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1. Introduction

Modelling methacrylated chitosan hydrogel
properties through an experimental design
approach: from composition to material
propertiest

2 Nora Selicato,” Chiara Coricciati,°° Alberto Rainer, %9

© Giuseppe Gigli,* Lorenzo Moroni, ¢
*b

Alessio Bucciarelli,
Agostina Lina Capodilupo,
Alessandro Polini (2 *® and Francesca Gervaso

Hydrogels of biopolymers are gradually substituting synthetic hydrogels in tissue engineering
applications due to their properties. However, biopolymeric hydrogels are difficult to standardize
because of the intrinsic variability of the material and the reversibility of physical crosslinking processes.
In this work, we synthesized a photocrosslinkable derivative of chitosan (Cs), namely methacrylated
chitosan (CsMA), in which the added methacrylic groups allow the formation of hydrogels through
radical polymerization triggered by UV exposure. We then performed a systematic study to link the
physical properties of the materials to its preparation parameters to standardize its preparation
according to specific applications. We studied the properties of CsMA solutions and the derived
hydrogels using a statistical method, namely, response surface method, which allowed us to build
empirical models describing material properties in terms of several selected processing factors. In
particular, we studied the viscosity of CsMA solutions as a function of CsMA concentration, temperature,
and shear rate, while hydrogel compression modulus, morphology, degradation and solubilization were
investigated as a function of CsMA concentration, photoinitiator concentration and UV exposure. CsMA
solutions resulted in shear thinning and were thus suitable for extrusion-based 3D printing. The CsMA
hydrogel was found to be highly tunable, with a stiffness in the 12—-64 kPa range, and was stable over a
long timeframe (up to 60 days). Finally, the possibility to engineer hydrogel stiffness through an empirical
model allowed us to hypothesize a number of possible applications based on the mechanical properties
of several biological tissues reported in the literature.

thousands of times the weight of the dry polymeric network,
making them the ideal candidate for various applications in

Hydrogels are three-dimensional (3D) polymeric networks
embedding large amount of water." The water weight can reach
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tissue engineering.>” Hydrogels have a structure that has been
used to mimic the natural extracellular matrix (ECM), favorably
affecting cell adhesion, growth, and migration, especially in the
case of gels made of biological or natural precursors.* While
synthetically derived hydrogels have stable and controllable
chemical physical properties, including but not limited to
stiffness, degradation, and swelling, naturally derived hydro-
gels suffer from the lack of standardization and the difficulty in
controlling their properties. In fact, natural polymers to be
formed into hydrogels usually rely on physical crosslinking,
which is difficult to control due to the natural variability of the
material itself.> Natural hydrogels also exhibit mechanical
properties with lower performance when compared to their
synthetic counterparts.® However, due to their unique set of
properties that include biocompatibility, low cytotoxicity, and
their similarity to the physiological environment, natural
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hydrogels are substituting synthetic hydrogels, especially in the
applications in which the interaction with biological tissues is
required.”

Among the different sources of biomaterials, chitosan-based
hydrogels have a wide range of applications, from drug delivery
to tissue engineering.® Chitosan (Cs) is a natural polymer
derived from chitin, which is a structural component found
in the exoskeletons of crustaceans such as shrimp, crabs, and
lobsters.”™" Cs is a highly versatile material, with a range of
properties that can be tuned depending on factors such as the
degree of deacetylation, molecular weight, and crosslinking.” ™"
For example, chitosan can form hydrogels with a high water
content, which makes them ideal for drug delivery and tissue
engineering applications.'™” It also possesses antimicrobial
properties, which make it useful for wound healing
applications.'®™® Additionally, chitosan has been shown to be
biodegradable, since it can be easily broken down and
absorbed by the body over time. This makes it an attractive
material for non-permanent implantable medical devices or
drug delivery systems that require a temporary presence in the
body.” ™"

The Cs hydrogels are commonly obtained by gelation
through physical crosslinking of the Cs chains.”® This includes
a neutralization process by the increase of the pH value (using
sodium hydroxide, NaOH, or ammonia, NH;); the increase in
temperature, which allows the loss of the hydration water of the
Cs chains and thus their interaction to form strong hydropho-
bic bonding (with the addition of organic phosphates (B-
glycerophosphate, B-GP) or weak bases (sodium bicarbonate,
NaHCO3) to avoid the Cs precipitation); the ionotropic gelation,
which induces the formation of bridges between the anionic
groups of the crosslinker (i.e., sodium tripolyphosphate, TPP)
and the cationic groups of the Cs chains.>® Physical cross-
linking is usually reversible, less stable, and less controllable
than chemical crosslinking.>® Chemical crosslinking relies on
chemical reactions that provide stable irreversible covalent
bonds between the polymer chains.>*"*> A common method
to obtain a chemical crosslinking is to chemically modify the Cs
chains to add methacrylic groups that, when triggered by UV
exposure, allow for a radical polymerization. This reaction is
performed using methacrylic acid (MA), a reactive monomer
commonly used to functionalize biopolymers. The resultant
material is known as methacrylated chitosan (CsMA).>**°
Using CsMA, 2D and 3D structures can be easily developed by
photolithography and 3D printing.>**” In addition, CsMA, in
contrast to Cs, is water-soluble,**>® which makes this material
suitable for applications that require the embedding of
cells.>>?®

CsMA hydrogels have been investigated, alone or as a
matrix to include other materials, for a range of tissue engi-
neering applications, including bone, cartilage, and nerve
regeneration. CsSMA composite hydrogels promoted the differ-
entiation of stem cells into osteogenic and chondrogenic
lineages, making them promising candidates for bone and
cartilage regeneration.”” Additionally, CsSMA hydrogels, used
in neuronal tissue engineering, induced the differentiation of
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Neural stem cells (NSCs) into tubulin-positive neurons and
astrocytes.”> CsMA hydrogels have also been studied for drug
delivery applications, where they offer the controlled release of
drugs over time.***! These hydrogels can be used to deliver a
variety of drugs, including small molecules, proteins, and
nucleic acids. The hydrophilic nature of the methacrylated
chitosan hydrogels allows for high drug loading and efficient
drug release.’*?!

Besides showing interesting biological properties in terms of
biocompatibility and cell differentiation, hydrogels made of
CsMA offer several advantages from a physico-chemical point of
view, including tunable mechanical properties, high water
content, and controlled degradation profiles.*>** However,
previous works reported in the literature did not explore the
range in which the CsMA hydrogel properties can be tuned.
There was also no available method for predicting the hydrogel
properties based on its preparation process parameters. The
tunability of the hydrogel rheology may allow for adapting the
hydrogel to an extrusion-based printing process, while the
control of the stiffness and degradation rate can be used to
fulfil different needs in terms of cell culture, and to more
faithfully mimic the biological tissue of interest. The main
concept driving this study is that by experimentally manipulat-
ing the selected parameters of hydrogel preparation, specifi-
cally focusing on a single material like CsMA, and by in silico
modelling of the full parameter space, it is possible to greatly
tune the properties of the resulting hydrogels. This versatility
may allow them to be used in a wide range of tissue engineering
applications, especially in the case in which, e.g., a specific
mechanical strength is needed to simulate a biological tissue.

