter and 1.5 mm thickness (S_06) was considered
useful to avoid the use of high material percentages. Since gyroid filling
was difficult to be obtained, due to the difficult processability of TPS
filament, it was decided to print a lattice structure and, after some at-
tempts in which nozzle T°C, infill density, print speed and fan speed
were modified (samples S_7, S_8 and S_9) the most suitable printing
conditions were obtained for the scaffold S_10 (Table 3).

The final Infill Line Distance (ILD) was set to 1.7021 mm, by setting
an Infill Density (ID) value of 47 % with the Infill Pattern (IP) “grid”.
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This value was obtained from an optimization process of the printing
parameters starting from an ID value of 50 %, corresponding to an ILD of
1.6 mm, that allows good mechanical performance (flexibility and
resistance) and adequate sizing of the cavities (void coefficient and wall
distance) for biological dynamics. Using the setting ID to 50 %, an
attempt with the IP “Triangle” was considered, but it was excluded in
favor of the grid geometry because setting ID to 50 % in IP “Triangle”
resulted in ILDs of 2.4 mm, i.e. wall distances considered less effective
for biological dynamics than the grid (Fig. S7, Supplementary Material).
However, this sizing creates the external grid walls adhered to the
circumferential wall causing solidification and deformation problems
during printing with the TPS used (Fig. S8A, Supplementary Material).
Thus, it was decided to decrease the ID in order not to stiffen and fill the
scaffold, so the first useful value that did not create adhesion/overlap
between the external grid lines and the lateral wall was ID 47 %
(Fig. S8B, Supplementary Material) and IDL 1.702. Taking into account
these considerations, the parameters optimized for scaffold S_10
(Table 3), realized using filament F4, were considered the most suitable
and used to produce the 3D printed scaffolds for the next studies
(Fig. 3A,B). The same parameters were used to print also the scaffold
using the filament F5 (Fig. 3C,D), containing MSM as active ingredient.
This confirmed that MSM presence in the filament did not change the
material processability. In the case of F4a filament containing low
melting PCL, for scaffold printing it was necessary to modify the plate
temperature, lowered to 57 °C, due to material collapse (Fig. 3 E,F). The
prepared scaffolds, hereinafter called S_10F4 (obtained from F4), S_10F5
(obtained from F5) and S_F4a (obtained from F4a) were then deeply
characterized.

3.4. Scaffold characterization

3.4.1. Morphology

The micrographs of the filament’s sections show that for both F4
(Fig. 4A) and F5 (Fig. 4C) it is possible to detect the presence of holes,
which are not visible in filament F4a (Fig. 4E).

For the scaffolds it is possible to detect the square grids produced by
the printing (Fig. 4B, 4D and 4F). The analysis of a surface portion shows
that the scaffold produced using filament F4a (S_10F4a) possess a
smooth and regular surface (Fig. 4F) while in the case of the other two
scaffolds, S_10F4 (Fig. 4B) and S_10F5 (Fig. 4D) a wrinkled and irregular
surface is detectable as well as the presence of discontinuities particu-
larly in the case of S_10F5.

3.4.2. Brillouin microscopy

The mechanical properties of the samples were investigated through
Brillouin Light Scattering (BLS). Named after Léon Brillouin, who first
described the phenomenon in 1922, BLS offers a non-destructive way to
probe the elastic properties and dynamic processes in various materials.
In BLS, a monochromatic light beam, typically in the visible spectrum, is
focused on the sample, where spontaneous time-dependent density
fluctuations (acoustic waves or phonons) result in periodic changes in
the refractive index, which acts as a diffraction grating for the incoming
light and produces a change in its frequency (often in the GHz range), in
a way akin to the Doppler effect. BLS detects the position and linewidth
of this frequency shift, hence provides direct information about the
velocity and nature of the acoustic waves, which in turn are related to
the stiffness and internal friction of the material. Typically, the Brillouin

spectrum exhibits an intense central peak due to elastically scattered
light and a set of equally shifted peaks (the Brillouin doublet) at fre-
quencies wg = £qvi.

The latter depend on the longitudinal sound velocity v, and on the
exchanged wavevector ¢ = (4nz/4)sin(6/2), where n is the material
refractive index, 4 the incident wavelength and 6 the angle between the
incident and scattered light. Therefore, BLS gives direct access to the
longitudinal elastic modulus M = pv? of the material, provided that n
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Table 3
Optimization of 3D printer parameters and visual images of the produced scaffolds.

