POLITECNICO DI TORINO
Repository ISTITUZIONALE

Schiff-Base Cross-Linked Hydrogels Based on Properly Synthesized Poly(ether urethane)s as Potential
Drug Delivery Vehicles in the Biomedical Field: Design and Characterization

Original

Schiff-Base Cross-Linked Hydrogels Based on Properly Synthesized Poly(ether urethane)s as Potential Drug Delivery
Vehicles in the Biomedical Field: Design and Characterization / Pappalardo, Roberta; Boffito, Monica; Cassino, Claudio;
Caccamo, Valeria; Chiono, Valeria; Ciardelli, Gianluca. - In: ACS OMEGA. - ISSN 2470-1343. - ELETTRONICO. -
9:46(2024), pp. 45774-45788. [10.1021/acsomega.4c03157]

Availability:
This version is available at: 11583/2995752 since: 2024-12-20T14:33:10Z

Publisher:
American Chemical Society

Published
DOI:10.1021/acsomega.4c03157

Terms of use:

This article is made available under terms and conditions as specified in the corresponding bibliographic description in
the repository

Publisher copyright

(Article begins on next page)

05 February 2025



A \
| 4
A4

http://pubs.acs.org/journal/acsodf

This article is licensed under CC-BY-NC-ND 4.0 @ @ @ @

Schiff-Base Cross-Linked Hydrogels Based on Properly Synthesized
Poly(ether urethane)s as Potential Drug Delivery Vehicles in the
Biomedical Field: Design and Characterization

Roberta Pappalardo,l Monica Boffito,** Claudio Cassino, Valeria Caccamo, Valeria Chiono,

and Gianluca Ciardelli*
I: I Read Online

Article Recommendations

Cite This: ACS Omega 2024, 9, 45774-45788

ACCESS |

ABSTRACT: In situ-forming hydrogels based on the Schiff-base
chemistry are promising for drug delivery applications, thanks to ] [§
their stability under physiological conditions, injectability, self- sHEssso
healing properties, and pH-responsiveness. In this work, two water- St 3
soluble poly(ethylene glycol)-based poly(ether urethane)s (PEUs) .o
were engineered. A high-molecular-weight PEU (SHE3350, M, 24
kDa, D 1.7), bearing primary amino groups along each polymeric
chain, was synthesized using N-Boc serinol and subjected to an N
acidic treatment to expose primary amines (ca. 10% units/ SSHE3350)  crovtimesmparoge
In parallel, a low-molecular-weight PEU (AHE1500, M,, 4 kDa, D

1.5) with aldehyde end groups was synthesized by end-capping an
isocyanate-terminated prepolymer with 4-hydroxybenzaldehyde,

and the aldehyde groups were quantified to be around 10%°

units/gapg; 50, Hydrogels were prepared by simply mixing SHE3350 and AHE1500 aqueous solutions and characterized to assess
their physico-chemical and rheological properties. Schiff-base bond formation was proved through carbon-13 and proton solid-state
NMR spectroscopies. Rheological characterization confirmed the formation of gels with high resistance to applied strain (ca.
1000%). Hydrogels exhibited high absorption ability (ca. 270% increase in wet weight) in physiological-like conditions (i.e., 37 °C
and pH 7.4) up to 27 days. In contact with buffer at pH S, enhanced fluid absorption was observed until dissolution occurred starting
from 13 days due to Schiff-base hydrolysis in acidic conditions. Conversely, gels showed a reduced absorption ability at pH 9 due to
shrinkage phenomena. Furthermore, they exhibited high permeability and controlled, sustained, and pH-triggered release of a model
molecule (i.e., fluorescein isothiocyanate dextran) for up to 17 days. Lastly, the hydrogels showed easy injectability and self-healing
ability.

[l Metrics & More ’ | Q Supporting Information

Water-soluble poly(ether urethane)s

AHE1500

& schiff-base bond !

