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Abstract
Hypothesis

Pullulan, an exopolysaccharide consisting of maltotriose repeating units, has recently found many
applications in different fields, such as food, packaging, cosmetics and pharmaceuticals. The
introduction of photo-crosslinkable methacrylic units potentially allows to use pullulan derivative
inkjet 3D printing.

Experiments

Pullulan was functionalized with methacrylic groups and the derivative was characterized by NMR,
FT-IR and Raman spectroscopy. Water dispersions were thoroughly investigated by optical
microscopy, SAXS and rheology to evaluate the self-assembly properties and they were used as
photo-crosslinkable inks in a 3D printer, also in comparison with pristine pullulan. The structural and
mechanical properties of the obtained films were studied by Atomic Force Microscopy and tensile
strength tests.

Findings

The introduction of methacrylic groups moderately affects the self-assembly of the polymer in water,
resulting in a slight increase of the gyration radius of the polymer coils and in a small decrease of the
viscosity, retaining the typical shear-thinning behavior of concentrated polysaccharides in water. The
structural and mechanical properties of the 3D printed films are much more affected, showing the
presence of sub-micrometric phase segregated domains which are further separated by the cross-
linking. As a result, the deformability of the materials is improved, with a lower tensile strength.

Keywords: biopolymer, pullulan, photo-activated cross-linking, printing, rheology, mechanical
properties

Abbreviations: AM, Additive Manufacturing; Pul, Pullulan, DMSO, Dimethyl sulfoxide; DMF,
Dimethylformamide; FDA, Food and Drug Administration; 3D, Three dimensional; 3DP, Three
dimensional printing; PLA, Poly (lactic acid); ABS, Acrylonitrile-butadiene-styrene; PC,
Polycarbonate; PCL, Polycaprolactone; Pul-Ma, Methacrylated pullulan; Ma, Methacrylic anhydride;
EtOH, Ethanol; RT, Room temperature; FD, Functionalization degree; 'H-NMR, Proton nuclear
magnetic resonance spectroscopy; *C-NMR, Carbon nuclear magnetic resonance spectroscopy; FT-
IR, Fourier transform infrared spectroscopy; ATR, Attenuated total reflectance; PCM, Phase-contrast
microscopy; CCD, Charge-coupled device; SAXS, Small angle X-rays scattering; .STL,
Stereolithography format file.
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1. Introduction

The recent progresses in additive manufacturing (AM) techniques and their exploitation in tissue
engineering have imposed the need to develop new processable materials and, at the same time, to
implement the properties of the materials already in use, especially in terms of the mechanical
properties of the final products.! Among them, natural biopolymers, such as cellulose, gelatin,
chitosan and pullulan, have recently attracted significant attention.”* >~!! Pullulan (Pul) is a linear,
non-ionic polysaccharide with chemical formula (C¢H10Os)n as obtained by elemental analysis.'> !>
1415 First isolated and characterized from the culture broths of Aureobasidium pullulans in 1958 by
Bernier et al.'%, its structure has been resolved by Bender and Wallenfels et al. in the beginning of
’60s!7- 18 Its structure consists of maltotriose repeating units (i.e., three glucose molecules linked by
o (1 — 4) glycosidic bonds) connected by a (1 — 6) glycosidic bonds.!* '* 5 At room temperature
pullulan is a white dry, tasteless and odorless, non-hygroscopic powder.!* 1% 15 Thanks to its unique
chemical structure, pullulan is highly soluble in water, but insoluble in almost any organic solvents
except for dimethyl sulfoxide (DMSO) and dimethylformamide (DMF).2% 1314 It shows a good
thermal stability (decomposing over 250 °C!* 1% 15) and its aqueous solutions are stable in a wide pH
range'® 1, displaying a lower viscosity with respect to other polysaccharides and not showing the
tendency to form gel phases'® 1* 2! suggesting weak intermolecular interactions in water. Pullulan
peculiar structure provides adhesive and oxygen barrier properties'® and the ability to be molded into
different shapes'* %1% and to form fibers and thin films'* !> 1°. Thanks to these properties, pullulan
finds potential applications in food industries, as coating for food-packing'® 2> 2* or stabilizer and
emulsifiers for food products!*, and in the pharmaceutical field**. Moreover, it is one of the FDA
(Food and Drug Administration) approved biopolymers since it is biodegradable, non-toxic, bio- and
hemo-compatible, non-mutagenic, non-carcinogenic, non-immunogenic.'® 1% 2526

