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3D bioprinting is a promising technology for manufacturing cellular constructs in which the complex
characteristics of real tissues are faithfully represented under in vitro culturing conditions. Many efforts
have been made to reproduce the numerous physical, chemical, and mechanical properties that are
crucial determinants of cellular biological functions and behavior. Abrupt stiffness changes have been
described in tumors, and higher stiffness has been reported for tumor regions within the same tissue.
In this study, we developed a green synthetic route for alginate methacrylation with a degree of
substitution higher than 60%, which was used for bioink formulations using Hela cells as a proof of
principle cell model. Alginate methacrylate (AlgMa) was characterized by H-NMR, FT-IR and MALDI
TOF-TOF MS. A dual-step crosslinking procedure was developed to obtain bioprinted constructs with
good cellular viability and tunable mechanical properties. A critical and systematic study of the effects
of the photoinitiator concentration, photo-crosslinking process, and mechanical properties of the
AlgMa-based construct on cell viability was conducted. Extensive rheological characterization of bioink
formulations and bioprinted samples that differ in dual-step crosslinking procedures enabled the
production of samples characterized by differential and spatially resolved mechanical properties within
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Introduction

The importance of reproducing and controlling the mechanical
properties of hydrogels in 3D cell cultures has been widely
reported in the literature."™ Cell fate, molecular pathways,
proliferation, and apoptosis depend strongly on the constitu-
ents of the cell microenvironment and the physico-chemical
properties of the Extracellular Matrix (ECM), such as stiffness,
cell-matrix interaction, and external directional forces.*”” ECM
stiffness and dysregulation of ECM dynamics have been
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the same 3D bioprinted construct, approaching the heterogeneous stiffness observed in real tissues.

recognized to play critical roles in cancer progression and
malignant cell behavior.® External mechanical inputs are trans-
duced in cellular systems into molecular outputs (e.g., tran-
scriptional programs and the differential spatial organization
of cell molecular determinants) that drive tumor progression,’
epithelial-mesenchymal transition/aggressiveness,'® genomic
variation,'" invasion,’® metastatization'®> and chemoresistance.'*
Tumor and aged tissues are considerably stiffer and usually display
a Young’s modulus one or two orders of magnitude greater than
the corresponding healthy one, depending on the type of tissue
and size of the lesion.">'® Furthermore, pathological tissues,
cancer tissues, skin, cartilage, and wounds are characterized by
inherent heterogeneity and physical gradients in which stiffness
usually increases from the periphery to the core, as in the case of
solid tumors."”*® This enhanced stiffness and heterogeneity make
it harder to evaluate all the biological mechanisms related to
cell-to-matrix interactions in standard in vitro models that do not
recapitulate the reality of human physiological and pathological
tissues. Therefore, developing biomaterials that recapitulate
the physico-chemical characteristics found in the tissue micro-
environment will enable more realistic in vitro studies and better
comprehension of cell mechanisms.

Mater. Adv, 2023, 4, 3491-3505 | 3491


https://orcid.org/0000-0002-3211-4382
https://orcid.org/0000-0003-1613-1593
https://orcid.org/0000-0003-1866-2486
https://orcid.org/0000-0002-7004-7643
https://orcid.org/0000-0001-6913-0119
https://orcid.org/0000-0002-0458-7836
http://crossmark.crossref.org/dialog/?doi=10.1039/d3ma00319a&domain=pdf&date_stamp=2023-07-17
https://doi.org/10.1039/d3ma00319a
https://rsc.li/materials-advances
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ma00319a
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA004016

Open Access Article. Published on 12 July 2023. Downloaded on 1/27/2026 2:20:11 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Hydrogels, highly hydrated macromolecular crosslinked
structures, are among the most promising matrices to mimic
the ECM of soft tissues. In particular, interest in hydrogels
and 3D constructs characterized by controlled stiffness and
stiffness gradients has increased significantly over the last
few years. As already proven from many scientific works, the
structural and mechanical properties of the cell environment in
all the three directions influence the diffusion of molecules,
generate concentration gradients of soluble factors and mediate
cell response to external mechanical inputs.'®?° Many fabrication
methods involving the use of thermo-gelling”* and photo-curable
polymers have been developed to create mechanical gradients,
such as soft-lithography platforms, microgels, flat gradient
stiffness surfaces, and microfluidic mixers.?*”>* However, these
methods present some limitations in terms of (i) cost-effective-
ness ratio, (ii) significant technical background or laboratory
equipment requirements, and (iii) difficulties in creating
desired 3D structures and dimensions. The 3D bioprinting
technique has become an attractive tool for the development
of 3D in vitro models resembling in vivo conditions. They
represent an extremely useful, practical, and easy-to-use tool
for the study of cell biology.>>>° In this context, alginate-
methacrylate (AlgMa) bioink®**" is widely recognized as a good
candidate for replicating the ECM of 3D constructs because of
its high biocompatibility, ability to form hydrogels under mild
conditions, and the possibility of modifying and tuning its
stiffness.’’* The mechanical properties of AlgMa are usually
modulated by changing the photoinitiator concentration, UV
exposure time, and degree of functionalization of the acrylate
moieties branched along the polymer chains. These strategies
should ensure at the same time the proper cell growth and
proliferation and should not alter the printing process along
with the replication of the desired mechanical properties
reflecting those of the native tissue of interest. Methacrylation
is usually reported as a laborious synthesis that involves several
pH adjustments, a high molar excess of methacrylic anhydride
(MAA), or the use of an organic base. Usually, this leads to a low
yield of product and a low degree of substitution (ca. 30%).>**°
In this work, a green synthetic route for the methacrylation
of alginate, which leads to a higher degree of substitution
compared to those found in the literature, is presented to
produce a formulation of printable AlgMa-based bioinks.
A dual crosslinking procedure, involving both ionic inter-
actions with divalent cations and the formation of covalent
bonds through UV irradiation, has been demonstrated to
further stabilize the hydrogel and to improve its mechanical
properties.>**® Usually, this procedure involves the incubation
of the AlgMa hydrogel in the crosslinking solution followed by
exposure to UV light.>*® In this work, the AlgMa well-known
dual crosslinking procedure was smartly exploited during bio-
printing, by starting from a hydrogel solution already contain-
ing calcium ions, then controlling both the time and the
position of the UV irradiation during the post-printing phase,
and, finally, adding a second ionic crosslinking step, placing
the printed hydrogel in the calcium containing solution. The
designed crosslinking strategy was thoroughly studied using
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rheology and allowed to obtain a 3D cell culture platform with
spatially controllable stiffness, while preserving cell viability.
HeLa cells were used for the proof of principle realization of the
stiffness heterogeneous tissue-like model.

Materials and methods
Alginate-methacrylate synthesis

Sodium alginate (Alg), derived from brown algae (MW >
200000 g mol '), was purchased from Carlo Erba (product
number 366552). Methacrylic anhydride (MAA) (94%) (product
number 102212824), sodium carbonate, and sodium bicarbo-
nate were purchased from Sigma Aldrich. NaOH 5 M was
prepared by dissolving pure NaOH pellets in distilled water.
A dialysis tube with a cellulose membrane (14 kDa cutoff, avg.
flat width of 25 mm) was purchased from Sigma Aldrich. Alg
(2% w/v) was dissolved in 0.325 M carbonate (CB) buffer at pH
9. Subsequently, an excess of MAA (1 mL g~ Alg) was added to
the alginate solution under magnetic stirring at 500 rpm and
50 °C. Once the reaction started, a methacrylic acid sub-product
was formed, and the pH tended to decrease to below 6. For this
reason, NaOH 5 M was added to the reaction until the solution
reached pH 9 to promote the methacrylation process. The
reaction proceeded for both 24 h and 72 h, at 50 °C, and
the pH was stable for the entire process between 7.5 and 8. The
solution was then dialyzed for six days at room temperature
(RT) using dialysis tubing (cut off 14 kDa) under gentle stirring
and protected from light. Then, the dialyzed solutions were
filtered through 0.2 pm sterile filters and frozen at —20 °C
before lyophilization. Finally, the samples were lyophilized
overnight and stored at 4 °C, protected from light, until further use.

