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Physicochemical Characterization of Pectin-Gelatin
Biomaterial Formulations for 3D Bioprinting

Anna Lapomarda,* Giorgia Cerqueni, Mike A. Geven, Irene Chiesa, Aurora De Acutis,
Matteo De Blasi, Francesca Montemurro, Carmelo De Maria, Monica Mattioli-Belmonte,

and Giovanni Vozzi

Developing biomaterial formulations with specific biochemical characteristics
and physical properties suitable for bioprinting of 3D scaffolds is a pivotal
challenge in tissue engineering. Therefore, the design of novel bioprintable
formulations is a continuously evolving research field. In this work, the
authors aim at expanding the library of biomaterial inks by blending two
natural biopolymers: pectin and gelatin. Cytocompatible formulations are
obtained by combining pectin and gelatin at different ratios and using
(3-glycidyloxypropyl)trimethoxysilane (GPTMS) as single crosslinking agent. It

biofabrication approach unique.l!! Differ-
ently from conventional fabrication tech-
niques (such as salt leaching, solvent cast-
ing), 3D bioprinting ensures spatial and
temporal control of the complete biofabrica-
tion process. Additionally, the use of 3D bio-
printing allows for the production of well-
defined patient-specific implants with tun-
able degree of porosity and architecture.>!

Extrusion-based bioprinting is one of

is shown that the developed formulations are all suitable for extrusion-based
3D bioprinting. Self-supporting scaffolds with a designed macroporosity and
micropores in the bioprinted struts are successfully obtained by combining
extrusion-based bioprinting and freeze-drying. The presence of gelatin in
these formulations allows for the modulation of porosity, of water uptake and
of scaffold stiffness in respect to pure pectin scaffolds. Results demonstrate
that these new biomaterial formulations, processed with this specific
approach, are promising candidates for the fabrication of tissue-like scaffolds

for tissue regeneration.

1. Introduction

Fabrication of scaffolds by 3D bioprinting is gaining increasing
attention to replace, restore, or regenerate defective tissues.[?]
The ability to reproduce the complex anatomical features of tar-
geted tissues through automated technologies is what makes this

the most used bioprinting technology for
producing tissue-like scaffolds due to its
versatility and user-friendliness. The abil-
ity to easily change processing parame-
ters (e.g., flow rate, bioprinting speed)
or hardware components (e.g., shape and
size of the extrusion tip), and to work
under different operative conditions (e.g.,
aseptic and physiological conditions) en-
ables extrusion-based bioprinting to pro-
cess a broad range of biomaterial inks
and bioinks.l"?] However, developing bio-
compatible and cell-friendly biomaterial for-
mulations with specific physicochemical
properties suitable for bioprinting, still remains one of the most
challenging aspects that limits the spreading of this bioprinting
technology in a clinical setting.[*’]

A multitude of biomaterials has been explored to form print-
able formulations both for bioinks and biomaterial inks. In this
respect, hydrogels are the most prominent class of biomaterials
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for tissue engineering (TE) applications.[*31% These highly hy-
drated polymeric networks are able to mimic many features of
the natural extracellular matrix. They provide a viable engineered
microenvironment for cell adhesion, growth and proliferation.
However, their rheological properties often limit their use for bio-
printing of scaffolds with complex shapes. Their low viscosity and
yield stress may, in fact, result in premature collapse of bioprinted
scaffolds over time under their own weight. Therefore, only sim-
ple and bidimensional bioprinted structures with poor shape fi-
delity are often obtained with these materials.11-14]