Pullulan also represents a good candidate for introduction of new chemical functionalities along the
backbone to modify its chemical and/or physical properties and eventually extend its applications.
Thanks to the presence of nine hydroxyl groups on each monomeric unit, pullulan can be involved in
many different chemical reactions'* such as esterification?” 28, oxidation® 3% 3! etherification®* 3°,
copolymerization®* 3% 3¢ sulfonation®” and chlorination®®. The introduction of monomers, such as
acrylates and methacrylates, is a viable strategy for the preparation of chemically cross-linked
polymeric hydrogels?, also in the case of biopolymers*’ and polysaccharides*!:**. For this purpose it
is possible to use a two-step process where reactive double bonds are first introduced along the
polymer chain and, in a second step, used to crosslink the chains by a free radical polymerization
process®.

In the last few years, pullulan has become an interesting material for different biomedical
applications, including its use as a carrier for drugs** and gene delivery'* > and its exploitation for
the construction of scaffolds for tissue engineering!™> 4> *®_ In particular, pullulan and its derivatives
are promising candidates as inks in three-dimensional printing (3DP) processes for the construction
of synthetic scaffolds or transdermal patches*”> . 3DP has become a very popular technique to create
three-dimensional (3D) structures for its ability to directly control shape, chemistry and
interconnected porosity of the printed structure: in fact, 3DP is based on an additive process where
successive layers of one or more materials are laid down onto the previous ones and stacked into
different pre-programmed shapes.*> ° Finally, the 3D object is obtained as the sum of many 2D
printed layers.*” ! Polymers are especially well-suited for this approach as they can be used in liquid
or solid phase and in different forms, such as solutions of monomers, thermoplastic filaments,
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powders or resins. Among the numerous polymers tested, the most commonly used are poly (lactic
acid) (PLA), acrylonitrile-butadiene-styrene (ABS), polycarbonate (PC), polyamides,
polycaprolactone (PCL) and polystyrene.’! The main advantages of their use are related to the ease
of their processing and manufacturing. In addition, polymers chemical flexibility allows their
derivatization with multiple functional groups.*® %2

In this work, we describe the synthesis of a photo-crosslinkable pullulan derivative that can be
exploited in 3D printing processes for the construction of three-dimensional structures. In this view,
methacrylate groups have been introduced along the polysaccharide backbone by an esterification
reaction. The product is investigated in terms of functionalization and cross-linking degree with a
multi-technique approach (‘H-NMR and '3C-NMR, FT-IR and Raman spectroscopy). The self-
assembly properties in water have been investigated by optical microscopy (PCM) and Small Angle
Scattering of X-Rays (SAXS), as well as the rheological behavior. This is especially relevant for the
printability of the dispersions that were tested in a 3D inkjet printer, also in presence of UV rays to
activate the cross-linking. The process parameters (such as printing speed, layer thickness, needle
gauge, fill density) were optimized and the obtained printouts were evaluated in terms of their
structure by means of AFM and for their tensile properties to evaluate the effects of functionalization
and cross-linking.

2. Materials and Methods

2.1 Materials
Pullulan, manufactured by Hayashibara Co., Ltd. (Japan), was kindly provided by Giusto Faravelli
S.p.A (Milan, Italy). Methacrylic anhydride (MA, 2000 ppm Topanol A as inhibitor, 94 %) and
sodium hydroxide (NaOH, pellets, 97+ %) were obtained from Sigma-Aldrich (Milan, Italy). Ethanol
(EtOH, absolute denatured > 99.2 % (v/v)) was purchased from Carlo Erba (Milan, Italy). All reagents
were used without any further purification. Demineralized H>2O was used as reaction solvent and for
preparation of printing solutions. 2-Hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone
(IRGACURE 2959, 98 %), obtained from Sigma-Aldrich (Milan, Italy), was chosen as radical photo-
initiator for photo-polymerization process. Sodium Azide (NaN3) was obtained from Sigma-Aldrich
(Milan, Italy) and used to avoid degradation in Pullulan solutions.