1. INTRODUCTION

Hydrogels are three-dimensional (3D) hydrophilic polymeric
networks able to absorb and retain a considerable amount of
water or biological fluids without dissolving due to the
presence of cross-links between the polymer chains." Besides
their biocompatibility, hydrogels often exhibit easy injectability
and extrusion. For these reasons, they have been extensively
researched for tissue engineering (TE) applications as their
high water content provides a physiologically similar environ-
ment to the native extracellular matrix (ECM). Furthermore,
the capability of encapsulating and transferring their payload to
the surrounding tissues allows the delivery of therapeutic
agents (e.g., drugs or biomolecules) or cells to the target site in
a minimally invasive manner.””* As drug delivery systems,
injectable hydrogels have been developed to improve drug
bioavailability and prolong drug release, thus minimizing side
effects and providing a sustained in situ release.”® Starting from
the precursor solution containing the therapeutic agents,
injectable hydrogels can be obtained through different
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strategies, depending on the physical or chemical cross-linking
reactions that drive their in situ sol-to-gel transition.” The
gelation of physically cross-linked hydrogels is driven by non-
covalent interactions occurring between the polymer chains,
and gel formation does not require the addition of cross-
linking agents or catalysts.” For this reason, physical injectable
hydrogels are easy to fabricate and highly biocompatible, and
they ensure payload integrity during the sol-to-gel transition.
However, their reversible nature is generally accompanied by
low reactivity, slow response time in their formation, and poor
stability.” Conversely, chemical injectable hydrogels result from
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the formation of covalent bonds between the polymer chains.
Usually, chemically cross-linked hydrogels show high reactivity,
good stability under physiological conditions, and superior
mechanical Iproperties compared to physically cross-linked
systems.'”'" Nevertheless, the possible adverse effects
associated with the use of toxic cross-linking agents or
initiators needed for some of these cross-linking reactions
represent the main limitation.'” In the plethora of chemical
hydrogels, great efforts have recently been dedicated to
developing hydrogels based on Schiff-base linkages since they
exhibit the main pros of chemical hydrogels (ie., fast gelation
and favorable stability under physiological conditions) without
any toxic chemical cross-linking agent required for their
preparation. Indeed, these chemical hydrogels are based on the
Schiff-base chemistry, which consists of the reversible
condensation reaction between a primary amine (=NH,)
and an aldehyde group (—CHO), forming a dynamic covalent
bond (—C=N), known as the imine bond, belonging to the
class of Schiff-bases.'”'* The characteristic reversibility of
Schiff-base bonds makes them interesting for the design of
dynamic hydrogels.'> Indeed, they behave as covalent
chemically stable cross-linked hydrogels, but they are also
able to recover their network after bond breakage, even in
response to an external stimulus. This feature confers
intriguing properties to these hydrogels, such as injectability
and self-healing ability.'~"" Moreover, the literature also
reports about their pH-responsiveness, which is an interesting
feature to exploit for designing pH-triggered drug release
systems.””~>* In this scenario, in the last years, our research
group has gained experience in engineering in situ-forming
physically cross-linked injectable hydrogels as potential drug
delivery systems by exploiting the versatility of poly(ether
urethane)s (i.e., PEUs) as constituent materials. In particular,
it has been demonstrated that micellar thermosensitive
hydrogels, designed starting from PEUs based on Poloxamer
P407 (i.e, poly(ethylene oxide)—poly(propylene oxide)—
poly(ethylene oxide)—PEO—PPO—PEO—copolymer) as
macrodiol,”* allow the encapsulation of drugs with different
wettabilities.”> In addition, it has been proved that PEUs can
be chemically modified using multiple functionalization
techniques to provide thermo-responsive hydrogels with
additional sensitivity to external stimuli (e.g, pH and UV/vis
light).”**” Lastly, the spontaneous self-assembly of PEU
polymeric chains and a-cyclodextrins (i.e, a-CDs) into
poly(pseudo)rotaxane crystals was recently investigated to
engineer supramolecular hydrogels as drug delivery ve-
hicles.?**’ Starting from this evidence, in this work, we
engineered new PEU-based chemically cross-linked injectable
hydrogels by exploiting the Schiff-base chemistry, with the aim
to design in situ-forming hydrogels for sustained drug release.
To achieve this purpose, two water-soluble PEUs with suitable
molecular weight and a significant amount of functionalities
(i.e., a high-molecular-weight PEU exposing —NH, groups and
a —CHO bearing low-molecular-weight PEU) were synthe-
sized according to optimized protocols. Specifically, PEUs were
synthesized starting from poly(ethylene glycol) (i.e., PEG) as
macrodiol, 1,6-hexamethylene diisocyanate (i.e., HDI) as
diisocyanate, and N-Boc serinol or 4-hydroxybenzaldehyde as
chain extender and end-capping molecule, respectively. The
two PEUs were thoroughly chemically characterized by
infrared (IR) and nuclear magnetic resonance (NMR)
spectroscopies, size exclusion chromatography, and colorimet-
ric assays. Then, their aqueous solutions were mixed to

formulate chemically cross-linked hydrogels, resulting from the
formation of Schiff-base bonds between primary amino groups
exposed along the polymer chains and aldehyde end groups.
Hydrogels were chemically characterized by IR and solid-state
NMR spectroscopies to assess the presence of imine covalent
cross-links between the PEU chains. Then, the gelation time
and rheological properties were investigated. Their behavior in
aqueous environments at different pH conditions was
evaluated up to 27 days. Furthermore, to prove their potential
as drug delivery systems, the release profile of a model
molecule (i.e., fluorescein isothiocyanate dextran) was studied
at different pH conditions. Lastly, injectability and self-healing
ability were qualitatively evaluated. To the best of our
knowledge, we report for the first time the formulation of
hydrogels based on imine bonds starting from ad hoc
synthesized poly(ether urethane)s exposing primary amines
and aldehyde groups. We successfully exploited the versatility
of poly(urethane) chemistry to confer highly tunable physico-
chemical properties to the developed hydrogels. Furthermore,
the use of solid-state nuclear magnetic resonance spectroscopy
is reported as a promising tool to chemically assess the
formation of imine bonds among the polymeric chains.

2. MATERIALS AND METHODS

2.1. Materials for Poly(ether urethane) Synthesis.
Poly(ethylene glycol) (PEG3350, M, 3350 Da, PEG1500, M,
1500 Da), 1,6-hexamethylene diisocyanate (HDI), dibutyltin
dilaurate (DBTDL), and N-Boc-serinol (N-Boc) were
purchased from Sigma-Aldrich, Milano, Italy. 4-hydroxyben-
zaldehyde (BA) was purchased from TCI Chemicals,
Zwijndrecht, Belgium. All reagents were dried before use:
PEG3350 and PEG1500 were dehydrated for 8 h at 100 °C
under vacuum conditions (ca. 200 mbar pressure) and then
equilibrated at 30 °C under vacuum; HDI was distilled under
low pressure to remove moisture and stabilizers; N-Boc was
dried overnight under vacuum at room temperature, while BA
was stored under vacuum and inert atmosphere until use.
Tetrahydrofuran (THF, Thermo Fisher, Kandel, Germany)
was used as a solvent for PEU synthesis; before use, it was
dried over activated molecular sieves (4 A, Sigma-Aldrich,
Milano, Italy) under a N, atmosphere overnight. All other
solvents were purchased from Carlo Erba Reagents, Milano,
Italy, in analytical grade and used as received.

2.2. Synthesis of Poly(ether urethane) Bearing
Primary Amino Groups. A water-soluble PEU, referred to
by the acronym NHE3350, was synthesized through an
optimized one-step synthesis procedure by selecting
PEG3350 as macrodiol, HDI as diisocyanate, and N-Boc as
chain extender. Briefly, PEG3350 was melted at 70 °C and
subjected to four vacuum-inert gas cycles, each cycle consisting
of 4 min at low pressure (around 3—4 mbar) followed by a N,
inflow for 2 min. N-Boc (1:1 molar ratio with respect to
PEG3350) was solubilized in anhydrous THF at 5% (w/v) and
added. Then, HDI and DBTDL as catalyst were, respectively,
added at a 1:1 molar ratio and 0.1% w/w with respect to
PEG3350 and N-Boc. The reaction was carried on under
stirring for 10 min at 70 °C. Subsequently, the system was
cooled down at room temperature, and the reaction was
stopped by adding methanol (MeOH) (6 mL of MeOH/16 g
of theoretically synthesized PEU) to passivate any residual
isocyanate group. Anhydrous THF was also added at 20% (w/
v) to solubilize the synthesized PEU and facilitate its recovery.

https://doi.org/10.1021/acsomega.4c03157
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NHE3350 was collected by precipitation in petroleum ether
(4:1 v/v ratio with respect to THF) under vigorous stirring.
Finally, the PEU was separated from the supernatant and dried
overnight in a fume hood. Then, the PEU was again solubilized
in THF (30% w/v) and purified in diethyl ether (DEE) (5:1 v/
v ratio with respect to THF). The precipitated PEU was
separated, dried overnight under the fume hood, and stored
under vacuum conditions until use. To assess the repeatability
of the synthesis process, three different batches were
synthesized.