Sample  Nozzle temperature(° C)  Flow material(%) Infill density(%) Print speed(mm/s)  Fan speed(%)  Plate temperature(° C)  ScaffoldImage

S.01 210 88 40 30 30 75

S.02 220 84 40 25 30 65

S 03 220 60 40 25 30 65 not printable
S04 220 73 40 25 30 65 not printabl
S.05 215 84 40 20 30 65 -
S.06 215 84 40 15 30 65

S.07 210 84 60 15 30 65

S.08 208 84 50 10 30 65

S.09 205 84 45 30 50 65

S_10 205 84 47 30 50 65
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Fig. 3. Pictures of the scaffolds S_10F4 (A, B), S_10F5 (C, D) and S_10F4a (E, F)
obtained by using the filaments F4, F5 and F4a, respectively.

and the material density p are independently estimated.
In our samples, the refractive index is unknown, but could be esti-
mated from the concentration and density of the various compounds in
the filaments. Given the measured value p.s = 0.61 g/cm? for the den-
sity of corn starch, and typical values found in the literature for the other
compounds, we compute n by using the classical mixing rule described
by Lorentz-Lorenz:
_ n? -1
= Zﬁm

i

n? -1

n2+1 )

where f; and n; are respectively the volume fraction and refractive index
of the i-th component of the filament. The results are reported in the
Table 4. With these extrapolated values, we compute the exchanged
wavevectors in our backscattering configuration g, = 4zn/4 and show
the results on the rightmost column of the same table.

As evident from the table, the refractive index and thus the
exchanged q are almost independent of the resin composition, while the
most important variations are observed for the density, the S_10F4a,
showing the larger density. Representative Brillouin data acquired in the
central part of the samples are shown in Fig. 5A. All the spectra are well
captured by a damped harmonic oscillator function (DHO), the typical
model used to describe the Brillouin signal from viscoelastic materials:

IO C()lz;FB

T (w2 — w§)2 + (0T'p)?

(5)

where the fitting parameters are the intensity Iy, the peak position wg
and width I's = Dyg?, where Dy is the kinematic viscosity. The fitting
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was performed considering the effect of multiple scattering [56], which
tends to reduce the definition of the exchanged wavevector g, and the
contributions of the g-spread due to the finite numerical aperture of the
objective lens. We observed small differences in the data depending on
the location on the sample where the spectrum was acquired, probably
due to the printing process. As a consequence, we decided to acquire at
least five spectra in different points along the sample, from the centre
towards the periphery of the printed disks. The results of the Brillouin
analysis as a function of sample composition are reported in Fig. 5B.
Overall, the data suggest that S_10F4 is the most homogeneous sample,
as deduced by the small spread in the Brillouin results, whereas the other
samples, S_10F5 and S_10F4a, show broader distributions of values. We
report in Fig. 5B(a), and 5B(b) the real M’ and imaginary M” part of the
longitudinal modulus. The former is linked to the elasticity of the ma-
terial as described above, while the latter is related to the linewidth of
the peak through M” = wpl'zp/q* and gives information on the attenu-
ation of the acoustic waves inside the material.

S_10F4 exhibits the lower elastic modulus among the studied samples
(M’ = 8.2+ 0.2 GPa, average + standard deviation). On the contrary,
addition of PCL increases the stiffness of the printed material, which
reaches a value of M/ = 9.3 £ 0.3 GPa. The sample S_10F5 displays in-
termediate rigidity values between S_10F4 and S_10F4a. S_10F4a also
displays the highest imaginary part of the longitudinal modulus, while
there is an opposite trend between S_10F5 and S_10F4, with S_10F5
showing M” smaller than S_10F4. These results suggest that the Brillouin
response of the printed disks is largely dominated by the density, the
refractive index difference only playing a minor role. In order to sepa-
rate the effect of density and optical properties in the Brillouin analysis,
we focus on the Brillouin loss tangent, tan(s) = M"/M' =T'g/wg [57],
which represents the proportion of effective viscosity to stiffness of the
microscopic irradiated region and indicates how efficiently energy is
stored or dissipated within the material. As evident from the definition,
tan(5) does not depend on the sample refractive index and density and
thus provides an unbiased estimate of the samples’ mechanical prop-
erties which does not depend on prior assumptions about density and
refractive index. Generally, a high loss tangent signifies greater energy
dissipation by the local acoustic waves, suggesting higher viscosity.
Conversely, a low loss tangent indicates a higher elasticity in the ma-
terial and reduced acoustic attenuation. The results of the loss tangent
are reported in Fig. 5B(c), confirming the trend of the acoustic speed
data (which is independent of p), see Fig. 5B(d). From the point of view
of internal dynamical process, therefore, the loss tangent analysis sug-
gests increasingly lower phonons attenuation going from sample S_10F4
towards S_10F5, with S_10F4a exhibiting intermediate values.