Alginate-methacrylate chemical characterization

Proton nuclear magnetic resonance (1H-NMR) measurements
were carried out on both pristine Alg powder and AlgMa after
24 and 72 h of reaction time using an NMR Varian MR400
coupled with an ATB PFG probe. Both Alg and lyophilized
AlgMa were dissolved at 40 mg mL ™" in deuterium oxide, and
the chemical shift of each sample was measured at 50 °C to
dissolve the materials better and have a higher resolution of the
protons peaks associated with the methacrylate groups.
Fourier transform infrared (FT-IR) spectroscopy was carried
out using a Bruker laser class model ALPHA, equipped with an
ATR accessory (PLATINUM-ATR) on both Alg and AlgMa, after
72 h of reaction time, to identify the specific peaks associated
with the presence of methacrylate groups. All spectra were
recorded between 400 cm ™" and 4000 cm ' with a resolution
of 4 cm™', accumulation of 16 scans, and step size of 1 cm ™.
Matrix-Assisted Laser Desorption/Ionization-Time of Flight
Mass Spectrometry (MALDI-TOF MS) was performed on AlgMa
after 72 h of reaction time to evaluate the degree of subs-
titution. AlgMa samples were first subjected to partial acidic
hydrolysis using a sample of 2% w/v in an acid solution.
The partial depolymerization was carried out in trifluoroacetic
acid (TFA, 2 M) at a temperature of 90 °C for 5 h to obtain

© 2023 The Author(s). Published by the Royal Society of Chemistry
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oligosaccharide chains easily detectable by MALDI mass
spectrometry.®® 5 uL of the hydrolyzed sample was added to
5 pL of NH,OH solution (15%), and then added with 20 pL of
MALDI matrix. The best results were obtained using 2,5-di-
hydroxybenzoic acid (DHB, 10 mg mL™"; H,O/CH;CN, 40: 60,
v-v; 0.1% TFA) as matrix. The dried droplet method was
adopted, in combination with a fast-drying protocol.**™** Then,
mass spectrometry analysis was performed on a 5800 MALDI
TOF-TOF analyzer (AB SCIEX, Darmstadt, Germany) equipped
with an Nd:YLF laser (4 = 345 nm wavelength, <500 ps pulse
length up to 1000 Hz repetition rate). The spectra were acquired
in reflectron positive mode (HR), with a mass accuracy of 5 ppm
and mass range of 300-2500 Da. Each spectrum was recorded,
accumulating at least 5000 laser shots with a laser pulse rate of
400 Hz. The sample was spotted three times, and each spot was
measured three times to collect nine data points. The spectra
were handled using Data Explorer version 4.11 (AB Sciex) to
obtain a theoretically calculated distribution and extract the
Isotope Cluster Area (ICA) for each ion peak. All signals of
interest were detected as singly charged cation adducts or
radical cations and used for data analysis (Table S1, ESIY).
The Degree of Functionalization (DoF) was calculated as the
percentage ratio between the derivatized oligomers vis total
oligomers. Therefore, DoF % was determined as the average of
three different experiments performed in triplicate (nine data
points) and calculated as DoF % = [ZICA/ZICA] x 100, where
ICAy are the isotope cluster areas of only ion signals of
methacrylate species (Table S2, ESIT). ICA are isotope cluster
areas of all the identified oligosaccharides species.

Cell culture

HelLa cells (ATCC) were used as a cellular model in this study.
Both bidimensional and tridimensional cultures were main-
tained in Dulbecco’s Modified Eagle’s medium (Microgem,
TL1006) supplemented with 10% Fetal Bovine Serum (South
America; Microgem, RM10432), 2 mM r-glutamine, 50 U mL ™!
penicillin, 50 pg mL™" streptomycin (Microgem) and cultured
at 37 °C, 5% CO,. Bidimensional cultures were passed upon
trypsin digestion every two or three days; the growth medium of
the 3D constructs was changed every two or three days.

AlgMa inks and bioinks preparation

Phosphate buffered saline solution (PBS) was purchased from
Microgem (product number TL1006), and Calcium Chloride
(product number C8106) and Irgacure 2595 (12959) (product
number 410896) were purchased from Sigma Aldrich. Water-
based solutions containing 60 mM CaCl, were prepared by
dissolving the CaCl, powder in sterile bidistilled water.
A mother solution of 10% w/v 12959 was prepared by dissolving
Irgacure powder in methanol. Two different AlgMa inks were
developed in this study: ink A (IA) and ink B (IB). Both inks were
prepared by dissolving 4% w/v of lyophilized AlgMa in PBS
1x at 37 °C. Then, using a mixing system consisting of two
syringes linked by a female/female Luer-lock adapter, the
AlgMa solution was mixed with a water-based solution of
60 mM CacCl,, at a ratio of 25:9 v/v to obtain the hydrogel.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Subsequently, 0.2% w/v and 0.25% w/v of 12959 were added to
the pre-crosslinked AlgMa hydrogel formulation to form IA and
IB, respectively. Before printing, 100 pL of a suspension of HeLa
cells in complete culture medium (1 x 10° cells/100 pL) was
gently mixed with 900 pL of each ink formulation to form
bioink A (BA) and bioink B (BB), respectively. To make the
rheology tests comparable ink A and ink B were adjusted in
concentration to compensate for cells dilution.

3D bioprinting

Inks and bioinks were printed using an INKREDIBLE+ bio-
plotter from Cellink (BICO Company). The bioprinter consists
of an extrusion-based system controlled by pneumatic pressure.
Both bioink formulations (BA and BB) and the corresponding
inks without cells (IA and IB) were loaded in UV-shielding
cartridges with a 22G conical nozzle (Cellink) and printed at
room temperature (RT) by applying a pressure range between
17 kPa and 25 kPa and a printing speed of 10 mm s~ . All the
structures were extruded onto separated 35 mm dishes to
obtain circular shaped samples with a diameter, ¢, and
height, h, of 10 mm and 1 mm, respectively, which can fit the
geometry of the rheometer set up. Furthermore, only bioink A
was printed into 3D “fortune cookie” shaped constructs
(¢ =15 mm x & = 1 mm; printing speed = 10 mm s~ ') to
obtain the gradient stiffness platform.

Dual crosslinking procedure

Different post-printing crosslinking processes were performed
on the 3D printed structures to stabilize the hydrogels against
water hydrolysis and obtain tunable mechanical properties.
The 3D models obtained with bioinks A and B underwent the
dual-step crosslinking process shown in Scheme 1 and sum-
marized in Table 1 and described as follows. Step 1: first
crosslinking with UV light (intensity: 22-26 mW cm 2, distance
from light source: 5 cm, wavelength of UV light: 365 nm) for
different irradiation times (60 s, 90 s, 120 s); Step 2: a second
crosslinking with CacCl, solution for 5 min. The acronyms for
the 3D models obtained according to the procedure described
above are listed in Table 1. In the case of bioink B, three
additional 3D models were obtained by crosslinking with only
UV light for 60, 90, and 120 s after the printing process. The
same protocols were applied to the corresponding models
obtained with ink not containing cells (Table 1) to evaluate
whether the presence of cells affected the rheological properties
of the ink.