2.3. Primary Amine Exposure. NHE3350 was subjected
to an acidic treatment to remove Boc protecting groups, thus
exposing primary amines, according to the procedure
published by Boffito et al. with some modifications.”® Briefly,
2 g of PEU were dissolved in 40 mL of chloroform for 2 h, at
room temperature (RT), under magnetic stirring (250 rpm)
and N, flow. Then, 10 mL of trifluoroacetic acid (TFA, Sigma-
Aldrich, Milano, Italy) were added and the reaction proceeded
for 1 h. To remove the solvent, the PEU solution was
concentrated in a rotary evaporator (Buchi Rotavapor
Labortechnik AG, Switzerland) and washed twice with 20
mL of chloroform. The deprotected PEU, referred to as
SHE3350, was dissolved in 40 mL of deionized water
overnight. Lastly, SHE3350 solution was dialyzed (12—14
kDa cutoff membrane, Sigma-Aldrich, Milano, Italy) for 1 week
against deionized water and filtered using a Buchner system to
remove Boc groups, residual solvent, and impurity traces and
then freeze-dried (Martin Christ Alpha 2—4 LSC instrument,
Germany). To assess the deprotection protocol’s repeatability,
three different samples were subjected to the same treatment.

2.4. Chemical Characterization of NHE3350 and
SHE3350 Poly(ether urethane)s. 2.4.1. Attenuated Total
Reflectance-Fourier Transform Infrared (ATR-FTIR) Spectros-
copy. To prove the successful NHE3350 synthesis and to
ensure the presence of the characteristic urethane bonds even
after the deprotection process, ATR-FTIR spectroscopy was
performed using a PerkinElmer Spectrum 100 equipped with
an ATR accessory (UATR KRSS) with a diamond crystal.
NHE3350 and SHE3350 were analyzed at RT in the spectral
range of 4000—600 cm™! (resolution 4 cm™, 32 scans). As a
reference, the PEG3350 spectrum was also registered
according to the same protocol. The recorded spectra were
analyzed and compared using the PerkinElmer Spectrum
Software.

2.4.2. Size Exclusion Chromatography (SEC). PEU
molecular weight distribution profile was assessed using an
Agilent Technologies 1200 Series (California, United States)
instrument equipped with a refractive index detector (RID)
and two Waters Styragel columns (HR1 and HR4)
equilibrated at 55 °C. N,N-Dimethylformamide (DMF,
HPLC grade, Carlo Erba Reagents, Milano, Italy), added
with 0.1% w/v LiBr (Sigma-Aldrich, Milano, Italy), was used as
the mobile phase. Before analysis, 2 mg of PEU were dissolved
in 1 mL of mobile phase and filtered through a 045 um
poly(tetrafluoroethylene) (PTFE) syringe filter (LLG Interna-
tional, Meckenheim, Germany). The number-average molec-
ular weight (M), weight-average molecular weight (M), and
polydispersity index (D) were estimated using the Agilent
ChemStation Software by referring to a calibration curve based
on poly(ethylene oxide) (PEO) standards with a peak
molecular weight M, ranging between 982 and 205,500 Da.

2.4.3. Proton Nuclear Magnetic Resonance ("H NMR)
Spectroscopy. "H NMR spectroscopy was performed by using

a Bruker Avance NEO spectrometer (Bruker Biospin AG,
Fillanden, Switzerland) equipped with an 11.75 T super-
conducting magnet (500 MHz 'H Larmor frequency) and a
Bruker multinuclear SMARTProbe probe. Samples were
prepared by solubilizing 10 mg of NHE3350 and SHE3350
in 0.75 mL of deuterium oxide (D,0, 99.8%, Sigma-Aldrich,
Milano, Italy). The NMR spectra were obtained as the average
of 24 scans, with a 3.5 s relaxation time. The resulting spectra
were elaborated using MNova software (Mestrelab Research,
S.L, Spain). As a control, the 'H NMR of N-Boc-serinol was
also recorded according to the same protocol.

2.4.4. Quantification of Exposed Primary Amines through
Colorimetric Assay. The primary amino groups exposed along
the SHE3350 polymer backbone were quantified through the
Orange II Sodium Salt (Sigma-Aldrich, Milano-Italy) colori-
metric assay.”" Briefly, 20 mg of SHE3350 were dissolved in 50
mL of a 0.175 mg/mL Orange II Sodium Salt aqueous solution
adjusted at pH 3 using 1 M HCL. The reversible electrostatic
interactions between the cationic SHE3350 and the anionic
dye molecules were allowed to form for 18 h at RT in the dark.
In order to remove the unbound dye molecules, samples were
dialyzed (3500 Da cutoff membrane, Spectrum Spectra/Por 4)
against ultrapure water for 1 week with two refreshes per day
and finally freeze-dried (Martin Christ Alpha 2—4 LSC
instrument, Germany). The same procedure was also
performed on the NHE3350 polymer to assess the occurrence
of adsorption phenomena of dye molecules to the poly(ether
urethane) backbone. After freeze-drying of both SHE3350 and
NHE3350 samples, 10 mg of lyophilized polymer were
solubilized in 1 mL of an aqueous solution adjusted at pH
12 with 1 M NaOH. The desorption reaction of the grafted or
simply adsorbed dye molecules was carried on for 2 h at RT in
the dark. Then, sample absorbance was measured with a UV—
visible spectrophotometer (PerkinElmer, Lambda 365) in the
spectral range of 700—300 nm, and the primary amines were
quantified by referring to a calibration curve based on Orange
II Sodium Salt aqueous solutions at pH 12 with defined
concentrations (ranging between 2.188 and 21.875 ug/mL).
Tests were conducted in triplicate and reported as the average
+ standard deviation.