Various synthetic (e.g., polyethylene glycol) and natural
(gelatin, hyaluronic acid, alginate) polymers, as well as their
combinations have been exploited for bioprinting of hydrogel
scaffolds.[*8) More recently, pectin-based hydrogels have gained
attention for the formulation of green and sustainable bio-
material inks(®] and bioinks(**! for extrusion-based bioprinting.
Pectin is a biocompatible and naturally occurring biopolymer
that commonly constitutes the tissues of most plants.['®) Tt is
commercially derived from citrus peels and apple pomace, both
by-products of food manufacturing industry. Its great gelling
capability, biocompatibility, easily tunable physical properties
and low-cost make pectin a valid alternative to commercial
petroleum-based biopolymers.!'”8 Although pectin shows nu-
merous advantageous properties for use as biomaterial, its in-
adequate rheological properties (e.g., low viscosity and yield
stress)!**2%! limit its current use in bioprinting. Furthermore, the
most common pectin crosslinking process is based on the use
of divalent cations (e.g., Ca?*), which often requires further post-
printing treatments as, for example, incubation of the 3D printed
scaffold in a crosslinker solution to further stabilize it.1!1]
This can affect the resolution and therefore the reproducibil-
ity and dimensional accuracy of the 3D printed scaffold. Col-
lapsed scaffolds with poor shape fidelity are often obtained with
this approach.™] Moreover, these treatments do not allow for a
fine control of network formation throughout the scaffold.*!) In
our previous work, we reported on the improvement of pectin
bioprintability by using (3-Glycidyloxypropyl)trimethoxysilane
(GPTMS) as pectin crosslinking agent for the first time. Through
a pre-crosslinking reaction with GPTMS, an increment of the vis-
cosity and yield stress of pectin solutions by respectively 40 and
6 times was achieved. This makes pectin suitable for bioprint-
ing complex-shaped 3D scaffolds with high shape fidelity and
interconnected mesopores without the need for any additional
post-printing incubation in crosslinker solutions.l*! Here, we aim
to extend the biofabrication approach developed in our previous
work by blending pectin with gelatin, and using GPTMS as only
crosslinking agent. We hypothesize that blending gelatin with
pectin may modulate the properties of the resulting pectin-based
material and expand its application into the bioprinting field. As
pectin, gelatin is a sustainable biopolymer that is produced from
the denaturation of animal-derived collagen. Gelatin is widely
used in TE applications due to its appealing features that include
i) bioactivity, ii) versatility in terms of chemical modification, due
to the abundance of functional groups on its polymer chain, iii)
compatibility with other biopolymers, and iv) low cost.*?] We hy-
pothesize that the combination of these two natural biopolymers
may lead to pectin-based biomaterials and bioprintable formula-
tions with tunable properties. Other works have been published
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on pectin-gelatin coacervation systems for TE application. [2>-2°]

These formulations have been mainly used to produce films, 23]
microspheres, 2! injectable microparticles!?’] and micro-porous
cylindrical scaffolds.**]

In this work, the preparation of mesoporous pectin-gelatin
scaffolds crosslinked with GPTMS (hereafter called “PectGel”) is
reported. A similar approach was used in our previous work,!
to prepare and characterize pectin sponges crosslinked with
GPTMS. The effect of gelatin content on porosity, pore size, wa-
ter uptake and compressive modulus were initially investigated
on freeze-dried PectGel sponges. Furthermore, the cytocom-
patibility of PectGel formulations was studied using human
MG-63 osteoblast-like cells. Finally, the bioprinting capability
of the developed PectGel formulations was assessed by 3D bio-
printing self-supporting woodpile scaffolds with interconnected
macroporosity.

2. Results and Discussion

2.1. Physicochemical Characterization of PectGel Formulations
and Sponges

The chemical composition of PectGel formulations was inves-
tigated by Attenuated Total Reflectance Infrared Spectroscopy
(ATR-IR). Figure 1A shows the ATR-IR spectra of PectGel1, Pect-
Gel2 and PectGel3 together with and GPTMS-crosslinked pectin
(Pect) and gelatin (GEL) (see Table 1).

The ATR-IR spectrum of Pect shows the characteristic peaks of
the methyl ester groups (—COOCH,) and of carboxyl acid groups
(—COOH) of pectin at 1730 cm™ and 1620 cm™, respectively.(*!]
The ATR-IR spectrum of gelatin crosslinked with GPTMS (GEL)
displays the characteristic peaks at 1630 cm™, 1530 cm™ and
1230 cm™ corresponding to amide I (C=O stretching), amide 11
(N—H bending) and amide III (C—N stretching), respectively.[*?]
Compared to Pect, the introduction of gelatin in PectGel films
results in the appearance of the peak at 1530 cm™. Furthermore,
the change in ratio between the peaks at 1730 and 1620 cm™ is
representative for the higher gelatin concentration in the films
going from the PectGell to the PectGel3 formulation. Finally,
all the presented films show the broad band (~1160-960 cm™)
and the peak at ~#905 cm™ which correspond to Si—O—Si and
Si—OH bonds. This confirmed that the crosslinking of gelatin
and pectin by GPTMS successfully occurred.’®*! Although these
results are not conclusive for the type of crosslinking reactions
that occur, we hypothesize that the crosslinking occurs as in
Figure 1B.