Rheological measurements

Amplitude sweep, viscosity, and recovery tests were performed
using an Anton Paar MCR 102 rheometer in a plate—plate
geometry with a diameter of 25 mm and a gap of 0.3 mm.
First, amplitude sweep analysis, viscosity, and recovery tests
were performed on the Alg and AlgMa solutions, both solubi-
lized in PBS 1x, and on the AlgMa hydrogel not containing
12959, to evaluate how methacrylation and the presence of the
CaCl, pre-crosslinker solution affected rheological parameter
and hydrogel printability. All the measurements were carried

Mater. Adv., 2023, 4, 3491-3505 | 3493
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IAX, IBX, BAX, BBX
(X=60s, 90s, 120s)
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IAXCa, IBXCa, BAXCa, BBXCa
(X=60s, 90s, 120s)

Scheme 1 Sketch describing the dual crosslinking process and the preparation of the ink and bioink formulations under investigation.

Table 1 Summary of bioink formulations and 3D bioprinted models
obtained after dual-crosslinking

Step 2: CaCl,

Step 1: UV incubation 3D models 3D models
Ink Bioink time (s) time (min) with cells  without cell
1A BA 60 5 BA60Ca IA60Ca

90 5 BA90Ca TIA90Ca

120 5 BA120Ca IA120Ca
1B BB 60 5 BB60Ca IB60Ca

60 — BB60 IB60

90 5 BB90Ca IB90Ca

90 — BB90 IB90

120 5 BB120Ca IB120Ca

120 — BB120 1B120

out at 25 °C to simulate the pre-printing and printing process
conditions. Amplitude sweep tests were carried out in a defor-
mation range (y) from 0.01% to 1000% by using an oscillation
mode, keeping constant the frequency at 1 Hz, to characterize
G’ and G” moduli as a function of the applied strain (%) of the
hydrogels and to have a quick evaluation of their printability.
Viscosity tests and flow curves were carried out with a shear
rate range (7) from 0.01 s™" to 1000 s~ using a rotational mode
to assess hydrogel viscosity and shear thinning behavior. The
same amplitude sweep analysis performed on Alg and AlgMa
solutions and AlgMa hydrogel was carried out also on the 3D
bioprinted models (¢: 5 mm x A: 1 mm) with and without cells,
after the dual-step crosslinking process described above and
after 72 h of cell incubation, in a deformation range (y) from
0.1% to 1000% at 37 °C, to simulate the incubation conditions
and to evaluate how the presence of the cells affects the
rheological properties of the final 3D printed models.

Biological characterization: biocompatibility and imaging

Live-dead assay with calcein-AM (Thermofisher, c1430) and
propidium iodide (Merck, P4864) was performed on the 3D
bioprinted constructs to assess the biocompatibility of the
formulated hydrogels and the printing process, and how the
dual crosslinking procedure affects cell viability in order to
choose the best bioink. The assay was performed at 24 h, 48 h
and 72 h for all bio ink formulations and at 14 days for the

3494 | Mater. Adv., 2023, 4, 3491-3505

chosen formulation; the assay was adapted for tridimensional
constructs from protocols previously described.** First, the
3D bioprinted samples were washed with PBS supplemented
with calcium and magnesium (Gibco 14040) three times for
5 minutes, followed by incubation for 30 minutes at 37 °C with
a solution of 3 pM calcein-AM and 4 pM propidium iodide in
HBSS (Sigma H8264); before inspection with an optical micro-
scope, the constructs were washed three times for 5 minutes
with PBS with calcium and magnesium. The samples were
examined with an inverted fluorescence microscope (Nikon
Eclipse TiS) using a 10x objective and two fluorescent chan-
nels. Propidium iodide signals were measured with a Texas Red
HYQ cubic filter (4 excitation = 532-587 nm, A emission =
608-683 nm), while calcein-AM fluorescence was recorded
using a FITC cubic filter (4 excitation = 465-495 nm, A emission =
512.5-557.5 nm).

Confocal laser scanning microscopy

Confocal laser scanning microscopy analyses were performed
on the 3D bioprinted samples placed in 35 mm diameter glass
bottom microwell dishes (Mattek). Samples stained for the
viability assay were observed using a Nikon A1R confocal laser
scanning microscope employing two laser lines (489 nm and
561 nm) and two detection GASP channels (525/20 and 595/
20 nm) for the green and red false color channels, respectively
to measure the fluorescence intensity of calcein-AM and pro-
pidium iodide, respectively. Viability percentages were esti-
mated by semi-quantitative analysis using Fiji software:*’ live
cells (stained green by calcein-AM) and dead cells (stained red
by propidium iodide) were manually counted, and the live cell
fraction was calculated by dividing the number of live cells by
the total number of cells.

Statistical analysis

Cell counts are presented as mean + standard deviation.
Statistical analyses were performed using the OriginPro 2019b
software. A two-sample ¢-test was used to determine statistical
significance. Differences were considered statistically signifi-
cant at p < 0.05. Different levels of statistical significance are

© 2023 The Author(s). Published by the Royal Society of Chemistry
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indicated as follows: *, p < 0.05; **, p < 0.01; ***, p < 0.001;
O < 0.0001.

Results
Alginate methacrylation and assessment of functionalization

A scheme of the alginate methacrylation reaction is shown in
Fig. S1 (ESIY). Pristine alginate was dissolved (2% w/v) in a basic
aqueous CB to encourage the deprotonation of the carboxylic
groups, making them available for substitution with the
methacrylic moieties. 2% w/v was selected as the optimal
concentration of alginate to obtain a low viscous solution that
can be homogeneously stirred at high rpm (500 rpm) to ensure
the collision between the methacrylic anhydride and alginate
chains. CB buffer at 0.325 molarity (pH = 9) was selected as an
aqueous solvent to carry out the reaction because it could
autonomously maintain a pH of approximately eight during
the whole reaction time. This choice was made considering
its proven better buffering capacity”® with respect to common
phosphate-based buffer solutions, which are usually employed
for alginate methacrylation and require several pH adjustments
with NaOH. A reduced excess of MAA (1 mL g~ AlgMa) was
employed in this synthesis with respect to the molar excess
used in traditional AlgMa production, which usually ranges
from 15 to 20 mL per gram of AlgMa.*” Under these conditions,
only one pH adjustment is required after the solubilization of
alginate powder in CB buffer to stabilize the pH between 8 and
9. Finally, two different reaction times were evaluated (24 h and
72 h) to determine the best reaction time duration, considering
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that in the traditional synthesis of AlgMa, 24 h and 72 h are
usually reported as the optimal times to obtain methacry-
lation.?®