2.5. Synthesis of Poly(ether urethane) with Aldehyde
End Groups. The water-soluble PEU, referred to by the
acronym AHE1500, was synthesized by selecting PEG1500,
HDI, and BA as building blocks. AHE1500 was synthesized by
end-capping an isocyanate-terminated prepolymer, accordin§
to a modified version of a protocol reported in the literature.’
Specifically, PEG1500 was pretreated as mentioned above and
solubilized in anhydrous THF (30% w/v concentration) at 60
°C. HDI and DBTDL were added at a 2.1:1 molar ratio and
0.1% (w/w) with respect to PEG1500, respectively. Then, the
first step of the synthesis was conducted for 30 min. In the
second step, BA was added (13% w/v in THF, 2.1:1 molar
ratio with respect to PEG1500) and the reaction was carried
on for 2.5 h at 60 °C. Finally, the reaction was stopped with
MeOH and AHE1500 was collected and purified as previously
described. The PEU was stored under an inert atmosphere at 4
°C until use. To assess the synthesis process repeatability, three
different PEU batches were synthesized.

2.6. Chemical Characterization of AHE1500 Poly-
(ether urethane). 2.6.1. ATR-FTIR Spectroscopy and SEC
Analysis. Both ATR-FTIR spectroscopic and SEC analyses
were performed to characterize AHE1500 and assess its
successful production. AHE1500, BA, and PEG1500 ATR-

https://doi.org/10.1021/acsomega.4c03157
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FTIR spectra were recorded as mentioned above. In addition,
the number-average molecular weight (M, ), weight-average
molecular weight (M,,), and polydispersity index (D) were
estimated according to the protocol described in Section 2.4.2.

2.6.2. 'H NMR Spectroscopy and Quantification of
Aldehyde Groups by UV-Visible Spectroscopy. The
successful synthesis of AHE1S00 was also verified by 'H
NMR spectroscopy according to the previously described
method with a slight modification. Samples were prepared by
dissolving AHE1500 and BA (as control) in deuterated
dimethyl sulfoxide (de-DMSO, 99.8% D with 0.03% TMS,
Sigma-Aldrich, Milano, Italy) at 1.3% w/v concentration.
Moreover, to quantify the number of exposed aldehyde groups,
UV—visible spectroscopy was conducted by measuring the
absorbance of the benzaldehyde group at 285 nm. Briefly, 10
mg of AHE1500 were dissolved in 2 mL of ultrapure water.
Aldehyde groups were quantified by referring to a calibration
curve based on BA molecule aqueous solutions with defined
concentrations (ranging between 0.625 and 3.125 ug/mL).
Tests were conducted in triplicate and reported as average +
standard deviation.

2.7. Preparation and Characterization of Hydrogels
Based on Schiff-Base Linkages. 2.7.1. Hydrogel Prepara-
tion. Hydrogels based on Schiff-base linkages were prepared at
different polymer concentrations (i.e., 15 and 20% w/v) by
simply mixing SHE3350 and AHE1500 aqueous solutions at
RT through two polypropylene (PP) syringes (LLG Interna-
tional, Meckenheim, Germany) with a luer-lock connection. In
detail, each PEU was solubilized with an aliquot of double-
distilled water (i.e, ddH,0) equal to half the total volume
required to prepare a hydrogel at a fixed overall polymer
concentration. Then, the two PEU solutions were mixed by
slowly sliding them through the luer-lock connector; lastly, the
resulting solution was transferred in a Bijou sample container
(17 mm diameter, 7 mL, Carlo Erba Reagents, Milan, Italy)
and vortexed (1500 rpm) for 1 min. Hydrogels were referred
to by the acronym SHE3350—AHE1500_X%, where X defines
the overall polymer concentration.

2.7.2. Evaluation of Hydrogel Gelation Time in Physio-
logical-like Conditions. A preliminary evaluation of formula-
tion gelation potential was conducted on SHE3350—
AHEI1500_20% hydrogels. In detail, hydrogel gelation was
studied in physiological-like conditions by incubating the
formulations at 37 °C (Memmert IF75, Schwabach, Germany),
followed by vial inversion and visual inspection at different
time steps (i.e., 15, 30, 45, 60 min, 2, 4, 6, 8, 10, 12, 24 h). The
sol-to-gel transition was defined as the absence of flow along
the vial walls within 30 s of inversion. The gelation time of
formulations with different —NH,/—CHO molar ratios
(ranging between 3:1 and 1:3) was investigated, and the
hydrogels were coded as SHE3350—AHE1500_20% Y, where
Y defines the —NH,/—CHO molar ratio, as summarized in
Table S1 in the Supporting Information.

2.7.3. Assessment of Imine Bond Formation by ATR-FTIR,
Proton, and Carbon-13 Solid-State Nuclear Magnetic
Resonance ('H and '3C ssNMR) Spectroscopies. In order to
chemically investigate the hydrogel formation driven by Schiff-
base bonds, ATR-FTIR, proton, and carbon-13 solid-state
nuclear magnetic resonance ("H and 3C ssNMR) spectros-
copies were conducted. SHE3350—AHE1500_20% gel was
obtained according to the protocol described above. A control
sample (SHE3350—AHE1500 20% CTRL) was also prepared
following the same method, but the PEU solution resulting

from the mixing procedure was rapidly frozen to hinder the
Schiff-base bond formation. Samples were freeze-dried (Martin
Christ Alpha 2—4 LSC instrument, Germany), and ATR-FTIR
spectroscopy was performed according to the previously
described protocol. 'H and *C ssNMR spectroscopic analyses
were conducted using a wide bore 11.75 T magnet and a
Bruker Avance III spectrometer (Biospin AG, Fallanden,
Switzerland) with 'H and C operational frequencies of
500.13 and 125.77 MHz, respectively. A 4 mm triple resonance
probe, in double resonance mode, with magic angle spinning
(MAS), was employed in all experiments, and spectra were
accumulated at 298 K. To perform the analysis, 70—80 mg of
material were packed on a 4 mm zirconia rotor equipped with
a kel-F cap. 'H ssNMR spectra were acquired with a single
pulse experiment with a sample spinning rate of 15 kHz. °C
ssSNMR spectra were obtained by using the '*C CP-MAS
technique with a sample spinning speed of 10 kHz and a CP
contact time of 6 ms. All of the chemical shifts are reported on
a delta scale and referenced to TMS to 0 ppm. The registered
spectra were elaborated using MNova software (Mestrelab
Research, S.L, Spain).