In this work, we first prepared CsMA, and then performed
FTIR analysis to confirm that the Cs chains were correctly
chemically modified by addition of the MA groups. We subse-
quently in silico simulated a fraction of the CsMA chemical
structure in order to evaluate its water solubility. Then, apply-
ing a statistical method, namely response surface method
(RSM), we interpolated empirical equations describing the
CsMA solution and hydrogel properties with the scope to prove
the possibility of engineering them accordingly to specific
tissue engineering applications, and to match the stiffness of
natural biological tissue. RSM is a method used to model and
analyze the relationships between multiple process variables
and the outcoming properties of interest.***> In RSM, the
studied system is treated as a black box, in which the variables
of interest (called factors) are the inputs, and the studied
properties (called responses) are the outputs. The advantage
of this methodology is to avoid any consideration about the
underlining chemical and physical mechanisms that are
usually taken into account in mechanistic approaches.*® In
our specific case, we modelled through RSM the viscosity of
the CsMA solution in terms of the CsMA concentration, test
temperature, and shear rate. This allowed us to evaluate the
rheological properties of CsMA, which are crucial in the case of
its use as a bioink in extrusion-based bioprinting technologies,
largely employed for tissue engineering applications. Further-
more, we investigated the CsMA hydrogel properties as a

This journal is © The Royal Society of Chemistry 2024
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function of the (i) CsMA concentration, (ii) amount of photo-
initiator, and (iii) UV exposure time, i.e., all parameters related
to the crosslinking degree. Among the hydrogel physico-
chemical properties, the compression modulus, morphology,
swelling ratio and degradation profile were analyzed. Finally,
comparing the range of the tunable compression modulus with
the values reported in the literature for biological tissues, we
hypothesized a set of biological applications from neuronal cell
culture to pre-calcified bone.

2. Materials and methods

2.1. Materials

Low molecular weight chitosan (Cs, 50-190 kDa) in powder
form with a deacetylation degree of 75-85%, methacrylic anhy-
dride (MA), lithium phenyl-2,4,6-trimethylbenzoylphosphinate
(LAP), and sodium bicarbonate were bought from Sigma
Aldrich.

2.2. Methacrylated chitosan (CsMA) synthesis

Chitosan was reacted with excess methacrylic anhydride
(Fig. 1A) to achieve methacrylation of both amine and methane
hydroxyl units. The reaction was performed following a

View Article Online
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protocol of a previously published work with slight
modifications.*® Fig. 1B illustrates the schematic production
of the lyophilized batch of CsMA, and the subsequent
production of a crosslinked CsMA hydrogel. Briefly, MA was
added dropwise to 2% (w/v) Cs acetic hydrochloric solution
(0.1 M). MA (4 mL) was added for each gram of Cs used.
The reaction included two phases. First, the prepared CsMA
stock was kept under stirring for 6 h at 60 °C. Then, the
temperature was lowered to room temperature for 24 h. The
solution was then neutralized by adding a saturated solution of
sodium bicarbonate (NaHCO;), and subsequently dialyzed
against ultrapure water to eliminate the unreacted reagents
for 4 days, changing the dialysis water once a day. The products
were lyophilized at —50 °C (LIO 5 Pa, 5 pascal) for 3 days and
maintained at 4 °C before its use. To prepare the crosslinked
hydrogel samples, a defined amount of CSMA (in accordance
with the chosen concentration) was solubilized in water. The
solubilization, as in the case of Cs, required up to several hours
(24 h in the case of highly concentrated solutions). Afterwards,
LAP (lithium phenyl-2,4,6-trimethylbenzoylphosphinate) was
added as the photoinitiator and stirred until dissolu-
tion. The solution was then poured in PDMS cylindrical
molds and crosslinked under UV-light, controlling the
exposure time.
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Fig. 1 (A) The proposed chemical reaction is extrapolated from previous works in the literature.?® The added methacrylic groups allow the
photocrosslinking of the solution to form a hydrogel. (B) Preparation of CsMA stock and successive preparation of CsMA crosslinked hydrogels.
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2.3. Chemical structure analysis

To qualitatively estimate the functionalization of Cs with MA
groups, FTIR spectra of both Cs and CsMA polymers were
collected. FTIR was performed using a FT/IR-6300 type A
spectrophotometer (JASCO, Easton, MD, USA) on the lyophi-
lized material in attenuated total reflectance mode (ATR-FTIR)
in the 4000-600 cm ™' range with a resolution of 1 cm™". The
spectra were corrected by subtracting their baseline, and by
normalizing them in the [0,100] range. Peaks were then
assigned following the literature.

CsMA was characterized by 'H and '*C nuclear magnetic
resonance (NMR) analysis run on a Bruker AVIII-400 MHz
spectrometer using 99.9% deuterium oxide (D,O) as the
solvent.

Moreover, to evaluate CsMA conformation and the presence
of intramolecular hydrogen bonding, the theoretical structures
of both Cs and CsMA polymers were simulated using the free
version of SAMSON Connect 2022 R1 (https://www.samson-
connect.net/, v.3.0.0). Fragments of Cs and CsMA composed
of 14 units were drawn, both with 3 acetyl groups. The acetyl
groups were added considering a deacetylation of 80%, as
reported by the producer. The potential energy of the molecular
system was interactively minimized using the universal force field
(UFF) algorithm. Then, the presence of hydrogen bonding was
visualized through the free extension (hydrogen bond finder,
https://www.samson-connect.net/element/eOcaae67-7422-ef1a-
bf97-bcb88f1d2a11.html, v.0.9.3). Their strength was then roughly
evaluated and color-coded based on the interatomic distances
(strong H-bond, coded in gray, d < 2.5 A; moderate H-bond,
coded in light blue, 2.5 A < d < 3.2 A; weak H-bond, coded in
blue 3.2 A < d < 4 A).

2.4. Solution preparation

CsMA solutions for both the determination of the UV calibra-
tion curve and the rheology analysis were prepared by dissol-
ving the lyophilized CsMA in ultrapure water, increasing the
temperature up to 60 °C, and sonicating for 30 min. It should
be noted that the time required for the complete solubilization
strongly depends on the concentration. The higher concentra-
tions used in this study required almost 24 h to be completely
dissolved in water. The concentrations chosen for this test
were: 0.1%, 0.25%, 0.5%, 0.75%, 1%, 1.5%, 2%, 2.5%, 3.5%.

View Article Online
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2.5. Mechanical characterization

To verify the dependence of the CsMA solution viscosity to both
polymer concentration and temperature, a rheological analysis
was performed on all the previously reported CsMA concentra-
tions at the following three temperatures: 4 °C, 25 °C and 37 °C
(Physica MCR 301, Anton Paar). The viscosity against the shear
rate was evaluated by a 25 mm parallel plate geometry, the gap
was set to 0.3 mm, 200 pL of solution was used in each test, and
the shear rate was linearly increased in the [1 s™%, 100 s ']
range. The temperature was set by using a Peltier plate stage
mounted on the rheometer, and the samples deposited on the
stage were left to equilibrate at the set temperature for 10 min.
The test was performed in duplicate for each hydrogel solution.