To assess the presence of methacrylate groups and evaluate
the degree of substitution after methacrylation, pristine algi-
nate (Alg) and alginate methacrylate (AlgMa) were characterized
by '"H-NMR, FT-IR and MALDI TOF-TOF MS. '"H-NMR spectra
reported in Fig. 1(a—c) show the comparison between Alg and
AlgMa after 24 h and 72 h of methacrylation. All the spectra
display characteristic peaks between 3.50 and 5.20 ppm typical
of the saccharide units of the alginate backbone chains.*®
In addition, both AlgMa spectra exhibit two distinctive signals
of the vinyl in the region ranging from 6.5 ppm to 5.6 ppm
and methyl hydrogens peaks of the methacrylate groups at
ca. 2.00 ppm, which vary in location depending on the resulting
chemical environment. In particular, the AlgMa spectrum
obtained after 24 h of reaction time (Fig. 1(b)), shows the vinyl
protons signals at 5.6 ppm (singlet) and 6.0 ppm (singlet)
and the methyl hydrogens peak at 2.0 ppm (triplet), while the
AlgMa obtained after 72 h of reaction time (Fig. 1(c)) shows
more intense peaks shifted at 6.0 ppm (doublet) and 6.5 ppm
(singlet) for the vinyl hydrogens and 2.23 ppm (triplet) for the
methyl ones which integrate for three with respect to the vinyl
protons. In summary, the proton signals of AlgMa after 72 h of
reaction displayed more intense and defined peaks. Further-
more, Fig. 1(c) shows that the block of peaks associated with
the saccharide units of the alginate backbone chain slightly
shifted at higher ppm values. This deshielding in the downfield
region of the spectrum could be ascribed to the presence of the
newly formed ester group, which is directly linked to vinyl
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Fig. 1 H-NMR of (a) pristine alginate, (b) AlgMa after 24 h of reaction, and (c) AlgMa after 72 h of reaction. FT-IR spectra of (d) pristine alginate and
(e) AlgMa after 72 h of reaction time. (f) (+) MALDI TOF MS of the hydrolyzed AlgMa sample. (g-1) MALDI spectrum enlargement of the ions signals of m/z
838, 840, and 842; (g-11) and (g-Ill) theoretical distribution of the isotope cluster ions.
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functionalization and has a moderate deactivation effect due to
its withdrawing nature.

Alg and AlgMa were characterized by FT-IR spectroscopy to
further verify the substitution after 72 h of reaction time, which
was demonstrated, by "H-NMR, as the best reaction time to
obtain methacrylation. A detailed description of the FT-IR
spectra is provided in ESL{ In Fig. 1(e), the differences between
the Alg and AlgMa spectra are highlighted by red arrows. The
spectrum related to the AlgMa product exhibits more intense
peaks at 2980-2850 cm ™" and the presence of a “shoulder” at
1711 em ™' (Fig. 1(e)) which was not observed in the pristine Alg
spectrum (Fig. 1(d)), respectively assigned to the stretching of
the -CH of the alkane and alkene bonds contained in the
methacrylate functionalization and to the stretching of the
C=O0 group of the esters, both resulting from the grafting of
the methacrylate units. Furthermore, a more intense broad
band at ca. 3268 cm ™" was observed for AlgMa than for Alg,
which might be ascribed to the increased number of -CH
groups introduced by methacrylic functionalization. Accord-
ingly, these results, taken together, provide evidence of success-
ful alginate methacrylation. This reaction is assumed to occur
in the ~OH functional groups since the characteristic peaks of
the COO- groups are still present after the reaction and the new
band at 1711 em™ " highlights the formation of the ester bond.

MALDI-TOF MS analysis was carried out to quantify the
degree of methacrylation of AlgMa after 72 h of reaction.
Fig. 1(f) shows representative MALDI-TOF-MS spectra of the
product solution obtained by hydrolyzing AlgMa under acidic
and thermic conditions (90 °C, 5 h, TFA 2 M). High-intensity
readings were observed for several peaks in the mass range of
300-1500 Da, leading to the identification of hexuronic acid
(glucuronic/mannuronic acid) chains with two to eight metha-
crylate units and underivatized. These results confirmed that
different oligosaccharides were formed during the experi-
mental treatment. The spectrum complexity is due to the
formation of several decomposed products under acid/hydro-
thermal conditions. Moreover, even and odd species can be
observed, which indicate the presence of protonated and
radical cation species. All identified oligosaccharide chains
are reported in Table S1 in the ESI, while Fig. 1(g) shows the
theoretical distribution of the isotope cluster ions of an exem-
plificative signal. The composite signal (Fig. 1(g)-III) was
derived from the overlapping of the isotope cluster ions of four
different species at m/z 838, 840, 842, and 844 (Fig. 1(g)-1I).
A comparison of the measured experimental isotopic distribu-
tion (Fig. 1(g)-I) with the theoretically calculated distribution of
the expected summary formula suggests that the ion clusters
resulted from the combination of four radical cation species
generated as degradation products under the adopted experi-
mental conditions. The same analysis was performed for all the
signals to confirm the identity of the observed ion species
(Table S1, ESIt). MALDI-MS has major advantages, including
high sensitivity and accuracy, applicability to a dynamic mass
range,*’ fast generation of results,’ and little or no fragmenta-
tion of analytes. However, literature reports that MALDI analy-
sis of carbohydrates is affected by salts; therefore, oligo- and
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polysaccharides often give rise to MALDI spectra of poor quality
in the presence of contaminating salts.>*>" In the present study, the
choice to perform partial hydrolysis of polysaccharides ensured
sodium removal, as confirmed by high-resolution mass measure-
ments (Table S1, ESIf). Moreover, the ammonium hydroxide
solution favored the formation of carboxylate/ammonium ion pairs,
thus promoting the desorption of oligosaccharides.”® MALDI-
TOF-MS measurements allowed calculation the degree of AlgMa
methacrylation DoF% of 63.4 £ 3.2%.

Optimization of hydrogel formulation through rheological
characterization

AlgMa obtained after 72 h reaction time was selected to
produce hydrogels and bioinks, because of the higher substitu-
tion level with respect to the 24 h synthesis, as demonstrated
by the previously described chemical characterization. AlgMa
solution (4% w/v) was first prepared prior to hydrogel for-
mation by dissolving purified and lyophilized AlgMa in PBS
to provide a suitable osmotic concentration for the cells once
embedded in the final bioink and to avoid cell dehydration
along with cell membrane breakage.

The rheological characterization of AlgMa solution was
carried out through amplitude sweep and flow curve tests,
carried out at 25 °C, and results were compared with those of
the pristine Alg solution (4% w/v) to assess the influence of the
methacrylation on the rheological properties. Amplitude sweep
analysis (Fig. 2(a)) shows the trend of both the storage (G’) and
loss (G”) moduli against the deformation range applied. In
particular, pristine Alg and AlgMa solutions display a loss
modulus G” of 61 Pa and 52 Pa, respectively, higher than the
storage modulus G’ of 19 Pa and 15 Pa, respectively, up to 100%
of deformation. Above 100% of strain, both moduli drop down
without displaying any resistance to the higher deformation.
This behavior is typically ascribable to “liquid-like” gels in
which the viscous behavior dominates the elastic one. AlgMa
and Alg solutions showed a similar trend and values of G’ and
G’ moduli, demonstrating that the methacrylation reaction
does not influence the rheological properties of Alg. Flow
curves were obtained for both the AlgMa and Alg solutions to
verify the shear-thinning behavior of the materials, and the
results are shown in Fig. 2(b) and (c). The two solutions display
a similar behavior characterized by an initial viscosity plateau
(zero-shear viscosity), followed by a linear decrease of the
viscosity with an increase in the shear rate; the Alg solution
shows a viscosity of 11 Pa s and 0.9 Pa s at a shear rate of at
0.1 s~' and 1000 s~ ' respectively while the AlgMa solution
displays a viscosity of 13 Pa s and 0.8 Pa s at a shear rate of at
0.1 s ' and 1000 s~ ' respectively (Fig. 2(b)). Moreover, to better
visualize the viscosity behavior of the solutions, the flow curves
were also reported by referring to the shear stress (1) as a
function of the shear rate on a linear scale, as shown in
Fig. 2(c). The results show the absence of a yield point and
confirm the “liquid-like” nature of AlgMa and Alg solutions.