2.2 Methacrylated pullulan synthesis
Methacrylated pullulan (Pul-Ma) was synthetized following the procedure reported by Della Giustina
et al..>® Briefly, pullulan (Pul) was dissolved under stirring at room temperature (RT) in water (2.5 %
w/v). The solution was cooled down to 4 °C. MA was slowly added up to a concentration of 0.5%
v/v continuously adjusting the pH at 8 by adding NaOH 10 M. The solution was stirred at 4 °C for
24 h. The product was precipitated from ethanol to remove unreacted methacrylic anhydride, ground
with a blender to facilitate ethanol evaporation, centrifuged and dried under vacuum to obtain a white
solid stored at 4 °C.

2.3 Nuclear magnetic resonance spectroscopy ((H-NMR, >C-NMR)
"H-NMR and "*C-NMR spectra of Pul and Pul-Ma were recorded, respectively, in D,O and DMSO-
ds with a Bruker Advance III spectrometer operating at 400 MHz Larmor frequency for the proton,
using the signal of the solvent residual protons as internal reference. The functionalization degree
(FD), defined as the ratio of methacrylate groups with respect to maltotriose units of pullulan, was
calculated by "H-NMR spectrum of Pul-Ma by using the following relation (eq. 1):

FD=M*6 (D)

I4.02-335 ppm



O ~J o Ul b WN

OO CTUI U UTUIUTUTOTOT S DB BB DEDDEDWWOWWWWWWWWWNNNNNNMNNNMNNNERERERRRR R R
OB WNHFRFO WO IO WNROWVW®O-JAUTDWNROW®O®-JdAUDRWNROWWTIANUBRWNREOWOO-TUNSWNR OO

where 11.90 ppm 1S the integrated area of the methyl group peak and 14.02-3.35 ppm 1S the integrated area of
non-anomeric protons signals of pullulan.

2.4 Fourier transform infrared spectroscopy (FT-IR)
FT-IR analyses of the lyophilized powders were performed with a Nexus 870 FT-IR
spectrophotometer equipped with an ATR (Attenuated Total Reflectance) Golden Gate accessory.
Spectra were recorded at RT within the wavenumber range of 4000-650 cm™ (128 scans and with a
spectral resolution of 2 cm™).

2.5 Photo-polymerization
IRGACURE 2959, a radical photo-initiator working in the UV spectral region, was dissolved in an
aqueous solution of Pul-Ma (30 %w/w). The concentration of IRGACURE 2959 in the obtained
sample, labelled as Pul-MAUYV, is 0.79 % molar compared to methacrylate groups present in solution.
Once fully dissolved, the solution was irradiated with an LSH102 UV mercury-vapor lamp provided
with an optic fiber and connected to a Lot Oriel LSN150 power supply operating at 130 Watt.

2.6 Raman Confocal Microscopy
Raman spectroscopy has been used to evaluate the photo-polymerization process. Raman spectra of
Pul, Pul-Ma and Pu-MaUV (powders) have been acquired with a InVia™ Rehishaw microscope using
a 100 x lens and a near-infrared laser operating at 785 nm.

2.7 Phase-contrast microscopy (PCM)
Optical images of aqueous solutions of Pul and Pul-Ma (concentration 30 % w/w) have been obtained
with a Nikon Diaphot 300 phase-contrast microscope equipped with a 20x lens. Digital images were
acquired with a CCD (Charge-Coupled Device) Digital Sight DS-U1 Nikon.

2.8 Small Angle X-rays Scattering (SAXS)
SAXS experiments were carried out with a HECUS SWAX camera (Kratky) equipped with a
position-sensitive detector (OED 50 M) containing 1024 channels of width 54 pm. Cu Ka radiation
of wavelength k = 1.542 A was provided by a Seifert ID-3003 X-rays generator (sealed-tube type),
operating at a maximum power of 2 kW (50 kV and 1 mA). All the scattering curves were recorded
in the g-range between 0.012 and 0.55 A'. A small quantity of each sample was sealed in a cell
between two Kapton windows. Scattering curves were corrected for the water and Kapton
contributions. The data were analyzed with SasView software (http://www.sasview.org/).