The crosslinked hydrogels were tested in compression to
determine their Youngs’ modulus using a universal testing
machine (ZwickiLine 1 kN, Zwick Roell). For each composition,
described in Table 1, n = 5 crosslinked cylinders were tested. To
prepare the cylinders, the CsMA solutions were centrifuged at
10000 rpm for 5 m to remove the bubbles present in the densest
compositions. A 5 mm thick PDMS membrane with circular holes
of 5 mm of diameter was used as the mold. This membrane
adhered on a glass coverslip, and each hole was filled with
a 300 pL of CsMA solution mixed with the photoinitiator (LAP,
lithium phenyl-2,4,6-trimethylbenzoylphosphinate). After UV-
exposure, the membrane was detached from the coverslip to
reveal the cylindrical crosslinked hydrogels. The crosslinking
follows the radical reaction described in Fig. 1C, and reported
in previous works.?” The different samples were compared using
an ANOVA test with Tukey’s post hoc comparison.

2.6. Morphological characterization

The n = 8 hydrogel formulations at different CsSMA concentrations
were observed by secondary electron microscopy (FESEM, Zeiss
Gemini 300, Germany). One cylinder of crosslinked hydrogel was
analyzed for each of the 8 compositions. The hydrogels were
frozen by immersion in liquid nitrogen, and then lyophilized (Lio
5 Pa, 5 pascal) until the water was completely removed. To reveal
the cross-section, the dried hydrogels were immersed in liquid
nitrogen and cut with a scalpel. This allowed a fragile fracture,
avoiding any structural deformation. Prior to SEM imaging, the
samples were coated with a 10 nm layer of gold by sputtering
(CCU-010 LV, Safematic GmbH). Five images, at 1000x of

Tablel Compositions used to perform the degradation test. It should be noted that the amount of LAP in percentage is expressed in terms of weight. To
get the weight over volume, the number should be divided by a factor of ten. The volume for each hydrogel should be adjusted based on the dimension

of the vial

A B Cc Compression Degradation
Sample CsMA (%) CsMA (mg mL ™) LAP (% w/w) LAP (mg mL ™) t exp. (s) V (uL) Rep. V (pL) Rep.
1 1 10 1 0.1 180 300 5 500 3
2 3 30 1 0.3 180 300 5 500 3
3 1 10 10 1 180 300 5 500 3
4 3 30 10 3 180 300 5 500 3
5 1 10 1 0.1 300 300 5 500 3
6 3 30 1 0.3 300 300 5 500 3
7 1 10 10 1 300 300 5 500 3
8 3 30 10 3 300 300 5 500 3

10224 | J Mater. Chem. B, 2024, 12,10221-10240
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(A) Pore analysis of SEM images and an automated procedure. Forty images were collected at 1000 x magnification, cropped, thresholded and

segmented. Once segmented, the features were extracted, and the dimension and shape parameters calculated. (B) Implemented workflow using Knime

showing the used nodes.

magnification, were collected for each sample (a total of 40
images). The dimensions and shape factors were calculated by
an automated procedure built on the Knime platform (v. 4.7.2,
Knime AG, Zurich, Switzerland). A scheme of the performed
analysis is reported in Fig. 2A, while the implemented workflow
in Knime within the used nodes is shown in Fig. 2B. The area was
calculated as the number of pixels occupied by each pore and
multiplied by the conversion factor (3.775 px um™ '), then the
equivalent diameter was calculated using eqn (1) under the
assumption of perfect circularity. Two shape factors were also
calculated, the circularity and the convexity, using eqn (2) and (3),
respectively. In these equations, A is the calculated area and P is
the calculated perimeter, while Ay is the total area of the convex
hulls. In this case, the samples were compared using a Kruskal-
Wallis one-way analysis of variance, which does not require the
normality of the residuals with a Dunn’s post hoc test.

D (um) = 2\/% &)

2V A
Circularity = —— (2)
P
Convexity = m (3)

This journal is © The Royal Society of Chemistry 2024

2.7. Optical characterization

The optical transmittance in the UV-visible region of the
solution with increasing concentration of CsMA was deter-
mined by UV-vis spectroscopy (microplate reader Clario Star
Plus, BMG Labtec), performing the measurement in the 200-
1000 nm range with 1 nm resolution. A constant volume of 200
pL of each solution was inserted in a 96-well plate, and the
spectra were collected (see Fig. S1, ESIf).

2.8. Degradation and solubilization

The NanoDrop One microvolume UV-vis spectrophotometer
(Thermo Scientific, USA) was used to collect the spectra. A
calibration curve was determined by solubilizing different
percentages of Cs (from 0.1% to 3.5%) in water, and collecting
3 UV-vis spectra for each sample in the 190-800 nm range. The
spectra were baseline corrected, and then the intensity at
215 nm was used for the calibration curve (Fig. 3A). It should
be noted that we did not use the intensity at the peak (about
200 nm) due to the saturation of the instrument response at the
higher concentrations. The result of the calibration is reported
in Section 1.1 of the ESL ¥

The degradation/swelling and solubilization were conducted
by a single experiment, with a procedure that allowed us to
separate these two contributions. The method proposed here is

J. Mater. Chem. B, 2024, 12,10221-10240 | 10225


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4tb00670d

Open Access Article. Published on 26 2024. Downloaded on 01.11.2025 06:18:26.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Journal of Materials Chemistry B
A1 104 2 B . . .
w0 } ‘e 4> — 4>
904 | Addition of 4 Storage at | 3 —
IC PBS @ 37°Cin | —— P
80 4 e incubator
A 4 A4 - 4 aua/
704 Gelification of CsMA in Time point Remove the
-~ vial and weight the t supernatant
3 60 - mass of the gel at t0
1 !l @
40 - N . i)
ol D masschine gl M
Spectroscopic att1 Addition of )
204 measurement to — fresh PBS e
determine the CsMA "™ \ Dy
104 concentration r Repeat the
——0.5% process
e S R A A S S S S S e )
195 210 225 240 255 270 285 300 315 330 345 360 375 390 405
Wavelength (nm) B e ke
Fig. 3 (A) UV-vis spectra of a 0.5% water solution of CsMA; the maximum absorbance was detected at 201.5 nm. To avoid signal saturation, the intensity

was measured at 215 nm. (B) Methodology to determine the amount of CsMA released into the PBS solution (solubilization), and the amount of CsMA
hydrogel broken in smaller pieces and removed at each time point (degradation).

a modified version of a procedure previously reported in the
literature and applied on methacrylated silk fibroin scaffolds,*”
where it was proved that the presence of LAP was insignificant
in terms of the UV intensity due to its negligible quantity. The
steps of the experimental procedure are schematized in Fig. 3B.
Briefly, 2 mL glass vials were weighed with their caps to
determine their mass, indicated as my,. 500 pL of water
solution of CsMA with LAP as photoinitiator were inserted in
each vial and crosslinked. Three vials for each of the composi-
tions reported in Table 1 were prepared. The mass of the vial
within the gel was weighed, and then the mass of the gel at time
t, was calculated using eqn (4). 1 mL of PBS was added to each
vial, which was then sealed hermetically with parafilm and
stored in an incubator at 37 °C. Once the timepoint was
reached, the supernatant was accurately removed and taken
to 1 mL volume in a volumetric flask by the addition of PBS.
Form this solution, 100 pL was collected and used to record the
UV-vis spectra (subtracting as background the signal intensity
from pure PBS). The concentration of CsMA in solution was
then calculated by eqn (S1) (ESIT). With the supernatant volume
equal to 1 mL, the amount of CsMA was calculated using
eqn (5). Then, the vial containing the hydrogel was weighed
again and the mass of the hydrogel was calculated at time ¢,
using eqn (6). Finally, 1 mL of fresh PBS was inserted into the
vial that was hermetically closed and stored at 37 °C until the
following time point. This procedure was repeated at each time
point. The mass of the hydrogel at ¢; is the combination of the
degradation of the gel and the absorption of PBS, as defined in
eqn (7). It should be noted that our gel, being mechanically
strong over a period of time, was broken into smaller pieces
that were lost during the experimental procedures. We took this
into account with the term (Mcsmaetached)s,)), Which is
unknown, as it is also unknown how much PBS was absorbed
(Mpgs(absorbed)(z,))- Overall, the unknown term of eqn (7) is the
composed term (Mcsma(detached)(r,) + MpBs(absorbed)(z,)) that was
calculated by eqn (8). Then, at each time point, the solubiliza-
tion was calculated by eqn (9), and the combination of the
degradation and swelling by eqn (10). Negative results for
eqn (10) indicate that the absorption of PBS overcomes the
loss of detached hydrogel pieces, while positive results indicate
that the loss of the detached hydrogel pieces overcomes the