The AlgMa hydrogel was then prepared by mixing AlgMa
solution with a 60 mM CacCl, solution (in a ratio of 25:9 v/v).
This specific ratio was used to obtain a printable hydrogel while

© 2023 The Author(s). Published by the Royal Society of Chemistry
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avoiding instantaneous and inhomogeneous -crosslinking
between the chains. Rheological measurements carried out
on AlgMa hydrogel to evaluate its printability are reported in
Fig. 2, together with those of Alg and AlgMa solutions. From the
amplitude sweep measurement (Fig. 2(a)), the AlgMa hydrogel
shows a clearly different behavior with respect to both Alg and
AlgMa solutions by displaying a value of G’ (90 Pa) higher than
that of G” (8 Pa). Moreover, a linear viscoelastic region (LVE)
can be identified from 0.01% of strain up to 3% of strain, which
determines the region in which the polymer maintains its
elastic behavior and the elastic behavior dominates the viscous
one (“gel-like” behavior). By further analyzing the viscosity
function of the AlgMa hydrogel formulation through rotational
tests (Fig. 2(b) and (c)), it is possible to observe that this
material decreases its viscosity with an increase in the applied
shear rate (Fig. 2(b)), indicating the ability to flow under an
applied shear rate without showing any zero-shear viscosity,
typical of the unfilled or uncrosslinked materials, as displayed
for Alg and AlgMa solutions. In particular, at a low shear rate,
AlgMa hydrogel displays 681 Pa s of viscosity while at a high
shear rate, this value decreases to a value of 0.4 Pa s. Further-
more, Fig. 2(c) clearly shows that AlgMa hydrogel displays a
well-defined and pronounced yield point around 100 s~ *, which
defines the point at which a material can flow after the application
of external forces that typically characterize hydrogels suitable for
3D bioprinting applications. Rheological results on AlgMa hydro-
gel, taken all together, show that this material maintains the ability

© 2023 The Author(s). Published by the Royal Society of Chemistry

to generate ionic crosslinking between the carboxylate groups and
calcium ions even after the methacrylation reaction, and it can be
exploited to create the physical entanglements and ionic inter-
actions between polymers chains required for the formulation of
the final ink and its printability.

Starting from the AlgMa hydrogel, inks and bioink formula-
tions were optimized to find the most suitable photoinitiator
concentration and UV time. Mechanical and dimensional sta-
bility of the bioprinted constructs under cell culture conditions
(i.e.,, at 37 °C and 5% CO,) was systematically evaluated.
In samples showing structural stability over time, HeLa cell
viability was evaluated using a live-dead test. Table S3 (ESIt)
details all investigated formulations and the obtained viability
data. Results showed that when the Irgacure concentration
was below 0.2% w/v, the bioprinted sample was not stable
and dissolved immediately or after a few hours depending on
Irgacure concentration and UV irradiation time. Sample
mechanical stability was achieved when Irgacure concentration
was equal to or higher than 0.2% w/v. More precisely, with 0.2%
w/v Irgacure and UV irradiation time from 1 min to 2 min, the
sample was quite stable, while enhancing UV irradiation time
up to 5 min, cell mortality reached 100%. Formulations
obtained with 0.25% w/v Irgacure showed good mechanical
stability and acceptable cell viability (from 58% to 43%),
depending on UV irradiation time. Finally, an Irgacure concen-
tration of 0.4% w/v increased cell death, leading to 33% cell
viability after 2 min of UV irradiation.

Mater. Adv., 2023, 4, 3491-3505 | 3497
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Based on the obtained results, 0.2% w/v and 0.25% w/v were
selected as the best Irgacure concentration values to produce
constructs from Ink A and Ink B, respectively.

Rheological evaluation of dual crosslinking process

IA and IB were crosslinked using different procedures after the
bioprinting process, as detailed in the experimental section
(see Table 1). In particular, a double crosslinking process was
exploited, involving (i) a photo-crosslinking process through UV
irradiation and (ii) an ionic crosslinking by dipping the
3D construct in a calcium chloride solution. This approach
has been applied to increase the mechanical resistance and
stability of the construct without the need to increase the UV
irradiation time, which was found to strongly affect cell viability
in relation to the percentage of Irgacure involved in the
experiment.

Amplitude sweep analyses were performed on printed IA
after the dual crosslinking process and printed IB after the
single crosslinking process to evaluate how the mechanical
properties could be tuned by changing the crosslinking para-
meters. The results are shown in Fig. 2(d) and (e). All the
samples show a ‘gel-like’ behavior, and both moduli increase
with the UV exposure time. In fact, IA120Ca showed the highest
moduli (21 kPa and 7 kPa for G’ and G”) while IA90Ca and
IA60Ca show 17 kPa and 7 kPa for G’ and G” and 5 kPa and
2 kPa for G’ and G”, respectively (Fig. 2(d)). Similarly, IB120
shows a higher value of G’ (33 kPa) and G” (10 kPa) with respect
to IB90 (21 kPa for G’ and 6 kPa for G”) and IB60 (20 kPa for G’
and 4 kPa for G”) (Fig. 2(e)). The obtained results demonstrate
that by introducing the ionic crosslinking process, it is possible
to decrease the photoinitiator concentration (from ink B to
ink A) and maintain comparable values of G’ and G”. More
interestingly, the results shown in Table 2 indicate that both
inks are suitable materials for printing constructs characterized
by mechanical properties spanning a range of stiffnesses from
33 to 5 kPa, which can be easily tuned by changing (i) the
concentration of the photoinitiator, (ii) the time of UV irradia-
tion, and (iii) the cross-linking method.

Cells influence the stiffness of the 3D models

The same post-printing crosslinking processes used for IA and
IB were applied to the corresponding bioinks containing HeLa
cells (BA, and BB respectively) and amplitude sweep measure-
ments were performed to evaluate whether the presence of
the cells affected both G’ and G” moduli. The curves obtained

Table 2 Values of G’ and G” moduli of the crosslinked 3D bioprinted
constructs produced by using IA and IB

3D bioprinted UV irradiation Time of immersion G’ G"
construct time (s) in CaCl, (min) (kPa)  (kPa)
1B120 120 — 33 10
IB90 90 — 21 6
IB60 60 — 20 4
TA120Ca 120 5 min 21 7
TA90Ca 90 5 min 17 7
TIA60Ca 60 5 min 5 2
3498 | Mater. Adv, 2023, 4, 3491-3505
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Table 3 Summary of the storage (G’) and loss (G”) moduli values of all the

3D bioprinting scaffolds produced by using bioink A and bioink B, after the
crosslinking processes

3D bioprinted UV irradiation Time of immersion G’ G’ LVE
construct time (s) in CaCl, (min) (kPa) (kPa) (%)
BB120 120 — 0.900 0.390 14
BB90 90 — 0.120 0.013 10
BB60 60 — 0.075 0.013 10
BB120Ca 120 5 2 0.20 n.d.”
BB90Ca 90 5 0.310 0.040 n.d.”
BB60Ca 60 5 0.120 0.020 3
BA120Ca 120 5 0.200 0.020 3
BA90Ca 90 5 0.041 0.007 2
BA60Ca 60 5 0.030 0.002 2

“ n.d.: not detectable.

are shown in Fig. S2 (ESIf), and the main rheological data
are summarized in Table 3. Dual-crosslinked BA scaffolds
(Fig. S2(a), ESI{) show a ‘gel-like behavior’ with values of G’
and G” moduli consistent with the time of UV irradiation
(Table 3). As summarized in Table 3, the LVE range increases
at higher strain percentage values with increasing UV irradia-
tion time because of the higher number of crosslinks formed
between the polymer chains. A similar rheological behavior was
obtained for the constructs printed using bioink BB, which
underwent a single photo-crosslinking process (Fig. S2(b),
ESIT). Also, in this case, as expected, all the constructs display
a ‘gel-like’ behavior with an LVE trend similar to BAXCa
constructs (with X indicating, here from, UV time).