2.9 Rheology
Rheological measurements were carried out with a Discovery HR3 Hybrid rheometer (TA
Instrument) using a plate-plate geometry (top plate diameter 2 cm) with a distance between plates
(geometry gap) of 300 um and using a torque range of 0.01-1000 uN-m. All measurements were
performed on aqueous solutions of Pul and Pul-Ma with a concentration of 30 % (w/w) at RT,
recording 10 points for decade with soak and duration time of 300 s and 600 s respectively.

2.10 3D printing
3D objects, labelled as 3Dfilms, were produced using an HYREL 3D Engine SR injection 3D printer
and an SDS-10 syringe head equipped with an electric motor. The 3Dfilms were printed on a glass
printing bed heated at 68 °C. Aqueous solutions (added with NaN3 in trace amounts when stored
before printing) of Pul and Pul-Ma at the concentration of 30 % (w/w) were tested for 3D printing
without UV radiation as a reference material. An apparent viscosity value of 3.4 Pa-s of these
solutions during the printing process was estimated from the Poiseuille law, taking into account the
geometrical parameters of the syringe and the needle used and the axial force applied by the electric
motor of the printing head (see Supplementary Material, Equation S1). Photo-initiator IRGACURE

2959 was added to a Pul-Ma solution (concentration 30 % w/w) at a specific concentration (0.79 %

4
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compared to methacrylic units present in solution). This sample has been irradiated during the
printing with a UV lamp to induce the cross-linking of methacrylic groups (see Materials and
Methods). To obtain that, the 3D printer head was integrated with an optic fiber irradiating the ejected
material close to the tip of the needle. The processing parameters used for the printing are shown in
Table 1.

Table 1. 3D printing processing parameters.

Needle outer diameter 0.7 mm Range of flow (9.31-3.07) *10* mL/s
Needle inner diameter 0.4 mm Needle Gauge G22

Fill density 100 % Fill pattern Rectilinear
Object dimension 10 mm x 40 mm x 0.6 mm  Speed 1 mm/s

Layer thickness 0.2 mm First layer thickness 0.15 mm

2.11 Atomic Force Microscopy (AFM)
A XE7 AFM (Park System) was used to image the sample. The samples were scanned in Non-Contact
mode with NCHR probes (radius of curvature of the tip around 5 nm) at room temperature. All scans
were recorded as 512 pixels x 512 pixels images. The roughness profile of samples surface over 25
um? areas were evaluated according to the RMS roughness R, which is the standard deviation of the
height value in a specific region and it’s calculated by the following equation:

Ro= 2 S 7aw)’ @)
where z,. 1s the average height value calculated over the n pixels and z; is the height of the i-th pixel.
2.12 Mechanical tests
Uniaxial tensile tests were performed on 3Dfilms of 10 mm x 40 mm x 0.6 mm (length x width x

thickness). All measurements were carried out using a Discovery HR3 Hybrid rheometer (TA
Instrument), equipped with a Film Tension Dynamic Mechanical Analysis tool. The following
parameters were used: initial gap 2 cm, speed to rupture 94 pm/s. All data obtained have been reported
as applied axial force vs percentage of elongation, which has been calculated as (eq. 3):

Elongation (%) = W 100 3)
0

where /; is the gap measured by the instrument at the i-th point and /y is the initial gap. The yield
point, the breaking load, the elongation at break and stiffness, calculated as the angular coefficients
in the linear range of elastic deformation in the axial force vs elongation graphs, were evaluated.

3. Results and discussion
3.1 Pul-Ma synthesis, characterization and photo-polymerization

The esterification reaction between methacrylic anhydride and the hydroxyl groups of the
glucopyranose residues lead to the introduction of methacrylate units along the polysaccharide
backbone (Figure 1), as confirmed by NMR and FT-IR analyses. In general, the functionalization
may occur in all the position of the pyranose ring, but the C6 position is the most probable due to
lower steric hindrance. Figure 2a shows the Pul-Ma "H-NMR spectrum recorded in D>O. Proton
signals observed in the region 3.35-4.02 ppm and at 6 4.90 and 5.32 ppm correspond to non-anomeric
and anomeric protons of pullulan, respectively. The signals at 6 5.72 and 6.15 ppm can be assigned
to the hydrogens of the C=C double bonds, while the peak at 6 1.91 ppm to the methyl protons of the