10226 | J Mater. Chem. B, 2024, 12,10221-10240

absorption of PBS. In the first case, we refer to the phenomena
as net swelling (SW,,.¢), and the second case is referred to as net
degradation (Degper)-

Mgel(z,) = Myial+gel — Myial (4)

MCsMA (solubilized)(ry) (ME) = [ICSMA} (mg mL) x Vo (mL)
= fs )
Mgel(¢,) = Myial+gel(z,) — Myial (6)

mgel(tl) = mge](to) - (mCSMA(detached)(tl) + mPBS(absorbed)(tl)) -

Mcsma(solubilized)(t,) ™
mCSMA(detached)(tl) + mPBS(absorbed)(tl) = mgel(t(,) - mgel(tl) -
Mcsma(solubilized)(t,) (8)
Mmcs S ili
SOl(,]) (%) _ CsMA (solubilized) (1) % 100 (9]
Mgel(19)
m +m
Deg/SW(,l) (%) _ CSMA (detached) (1) PBS(absorbed)(t1)
Mgel(1y)
% 100 (10)

2.9. Statistical methods

The properties of the CsMA solution and hydrogel were studied
by design of experiment (DoE). Specifically, a response surface
method was used in the case of the CsMA solution viscosity,
where seven solutions with increasing CsMA concentration
were tested (factor C, 0.5%, 1%, 1.5%, 2%, 2.5%, 3%, 3.5%)
in a range of shear rate (factor B) between 1 (1 s~!) and 100
(1 s71) at three different temperatures (factor 4, 4 °C, 25 °C, and
37 °C). The complete model is reported in eqn (11). The
properties of the hydrogel were instead investigated as a func-
tion of the factors influencing the crosslinking degree, i.e., two
factors related to the hydrogel composition (A - the CsMA
concentration (%), B - the LAP concentration (% w/w)) and
one process factor (C - the exposure time (s)) using a 2° full
factorial DoE. The complete model is reported in eqn (12). In
Table 1, the 8 different compositions are reported within the
factors’ levels.

This journal is © The Royal Society of Chemistry 2024
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The entire statistical analysis has been done using the
programming language R (v. 4.3.1) and the RStudio IDE
(2023.06.1, Build 524), following the strategy described in
previous works.*® An initial analysis was done by calculating a
correlation matrix, in which the value of r* was reported for a
couple of variables. This was used to verify the presence of
linear correlation among them (correlation of first order). Then,
a model was built by selecting the significantly relevant factors,
tested by analysis of variance (ANOVA). The significant level was
assigned as follows: p < 0.1 (.),p < 0.05 (*),p < 0.01 (**),p <
0.001 (***). Only factors with p < 0.1 were included in the
model, while the model was considered significant if p < 0.05.
This choice has been made to take into account the natural
variability of the biopolymer. The hierarchy has been preserved
in all models, which means that insignificant lower-order terms
were included if higher-order terms are found to be significant.
The model function (indicated in the equation as F) was chosen
to achieve two scopes; the first was to normalize the model
residues, and the second was to make the model residues
pattern less. After evaluating different models, the grade of
the polynomial equation for the RSM was determined. The
polynomial grade that was selected aims to maximize R, the
adjusted R> (R,%), and the predicted R> (Rp’), while simulta-
neously ensuring the minimization of the predicted residual
error sum of squares (PRESS). R,> refers to the adjusted R
index, which takes into account the number of terms included
in the model, allowing for a fair comparison between models
with different numbers of terms. On the other hand, Rp>
measures the accuracy of the regression model in predicting
responses for new observations. Rp? was determined by remov-
ing a single data point from the database, using the modified
dataset to interpolate the model, and then assessing the
accuracy of the modified model in predicting the excluded data
point. The process was iteratively repeated for all datapoints.
The PRESS was calculated in the same way, where a single
observation was removed from the dataset and the remaining
observations were reanalyzed. In each scenario, the value pre-
dicted for the omitted observation was calculated, and the
PRESS statistic was determined as the sum of squares of all
the resulting prediction errors.

F(n) =co + 1A + 3B + ¢3C + C4AB + ¢5AC + ¢,BC + c,ABC + A + B> +
C>+A’B+A’C+AB* + AC* +B*C+BC* + A* + B* + C°

(11)

F(Y) = ¢y + 1A + B + ¢3C + c4AB + ¢sAC + ¢,BC + cgABC
(12)

3. Results

3.1. Chemical structure analysis

FTIR spectra, reported in Fig. 4A, were collected to check the Cs
chain functionalization with MA groups. In the Cs spectrum, a
strong band in the region 300-3700 cm ™" corresponds to the N-
H and O-H stretching modes, as well as the intramolecular
hydrogen bonds.*® The absorption bands, characteristics of
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polysaccharide, were individuated at around 292 cm™
and 2881 cm ™' and attributed to C-H symmetric and asym-
metric stretching, respectively. The presence of the residual N-
acetyl groups was confirmed by the peaks at around 1656 cm ™"
(C=O0 stretching of amide I) and 1321 ecm ™' (C-N stretching of
amide III), and the shoulder peak at 1562 cm™ ' (N-H bending
of amide II). This last one was probably overlapped by the other
bands. The N-H bending of the primary amine was assigned to
the peak at 1593 cm ™ '. The CH, bending and CH; symmetrical
deformations were assigned to the peaks at around 1423 cm™*
and 1377 ecm ™', respectively. The absorption band at 1153 cm™
was attributed to asymmetric stretching of the C-O-C bridge.
The bands at 1066 and 1028 cm™ " were assigned to the C-O
stretching. All these assignments were found in the Cs spectra
of earlier works.'”3%*344 After the reaction, we observed several
diagnostic peaks, indicating the successful functionalization.
In the CsMA spectra, the shoulder peak centered at 1705 cm™
confirmed the ester C=O group.”® The modification of the
spectra in the region between 1585 cm ™' and 1680 cm ™ * can be
attributed to the superposition in the same band of the amide
absorption and the stretching of the alkenes C=C bond. Both
peaks centered at 1649 cm™ " and at 1615 cm™ ' can be related to
this superposition.*® A peak at 1454 cm™ " was detected, which
could be attributed to CH, bending, and it was recognized as a
shoulder in the Cs spectrum. We also observed the modifica-
tion of the spectra in the low frequency region between
1000 ecm~ ' and 600 cm™ ", where the =C-H bend is usually
observed. We assigned this bend to the small peak centered at
835 cm ™ '.*” The "H NMR spectrum (Fig. 5A) shows the peaks at
3.16-4.89 ppm, which are ascribed to the glucosamine unit.
Four methylene protons of MMA are observed between 5.5 and
5.32 ppm for the functionalization of both amino and hydro-
xymethyl groups, respectively. It was also confirmed by “C
NMR spectrum (Fig. 5B), which shows two peaks centered at
181.43 and 178.29 ppm assigned to the carbonyl ester
(-CH,0CO-) and carbonyl amide (-NHCO-), respectively.