A dual crosslinking process was also performed on BB 3D
printed constructs to (i) compare with the dual crosslinked
BA scaffolds, (ii) obtain materials with a wider spectrum of
stiffness, and (iii) obtain a stable cell-laden construct while
keeping the concentration of the photoinitiator low to reduce
possible effects on cell viability. Similar to what was obtained
for BAXCa and BBX scaffolds (Fig. S2(a) and (b), ESIt), dual-
crosslinked BB scaffolds display a ‘gel-like’ behavior, and
BB120Ca shows the highest moduli (Fig. S2(c) and Table 3,
ESIt). As the UV exposure time decreased, both G’ and G”
decreased. However, while BAXCa and BBX constructs showed a
clear trend in the LVE range, in the case of the dual crosslinked
BBXCa constructs, only BB60Ca highlighted an LVE corres-
ponding to 3% of strain (Table 3). BB90Ca and BB120Ca did
not show any G’ plateau in the applied deformation range.

Interesting evidence was obtained by plotting the overlay of
the amplitude sweep curves collected for the BA and BB 3D
printed constructs crosslinked with different methods for each
UV irradiation time (Fig. 3(a—c)). It was observed that the dual-
crosslinked BBXCa constructs always showed higher G’ and G”
moduli with respect to the dual-crosslinked BAXCa and the
single-crosslinked BBX ones, owing to the presence of both
ionic crosslinks and the highest number of covalent interchain
bonds formed in the presence of the highest concentration of
photoinitiator. Moreover, it is possible to identify a correlation
between the LVE ranges and the crossover points (G’ = G”) of
BAXCa and single crosslinked BBX constructs because the latter
displays a shift of both parameters at higher values of strain

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ma00319a

Open Access Article. Published on 12 July 2023. Downloaded on 1/27/2026 2:20:11 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

View Article Online

Paper

(@) 3 () 10* (©) 10°
10 >
BB60Ca
102 7-—-—-7-44»I—->-~-—-_._.j
(R oo
H i
10!
(d)
10] TA60Ca
g ,\104' g M <
Ea:é]oz‘ f’/ﬂ% N
CR) BA120Ca
| | 10*{ BAG60Ca ]
i 1 ooro-0m0ommoronom0-0-0-0-0-0
10!
10°
@
10
105] TB60Ca
10*4 ,J*"M °
28,
& e 10°
o = BB60Ca .
D b oy | BB120Ca
| 0=0-0=0=0=0=0=0wg,_ ) 3
i % . BB90Ca
0 \O\%C—QY
10°4 "\_\
10" 1 =3 - s 5 1014 T r 1 1014 ; - -
10 10 %) 10 102 10 10 10° it lot 102 10° o8 100 1ot s 9

Y (%)
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green curve and BA90Ca pink curve), and (f) 120 s (IA120Ca green curve and BA120Ca pink curve). Comparison of rheological curves of 3D bioprinted IB
and BB after dual crosslinking process at (g) 60 s (IB60Ca green curve and BB60Ca pink curve), (h) 90 s (IB90Ca green curve and BB90Ca pink curve),
(i) 120 s (IB120Ca green curve and BB120Ca pink curve). Storage and loss moduli are represented as filled and empty circles, respectively.

with respect to the BAXCa scaffolds. These results might be
explained by the fact that in BB, the higher concentration of
the Irgacure 2959 photoinitiator leads to a higher number of
covalent crosslinks between acrylate moieties compared to
those formed in BA. In addition, despite BA constructs under-
went a second crosslinking process, they always display lower
mechanical properties than BBX constructs because of the
weaker ionic crosslinks formed between AlgMa carboxylate
groups and Ca®" ions than the covalent crosslinks formed by
photo-crosslinking. Therefore, a higher number of covalent
crosslinks in the BBX scaffolds might dominate the sum of both
ionic and covalent crosslinks in the BAXCa samples. This ensures
higher LVE ranges and higher resistance to deformation before
flowing. This correlation was not found for the dual-crosslinked
BBXCa constructs because of the strong mechanical properties
that lead to a fragile material at high deformations.

Finally, from the comparison between cell-laden and cell-
free constructs after the dual crosslinking process, it is possible
to observe that the presence of cells strongly affects the mechanical

© 2023 The Author(s). Published by the Royal Society of Chemistry

properties of both IA and IB (Fig. 3(d-i)). In particular, the G’
moduli decreased significantly in both the BA and BB samples
(see Table S4 in the ESIt). As a general consideration, all moduli
after cell loading decreased by approximately two orders of
magnitude. This decrease can be explained by considering the
steric hindrance of the cells themselves, which usually have
dimensions of approximately hundreds of microns; thus, several
orders of magnitude higher than the ionic or covalent crosslinks
established between polymer chains. In this way, cells might
distance AlgMa chains by reducing the statistical probability of
interacting with each other to form crosslinks in the presence of
calcium ions or when triggered by UV light and a photoinitiator,
leading to a decrease in mechanical properties.

Biocompatibility of AlgMa bioinks

HeLa cell survival in AlgMa hydrogels following 3D bioprinting
was evaluated after 3 days of culture using a live/dead assay
with calcein-AM and propidium iodide and correlated to the
photoinitiator concentration, UV irradiation time, and matrix

Mater. Adv,, 2023, 4, 3491-3505 | 3499
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stiffness. Regarding the duration of UV irradiation, higher
mortality is usually observed with increasing UV exposure time.
This effect was studied for the BA60Ca, BA90Ca, and BA120Ca
samples, and the results are shown in Fig. 4(a—-c). Quite high
values of cell viability percentages (from 79% for BA60Ca and
BA90Ca to 60% for BA120Ca) were obtained (Fig. 4(f)). The
90 seconds irradiation time was selected to compare bioinks A
and B and evaluate how the stiffness of the matrix can affect
cell behavior by keeping the UV irradiation time fixed. The
results showed different viability ranges as a function of bioink
formulation and construct characteristics (compare Fig. 4(b),
(d) and (e)): starting from BA90Ca, which showed the highest
viability (79 £ 8%), cell viability decreased by 52 + 7% in BB90,
while in the more extensively crosslinked sample, BB90Ca,
viability percentage slowed down to 27 = 11%. The high cell
mortality rate observed in the latter bioink might be correlated
with the higher stiffness of the matrix compared to the other
two bioinks, as reported above.