5
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methacrylate group. The corresponding signals can be observed in the '*C-NMR spectrum of Pul-Ma
(Figure 2b). Beside the characteristic peaks of the maltotriose unit of pullulan (C1 about 101.43-
98.77 ppm, C4 at 80.85 ppm and 80.03 ppm, C6 around 67.03 - 60.29 ppm and C2,3,5 between 73.43-
70.08 ppm), the >*C-NMR spectrum exhibits the methacrylate functional group signals: at 171.80
ppm for the carbonyl group, at 144.30 ppm and 117.54 ppm for the C=C group and at 20.08 ppm for
the methyl group. The functionalization degree (FD), defined as the ratio of methacrylate groups with
respect to maltotriose units of pullulan, obtained by 'H-NMR analysis is about 0.27 (corresponding
to a concentration of 0.53 mmol/g). FT-IR spectroscopy investigations confirm the presence of
methacrylate groups on pullulan chains: in fact, as shown in Figure 3, along with absorption peaks
attributed to pullulan?? 3% 33:36.57.38 'ET_IR spectrum of Pul-Ma shows a peak at 1709 cm™!, which is
characteristic of the stretching of carbonyl groups of methacrylate moieties*> >,

\ \
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Figure 1. Reaction scheme for the synthesis of methacrylated pullulan (Pul-MA).
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Figure 2. "H-NMR spectrum of Pul-Ma in D0 (a) and '*C-NMR of Pul-Ma in DMSO-ds (b).
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Figure 3. FT-IR spectra of Pul (red) and Pul-Ma (blue).

The photo-polymerization process (see Materials and Methods) is based on a free radical
polymerization process between methacrylate groups, using IRGACURE 2959 as the photo-initiator
in the UV spectral region (maximum absorbance at 276 nm).®® The cross-linking of pullulan chains
results in a marked change of the solubility of the product: Pul-Ma is soluble in water and dimethyl
sulfoxide (DMSO), while the irradiated sample (Pul-MaUV) does not dissolve in these solvents, even
after several days. The effective photo-polymerization of Pul-Ma was verified by Raman
spectroscopy. The spectra reported in Figure 4 have been normalized using the peak at 1461 cm™, as
this signal (attributed to CH> bending) is expected to remain nearly constant in all the samples. The
signals at 1638 cm! and 1710 cm™! observed in Pul-Ma and Pul-MaUV, but not in Pul spectrum, are
attributed to C=C and C=O stretching, which are characteristic of the presence of unreacted
methacrylic groups®'. The comparison between the intensity of the C=C stretching peaks in Pul-Ma
and Pul-MaUYV shows a clear decrease, thus confirming that the cross-linking has taken place.

4 f — Pul
25x10° | i — Pul-Ma
1461 cm —— Pul-MaUV
50 (CH2)bend
= 1638 cm’'
E\g’ 154 C=Cy
2
é 10 1
£ 1710 cm’
5 _J
'

T T T T T
1200 1400 1600 1800 2000

Raman shift (cm”)

Figure 4. Raman spectra of Pul (red), Pul-Ma (blue) and Pul-MaUYV (black). All the spectra were
normalized using the peak at 1461 cm’'.
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3.2 Self-assembly properties

Even though Pul and Pul-Ma water solutions appear macroscopically homogenous up to very high
concentrations (up to 40 % w/w), optical microscopy investigations revealed the presence of
aggregates at the micro-scale in both samples. Dynamic light scattering experiments (data not shown)
have shown the formation of micrometric aggregates already at concentrations below 5 %w/w. At a
concentration of 30% w/w, which was selected for the printing experiments, phase-contrast optical
microscopy (Figure 5) shows the presence of micrometric polysaccharide aggregates dispersed in
water having similar size regardless of the composition.

Figure 5. Phase-contrast ptial images of Pul (a) and Pul-Ma (b) aqueous solutions at 30 % (w/w).