Microporous sponges were obtained by freeze-drying PectGel
formulations (Figure 2). The morphology and architecture of mi-
cropores in Pect and PectGel sponges are typical of sponges pre-
pared by freeze-drying.(2*33] All sponges showed an intricate and
interconnected network of micropores both on the surface and
in the cross-section (Figure 2B.2,B.3, C.2,C.3,D.2,D.3,E.1,E.3).
Particularly, PectGell and PectGel2 sponges are characterized
by channel-like micropores oriented along all directions. These
micropores are interconnected through smaller micropores with
thinner walls and diameters. In PectGel3 sponges, micropores
are more homogenously distributed throughout the sponge vol-
ume. The average pore size and pore size range of PectGel and

© 2021 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Figure 1. A) ATR-IR spectra of PectGell, PectGel2 and PectGel3, Pect and GEL. B) Hypothetical crosslinking reaction mechanism in an aqueous envi-
ronment; in an acidic environment, as generated by pectin, the GPTMS epoxide ring is opened and the resulting hydroxyl groups react with the carbonyl
groups of pectin.l3] Concomitantly, an acid-catalyzed epoxide ring-opening occurs by primary amines on gelatin.[2$2°] The two reactions lead to GPTMS
residues linked by esters to pectin and linked by secondary amines to gelatin. Subsequently, in an aqueous environment, hydrolysis of the trimethoxysi-
lane groups occurs (expulsion of methanol) followed by a condensation reaction forming Si-O-Si-linkages between polymer chains.[*] It must be noted
that the reactions linking GPTMS to both polymers occur simultaneously in our system and are likely to compete. Which reaction is dominant and
whether one of the reaction products is formed in majority is still under investigation.

Table 1. Composition of aqueous PectGel biomaterial formulations.

Name Composition

Pectin [% w/v] Gelatin [% w/v]
Pect 4 0
PectGell 4 0.5
PectGel2 4 1
PectGel3 4 2

Pect sponges are summarized in Table 2 together with porosity,
water uptake and compressive modulus. Pect sponges showed
an average pore size of 65 pm with a range of 17-123 pm,
comparable to the results obtained in our previous work.]’]

Macromol. Biosci. 2021, 2100168 2100168 (3 of 11)

PectGel sponges showed larger micropores than Pect sponges,
and these micropores become smaller with increasing gelatin
content (Table 2).

The porosity of PectGel sponges was calculated gravimetri-
cally. The addition of gelatin resulted in a decrease of porosity
from 93.0 = 0.2% for Pect to 89.3 + 0.5% for PectGel3 sponges
(p < 0.0001) (Table 2). All the sponges showed high values of
porosity which are suitable for TE applications.?*]

Water uptake of Pect and PectGel sponges over time is shown
in Figure 3A. All sponges reached an equilibrium in water up-
take after 24 h. At this time point, the equilibrium water uptake
seems to decrease with gelatin content (r- = —0.99) (Figure 3B,
Table 2). Despite Pect sponges present the smallest pore size,
these were characterized by the highest values of water uptake
after 24 h (approximately two times higher than PectGel3 with
the highest content of gelatin and GPTMS). We hypothesize that

© 2021 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Figure 2. Images with top (A) and cross-sectional view (B.1, C.1, D.1, E.1) of Pect (B.1), PectGel1 (C.1), PectGel2 (D.1), and PectGel3 (E.1) freeze-dried
sponges. Scanning Electron Microscopy (SEM) images of Pect (B.2, B.3), PectGel1 (C.2, C.3), PectGel2 (D.2, D.3), and PectGel3 (E.2, E.3) freeze-dried
sponges (scale bars A=10mm, B.1,C.1,D.1,E.1=5mm, B.2,C2=2mm, D.2,E2 = 1mm, B.3, C.3, D.3, E.3 = 500 pm).

Table 2. Properties of microporous Pect and PectGel sponges.