Table 4 summarizes the cell viability results for the different
materials studied. The data demonstrated that bioprinted
samples obtained using bioink A, which contained a lower
percentage of Irgacure 12959 (i.e., 0.2%), maintained higher cell
viability than all the other samples obtained from bioink B,
which was formulated with a higher concentration of Irgacure
12959. The increase in 12959 concentration from 0.2% to 0.25%
affected cell viability to an extent of 19% after 60 s of irradiation
(viability decreased from 79% to 60%), of 52% after 90 s of
irradiation (viability decreased from 79% to 27%), and of 32%
after 120 s of irradiation (viability decreased from 60% to 28%).
The cell viability decreased when the stiffness and UV irradiation

3500 | Mater. Adv,, 2023, 4, 3491-3505

Table 4 Correlation between UV irradiation time, storage modulus and
cell viability of the 3D bioprinting constructs (cell viability was measured
after 72 h of incubation by live/dead assay)

3D bioprinted UV irradiation CaCl, treatment G’ Cell viability
scaffold time (s) (min) (kPa) (%)
BB120 120 — 0.900 43 £7
BB90 90 — 0.120 52 £7
BB60 60 — 0.075 58 £7
BB120Ca 120 5 2 28 £ 17
BB90Ca 90 5 0.310 27 £11
BB60Ca 60 5 0.120 60 £5
BA120Ca 120 5 0.200 60 £7
BA90Ca 90 5 0.041 79 £38
BA60Ca 60 5 0.030 79 £38

time increased. For example, a change in G’ from 0.120 kPa
(BB60Ca) to 2 kPa (BB120Ca) obtained with an increase in UV
irradiation time from 60 s to 120 s is related to a decrease in cell
viability from 60% to 28%. BB60Ca, BB90Ca, and BB120Ca
samples, which have all experienced a dual crosslinking strategy,
had higher mortality compared with samples made with the same
bioink but that had undergone only photo-crosslinking curing
(BB60, BB90, and BB120 samples). In this case, higher mortality is
correlated with higher stiffness caused by the calcium chloride
crosslinking process. Based on the considerations stated above, it
is possible to hypothesize that stiffness plays a role in decreasing
the cell viability.

3D Fabrication of the gradient stiffness platform

Based on the cell viabilities obtained using the above-described
formulations, bioink A was chosen to print the tuneable

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(d) Percentage of cell viability in each area; the values are reported as means + standard deviations. Scale bar in the pictures is 100 pm.

stiffness platform. A HeLa cell-laden bioprinted platform with
a ‘fortune-cookie’-like shape was successfully fabricated, as
shown in Fig. 5(a) and (b). The “fortune cookie” shape was
chosen for the fabrication of the 3D bioprinted platform with
differential stiffness regions (Fig. 5(d), upper panel): the asym-
metric shape enables (i) to easily distinguish the different
regions during all the experimental phases, (ii) to determine
the boundaries of each region, and (iii) to study the cells
allocated in the different areas. The constructs were fabricated
by printing the same bioink, i.e. BA, for the entire sample. The
use of a UV-shielding mask allowed UV rays to pass through
only a selected portion of the fortune cookie (Fig. 5(c), upper
panel), enabling special control of the UV crosslinking times for
the different regions. This strategy allows spatial tuning of the
stiffness in the same construct, which is realized using a
unique printhead. Live-dead assays directly performed on the
‘fortune cookie’ platform after 14 days of incubation showed a
decrease in cell viability compared to that obtained after 3 days
of incubation (Fig. 5(a-d), lower panel). Values of 59 + 18%,
38 £+ 10%, and 30 £ 10% in the regions treated with 60 s, 90,
and 120 s of UV, respectively, were obtained (Fig. 5(d), lower
panel), indicating that cell viability decreased when cell culture
was prolonged for two weeks. This result confirmed that we
were able to obtain a 3D cell culture with areas characterized by
different mechanical properties.

Discussion

In this work, a sustainable alginate methacrylation process was
accomplished by adapting the gelatin methacryloyl synthesis
proposed by Shirahama et al.*® to the alginate polymer chains,

© 2023 The Author(s). Published by the Royal Society of Chemistry

which resulted in easier production of alginate methacrylate,
both in terms of less complicated procedure and greener
synthesis, by reducing the excess MAA used during the whole
reaction. This last point is critical in the overall synthesis, as a
large excess of MMA induces a decrease in the pH of the
reaction bath, requiring frequent additions of NaOH to main-
tain the pH above the Alg isoelectric point. In the proposed
approach, changing the buffering solvent from PB to CB at a
specific and well-optimized concentration (0.325 M) produced
great self-sustainment of the pH around 8. Moreover, because
of the higher buffering ability of the solvent, a lower excess of
MAA was needed (1 mL of MAA/g Alg) with respect to previous
works in which significant volumes of MAA were involved
(from 10 to 20 mL per gram of Alg).”” "H-NMR spectra con-
firmed the success of the methacrylation reaction performed
for 72 h. It is worth pointing out that, even if "H-NMR could be
useful, in principle, to evaluate the DoF of AlgMa, by integrat-
ing the peaks of the protons of the mannuronic and guluronic
units with respect to the proton peaks of the vinyl and methyl
group of the methacrylate moieties, an accurate quantification
of the DoF using 'H-NMR is a challenging task. In particular,
the assignment of the peaks and their consequent integration
remain highly ambiguous owing to the possible peak shifting
caused by the presence of the newly introduced functionalities
and the high number of protons contained in the chains. The
protons signal of the mannuronic and guluronic units are not
fully separated, resulting in an overestimation or underestima-
tion of the DoF if the integration is not considered properly.
For this reason, MALDI-MS was considered the best molecular
characterization technique for evaluating the DoF of AlgMa.
This technique, which is usually applied in the analysis
of carbohydrates, can be successfully used to perform an
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advanced structural investigation of complex polysaccharides
and natural complex molecules, exploiting adequate experi-
mental conditions.**>* The results obtained in this study on
AlgMa demonstrate that our synthetic approach can produce
AlgMa with 63% of DoF, which is higher with respect to the
usual DoF obtained in the literature (around a maximum of
50%).>° Accurate estimation of the DoF is an important para-
meter that influences the physico-chemical properties of
AlgMa-based hydrogels, such as the gelling and rheological
behavior of the material.

A systematic rheological characterization was carried out in
this work as a powerful tool to predict 3D bioprintability and
evaluate the stiffness of the obtained constructs. The assess-
ment of printability using rheological tests was first established
through oscillation tests (amplitude sweep) that were performed
to evaluate the rheological properties of both bioinks A and B,
and to assess whether the hydrogels exhibit a ‘solid-like’
(G" > G") or ‘liquid-like’ (G"> G') behavior. In fact, ‘solid-
like’ features, provided by physical entanglements, crosslinks,
and chain interactions, are necessary for a hydrogel to form a
continuous and stable filament with good shape fidelity. In our
work, this characteristic was achieved only for the AlgMa
hydrogel through a pre-crosslinking step with calcium chloride
solution to create the proper ionic interactions and ensure
suitable rheological properties. The evaluation of the shear-
thinning behavior of both AlgMa solution and AlgMa hydrogel,
by measuring their viscosity as a function of the shear rate, was
a second rheological analysis useful for predicting the print-
ability of the investigated materials. Indeed, to be printable, a
material must flow under shear forces by reducing its viscosity
with an increase in the shear rate. Even in this case, only the
AlgMa hydrogel displayed the right shear-thinning behavior by
following the Tscheuschner regression with an exponent p of
0.01 (p < 1), which further quantifies and proves its shear-
thinning characteristic.>®

Rheology is a useful tool for investigating the stiffness of
the obtained 3D models after single and dual crosslinking
processes. A comparison of the rheological properties of 3D
constructs with and without embedded HeLa cells showed that
the presence of cells reduced by two orders of magnitude both
G’ and G” moduli. The results of this study demonstrate that
for both bioinks A and B, it is possible to obtain constructs
displaying a wide range of stiffness depending on the post-
printing treatment. The mechanical properties obtained herein
are summarized in Tables 3 and 4, along with cell viability at
3 days of culture, and can be exploited to reproduce tissues
with different stiffness, such as pathological, inflammatory, or
tumor tissues.