2.7.4. Rheological Characterization. Hydrogels based on
Schiff-base linkages were rheologically characterized by using a
stress-controlled rheometer (MCR302, Anton Paar GmbH,
Graz, Austria) equipped with a Peltier system for temperature
control and a 15 mm parallel plate configuration. The
SHE3350—AHE1500_X% hydrogel was loaded on the
rheometer lower plate previously equilibrated at 25 °C. For
all of the characterizations, the normal force was set at 0 N. A
strain sweep test was performed at 37 °C and a 1 Hz angular
frequency from 0.01 to 1200% strain. To evaluate the potential
self-healing ability of the gels, samples were again subjected to
the same analysis after 30 min of quiescence at 37 °C.
Frequency sweep test (frequency range 0.1—100 rad/s) was
performed at 0.5% strain at different temperatures (i.e., 25 and
37 °C).

2.7.5. Stability Tests in Physiological-like Conditions. Gel
stability in aqueous medium was evaluated by incubation
(Memmert IF75, Schwabach, Germany) of the samples in
contact with a physiological-like aqueous environment at 37
°C. In detail, 0.5 mL of SHE3350—AHE1500_X% gels were
prepared according to the previously described method.
Hydrogels were weighted (Wgel_i) and equilibrated at 37 °C
for 30 min. Subsequently, 1 mL of phosphate-buftered saline
(i.e., phosphate-buffered saline (PBS) at pH 7.4, 37 °C) was
added to each sample. At predefined time steps (i.e,, 7 h, 24 b,
3, 6,8, 10, 13, 15, 17, 20, 22, 24, 27 days), the residual PBS
was removed, the gels were weighted ( Wee x where X refers to
the time step), and put in contact with fresh PBS again. Lastly
(i.e., after incubation in contact with PBS for 27 days), samples
were freeze-dried and weighted (Wyeq gl ¢). Control samples
(i.e., SHE3350—AHE1500 X% not incubated in contact with
PBS) were also freeze-dried and weighted (Wigsied get i)-
Absorption ability and hydrogel dissolution were estimated
according to eqs 1 and 2, respectively

. Vvvgelfx - I/vaeLi
wet weight change (%) = ———— X 100
gel_i (1)
Waried gel i — Watried gel
dry weight change (%) = St e % 100
I/V;iried gel_i
)
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Figure 1. ATR-FTIR spectra of PEG3350 (green line), NHE3350 (pink line), and SHE3350 (blue line). The appearance of new absorption bands
at 3347, 1720—1630, and 1530 cm™" proved the successful PEU synthesis and the preservation of its bulk nature after deprotection.

The analyses were conducted in triplicate, and data are
reported as average + standard deviation.

2.7.6. Hydrogel pH Sensitivity in Contact with Alkaline or
Acid Buffers. To study gel ability to respond to the acid or
alkaline pH of the surrounding environment, stability tests
were conducted by incubating the gels at 37 °C (Memmert
IF75, Schwabach, Germany) in contact with phosphate buffer
solutions at pH 5 and pH 9. Analyses were conducted
according to the method described above, and SHE3350—
AHE1500_X% absorption ability and dissolution in contact
with buffers at different pH values were estimated using eqs 1
and 2. The analyses were conducted in triplicate, and data are
reported as average + standard deviation.

2.7.7. Permeability and Release Study of Fluorescein
Isothiocyanate Dextran (FD4). Gel permeability to biomole-
cules and nutrients was qualitatively evaluated by selecting
fluorescein isothiocyanate dextran (FD4, M,, 4000 Da, Sigma-
Aldrich, Milano, Italy) as a model molecule. Briefly, 1 mL of
SHE3350—AHE1500_20% gel was prepared according to the
previously described method and incubated at 37 °C
(Memmert IF75, Schwabach, Germany) in contact with an
FD4 aqueous solution (2 mg/mL, 2:1 v/v with respect to gel
volume). At predefined time steps (ie, 3.5, 7, 12, 24, 36 h),
the sample was visually inspected to assess the progressive FD4
uptake. Conversely, to study the FD4 release profile triggered
by the pH of the surrounding environment, SHE3350—
AHE1500 20% gels were prepared in an FD4 aqueous
solution (2 mg/mL), equilibrated at 37 °C for 30 min, and
incubated in contact with phosphate buffers at pH 5, 7.4, and
9. The releasing medium was collected at predefined time steps
(ie, 3.5,7,24 h, 3,6, 8, 10, 13, 15, 17 days), and samples were
added with fresh buffers. The amount of FD4 released was
quantified by measuring the absorbance at 490 nm
(PerkinElmer Victor X3) and by referring to a calibration
curve based on FD4 solutions prepared in the investigated
releasing media (i.e., phosphate buffers at pH S, 7.4, and 9) at
different concentrations ranging between 0.025 and 1 mg/mL.
The analyses were conducted in triplicate, and data are
reported as average + standard deviation.

2.7.8. Evaluation of Hydrogel Self-Healing Ability. To
qualitatively determine the self-healing ability of the developed
hydrogels, two SHE3350—AHE1500_20% gels were prepared
according to the previously described protocol. One of them
was prepared using a colored aqueous solution (i.e., ddH,0O
added with Toluidine Blue O, Sigma-Aldrich, Milano, Italy),

thus resulting in a light blue gel disc. Each hydrogel disc was
then cut into two parts. The resulting pieces of different colors
were connected on the fresh-cut surfaces, ensuring intimate
contact to allow the gel to self-heal into an integral sample
without any external intervention. To verify the hydrogel
integrity, samples were stretched repeatedly.