Properties Microporous sponges

Pect PectGel1 PectGel2 PectGel3
Porosity [%] 93.0+0.2 92.0 +0.1 90.9+0.1 89.3 +0.5
Average pore size [pm] 65.0 372.0 165.8 119.9
Range of pore size [pm] 17-123 140-560 30-365 35-310
Water uptake [%] 726.2 + 60.2 597.2+12.2 563.9 +20.0 384.1+20.3
Dry compressive modulus [kPa] 3216.8 +818.8 867.5 +214.2 1815.5 + 460.0 4118.2 +370.7
Wet compressive modulus [kPa] 279.8 + 62.0 152.7 £ 21.4 3222 +72.1 370.7 £ 43.8
this behavior may be due to the higher GPTMS content needed The mechanical properties of PectGel sponges were de-

to crosslink both pectin and gelatin.[*}] The presence of siloxane  termined by uniaxial compression test both in wet and dry
chains derived from the GPTMS-mediated crosslinking reaction  conditions. Representative stress—strain curves of Pect and Pect-
may, in fact, have enhanced the hydrophobicity of the PectGel — Gel sponges in both testing conditions are shown in Figure 3C.
sponges. The linear decrease of water uptake with gelatin (and  Stress—strain curves of all sponges showed a linear region at
GPTMS) supports this hypothesis. low levels of stress, followed by failure of the sponges. The

Macromol. Biosci. 2021, 2100168 2100168 (4 of 11) © 2021 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Figure 3. Water uptake profile of PectGel and PectG sponges when soaked in ultrapure water up to 3 days (A), effect of gelatin content on water uptake
at 24 h (The dashed green line represents the best linear fitting of the water uptake measurements at 24 h (B), representative stress—strain curves of
PectGel and Pect sponges in dry (continuous line) and wet (dashed line) conditions (C), and effect of gelatin on compressive modulus in dry (continuous

line) and wet (dashed line) conditions (D).

compressive modulus in dry and wet conditions was calculated
from the slope of the linear region (1-7% strain) (Table 2). As ex-
pected, the hydration of the sponges resulted in a reduction of the
compressive modulus of one order of magnitude (Figure 3D).
Compared to Pect sponges, the introduction of gelatin at a low
concentration seems to reduce the stiffness of the sponges in
dry conditions. In particular, in the dry state PectGell sponges
shows a compressive modulus 3.7 times lower than Pect sponges
(p < 0.005). No significant difference in stiffness was observed
between PectGel2 or PectGel3 and Pect sponges, respectively.
Interestingly, a linear increase of stiffness (r = 0.99) from Pect-
Gell to PectGel3 was observed. In the hydrated state, this trend
is less pronounced (r = 0.88). Nonetheless, PectGell sponges
demonstrated the lowest stiffness in the wet state (1.8 times
lower than Pect, p < 0.005) as well, and PectGel3 sponges showed
the highest stiffness (1.3 times higher than Pect). Conversely,
hydrated PectGel2 sponges showed similar stiffness to Pect
sponges. The reduction of the stiffness at low gelatin content
may be attributed to a lower degree of crystallinity due to the
introduction of gelatin within the pectin matrix.[”* The addition
of gelatin, in fact, may cause the disruption of pectin crystalline
regions, which in turn results in a decrease of the stiffness of
PectGell and PectGel2 sponges (with low gelatin content). We
hypothesize that at higher gelatin concentration this effect might
be compensated by the contextual addition of GPTMS whose
internal network made of covalent bonds between pectin and
gelatin, and the formation of a silicate network contributed to
the increasing stiffness of the sponge.

Macromol. Biosci. 2021, 2100168 2100168 (5 of 11)

2.2. Cytocompatibility Investigation

Cytotoxicity of the developed PectGel materials was investigated
by determination of MG-63 metabolic activity at 48 h through an
XTT assay. Pect sponges were used as control. As can be seen in
Figure 4A, no significant difference in cell viability was observed
on PectGell and PectGel2 sponges compared with that of Pect
sponges. While a reduction of cell viability of about 42% was ob-
served on PectGel3 sponges. This may be due to the increased
content of GPTMS which may have reduced cell adhesion on the
sponge surface.l**]

Cell behavior of MG-63 cells on PectGel sponges was investi-
gated by SEM morphological observations. Figure 4B shows rep-
resentative SEM images of adherent cells on the surface of Pect
and PectGel sponges at 48 h. MG-63 cells exhibited a star-like
shape on all the sponges which is typical of adherent osteoblast-
like cells. In particular, MG-63 cells on PectGel3 were mainly
elongated or extremely flattened, features that are characteristic
of viable cells.

2.3. Extrusion-Based Bioprinting of PectGel Scaffolds

PectGel and Pect biomaterial inks were obtained by mixing
PectGel slurries at 70 °C until a visible increment of viscosity
was observed. This increment was due to the heat-induced
pre-crosslinking reaction of pectin and gelatin by GPTMS. The
time required to make the formulations printable is shown

© 2021 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Figure 4. Cell viability at 48 h of MG-63 cells seeded on PectGel1, PectGel2, PectGel3, and PectG sponges. (“*” represents Student’s t-test significant
difference between cell viability of Pect (control) and other PectGel sponges, ***#p < 0.0001) (A), and representative SEM images of adherent MG-63
cells on Pect and PectGel sponges at 48 h (Scale bar: Pect, PectGel1 = 20 ym; PectGel2, PectGel3 = 10 pm).