The simulation of Cs and CsMA molecules by geometrical
optimization allowed us to hypothesize the reason behind the
different water solubilities of these two materials. In fact, the
empirical results show that Cs does not dissolve in water, while
CsMA does. This difference is a consequence of the different
molecular structures. The strong and medium hydrogen inter-
actions of Cs (indicated as dotted lines) allow it to assume an a-
helix structure and to interact with other Cs molecules. Conse-
quently, this structure needs a mild acid condition to be
solubilized, as observable in Fig. 4B. In contrast, the structure
of CsMA, reported in Fig. 4C, is almost linear and the inter-
action with other CsMA molecules is less pronounced. For this
reason, CsMA was subsequently water-soluble.

1

3.2. Mechanical characterization

The set of CsMA solutions with increasing concentration was
characterized by rheology to determine the relationship
between their viscosity and the shear rate and the testing
temperature. We tested 7 uncrosslinked solutions of CsMA
with concentrations varying from 0.5% to 3.5% through
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Fig. 4 Comparison between the equilibrium structures of a fragment of Cs (A) and CsMA (B) composed of 14 repetitive units. The intramolecular H-
bonding interactions were reported with different colors based on their strength: weak interactions in gray, medium interactions in light blue, and strong
interactions in blue. It can be observed that in Cs, the intramolecular hydrogen bonding bends the molecule into an helicoidal structure, while in CsMA, it
is almost linear. Interestingly, upon optimizing the geometry of two molecules, we can observe the presence of several intermolecular hydrogen bonds in
the case of Cs, which contributes toward retaining a helicoidal structure, and a few hydrogen bonds in the case of CsMA. (C) FTIR spectra collected on Cs
and CsMA. The red peaks can be considered as a diagnostic for the functionalization.

shear-sweep tests at different temperatures. Regardless of the
concentration, all solutions were extrudable from a Gauge 22
nozzle (~430 pm internal diameter), as reported in the ESL¥
The results of the rheological tests are shown in Fig. 6A in
terms of shear stress vs. shear strain. As a general observation,
the solution acts as a non-Newtonian shear thinning fluid (as
shown in the viscosity plot reported in Fig. S2, ESIf), which
implies its printability by extrusion-based technologies.*®

The adopted response surface method (ANOVA Table S1,
ESIYt) allowed us to avoid physical considerations in the nature
of the hydrogel, and to provide an empirical equation describ-
ing the rheological behaviour. We modeled the viscosity (1) in
terms of the CSMA concentration, shear rate, and temperature,

10228 | J Mater. Chem. B, 2024, 12,10221-10240

using a model chosen based on some preliminary statistical
analysis (Table S2, ESIt). The results are shown in Fig. 6B as a
contour plot at the testing temperatures. The modelled eqn (S2)
(ESIY) is reported in the ESI, within the ANOVA (Table S1,
ESIt), the coefficient of the high and low 95% confidence
intervals (CI), reported in Table S3 (ESIt), and the actual vs.
predicted plot, reported in Fig. S3 (ESIT). It should be noted
that even if the model is continuous in relation to the tempera-
ture, a slicing along the temperature axes was performed to
visualize it as a four-dimensional model. Moving from the
lower temperature contour plot (from the left to the right),
the general trend was a decrease in the solution viscosity that
instead increased when the polymer concentration increased.

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 (A) *H-NMR NMR of chitosan—methacrylate. (B) *C-NMR NMR of
chitosan—methacrylate.

The trend with the increase of the shear rate is typical of
a shear thinning fluid. At low concentration, the viscosity
remains almost the same by increasing the shear rate. Instead,
at higher concentration, the viscosity decreases with increasing
shear rate.

Cylinders of crosslinked CsMA hydrogels were tested in
mechanical compression. A single cylinder per typology is
shown in Fig. 6C. Interestingly, the low concentration resulted
in clear, transparent hydrogels, while the higher concentration
resulted in semi opaque, yellowish hydrogels. The compression
Young’s modulus (E) is shown in the boxplot of Fig. 6D (the
mechanical stress-stain curves shown in Fig. S4 of the ESIT),
while the descriptive statistic is reported in Table 2. Interest-
ingly, almost all the means were statistically different, and a
trend could be recognized. Samples of the trials 2, 4, 6 and 8
had a higher compression modulus due to the higher CsMA
concentration. Among these samples, the one produced with
the 8th trial had the highest compression modulus due to a
combination of a high CsMA (30%) and LAP (10% w/v) concen-
tration, and the long exposure time (300 s). This indicates that
all the considered terms were significant in determining the
compression modulus, as highlighted by the ANOVA (Table S4,
in the ESIt). The DoE-modelled empirical equation of E is
reported in eqn (S3) (ESIt), while the coefficients of the 95%

This journal is © The Royal Society of Chemistry 2024
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high and low CI are reported in Table S5 (ESIt) and the actual
versus predicted plot is shown in Fig. S5 (ESIt). The model is
shown as a contour plot in Fig. 6E. Also in this case, being as
the model is four-dimensional, a slicing was done on the
exposure time axes to allow the graphical representation. E
increases diagonally with the increase of both CsMA and LAP
concentrations. The impact of the UV curing time depends on
the other two factors (CsMA and LAP concentrations). In fact, at
low CsMA and LAP concentrations, the impact is negligible (at
the lowest level of concentrations, the model predicts a E value
of 9.4 kPa in the case of 180 s of exposure and 10.4 kPa in the
case of 300 s of exposure). Meanwhile, upon increasing the
concentration, it becomes relevant (at the highest level, the
prediction is 52.3 kPa for 180 s of exposure, and 67.2 kPa for
300 s of exposure). Overall, the compression modulus ranged
from a minimum mean value of about 9 kPa to a maximum
mean value of about 65 kPa. In this case, the mean and median
were close enough to consider the distributions as normal
(Table 2). It should be noted that, as expected, higher compres-
sion moduli were accompanied with a higher standard devia-
tion (StD, Table 2) and interquartile range (IQR, Table 2).

3.3. Morphological characterization

SEM micrographs were used to evaluate the effect of the factors
on the samples’ morphology. It is clear from Fig. 7A that
sample 3 and sample 4 resulted in larger pore dimensions. In
terms of shape factors, both circularity (Fig. 7B) and convexity
(Fig. 7C) did not reveal statistical differences among the differ-
ent samples. For this reason, we were not able to build a
statistical model on these shape factors.