3.4.3. Swelling and DS%

Scaffolds hydration capacity and erosion were evaluated according
to Eq. (2) and Eq. (3) respectively for a period of 20 days, average time in
which a deep wound starts to heal [58].

Considering the positioning of the scaffold in a deep wound (e.g.
diabetic foot ulcers), the study of scaffold swelling capacity gives in-
formation about the stability (integrity of the structure) when in contact
with biological fluids, necessary to allow cells colonization and thus
tissue regeneration. The obtained results (Fig. 6A) show that S_10F4
swells gradually, reaching ~ 18 % of hydration after 1 day and ~ 35 %
after 7 days. The slow hydration could be attributed to starch structure
after plasticization, consisting both of thermoplastic soluble (amylose)
and insoluble (amylopectin) fractions. The latter, exposed in the
external part of plasticized starch granules, is responsible for the slow
fluid penetration and thus for the limited swelling observed. After 7 days
the swelling value decreases due to the erosion phenomena (Fig. 6B),
mainly attributable to starch fragmentation as well as to CA solubiliza-
tion. In the case of S_10F4a a rapid swelling is observable due to PCL
presence in the composition, reaching 45 % of hydration in the first day.
The value then decreases reaching ~ 35 % at 20th day, attributable to
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Fig. 4. SEM micrographs of: A) section of filament F4; B) grid open S_10F4; C), section of filament F5; D) grid open S_10F5; E) section of filament F4a and F) grid

open S_10F4a. Magnification 80X.

Table 4

Refractive index and qps obtained for the prepared scaffolds.
Sample Density (g/cm®) Refractive Index n Qps (nm 1)
S_10F4 0.745 1.4963 0.03534
S_10F5 0.820 1.4935 0.03531
S_10F4a 0.751 1.4950 0.03527

the gradual erosion to which the scaffold undergoes, mainly attributable
to both starch fragmentation and CA solubilization. The profile is similar
to that obtained for S_10F4, suggesting that the influence of PCL in the
erosion process in negligible (Fig. 6B).

For the scaffold S_10F5 the measurements were not possible because
it underwent to disaggregation with consequent loss of the integrity as
shown in the picture reported in Fig. 6D. This could be ascribed to the
different characteristics the scaffold. By the SEM micrographs registered
for S_10F5 (Fig. 4D) it is possible to observe the presence of disconti-
nuities and irregularities responsible for a rapid water penetration in the
inner spaces and consequent breaking. However, it should be considered

11

that the scaffold, once placed in the wound bed, may not be really
immersed in a large volume of fluid (as the condition in which the
experiment was performed). Thus, for S_10F5 should be considered
optimal the use in poor exuding wounds in which its integrity could be
maintained. For S_10F4 and S_10F4a the scaffold is still visible and intact
after incubation in SWF (Fig. 6C and 6E, respectively).

3.4.4. Wound healing assay

An in vitro wound healing experiment was planned and executed to
assess scaffold capability to favour the healing process. Each scaffold
was incubated with DMEM, as described in method section, and the
supernatant, both undiluted and diluted, was incubated with cells. The
most interesting results were obtained for all the scaffolds using the
dilution 1:1.8. In all cases in fact (Fig. 7A) an almost complete closure of
the wound was observed after 24 hrs in comparison to the control (cells
incubated with just DMEM). In order to better understand the main
factor responsible for the observed effect, a preliminary evaluation was
performed considering the components used for the filaments used for
scaffolds production. In all cases, namely F4, F4a and F5 compositions,
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Fig. 7. Results of scratch assay performed on the dilutions 1:1.8 of the solutions obtained from the three different scaffolds incubated with DMEM at 37 °C overnight.

Wound field observed at 6, 12 and 24 h. The scale bar (in red) represents 200 pm.

starch, Gly and CA were used, MSM was also present in F5 (Table 1). As
in literature it is reported that CA possess ability to stimulate cell growth
by creating an acidic environment [59], this aspect was taken into
consideration and evaluated. Thus, a subsequent experiment was per-
formed on CA alone reproducing the same concentration obtained from
the incubation of the scaffolds with DMEM and quantified by NMR
(Table S2).