SAXS was used to shed light on the structure of these aggregates down to the nanoscale. SAXS curves
of Pul and Pul-Ma in water (Figure 6) were fitted using the Polydisperse Gaussian coils model®*~%*
that can be used to model polydisperse polymer chains in good solvents. The total scattering intensity
I(g) is described by the following equation:

1(q) = scale 1, - P(q) + background 4)
where:
Iy = ¢poly V- (ppoly - psolv)2 )
P(q) =2[(1+UZ) YV +Z —1]/[(1 + U)Z?] (6)
z = [(qRy)’]/(1 + 20) 7)
8
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U=M,/M,) -1 ®)
V= M/(Ns6) ©)

where @po1y 1s the volume fraction of polymer, V' is the polymer coil volume, M is the polymer
molecular weight, N, is the Avogadro’s number, ¢ is the bulk density of the polymer, R, is the radius
of gyration of the polymer coil, pyor, and pson are the scattering length densities of the polymer and
the solvent, respectively. The polydispersity value was kept equal to 2 since pullulan is characterized
by a number-average molecular weight (M,) value between 100 e 200 kDa and a weight-average
molecular weight (My) about 362-480 kDa.!* The gyration radius (R,) values obtained from the
fitting for Pul and Pul-Ma are reported with the corresponding errors in Table 2. The results are
consistent with those obtained with the Polymer Excluded-Volume model® 8, also reported in Table
2. This model describes the scattering intensity in term of polymer chains subjected to excluded
volume effects, using the following relation for the form factor P(g):

1 1 1 1
P@) = i ¥ (55:V) — 5y (50 0) (10)
where y(x, U) is the incomplete gamma function:
y(x,U) = fOUdt exp(—t) t¥1 (11)

and the variable U is a function of the scattering vector ¢, defined as:
U= q2a’n?v _ q*R3(2v+1)(2v+2) (12)
6 6

Here, v is the excluded volume, a is the statistical segment length of the polymer chain and # is the
polymerization degree. The use of this model allows to obtain the Porod exponent (m), which is

related to the inverse of the excluded volume term (m = 1/ v) and provides information about the
fractal dimension of the scattering objects. An exponent m = 1.6 is found for both samples (Table 2)
and it is a signature of fully swollen coils.*

SAXS results suggest that the micrometric aggregates observed by PCM consist of swollen pullulan
coils having a R, below 2 nm and highlight that the functionalization with methacrylic groups does
not dramatically affect the self-assembly properties of pullulan, producing a slight increase of R, for
Pul-Ma which could be related to the hindrance introduced by the lateral functions along the polymer
chain, eventually resulting in a less interpenetrated coil structure.

Intensity (a.u.)

1 |—— Polydisperse Gaussian Coils
------- Polymer Excluded-Volume

2 3 45678 2 3 45

QA’
Figure 6. SAXS curve of Pul (red curve) and Pul-Ma (blue curve) aqueous solution at 30% (w/w)
and relative fittings. Curves are vertically offset for clarity of presentation.
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Table 2. Parameters obtained from the fitting of SAXS curves of Pul and Pul-Ma 30% w/w in

water.
Sample Model fitting Rs(A)  Polydispersity Porod exponent
Pul Polymer excl volume 16.6+0.1 / 1.62 +0.01
u
Poly Gauss coil 17.3+0.1 2 /
Polymer excl volume 18.8+0.1 / 1.64 £0.01
Pul-Ma
Poly Gauss coil 19.5+0.1 2 /
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Figure 7. Viscosity curve of aqueous solutions of Pul (red) and Pul-Ma (blue) at 30 % (w/w).