The morphological characterizations revealed statistically
significant differences in terms of dimensions (both area and
diameter, Fig. 7D). Almost all the differences turned out to be
statistically significant, as proved by the Kruskal-Wallis tests
reported in Tables S6 and S7 (ESIf) for the area and the
diameter, respectively. From the performed quantitative analy-
sis reported in Table 3 (area) and Table 4 (diameter), sample 3
(mean area of 16947 um®, mean diameter of 97.4 pum) and
sample 4 (17 714 um?, 104.2 um) resulted in samples with larger
pores. Meanwhile, sample 1 (mean area of 3955 um?, mean
diameter of 42.6 pm) resulted in smaller pores. It should be
noted that sample 3 and sample 4 also had larger distributions,
both in terms of standard deviations (StD) and interquartile
range (IQR). The StD on the area was 33 498.6 pm” for sample 3
and 33 022.3 um? for sample 4, while the IQR was 16 074.7 pm?
and 15062.9 um?, respectively. The StD of the diameter was
110.0 pm for sample 3 and 108.2 um for sample 4, and the IQR
was 123.7 um and 115.3 pm respectively. Sample 1 had smaller
distribution with an area StD of 3955.2 um” (IQR 1510.6 um?).

The mean and median diameter were modelled through a
DoE approach, and the contour plots of the empirical models
are shown in Fig. 8A (eqn (S4), ESIT) and Fig. 8B (eqn (S5), ESIf),
respectively. The ANOVA tables (Tables S8 and S10, ESIt) within
the coefficient tables (Tables S9 and S11, ESI{), and the actual
versus predicted plots (Fig. S6 and S7, ESIt) are reported in the
ESL.T The modelled trends of the mean and median values were
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Fig. 6 (A) Rheological curves (shear stress vs. shear rate) of CsMA solutions at three different temperatures (4, 25 and 37 °C), showing a shear-thinning
behaviour in all cases. (B) Contour plot of the empirical RSM model of the viscosity built based on A: the CsMA concentration (%), B: shear rate (1s™) and,
C: temperature (°C). The model was sliced along the temperature axis to allow its visualization. (C) CsMA crosslinked hydrogels. (D) The compressive
Young's modulus of the prepared samples: almost all differences were statistically significant, indicating the strong influence of the considered factors on
the mechanical strength. (E) Contour plot of the empirical DoE model of the mean compressive Young's modulus build based on A: CsMA concentration
(%), B: LAP concentration (% w/w) and C: UV exposure time (s). In this case, the model was sliced along one axis (UV exposure time) to allow its
visualization.

almost the same. It should be noted that the model shows the exposure. Tracing the two diagonals passing through the saddle
presence of a saddle point at around 3% of LAP and 285 s of UV point along one diagonal moving from the saddle point, it can
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Table 2 Descriptive statistics of Young's compressive modulus. The mean value, standard deviation (StD), minimum (Min.) and maximum (Max.) values,
first (Q1) and third (Q3) quartiles, median value, and interquartile range (IQR) were calculated

Sample Mean (kPa) StD (kPa) Min. (kPa) Q1 (kPa) Median (kPa) Q3 (kPa) Max. (kPa) IQR (kPa)
1 8.96 0.92 7.96 8.58 8.79 9.04 10.45 0.46
2 53.79 22.99 19.71 42.63 59.39 71.24 75.97 28.61
3 25.01 4.58 21.36 21.46 23.77 25.99 32.47 4.53
4 51.81 23.44 28.02 35.74 45.37 63.58 86.35 27.84
5 10.67 1.03 9.55 10.23 10.39 10.92 12.29 0.69
6 47.71 17.75 24.97 33.94 53.10 58.87 67.69 24.93
7 30.87 7.70 19.73 27.90 30.55 37.91 38.27 10.01
8 64.28 16.73 48.88 51.62 57.51 75.75 87.63 24.13
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Fig. 7 (A) SEM images of the hydrogels’ microstructure. A single image for each sample is reported here; the dimensional analysis were conducted on 5
images per sample. The microstructure results depend on the chosen study factors. (B) Quantitative analysis of pore circularity shows that there is a large
variability in all considered samples. (C) This is also true in terms of convexity. Both shape factors resulted in wide distributions. (D) In terms of the pore
area, the samples were significantly different in most cases (in this case, the asterisk notation was not reported because of a high number of significant
comparison), as reported by Table S6 in the ESI. As expected, being a derived response, an identical result was obtained by analyzing equivalent
diameters (Table S7, ESIY).

be seen that the diameter increases. Meanwhile, moving on the diameter was obtained at a lower UV exposure and higher
other, the diameter decreases. In particular, the maximum LAP and CsMA concentrations. A small increase in the diameter
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Table 3 Descriptive statistics of the area distributions for different samples. The mean value, standard deviation (StD), minimum (Min.) and maximum
(Max.) values, first (Q1) and third (Q3) quartiles, median value, and interquartile range (IQR) were calculated. Samples 3 and 4 resulted in higher areas

Sample  Mean (um?) StD (um?) Skew  Kurt  Min. pm? Q1 (um?)  Median (um?) Q3 (um?)  Max. (um?) IQR (um?)

1 3955.2 14 819.3 7.6 68.7 42.8 142.5 413.3 1653.1 181838.0 1510.6
2 6664.0 16918.4 4.7 26.9 42.8 185.3 691.2 4232.4 165207.5 4047.2
3 16 946.9 33498.6 2.9 8.8 42.8 342.0 1560.4 16416.7 19 5404.6 16 074.7
4 17714.5 33022.3 2.7 7.6 42.8 513.0 2850.1 15575.9 193 438.0 15 062.9
5 5017.6 11714.9 5.2 36.8 42.8 242.3 883.5 3947.4 135780.0 3705.2
6 11587.9 28326.5 3.5 12.4 42.8 185.3 733.9 6156.3 164110.2 5971.0
7 5608.8 15839.4 5.6 38.9 42.8 185.3 684.0 3206.4 188108.3 3021.1
8 7199.9 20483.3 5.1 30.3 42.8 213.8 783.8 4146.9 184702.4 3933.2

Table 4 Descriptive statistics of the diameter distributions for the different samples. The mean value, standard deviation (StD), minimum (Min.) and
maximum (Max.) values, first (Q1) and third (Q3) quartiles, median value, and interquartile range (IQR) were calculated. Samples 3 and 4 resulted in higher
diameters

Sample  Mean (pm)  StD (um)  Skew (um)  Kurt (pm)  Min. (pm) Q1 (um)  Median (um) Q3 (um) Max. (um)  IQR (pum)

1 42.6 56.8 3.8 18.6 7.4 13.5 22.9 45.9 481.2 32.4
2 59.2 70.6 2.3 6.1 7.4 15.4 29.7 73.4 458.6 58.1
3 97.4 110.0 1.6 1.8 7.4 20.9 44.6 144.6 498.8 123.7
4 104.2 108.2 1.5 1.5 7.4 25.6 60.2 140.8 496.3 115.3
5 55.4 57.6 2.2 6.0 7.4 17.6 33.5 70.9 415.8 53.3
6 74.1 96.2 2.1 4.2 7.4 15.4 30.6 88.5 457.1 73.2
7 54.1 64.9 2.7 9.0 7.4 15.4 29.5 63.9 489.4 48.5
8 60.4 74.3 2.7 8.8 7.4 16.5 31.6 72.7 484.9 56.2
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Fig. 8 (A) Contour plot of the empirical model of the mean diameter. A low UV exposure (180 s) and a high amount of LAP (10% w/w) gave the higher
mean pore diameter. (B) Contour plot of the empirical model of the median diameter. As expected, the trend is almost the same as the modelled mean
diameter.
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was detected, moving the CsMA concentration from 1% to 3%.
It should be noted that models produced from the StD and the
IQR (as a measure of the distribution dispersion) were not
significant, and, were thus not reported for this reason.