Table 3. Bioprinting parameters applied for 3D extrusion based bioprinting of Pect, PectGel1, PectGel2, and PectGel3 biomaterial inks.

Bioprinting parameters

Biomaterial inks

Pect PectGell PectGel2 PectGel3
Time needed to induce an increment 4 3 2.5 2.5
of viscosity [h]

Window of printability [h] ~3 ~5 ~7 ~24
Bioprinting temperature [°C] 25 25 25 25
Type and size of the extrusion tip Straight22 G Straight22 G Straight22 G Straight22 G
Flow rate” [%] 360 370 340 320
Printing speed [mm s 8 8 8 8

?) Flow rate values set in the G-code with respect to the nominal value calculated automatically by the slicing program Slic3r.

in Table 3. Following this mixing time, homogenous and
uniform fibers were obtained when extruding the resulting
slurry from 22 G (410 pm inner diameter) extrusion tips
(Figure 5.A.1,B.1,C.1,D.1). Conversely, at times inferior to those
reported, only droplets were formed during extrusion and no
filament formation was observed. This indicated that the formu-
lation was not yet ready to be bioprinted since the formulation
was not sufficiently crosslinked. As expected, prolonged expo-
sure to 70 °C resulted in over-crosslinking which prohibited the
bioprinting, because the formulation was in a gel-like state and
practically impossible to extrude. Moreover, with an increasing
gelatin content, a faster viscosity increase was observed.

Once PectGel formulations were considered ready-to-bioprint,
woodpile scaffolds were bioprinted in order to assess the capa-
bility of these formulations to produce self-supporting 3D struc-
tures with interconnected designed macropores. Self-standing
woodpile scaffolds were successfully obtained with all PectGel
biomaterial inks (Figure 5A.2,B.2,C.2,D.2). Open and intercon-
nected macropores and no collapsed fibers were observed in all

Macromol. Biosci. 2021, 2100168 2100168 (6 of 11)

PectGel scaffolds. No distortion of the scaffolds was observed af-
ter freeze-drying (required step to complete GPTMS crosslink-
ing reaction) and complete rehydration in ultrapure water at
37 °C (Figure 5A.3-A.7,B.3-B.7,C.3-C.7,D.3-D.7). Notably, as al-
ready shown in our previous work,®! the freeze-drying process
introduced an interconnected network of micropores within the
macroporous, 3D bioprinted matrix. This is an important result
since this approach allowed to further increase the final porosity
of the scaffold, which in turn promotes scaffold colonization and
nutrient/metabolites exchange. The sizes of micro- and macro-
pores of the bioprinted scaffolds are summarized in Table S1,
Supporting information.

Overall, these results clearly show that the addition of gelatin
did not negatively affect the bioprinting capability of pectin.
Interestingly, the window of printability, namely the period of
time during which the formulations are suitable for bioprinting
before becoming too stiff for extrusion, varied with gelatin
content (see Table 3). This parameter increased with gelatin con-
centration, and with the GPTMS content necessary to crosslink

© 2021 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Figure 5. Images of the initial bioprinting screening to evaluate fiber formation of Pect (A.1), PectGel1 (B.1), PectGel2 (C.1), and PectGel3 (D.1) inks; top
(first row) and cross-sectional views (second row) of 3D bioprinted woodpile scaffolds after bioprinting, after freeze drying and after rehydration (from
left to right, respectively; note the cross-sectional image after bioprinting is not provided, being the cut a destructive operation for the gel structure)
made of Pect (A.2), PectGell (B.2), PectGel2 (C.2) and PectGel3 (D.2). Optical microscopy images with top view of Pect (A.3, A.4, A.6), PectGell (B.3,
B.4, B.6), PectGel2 (C.3, C.4, C.6) and PectGel3 (D3, D.4, D.6) woodpile structures after bioprinting (A.3, B.3, C.3, D.3), after freeze-drying (A.5, B.5, C.5,
D.5) and after rehydration (A.6, B.6, C.6, D.6). SEM images with top view of freeze-dried Pect (A.5), PectGell (B.5), PectGel2 (C.5), and PectGel3 (D.5)
woodpile structures (Scale bars A.2, B.2, C.2, D.2 = 5mm; A.3-A6, B.3-B.6, C.3-C.6, D.3-D.6 = 500 pm).