2.7.9. Evaluation of Hydrogel Injectability. The
SHE3350—AHE1500_20% system was prepared according to
the method described above and marked with a dye molecule
(i.e, Toluidine Blue O). After mixing SHE3350 and AHE1500
solutions, the hydrogel was extruded through a 21-gauge (21G,
0.5 mm inner diameter) needle at different time intervals (i.e.,
10—15, 20—30, and 40—50 min) in order to identify the
optimal “injectability window”, given by the simultaneous
fulfillment of three fixed criteria: (i) simple injection with one
hand; (ii) injection in an intermediate sol-to-gel state to avoid
clogging phenomena; and (iii) gelation within 10—1S min after
injection. In order to consider person variability, injectability
was tested by two different potential users.

2.8. Statistical Analysis. Statistical analysis was performed
using GraphPad Prism 9 for Windows 10 (GraphPad Software,
LA Jolla, CA, United States; www.graphpad.com). Two-way
analysis of variance (ANOVA) coupled with Bonferroni’s
multiple comparison test was conducted to compare results.
Statistical differences were assessed according to Boffito et al.**

3. RESULTS AND DISCUSSION

3.1. Chemical Characterization of NHE3350 and
SHE3350 Poly(ether urethane)s. 3.1.1. ATR-FTIR Spectro-
scopic and Size Exclusion Chromatographic (SEC) Analyses.
ATR-FTIR spectroscopic and SEC analyses were conducted to
prove the successful synthesis of both NHE3350 and
SHE3350. Figure 1 reports the ATR-FTIR spectra of
NHE3350, SHE3350, and PEG3350 as a reference. New
absorption bands, generated by the newly formed urethane
bonds, were identified in PEU spectra at 3347 and 1720—1630

cm™! due to N—H and C=O stretching vibrations,

respectively. Furthermore, the signal at 1530 cm™ was
produced by the concurrent N—H bending and C—-N
stretching. In addition, PEU spectra showed the characteristic
absorption peaks of PEG3350 (i.e., —CH, stretching vibration
at 2876 cm ™' and C—O—C stretching vibration at 1110 cm™"),
thus confirming its inclusion in the PEU chains. The number-
average molecular weight (M, ) and polydispersity index (D)

of the synthesized PEUs were ca. 24,000 Da and 1.7,
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respectively, with no significant differences between three
different NHE3350 batches (the typical SEC analysis error has
been reported to be in the order of 10%).>* Moreover, the
absence of differences between NHE3350 and SHE3350 in
terms of both ATR-FTIR spectra and molecular weight
distribution profiles (Figure S1) proved the preservation of
the bulk nature of the PEU after the deprotection treatment
conducted in acidic conditions for the N-Boc group cleavage.

3.1.2. Proton Nuclear Magnetic Resonance ('H NMR)
Spectroscopic Analysis and Quantification of Primary
Amines in SHE3350. '"H NMR spectroscopy was performed
on NHE3350, SHE3350, and N-Boc serinol to further assess
the success of both the synthesis and deprotection processes.
The detailed signal assignment to the corresponding protons in
the NHE3350 spectrum has been reported in the Supporting
Information file (Figure S2), showing chemical shifts ascribed
to the chemical structure of the poly(ether urethane) chains.
The typical signal of PEG protons appeared between 3.40—
3.80 and 4.1 ppm, while the peaks at 1.26, 1.42, and 3.04 ppm
belonged to the methylene protons of the diisocyanate-
deriving block. Instead, the N-Boc serinol block showed two
signals at 3.48—3.59 ppm, partially overlapped to PEG proton
resonances, and a single sharp peak at 1.36 ppm due to the
methyl protons of the N-Boc protecting groups. This latter
peak completely disappeared in the SHE3350 spectrum, as
evidenced in Figure 2, thus indicating the successful N-Boc

N-BOC SERINOL
NHE3350 ;
SHE3350 ;

1.51 1.47 1.43 139 1135 1.31 1.27 1.23
Chemical shift (ppm)

Figure 2. "H NMR spectra of NHE3350 (green line), SHE3350 (blue
line), and N-Boc serinol (red line) in the 1.5—1.2 ppm chemical shift
range. The dashed line highlights the peak at 1.36 ppm ascribed to the
hydrogens involved in the Boc group.

cleavage and consequently the exposure of 100% of primary
amino groups. The signal at 1.36 ppm was also used to
indirectly quantify the amount of functionalities exposed along
the polymeric chains of three different PEU batches. By
referring to the N-Boc serinol spectrum (integration values
reported in Figure S3), the number of Boc groups and thus —
NH, units (100% deprotection yield) per gram of polymer was
quantified to be 1.96 X 10 + 7.9 X 10'®. Furthermore, by
combining this quantification with SEC results (i.e., M, of ca.
24,000 Da), it was possible to establish that each PEU chain
contained around six —NH,, units.

The primary amino groups exposed along the SHE3350
polymer backbone were also quantified through the Orange II
Sodium Salt colorimetric assay. As shown in Figure 3A, both

NHE3350 and SHE3350 samples assumed an orange color
after the colorimetric assay. For NHE3350, the orange color
was due to the partial Orange molecule adsorption by polymer
chains. Conversely, the electrostatic interaction between dye
molecules and the exposed primary amino groups (at a 1:1
ratio) resulted in SHE3350 samples stained dark orange. The
observed color diversity resulted in significantly different
absorbance profiles measured for NHE3350 and SHE3350
samples within 700 and 300 nm, respectively, the dye
absorbance peak being positioned at 485 nm (Figure 3B).
Moreover, by referring to a calibration curve based on Orange
II sodium salt standards, the amount of —NH, per gram of
SHE3350 was measured to be 1.27 X 10%° + 2.4 x 10, in
agreement with the quantification based on 'H NMR spectra,
as summarized in Table 1.