3.4. Optical characterization

Optical characterization was conducted to verify the possibility
of using the UV-vis spectrum to determine the protein concen-
tration in the incubation solutions. Several solutions were
tested, as shown in Fig. 9A, starting from a CsMA concentration
of 0.1% up to 3.5%. The increasing concentration resulted in a
denser solution with a more intense yellowish colour. Samples
with higher concentrations were able to entrap the air bubbles
formed during the CsMA dissolution. The UV-vis spectra of the
solutions, shown in Fig. 9B, indicate that an increase in CsMA
slightly decreased both the curve flatness and the percentage
transmittance in the visible region (400-800 nm). However, all
the samples had a transmittance higher than 80% in the Vis
range, resulting in an acceptable transparency.

3.5. Degradation and solubilization

The degradation/swelling and solubilization were determined
by a single continuous experiment on the samples. The curves
for the 8 samples are shown in Fig. 10. The tables of the mean
values and the standard deviations of the bare weight loss, the
degradation/swelling and the solubilization are reported in
Tables S12-S14 (ESIY), respectively. We distinguished two types
of mechanism. We called degradation/swelling (curve reported
in Fig. 10A) the decomposition of the gel due to its breaking
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into pieces. These pieces were removed at each change of the
supernatant (at each time point), and had a major impact on
the gel decomposition. It should be noted that in terms of
analysis, we could not distinguish this phenomenon from the
gain in weight due to the absorption of PBS (swelling). So, we
defined the negative percentages as swelling and the positive
percentages as degradation. We called solubilization (curve
reported in Fig. 10B) the amount of gel that was solubilized
into the supernatant and could be detected through spectro-
scopy. Both degradation and decomposition were calculated as
a relative percentage on the initial gel weight.

The degradation was the driving force of the gel decomposi-
tion. At the end of 2 months (1440 h), the percentage of weight
loss was between 38% (sample 8) and 57% (sample 3). It should
be noted that in the first hours, some samples gained weight
(magnification in Fig. 10A, a negative percentage corresponds
to an increase in weight). This is because they were able to
incorporate PBS in the first hours of incubation when the
hydrogel degradation was not started yet. In two samples
(sample 2 and sample 6) the incorporation of PBS was greater
than the loss of weight, resulting in a net swelling (SW,,¢). In all
the other cases, the weight loss exceeded the incorporation of
PBS, resulting in a net degradation (Degpe). All the curves
reached a plateau after 22 days (538 h). This plateau indicates
an equilibrium between the lost weight and the incorporation
of water. The large standard deviations indicate that this
mechanism of degradation was barely controllable.

The solubilization (shown in Fig. 10B) increased with
increasing time, spanning (1440 hours) from 0.5% (sample 1)

T T T T T
250 300 350 400 450 500
Wavelength (nm)

T T T T T
550 600 650 700 750 800

Fig. 9

(A) CsMA water solutions tested with a UV-vis spectrometer. The CsMA solutions resulted in a yellowish colour with an intensity that increased

with an increase in CsMA concentration. In addition, the increase in concentration increased the solution viscosity, resulting in an entrapment of air
bubbles. (B) UV-vis transmittance spectra: the increasing in concentration slightly reduced the transmittance in the visible region. Overall, in the visible
region (400-800 nm), all samples showed a flat response with a transmittance higher than 80%.
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Fig. 10 (A) Degradation of the CsMA hydrogels for up to 2 months; the magnified image shows the results of the first 5 hours. Negative results indicate

an increase in the weight, which in the initial phases, can be attributed to the absorption of water. It should be noted that the hydrogel was broken into
smaller pieces (missing piece highlighted by the black arrow). (B) Solubilization of the CsMA hydrogels evaluated by spectroscopy up to 2 months. (C)
Contour plot of the empirical model of the solubilization. The increase in CsMA and LAP concentration slightly increased the solubilization, which

remained below 2% overall.

to 2.1% (sample 4) after 2 months. The overall impact on the
CsMA hydrogel decomposition was minor, considering the
breaking of the gels (degradation). The standard deviations
were smaller due to the intrinsic precision of the method that
was not based on weight. We modelled the solubilization at 30
days (720 h). However, the result could be considered as
representative of the overall behaviour, being the differences
in term of solubilization among the different samples constant
during time. The contour plot of the DoE model is shown in
Fig. 10C. The corresponding eqn (S6) (ESIT) is reported in the
ESL,+ within the ANOVA (Table S15, ESIT), the coefficient (Table
S16, ESIT), and the actual versus predicted plot is shown in Fig.
S8 (ESIt). A higher concentration of CsMA and LAP resulted in a
higher percentage of solubilized CsMA, while a higher curing
time slightly decreased it.

4. Discussion

The control of the properties of a biomaterial, such as hydro-
gels for biomedical applications, is of vital importance to
determine their possible usages. The use of statistical methods
such as DoE and RSM allows for the development of empirical
model equations that, in turn, allow for the design of the
material properties, starting from the fabrication process by
tuning some key parameters, i.e., compositions and physical

10234 | J Mater. Chem. B, 2024, 12,10221-10240

factors. In this work, we applied these methodologies to study a
known biomaterial, the methacrylated chitosan (CsMA), with
the purpose of providing guidance on the material design. We
firstly demonstrated that the reaction performed to modify the
bare chitosan by introducing methacrylic groups was successful
through IR spectroscopy, that revealed vibrations peaks related
to MA groups added into the structure, as previously reported
in other studies.*>™*” We also hypothesized a possible mecha-
nism behind the CsMA solubility in water by performing a
molecular simulation, which revealed stronger intramolecular
bonding in the case of Cs compared to CsMA. It should be
noticed that the water solubility was also reported in the case of
other reactions (as glycidyl methacrylate), providing the same
functional groups.*® The solubility of CSMA can be related to
the loss of the semicrystalline network of Cs due to the intra-
and intermolecular hydrogen bonding,'®"® that were inhibited
by the presence of the methacrylic groups. This effect is known
not only for chitosan, but also for other biopolymers. For
example, silk fibroin is not water-soluble due to its crystalline
B secondary structure. However, once methacrylated, it
increases its water solubility because of the partial impossibility
to recover its crystallinity after the reaction.®”

A series of solutions with increasing CsMA concentration
were tested by rheometry, revealing a shear thinning behaviour
at all tested temperatures. This feature is extremely important
in applications that require an extrusion. In fact, shear

This journal is © The Royal Society of Chemistry 2024
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Table 5 Elastic modulus of several human tissues measured using dif-
ferent methods. It should be noted that a standardized method to assess
the mechanical properties of biological tissues does not exist. Several of
the ranges reported herein resulted in being compatible with our hydrogel

Tissue Modulus Test Ref.