Macromol. Biosci. 2021, 2100168 2100168 (7 of 11) © 2021 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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GYROID INFILL PATTERN

Figure 6. 3D scaffolds with different infill patterns, sizes and shapes obtained by 3D bioprinting PectGel3 biomaterial ink. Cubic shaped scaffolds (10 x
10 x 10 mm?) with rectilinear infill pattern and gyroid infill pattern (Scale bar = 5 mm) (A), and a 3D sliced model and 3D bioprinted Piazza dei Miracoli
of Pisa (leaning tower, Cathedral and Baptistery) (Scale factor 1:2000) (scale bar = 10 mm) (B).

both pectin and gelatin, up to 24 h for the PectGel3 formulation.
This formulation, in fact, other than being ready-to-bioprint in
a shorter time than the other PectGel formulations, allowed for
longer bioprinting sessions. For these reasons, PectGel3 was
selected to bioprint 3D scaffolds with different shapes and infill
geometries to prove its bioprinting versatility (Figure 6). Large
and complex shaped scaffolds were obtained without clogging the
extrusion tip while bioprinting. Cubic shaped scaffolds 10 mm
in height and with a rectilinear and gyroid infill patterns were
successfully obtained (Figure 6A). Moreover, to demonstrate the
shape retention capability of PectGel3 even in complexly shaped
structures, a model of the Leaning Tower of Pisa together with the
Cathedral and the Baptistery (scale factor 1:2000) was bioprinted
(Figure 6B). It is important to mention that the entire bioprinting
process occurred at ambient conditions without the use any addi-
tional heating/cooling device for the extruder and/or the printing
plate.

3. Conclusion

This work reports on the preparation and characterization of bio-
material inks obtained by mixing pectin and gelatin crosslinked
with GPTMS. The effects of gelatin content on porosity, pore size,
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water uptake and compressive modulus in dry and wet conditions
were initially investigated on micro-porous, cylindrical sponges
obtained by freeze-drying. Compared to Pect sponges, the addi-
tion of gelatin resulted in a decrease in porosity and water uptake.
Moreover, a decrease of the compressive modulus at low gelatin
content was observed in dry and wet conditions, while sponges
with the highest gelatin concentration resulted in the stiffest
sponges in wet conditions. Preliminary investigation on the effect
of gelatin in PectGel sponges on human MG-63 osteoblast-like
cell adhesion, showed the presence of elongated and adherent
cells on all PectGel sponges. Finally, the effect of gelatin on pectin
bioprintability was studied. 3D self-standing woodpile structures
with designed macro- and micropores in the bioprinted struts
were successfully obtained with all PectGel formulations by com-
bining extrusion-based bioprinting and freeze-drying. In partic-
ular, PectGel3 (with the highest gelatin content) demonstrated to
be the most suitable formulation for bioprinting complex shaped
scaffolds, due to its larger window of printability. To demonstrate
the PectGel3 bioprinting performance, 3D scaffolds with diverse
shapes, heights and infill patterns were successfully bioprinted.
Concluding, novel and bioprintable biomaterial formulations
were developed by combining pectin and gelatin. The presented
results show the great potential of these formulations to be used

© 2021 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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as biomaterial inks for extrusion-based 3D bioprinting of com-
plex shaped scaffolds for TE applications.

4. Experimental Section

Preparation of PectGel Microporous Sponges:  Aqueous PectGel slurries
were prepared using a similar approach described in the previous work.[*]
PectGel slurries were obtained by mixing citrus pectin (Herbstreit & Fox,
Classic CU 701, degree of esterification 36%, MW 100—400 kDal?6ly and
gelatin (Sigma Aldrich, porcine Type A) in ultrapure water (Arium mini
ultrapure Lab Water System, Sartorius) at the weight ratios indicated in
Table 1. The slurries were initially stirred at 70 °C for 1 h until pectin and
gelatin were fully and homogenously dissolved. The pH of the resulting
slurries ranged between 3 and 4. Subsequently, GPTMS (Sigma Aldrich)
was added to the slurries. In particular, 920 pL>] and 368 uLI¢] of GPTMS
per pectin and gelatin gram were used, respectively. Notably, the volume
of GPTMS used to crosslink pectin is the same that allows to obtain a 3D
bioprintable formulation, as shown in the previous work.[%]