It is difficult to define a univocal value of rigidity of a tissue,
whether physiological or pathological, owing to the intra-
heterogeneity of the real tissues. However, AFM measurements
performed on cancer biopsies demonstrated that the stiffness
of such tissues is described by a bimodal distribution.?” Breast
cancer tissue stiffness, for example, shows two prominent peaks
at 0.57 £+ 0.16 kPa and 1.99 + 0.73 kPa while healthy specimen
reveals a unimodal stiffness distribution of 1.13 + 0.78 kPa.
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In the same study, Plodinec et al.”” showed that the core part of
breast cancer is mostly a soft area with a specific stiffness peak,
whereas the periphery shows a non-homogeneous area with
stiff features.

Both physiological and pathological situations can be
mimicked with the bioink formulations developed in this study
because we were able to reproduce stiffness that ranged from
0.030 kPa to 2 kPa (Table 3). The dual crosslinked samples
BB60Ca, BB90Ca, and BB120Ca showed stiffness values ranging
from 0.120 kPa to 2 kPa, depending on the UV curing time.
These values are very close to those found in tissues charac-
terized by breast cancer (as illustrated above). On the other
hand, if we use bioink B and a one-step crosslinking procedure,
we obtain tissue models with a stiffness ranging from 0.075 to
0.9 kPa, near to healthy breast tissues. Dual crosslinked bioink
A shows stiffness that can mimic softer tissue areas (stiffness
range: 0.030-0.2 kPa). However, it should be noted that
increased stiffness correlated with decreased HeLa cell viability.
Many studies have demonstrated the effects of matrix stiffness on
the cellular pathway,">*®*° which are consistent with the results
obtained in this work, but only a few works have deeply analyzed
the effects of the photoinitiator concentration and the cross-
linking parameters on cell behavior.*>®" It is well recognized that
the photoinitiator concentration and UV irradiation time are key
parameters that affect cell viability. In this study, all factors
related to photo-crosslinking and final construct stiffness were
systematically studied and considered in defining the hydrogel
formulation. Our results demonstrated that cell viability
decreased (i) with increasing UV irradiation time at a fixed
photoinitiator concentration, (ii) with an increase in Irgacure
12959 concentration at a fixed UV time, and (iii) with an increase
in stiffness at fixed concentration of 12959 and UV time.

The approach proposed in this work is essential to obtain
stable cell-laden constructs for two main reasons: (i) because of
the strong impact of the presence of cells on the crosslinking
efficiency and, at the same time, (ii) to keep the concentration
of the photoinitiator and UV irradiation time as low as possible,
to avoid adverse effects on cell viability. This method was
therefore useful for maintaining good mechanical properties
inherent to construct fabrication, limiting cell damage, and,
more interestingly, allowing the successful development of a
tissue platform with spatially controllable stiffness via one-step
3D bioprinting. HeLa cells viability is approximately 95% in
alginate-based bioink, as reported in literature for gelatin/
alginate/fibrinogen bioink.®> We aimed to retain the maximum
viability of cells, and for this reason, bioink A formulation was
chosen to print a ‘fortune-cookie’ platform with tailored
mechanical properties, owing to its relatively high viability in
comparison to both literature reports and bioink B formula-
tions. Cell viability studies were carried out for two weeks on
the 3D printed platform, exploiting the availability of three
regions with different properties on the same construct. The
results confirmed those obtained on single constructs regard-
ing the effect of UV irradiation time, even though cell viability
decreased significantly at 14 days with respect to the 3 days
cultures. In this study we classified cell viability as listed in the
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following: >90% = optimal viability; between 90% and 80%,
high viability; between 80% and 60%, good viability; between
60% and 40%, low viability; below 40%, poor viability. Cells
that were bioprinted using the bioink A and that underwent
dual crosslinking showed from high (80%) to good (60%)
viabilities at 72 h after printing (Fig. 4(a-c)) while the viability
decreased from good (60%) to poor (30%) at 14 days after
printing (Fig. 5). These results indicate that, to a certain extent,
tuning matrix mechanical properties affects cell viability;
however, the obtained percentages of viability are sufficiently
high to enable the study of cellular behavior in an extended
range of matrix stiffness values, a feature that is highly relevant
in cancer research.

Conclusion

In this study, a 3D bioprinted platform with spatially controll-
able stiffness was successfully fabricated via a one-step bio-
printing and dual-crosslinking process. HeLa cells were used as
a proof of principle cell model for platform development
because they represent the ‘gold-standard’ model for cancer
cell lines. However, the concept of the gradient stiffness plat-
form presented in this study can be used for other cellular
systems. A critical and systematic study of the effects of the
photoinitiator concentration, photo-crosslinking process, and
mechanical properties of the AlgMa-based construct on cell
viability was conducted. This study provides fundamental
knowledge on the biofabrication of 3D bioprinted models using
photo-crosslinkable polymeric matrices, that has attracted
increased attention in recent years. Notably, an affordable
“greener”’ synthetic approach to produce highly substituted
AlgMa was proposed and the material was thoroughly charac-
terized using spectroscopic techniques (FT-IT, "H-NMR) and
mass spectrometry measurements (MALDI-TOF-MS). A dual
crosslinking process was exploited in this study, involving
(i) a photo-crosslinking process through UV irradiation, and
(ii) an ionic crosslinking, by treating the 3D construct in a CaCl,
solution. The process was optimized to overcome limitations
related to (i) low cell viabilities, induced by high photoinitiator
concentration and extended UV irradiation time, and (ii) weak
mechanical properties inherent to the fabricated constructs.
Rheology has been extensively used as a valid support tool
for optimizing printable bioinks. Oscillatory amplitude sweeps
and rotational tests were employed to demonstrate the modu-
lation of the mechanical properties using the proposed dual-
crosslinking strategy and to evaluate the impact of cell steric
hindrance on the mechanical properties of the bioink formula-
tions. We demonstrated that ink rheological properties are
affected by the presence of cells by approximately two orders
of magnitude and that cell viability is strongly dependent (i) on
the duration of UV irradiation, (ii) on Irgacure concentration,
and (iii) on hydrogel stiffness by itself. By employing the strategy
illustrated in our work, it is possible to replicate the stiffness
of specific tissues, their variability, and the characteristics of
the boundaries between different regions. Our platform easily
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mimics physiological and pathological situations; for instance,
dual-crosslinked bioink B showed a stiffness that ranged from
physiological to pathological tissues (from 0.120 kPa to 2 kPa,
depending on the UV curing times), while the stiffness of dual-
crosslinked bioink A (stiffness range: 0.030 kPa to 0.2 kPa)
mimics softer areas of normal tissues. By tuning the duration of
UV irradiation, it is possible to obtain a differential stiffness
platform that recapitulates the stiffness heterogeneity of spe-
cific tissues, such as that existing from the periphery to the core
of tumor tissues. Extracellular matrix stiffness regulates several
physiological and pathological processes, for example, it is
deeply involved in tumor invasion and metastasis. However,
the relationship between ECM/tissue stiffness and cancer
progression and aggression remains unclear. A differential
stiffness platform is an essential tool for studying the interplay
between tumor aggressiveness and matrix stiffness. By using
the platform described herein, it would be possible to examine
cells that feel different mechanical stimuli and observe their
interaction and specific behavior in a controlled fashion,
paving the way for an understanding of the transduction of
mechanical inputs into transcriptional outputs, which drive
tumor progression. Moreover, a model that replicates the key
features of cancer tissue, including their stiffness, could be
used to elucidate the mechanisms of chemoresistance and
metastatization. In general, ECM has been proven to directly
modulate cellular energetic metabolism;** consequently, this
platform may also be employed to investigate the role of matrix
stiffness in pathologies characterized by mitochondrial impair-
ment or defects.®® The 3D platform developed in this work can
be used as a model to study cell behavior as a function of
mechanical properties of the extracellular microenvironment.
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