In first instance, MTT assay was carried out in order to assess the
safety on HaCat cells using a concentration range of CA between 0.031
mM and 28 mM in complete DMEM (Fig. 2D). All concentrations tested
resulted completely safe in vitro. Then, the wound healing assay was
performed as well and the complete wound field closure was obtained
using the concentration 0.156 mM (corresponding to the dilution 1:1.8
resulted effective for the scaffold) (Fig. 7B). This result confirmed CA
contribution to the observed wound healing capacity of the scaffolds. As
S_10F5 differs from the other two scaffolds for the MSM presence, the
evaluation of MSM effect alone on keratinocytes was considered useful
to assess.

From MTT assay (Fig. 2E) emerged that concentrations from 0.016 to
1.4 mM are safe for cells. The wound healing assays were performed
starting from the concentration 0.14 mM to 0.068 mM produced from
scaffold incubation with DMEM for 24 h and measured by NMR. Also in
this case, the best result was obtain using 0.078 mM of MSM which
corresponds to the dilution responsible for the wound field closure
observed for the scaffold (Fig. 7B). The obtained results are very inter-
esting, suggesting that the use of F4 is suitable to obtain a scaffold (S_F4)
capable of stimulating the healing process. The scaffold prepared with
F5 (S_F5), due to MSM presence, should stimulate the wound healing
and at the same time could control the inflammation processes due to
the well-known anti-inflammatory effect of this molecule [60].

3.4.5. Antimicrobial activity

Wounds can very often be colonised by bacteria which are respon-
sible for local infections that hinder wound healing and may also cause
subsequent systemic infections. Therefore, antimicrobial treatment is
required. For this reason, the scaffold’s antimicrobial activity was also
evaluated. A preliminary study performed on the starting filaments
(Table S3, Supplementary Material), showed that all the filaments are
active against S. pyogenes, a pathogenic responsible for a high percent-
ages of skin and soft tissue infections [61], whose treatment by con-
ventional antibiotics is often unsuccessful due to antimicrobial
resistance problems [62].

The same experiment was performed on the prepared scaffolds in
order to evaluate their effect on S. pyogenes. The obtained results (Fig. 8)
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Fig. 8. Inhibition halos (mm) obtained incubating S_10F4 (A), S_10F5 (B), and
S_10F4a (C) with S. pyogenes.

show the following inhibition halos: 20.01 mm (S_10F5), 22.02 mm
(S_10F4a) and 24.74 mm (S_10F4), suggesting a possible application for
the treatment of deep infected wounds.

Also in this case the explanation of the observed effect can be found
in one of the common components of the three scaffolds, in particular it
can be attributable to CA, which antimicrobial activity has been well
proven [63]. Thanks to its acidification effect on the culture medium, in
fact, it is able to cause the disruption of the bacteria cell membrane with
consequent bactericidal effect.

4. Conclusions

This work demonstrated the feasibility of fabricating thermoplastic
starch filaments (TPS) suitable for Fusion Deposition Modelling 3D
printing technique. The combination of high corn-starch amounts (70 %
w/w) to glycerol and other additives as montmorillonite, magnesium
stearate and citric acid allowed to obtain processable filaments
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overcoming TPS limitations. The presence of polycaprolactone or the
inorganic thermostable molecule methyl sulfonyl methane, used as
model drug, was evaluated as well. Scaffolds with grid line geometry
were fabricated. All demonstrated ability to absorb artificial exudate.
The composition containing PCL, as expected, demonstrated better
integrity. In vitro studies performed on keratinocytes confirmed that the
developed formulations are safe for cells and able to stimulate kerati-
nocytes growth useful to enhance the wound healing process. Addi-
tionally, the proved antimicrobial activity observed against S. pyogenes,
one of the most common bacteria involved in wound infection, suggests
that the projected formulation could be a useful tool in the scenario of
formulations for wound treatment. In a broader perspective, the fila-
ments could be customized introducing thermostable active pharma-
ceutical ingredients for the production of scaffold for other applications.

The purposed formulation can also be considered sustainable as
produced using eco-friendly ingredients. Moreover, the production of
the final formulation and its disposal, after use, does not produce any
pollution and wastes. The strength is represented by the fact that the
research of human health takes place in the total respect of the animals
and environment, fully inserted into the concept of one-health.
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