The slurries were stirred for 40 min and subsequently poured into cylin-
drical molds (13 mm diameter x 10 mm height) to obtain cylindrical sam-
ples. These samples were initially frozen at —20 °C overnight to induce ice
crystal formation, and subsequently freeze-dried (BenchTop Pro-SP Sci-
entific) at —60 °C for 24 h to obtain microporous sponges. Once freeze-
dried, the sponges were left to dry at 40 °C to induce the completion of
pectin-gelatin-GPTMS reaction. GPTMS-crosslinked pectin sponges (with-
out gelatin) (Table 1) were also produced and tested as control.

Physicochemical Characterization of PectGel Formulations and Sponges:
The chemical composition of PectGel sponges was investigated through
ATR-IR (Perkim-Elmer Spectrum Two) in the range of 400-4000 cm™" with
the resolution of 4 cm~". Dry solvent casted films made of PectGel1, Pect-
Gel2, PectGel3 were prepared on purpose for this analysis. These films
were obtained by pouring the PectGel formulations (Table 1) in Petri dishes
(=5 mL in a 50 mm diameter Petri dish) and leaving them to dry on a
heated plate at 40 °C until complete evaporation of the solvent (~48 h).
The ATR-IR spectra of raw GPTMS, and Pect films were also acquired as
control. Moreover, crosslinked gelatin films, without pectin, were also ob-
tained by solvent casting using a water-based gelatin solution (5% w/v)
with GPTMS (368 pL per gelatin gram, named as GEL).

The morphology and architecture of micropores in the PectGel sponges
was observed under a scanning electron microscope (Philips XL 20 SEM —
FEI Italia SRL). Before SEM investigation, all sponges (n = 3) were sputter-
coated with gold (Edwards Sputter Coater B150S equipment). The mean
pore diameter of at least 70 micropores was measured from SEM images
(n = 3) using Image ] software.

The porosity of each sponge (n = 3) was determined gravimetrically by
applying Equation (1).

Porosity [%] = <1 - L) x 100 )
PpectGel Vs

In Equation (1), m; is the mass of each PectGel sponge (g), and V; is
the volume (cm?) of each PectGel sponge measured with a caliper. Fur-
thermore, pp,ucy is the theoretical density (g cm™3) of PectGell, Pect-
Gel2, and PectGel3, respectively.l}] This parameter was calculated by ratio
of the mass to volume of disk-shaped non-porous films (n=10, @ =5 mm,
160 pm thick) obtained by solvent casting as above reported for the ATR-IR
analysis.

The effect of gelatin on water uptake was investigated by immersing
PectGel sponges in ultrapure water at 37 °C. The percentage of water up-
take was measured after 30 min, T h, 2 h, 4 h, 24 h, 48 h, and 72 h by
applying Equation (2).

W, — W,
Water uptake [%] = STO

0

X 100 @)

In Equation (2), W, is the initial weight (g) of dry PectGel sponges and
W is the weight of hydrated sponges at different time points.
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Uniaxial compressive tests were carried out to assess the effects of
gelatin content on the stiffness of PectGel sponges both on the dry and
wet state (n = 5). Hydrated sponges were incubated in ultrapure water at
37 °C until equilibrium of water uptake was reached. These experiments
were performed on a Z005 series Zwick/Roell uniaxial compressive ma-
chine using a 100 N load cell, a strain rate of 1% s~' and a maximum strain
of 30%. The compressive modulus was finally calculated as the slope of
the initial linear region (strain values between 1 and 7%) in the derived
engineering stress—strain curves.

Cytocompatibility Investigation: Human MG-63 osteoblast-like cells
(ATCC, Manassas) were cultured in Dulbecco Modified Eagle's Medium
(H-DMEM, Corning Inc.) supplemented with 1% penicillin—streptomycin
(Thermo Fisher Scientific) and 10% fetal bovine serum (Corning Inc.), and
were incubated at 37 °C in a humidified atmosphere with 5% CO,.

Prior to cell seeding, PectGel sponges (@ = 5 mm, thickness = 3 mm,
n = 3) were sterilized in ethanol 70% for 20 min, followed by UV exposure
(30 min per side) and finally washed in Phosphate Buffer Solution (PBS,
Sigma Aldrich).3] The sponges were therefore placed in 48-well culture
plates and preconditioned overnight in a complete H-DMEM without phe-
nol red (Corning Inc.), and supplemented as previously described. MG-63
cells were subsequently seeded on the top of each sponge (2x10* cells per
sponge), and the cell-seeded sponges were kept at 37 °C in a humidified
incubator with 5% CO,.