The self-assembly properties of Pul and Pul-Ma in water were investigated in terms of their
rheological behavior, also in view of their printing. Viscosity curves of Pul and Pul-Ma water
dispersions (30% w/w) are reported in Figure 7 (the corresponding flow curves are given in the
Supplementary Material, Figure S1). It is worth noting that the lower viscosity of highly concentrated
Pullulan aqueous solutions compared to other polysaccharides highlights the low tendency of Pullulan
molecules to self-assemble in water. Pul sample shows a non-Newtonian behavior throughout the
entire investigated shear rate range (0.1-100 s!), with a nearly constant shear-thinning trend. Pul-Ma
sample displays a lower viscosity compared to Pul. Furthermore, a region at low shear rates where
the viscosity remains nearly constant (often referred to as a Newtonian plateau) is present, followed
by a shear-thinning behavior. Highly concentrated polysaccharide solutions are well known to behave
as interpenetrated polymer coils and react to external deformations as dynamically entangled network
structures’’. At low shear rates, the deformation breaks the existing entanglements, which are quickly
replaced by newly formed ones, resulting in a Newtonian plateau. At increasing shear rates, when the
rate of formation of new entanglements is not sufficient to replace the ones disrupted by the
deformation, the net degree of interpenetration decreases and the system shows a shear-thinning
behavior. In our case, the results suggest that the presence of methacrylic groups on the side chains
leads to a decrease of the total number of entanglements, as the viscosity of Pul-Ma is lower than that
of Pul, consistently with SAXS results. This behavior is especially evident at lower shear rates, where
Pul sample shows a significantly higher viscosity. In view of the 3D printing, the introduction of
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methacrylic groups does not dramatically change the rheological properties of pullulan; nevertheless,
the presence of a Newtonian plateau could be of help in providing a stable and reliable flow at low
shear rates, i.e., at low printing speed.

3.3 Printing

In this work we used an injection 3D printer to obtain a polymeric object with a parallelepiped shape
and dimensions of 10 mm x 40 mm x 0.6 mm using aqueous solutions of pullulan and methacrylated
pullulan (with and without IRGACURE 2959) at the concentration of 30 % (w/w). Images of the
printed 3Dfilms have been reported in Figure S2 in the Supplementary Material. The use of a heated
printing bed was chosen so to promote solvent evaporation and solidification of the printed polymeric
solution. Bed temperature, and consequently evaporation time, along with printing speed are the main
parameters to optimize the layer by layer process and the development along the third axis (z): in fact,
the printing speed and bed temperature are set so that the n+/ layer will be deposited on the n layer
only when this is partly solidified. The fill density (%) parameter is the percentual ratio between the
space occupied by the solid polymeric material and the empty space in the final structure, eventually
defining the porosity of the printed object. The fill pattern parameter describes the series of
movements performed by the printer head to fill the structure. A rectilinear fill pattern and a fill
density 100 % were chosen for all the samples. Using the same pattern allowed us to compare 3D
printed objects in terms of the material used as the ink. Due to the temperature of the printing bed (68
°C), the proximity of the needle could cause the solvent to evaporate not only from the material on
the bed, but also from that in the tip of the needle, potentially leading to inhomogeneous flows. This
phenomenon could eventually be amplified when UV is used to activate the cross-linking, especially
if the radiation is not confined to the printed material. In our setup, the proper confinement was
obtained by using an optical fiber to focus the UV radiation on the immediate proximity of the tip of
the needle. Using a G22 needle, irregular flow was observed using printing speeds of 0.2 mm/s or
slower. To guarantee an even flow of the material, we used a printing speed of 1 mm/s for all the
tested inks (i.e., Pul, Pul-Ma and Pul-MaUYV), resulting in the successful production of free-standing
films with pre-programmed shape and dimension for all the tested inks. When stored in relatively dry
conditions (relative humidity below 50%), no signs of enzymatic degradation of the printed samples
were detected. These results highlight that both pullulan and methacrylated pullulan, with and without
the cross-linking step, are printable with an extrusion printer.

3.4 Morphology and mechanical properties of printed films

Printed samples were investigated by Atomic Force Microscopy in non-contact mode to evaluate both
the structure and the roughness of the surface. As illustrated in Figure 8a, Pul 3Dfilms show a
homogeneous and smooth surface, as suggested by the phase image (Figure 8b) and by the very low
roughness (R, = 0.8 nm). On the other hand, Pul-Ma samples (Figures 8c and 8d) show the presence
of segregated domains with size in the order of few tens of nanometers and a rougher surface (R, =
2.4 nm). The surface of Pul-MaUYV samples (Figures 8e and 8f) is similar to Pul-Ma, except for the
better definition of the segregated domains and the slightly lower roughness (R; = 1.8 nm),
consistently with the cross-linked structure. The results suggest that the introduction of methacrylic
groups takes to a phase segregation of the submicrometric domains that are further segregated when
chemically cross-linked.
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Figure 8. AFM topography and phase images of Pul (a and b, respectively), Pul-Ma (c
and d, respectively) and Pul-MaUYV (e and f, respectively).