3.2. Chemical Characterization of AHE1500 Poly-
(ether urethane). 3.2.1. ATR-FTIR Spectroscopic and SEC
Analyses. ATR-FTIR spectroscopic and SEC analyses were
conducted to prove the successful synthesis of AHEI1S00
poly(ether urethane). Figure 4 reports the ATR-FTIR spectra
of AHE1500, BA, and PEG1500 as references. The AHE1500
spectrum showed the typical absorption peaks of newly formed
urethane bonds (i.e, N—H stretching at 3347 cm™!, C=0
stretching at 1720 cm™, concurrent C—N stretching, and N—
H bending at 1530 cm™'), thus confirming its successful
synthesis. Moreover, the PEU ATR-FTIR spectrum showed
characteristic absorption bands of BA at 1680—1580 cm™
ascribed to the C=C stretching vibration in the aromatic ring.
PEG typical bands were also present at 2876 and 1110 cm™
due to —CH, and C—O—C stretching vibrations, respectively.
The number-average molecular weight (M, ) and polydisper-
sity index (D) of the synthesized PEU were measured to be ca.
4000 Da and 1.5, respectively, with no significant differences
between three different AHE1500 batches.”” The molecular
weight distribution profiles of three AHE1500 batches have
been reported in the Supporting Information file (Figure S4).

3.22. 'H NMR Spectroscopic Analysis and Aldehyde
Group Quantification. "H NMR spectroscopy was performed
on AHE1500 and BA samples to further characterize the
synthesized aldehyde-terminated PEU. As reported in Figures
S and SS, the AHE1500 spectrum showed the characteristic
chemical shifts of the newly formed urethane bonds (at 7.1
ppm, the signal due to the proton of urethane linkages) and
PEG-, HDI-, and BA-deriving blocks, thus further proving the
success of AHE1500 synthesis. In Figure S, the appearance in
AHEIS500 spectrum of peaks at 6.9—8 and 9.75—10 ppm
intervals was ascribed to the protons involved in the aromatic
ring and to the proton bound to the carbonyl carbon of
benzaldehyde groups, respectively. Nevertheless, the appear-
ance of multiple signals in each highlighted region suggested
the concurrent existence of two different species of
benzaldehyde, polymer-bound (at 9.97, 7.9, and 7.33 ppm)
and unbound (at 9.8, 7.75, and 6.9 ppm) BAs, respectively.
The presence of free BA as a residual monomer after the PEU
synthesis process was in accordance with the "H NMR results
reported by Rahmani et al., who synthesized with a similar
method a poly(ether urethane) starting from poly(ethylene
glycol) (M, 2000 Da), 1,6-hexamethylene diisocyanate
(HDI), and para-hydroxybenzaldehyde and using a catalytic
amount of dibutyltin dilaurate as a catalyst.*”

By exploiting the characteristic absorbance of the BA
aromatic ring at around 285 nm, the overall number of
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Figure 3. (A) Orange II sodium salt colorimetric assay performed on NHE3350 (light orange marked control sample, on the left) and SHE3350
(dark orange marked deprotected sample, on the right) samples. (B) UV—vis absorbance profiles registered for NHE3350 (light orange line,
absorbance at 480 nm due to the adsorbed dye molecules) and SHE3350 (dark orange line, absorbance at 483 nm produced by dye molecules
grafted to —NH, groups and adsorbed to the polymeric chains) samples.

Table 1. Units of —NH, Functionalities per g of SHE3350
Calculated by UV—Vis and "H NMR Spectroscopic Analyses

units of —NH,/g of SHE3350 units of —NH,/g of SHE3350
measured from UV—vis measured from 'H NMR

127 X 10%* + 2.4 x 10'® 1.96 X 10 + 7.9 x 10'®

sample

SHE3350

—CHO functionalities in AHE1500 was calculated through
UV-—vis spectroscopic analyses. By referring to a calibration
curve based on BA standards, the amount of —CHO per gram
of polymer was measured to be 3.06 X 10*° + 1.89 X 10'°, with
no significant differences between three different PEU batches.

3.3. Characterization of Hydrogels Based on Schiff-
Base Linkages. 3.3.1. Hydrogel Gelation Time in Physio-
logical-like Conditions. The gelation kinetics of SHE3350—
AHEI1500_20% formulations differing for their primary
amine/aldehyde molar ratio was studied in physiological-like
conditions (i.e,, 37 °C) through the tube inverting test. To this
aim, the hydrogels were first prepared by mixing SHE3350 and

AHE1500 aqueous solutions through two syringes with a luer-
lock connection (Figures 6 and S6A). Then, the vials were
incubated at 37 °C and inverted at predefined time points to
assess the occurrence of gelation, as shown in Figure S6B. The
hydrogel resulted from the chemical reaction between the
SHE3350 and AHE1500 PEUs. In particular, the condensation
reaction between the —NH, and —CHO groups exposed along
the golymer chains led to the formation of imine bonds (—C=
N).

As summarized in Table 2, all of the tested formulations
underwent gelation. Several studies reported in the literature
have shown that an increment in the amount of aldehyde
functionalities results in a modulation of hydrogel gelation
time, which decreases accordingly.”*® Nevertheless, in this
work, a different trend was observed, probably ascribable to the
presence in the AHE1500 counterpart of two different species
of benzaldehyde, free and polymer-bound BAs. Indeed, we
observed that an increase in —CHO groups delayed the

BA

PEG1500

AHE1500 D Ay
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Figure 4. ATR-FTIR spectra of BA (gray line), PEG1500 (green line), and AHE1500 (pink line). The presence of new absorption bands at 3347,
1720, and 1530 cm™" proved the successful PEU synthesis. BA and PEG1500 typical bands were also identified in the AHE1500 ATR-FTIR

spectrum at 2876, 1680—1580, and 1110 cm™L
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Figure 5. 'H NMR spectra of AHE1500 (black line) and BA (gray
line) in the 10 and 6.8 ppm chemical shift ranges. The 9.75—10 and
6.9—8 ppm intervals highlight the peaks ascribed to the hydrogens
involved in the benzaldehyde group of both bound and unbound BA
molecules.