Cell viability of MG-63 cells on PectGel sponges at 48 h was measured
using an XTT assay (Roche) according to the manufacturer’s instructions.
The XTT labelling medium was added to the cell culture medium (1:2 ra-
tio) and the sponges were incubated at 37 °C for 4 h in darkness. Then,
the absorbance of the medium was quantified by spectrophotometry (Mul-
tiskanGo, Thermo Scientific) at 555 nm with a reference wavelength at
655 nm. Cell viability of MG-63 on PectGel sponges was quantified as per-
centage of that of Pect sponges (control).

Finally, the morphology of MG-63 cells on PectGel sponges at 48 h was
assessed by SEM. To this aim, seeded PectGel sponges (n = 2) were ini-
tially fixed in 0.1 M sodium cacodylate buffer (Sigma Aldrich) containing
2% glutaraldehyde (Merck), and subsequently washed with 0.1 m cacody-
late buffer (containing 7% sucrose), and 0.1 M sodium cacodylate buffer
(containing 1% osmium tetroxide) (Electron Microscopy Sciences). The
seeded sponges were completely dehydrated by graded ethanol of 25, 50,
70, 80, 95, and 100%, and the critical point drying was performed with
hexamethyldisilane (Sigma Aldrich). The sponges were therefore sputter-
coated with gold using an Edwards Sputter Coater B150S, and analyzed
using a Philips XL 20 SEM (FEI Italia SRL) microscope.

Extrusion-Based Bioprinting of PectGel Biomaterial Inks: Prior to bio-
printing, each PectGel formulation (Table 1) was further stirred at 70 °C
in order to induce an increase in viscosity due to the reaction between
GPTMS and pectin-gelatin. This increment of viscosity is necessary to ob-
tain self-supported 3D bioprinted scaffolds with high shape fidelity. When
a visible increment of viscosity was observed (Table 3), the warm pectin-
gelatin formulations (namely “biomaterial inks”) were immediately loaded
into the printer cartridge (a 5 mL syringe) with a spatula. Subsequently,
they were cooled down to room temperature (25 °C) before starting to
bioprint.

To assess the capability of shape retention after extrusion, 3D woodpile
scaffolds 10 x 10 x 3.25 mm?) (Figure 7) with a layer height of 250 pm
were produced. A customized extrusion-based 3D bioprinter was used for
these experimentsl37] with a 22 G (410 pm inner diameter) straight extru-
sion tip. The bioprinting process was optimized by identifying the opti-
mal printing speeds and flow rates for each biomaterial ink composition.
These parameters are summarized in Table 3. Once bioprinted, the wood-
pile scaffolds were frozen at —20 °C, and freeze-dried at —60 °C as above
described. Finally, the scaffolds were left on a heating plate at 37 °C for 4
days for completing the GPTMS cross-linking reaction.

Freeze-dried woodpile scaffolds were incubated in ultrapure water at 37
°C for 24 h in order to investigate the effect of rehydration on the scaffold’s
shape fidelity and structural stability. Finally, as-bioprinted, freeze-dried
and rehydrated woodpile scaffolds were imaged using an optical micro-
scope (Olympus AX 70), and the size of macropores and the line width
was measured on 3 images using Image] software. The presence of

© 2021 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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800 um

Figure 7. lllustration of the main features of the 3D bioprinted woodpile

scaffold.

micropores within the bioprinted struts was additionally investigated
through SEM images that were acquired with the above-described

settings.

Additional bioprinting experiments were executed to test the capability
of the developed PectGel biomaterial inks to bioprint scaffolds with differ-
ent heights, surface area and infill pattern (such as gyroid infill pattern). To
demonstrate the capability of PectGel3 biomaterial ink to bioprint 3D com-
plex shaped structures without collapsing, a model of the Leaning Tower

of Pisa, Cathedral and Baptistery (scale factor 1:2000) was bioprinted.
Statistical Analysis:

material formulation and specific physical properties.
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The results are shown as mean value + standard
deviation. Statistical significance was assessed by using a Student’s t-test
to compare the properties of Pect (controls) to the other PectGel formula-
tions. A significance level of 0.05 was considered. The Pearson correlation
coefficient (r) was used to evaluate a linear correlation between the bio-
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