Brain 8.83 & 1.94 kPa (30 mm s™') Compression 61
12.8 £ 3.10 kPa (60 mm s~ )
16.0 + 1.41 kPa (90 mm s )

Breast 23.91 + 4.57 kPa (healthy) Elastography 62
39.4 £ 12.00 kPa (benign)
55.4 + 7.02 kPa (malign)

Heart 1.27 + 0.63 kPa (media) Tensile 63
27.90 £ 10.59 kPa (intima)

Spleen 14 + 1.8 kPa (low strain) Compression 64

35 £ 11 kPa (high stain)
447 + 97.7 kPa (longitudinal)
22.4 + 14.7 kPa (transverse)

Skeletal muscle Tensile 65

thinning fluids become less viscous when a deforming force is
applied, causing the fluid to flow more easily through the
nozzle.*>** This rheological behaviour is particularly desired
in the case of bioprinting, allowing the reduction of the extru-
sion pressure, which is essential to assure a suitable cell
viability.>® The produced RSM model of the viscosity allows
us to predict the viscosity of the CsMA solution in advance by
knowing the concentration, temperature, and shear rate. This
will be extremely useful in adapting the material for a specific
biological application.

A full factorial experimental design was used to study the
Young’s modulus in compression based on the composition
and the processing parameters. Interestingly, we were able to
tune E on a wide range, spanning from 9 kPa to 65 kPa, just by
tuning the composition and the UV exposure time. Chitosan
radical crosslinked hydrogels were previously reported to allow

UV Exp 180 s

A: CSMA (%)

% Breast
l:] Brain
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a tuneable Young’s modulus and to provide, under certain
crosslinking conditions, a high mechanical strength (up to
30 kPa).>* Hybrid thermal-photo crosslinking,>® dual networks*®®”
and the addition of charges®®*° were reported to enhance the
compression modulus of chitosan hydrogels. The highest mod-
ulus reported in the literature is almost 300 kPa, obtained with
a fine control over the dissolution mechanism and avoiding the
use of acid solutions.®® The discrepancy with our highest value
is justified by the solubilization of chitosan that we performed
in an alkali solution. However, we were able to cover a wide
range of elastic modulus with a single material, and to model it
on the base of the fabrication parameters. In Table 5, we
reported a comparison of several human tissues within their
elastic modulus ranges (obtained by different methods).®’ ¢
Some of these ranges were also visualized in Fig. 11, super-
imposed with the contour plot reported in Fig. 6E. It should be
noted that in the literature, there is a plethora of different
measurement protocols and systems that often disagree when
applied on the same tissue. The reason behind this is the lack
of standardization and the variability occurring in natural
biological tissues. However, in the investigated factorial space,
our hydrogel covers a wide range of possible applications. The
lower stiffness was obtained with a low CsMA and LAP concen-
tration, and the shorter exposure time is compatible with
neural cell cultures and model brain-like tissue. Instead, the
higher stiffness, which can be obtained by using a CsMA
concentration higher than 2.5%, is appropriate for other tis-
sues, such as breast cancer. Moving outside the considered
ranges, increasing both concentrations (CsMA and LAP) and
the exposure time, we may reach the requirements for muscular
and bone tissues.®® The requirement to simulate the micro-
environment for a precalcified bone tissue can be reached in

UV Exp 300 s

A: CSMA (%)

[:lHeart
ESpleen

Fig. 11 Modelled compressive modulus (as reported in Fig. 5E) and compatible areas (shown as patterned areas) with different tissues, such as the breast,
brain, heart, and spleen tissues. Other tissues, such as pre-calcified bone (>30 kDa), are not shown. The wide distribution of elastic modulus allows to
design the hydrogel that can be adapted for different purposes. Scale reported in kPa.
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the higher stiffness region of our hydrogel (> 30 kPa). However,
for the sake of clarity, it was not reported in the figure.®®

The different hydrogels showed the same pore morphology
in terms of shape factors (circularity and convexity), regardless
of how the pores were affected dimensionally during the
fabrication process. The dependence of the hydrogel micro-
structure on the biopolymer concentration was previously
observed in several studies®”®® focused on the unmodified
Cs, where the increase in concentration led to a decrease in
the pore size. What we observed instead was an increase in the
pore size due to the increase in concentration. This could be
explained considering that our material is methacrylated and is
stabilized by UV crosslinking. A higher concentration of CsSMA
ensured the presence of a higher amount of reactive sites, while
a higher amount of LAP ensured a rapid reaction, improving
the stability of larger pores. It should be noted that, to our
knowledge, this is one of the first modelling studies of hydrogel
porosity. The mean porosity was between 40 pm and 100 pm
with a large distribution and a maximum pore diameter above
400 pm in all the tested conditions. This type of porosity is
reported to be suitable for cell culturing. In fact, different pore
sizes can influence the cell processes: the nanoporous mem-
branes (100 nm) have been shown to promote the formation of
collagen fibers and ECM, whereas macropores (>100 pm) play
an important role in cell seeding, distribution, migration and
further neo-vascularization in vivo.**7°

We were not able to detect a tangible swelling in the first
hours, if not for a few samples, likely because of an equilibrium
between the adsorbed and released water, impeding additional
water to be retained. In literature, the decrease of the swelling
ratio with the increase of the crosslinking of the hydrogels is well
reported,””* and, in some cases, even a lack of swelling has been
observed.”* This can be explained by considering the chemical
crosslinking bonds created during the UV exposure that stiffen
the structure, allowing for the shape preservation.”*”® The dete-
rioration of the samples was mainly due to breakage into smaller
pieces (we referred to this phenomenon as degradation), instead
of the solubilization of the material into the testing media.
Interestingly, almost all the tested hydrogels were not completely
degraded after 2 months, which suggests the possibility of using
them for long-term experiments.

5. Conclusion

CsMA is a chemically modified Cs, in which methacrylic groups
are added to make Cs crosslinkable upon exposure to UV light.
This may be particularly useful in applications in which the
mechanical behaviour should be accurately controlled, as in
the case of mechanobiology, and in adapting the material to
address the requirements of a specific cell typology. In this
study, we synthesize CsMA, verified the successful functionali-
zation and empirically modelled its properties. We demon-
strated the shear thinning behaviour of the CsMA solutions,
and then their viscosity was modelled as a function of CsMA
concentration, temperature and shear rate, providing a useful
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tool to design CsMA solutions according to the needs of
extrusion based bioprinting. Starting from different composi-
tions (in terms of CsMA concentration and photoinitiator
amount) and UV exposure times, we studied and statistically
modelled the CsMA hydrogel properties in terms of mechanical
response, morphological characteristics, degradation and solu-
bilization. The CsMA hydrogel properties were proven to be
highly tuneable, and we were able to hypothesize several
possible applications by matching the hydrogel compressive
modulus to the modulus reported in the literature for different
biological tissues. In particular, the compression modulus was
evaluated in the range of 10-65 kPa, which is suitable for
mimicking the mechanical properties of a range of biological
tissues, such as the breast, brain, heart, spleen and precalcified
bone. The mean pore diameter varied between 40 pm and 100
pm with highly skewed distributions with a portion of the
diameters in the range of 200-400 pm, which is suitable for
cell culturing. All tested hydrogels were not completely
degraded after 60 days in PBS at 37 °C. Also in this case, we
were able to model the mean, the median pore diameter, and
the solubilization as a function of the fabrication process
parameters. For the other considered properties (the standard
deviation and interquartile range of the diameter distributions,
and the degradation), we could not interpolate a model because
there was no statistical difference among the 8 different
samples. This indicates that we still have poor control over
these yields. The main limitation of this study is the lack of a
biological validation that will be assessed in our next work, to
verify the possibility of using CsMA as a platform for different
cell cultures and tissue engineering applications.
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