3Dfilms were tested to evaluate the effects of the functionalization and the consequent polymerization
on their mechanical properties, especially on their tensile strength. Samples were subjected to an
increasing applied force while recording their elongation to evaluate the breaking load, the yield
point, the angular coefficient and the elongation at break. The resulting values (calculated as
described in the Supplementary Material, Figure S3) are shown in Table 3. Pul sample exhibits a
tensile strength (i.e., the breaking load value) that exceeds the maximum value allowed by our
instrumental setup (40 N). The introduction of methacrylic groups reduces the breaking load to 24.5
N, which further reduces to 5.8 N after the cross-linking. The Stiffness (calculated as the angular
coefficient in the linear region) and the yield stress (i.e., the stress at which the elastic behavior is
lost) show an analogous trend, while the elongation at break displays an inverted trend.

Table 3. Obtained parameters from tensile tests and AFM analyses of Pul, Pul-Ma and Pul-MaUV
3Dfilms.

Elongation

Breaking Yield point  Yield point Stiffness Ry
Sample at break
load (N) y axis (N) x axis (%) (N/%) (nm)
(%)
Pul > 40 1.25+0.12  325+£32  0.60+0.06 453 +4.5 0.8 £0.08
Pul-Ma 245+24  1.82+£0.18 19.7+£2.0 1.10+0.11 18.7+1.9 24+0.24
Pul-MaUV 5.8+ 0.6 2.42+0.24 49+0.5 2.15+0.21 40+£04 1.8+0.18
12
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Correlating these results with the structural information found by AFM suggests that the
homogeneous and well-ordered Pul samples behave as a brittle material, with a high value of breaking
load and low ability to extend/deform. The introduction of methacrylic groups on the pullulan
backbone leads to a less homogeneous structure, with phase segregated domains, resulting in a
decrease of the tensile properties of the material. The photo-polymerization process further enhances
the differences between the pristine and the functionalized pullulan, producing a material with lower
resistance towards applied stresses but enhanced ability to deform before breaking.

4. Conclusions

In this work, we successfully synthetized a photo-crosslinkable pullulan derivative (Pul-Ma) thanks
to the introduction of methacrylic functionalities along the polysaccharide chains. The derivative was
characterized by means of NMR, FT-IR and Raman spectroscopy. The self-assembly properties of
the pristine pullulan and of tis derivative in water (30 %w/w) were investigated by means of Phase
Contrast Microscopy and Small Angle Scattering of X-rays, showing that the polymer forms
micrometric structures consisting of hydrated polymer chains assembled into swollen coils. The
rheological properties were studied in view of using the aqueous dispersions as inks for 3D printing,
showing that the typical rheological behavior of polysaccharides (i.e., behaving as interpenetrated
polymer coils, able to react to external deformations as dynamically entangled networks) is preserved
in the methacrylated derivative. The 3D printing of the aqueous dispersions of pristine and
functionalized polymers was optimized in terms of the processing parameter, producing self-standing
printouts that were characterized by means of AFM and for their tensile properties. Results highlight
that the functionalization and, to a larger extent, the photo-polymerization take the formation of sub-
micrometric segregated domains, most reasonably because of the spatial concentration of methacrylic
units, inducing a drastic decrease of the tensile strength and an increase of the extent of deformation
allowed by the material.

The results reported in this paper clearly show that pullulan can be functionalized so to feature the
required characteristics for being 3D printed into scaffolds, which could be stabilized both by solvent
evaporation and by photo-polymerization. We extended the applicability of aqueous solution of Pul
and Pul-Ma to inkjet 3D printing techniques, since similar materials have been previously tested only
for visible stereolithography (SL) process and two photon lithography (TPL).> In this framework,
injection printing allows for shorter printing times and higher flexibility on printable architectures.
These results pave the way to the use of pullulan and its derivatives in applications that require a
spatial and structural control of the final products. In view of an eventual future use of this material
in biomedical applications, the increase of the functionalization degree, i.e., the number of photo-
active units, and its effects on structural properties should be investigated. The ability to program and
predict the architecture, both in terms of internal porosity and external shape, opens up several
possibilities for the realization of specific and complex objects, which are difficult to obtain with
other techniques.
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