gelation process (e.g., 24 h and 45 min were needed for the
gelation of SHE3350—AHE1500 20% 1:3 and SHE3350—
AHE1500 20% 3:1, respectively). This was probably due to
the presence in the AHE1500 counterpart of free benzaldehyde
molecules, which given their low molecular weight had higher
coupling kinetics with the amino groups of SHE3350,
compared to the AHE1500 chains. As a result, at the early
stage of gel formation, unreacted AHEI1S500 chains were
present in the mixture and a relevant amount of amino groups
was capped with BA molecules (Figure S7A). At the second
stage, the amino groups still available to form other Schiff-base
linkages interacted with the AHE1500-bound benzaldehyde
moieties, finally leading to gel network formation and the
absence of flow along the vial walls upon tube inversion.
Conversely, by enhancing the amino group content and
accordingly the SHE3350 polymer concentration in the
mixture, the gelation time progressively decreased up to 45

Table 2. Gelation Time of SHE3350—AHE1500 20%
Formulations (0.5 mL), Ranging for Their —NH,/—CHO
Molar Ratio between 3:1 and 1:3

sample —NH,:—CHO molar ratio  gelation time
SHE3350—AHE1500_20% 3:1 3:1 4S5 min
SHE3350—AHE1500_20% 2:1 2:1 1h
SHE3350—AHE1500_20% 1:1 1:1 2h
SHE3350—AHE1500_20% 1:2 1:2 10 h
SHE3350—AHE1500_20% 1:3 1:3 24 h

min at an —NH,/—CHO molar ratio of 3:1 due to the
presence of a sufficient number of primary amines to achieve
the cross-linking of the polymer chains promoted by AHE1500
(Figure S7B). According to this result, the hydrogels were
prepared with an —NH,/—CHO molar ratio equal to 3:1 and
hereafter simply called SHE3350—AHE1500_X%, where X
indicates the overall polymer concentration.

3.3.2. ATR-FTIR, Carbon-13, and Proton Solid-State
Nuclear Magnetic Resonance (*C and "H ssNMR) Spectro-
scopic Analyses. To confirm that the developed formulations
belonged to the chemically cross-linked hydrogel category and
that the sol-to-gel transition was driven by the formation of
covalent bonds between amino and aldehyde functionalities,
hydrogels were subjected to further chemical characterizations
to assess the presence of Schiff-base linkages (i.e., imine bonds
C=N). As reported in Figure S8 in the Supporting
Information file, the freeze-dried SHE3350—AHE1500 20%
ATR-FTIR spectrum showed a shoulder-type absorption peak
at 1690—1640 cm™" that was absent in the control sample (i.e.,
the simple SHE3350/AHE1S00 mixture). This absorption
band can be ascribed to the C=N stretching vibration,®” thus
demonstrating the presence of the dynamic covalent bond in
the hydrogel network. However, as the region of interest
corresponded to the typical absorption band ascribed to the
urethane bonds of the polymer chains, a clear demonstration of
the imine bond formation could not be provided through
ATR-FTIR spectroscopy.

Water-soluble poly(ether urethane)s

3

SHE3350

N
AN

Schiff-base
crosslinked hydrogel

«

AHE1500

Figure 6. Schematic illustration of injectable hydrogel preparation by simply mixing polymer aqueous solutions resulting in hydrogel network

formation through Schiff-base bonds.
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Figure 7. ssNMR spectra of SHE3350—AHE1500_20% mixture (violet line) and hydrogel (green line): (A) the'3*C ssNMR spectral magnification
in the 153—159 ppm range highlights the appearance of a new peak at 156 ppm that can be ascribed to the carbon double-bonded to nitrogen in
Schiff-base linkages; (B) the 'H ssNMR spectral magnification points out the signal at 8.5 ppm ascribed to the imine proton.
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Figure 8. Strain sweep test at 37 °C. Trends of elastic modulus G’ (blue line) and viscous modulus G” (red line) as a function of applied
deformation (ranging between 0.01 and 1200% strain) for (A) SHE3350—AHE1500_15% and (B) SHE3350—AHE1500_20% before (continuous
lines) and after self-healing for 30 min at 37 °C (acronym SHE3350—AHE1500 20% SH, dashed lines).

The formation of Schiff-base linkages was also investigated
by solid-state "*C and "H NMR spectroscopic analyses. To the
best of our knowledge, this is the first time that the ssNMR
technique was applied to assess the actual formation of
chemical hydrogels based on Schiff-base linkages. Figure 7
displays the SHE3350—AHE1500 20% gel spectrum com-
pared to the PEU mixture as a control. The magnifications
evidence the appearance of new signals at 156 and 8.5 ppm in
the SHE3350—AHE1500_20% gel spectra that can ascribed to
the carbon double-bonded to nitrogen and imine proton in the
Schiff-base linkage, respectively.”*””

3.3.3. Rheological Characterization of Hydrogels. Rheo-
logical characterization was performed on SHE3350—
AHE1500 gels with 15 and 20% w/v polymer concentration.
Strain sweep tests were conducted to characterize hydrogel
behavior in response to applied deformation (y) (Figure 8),
thus identifying the region of viscoelasticity (LVE), within
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which the samples displayed constant elastic (G’) and viscous
(G”) moduli. Both the analyzed gels showed a broad LVE
region: for SHE3350—AHE1500 20% and SHE3350—
AHEI1500_15%, the LVE limit was measured to be 120 and
500%, respectively. In addition, for both formulations, G’ was
greater than G” (i.e, G’ > G”) within the LVE, thus proving
that the samples were in the gel phase at the tested
temperature (i.e.,, 37 °C). Furthermore, SHE3350—
AHE1500_20% showed enhanced mechanical properties
compared to SHE3350—AHE1500 15% (i.e., G'-SHE3350—
AHE1500_20% higher than G’- SHE3350—AHE1500_15%,
800 Pa vs 4S5 Pa at 1% applied deformation), probably due to
the higher cross-linking density of gels at increased polymer
concentration. The gel network of SHE3350—AHE1500_20%
underwent mechanical failure at high values of applied strain
(ca. 800—1000%) when G’ started to decrease, while G”
became greater, suggesting the formation of cracks within the
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Figure 9. Frequency sweep test at 25 and 37 °C. Trends of elastic modulus G’ (blue line) and viscous modulus G” (red line) as a function of
angular frequency for (A) SHE3350—AHE1500 15% and (B) SHE3350—AHE1500 20% at two different temperatures (dashed lines for samples

tested at 25 °C, continuous lines for samples tested at 37 °C).

hydrogel network that finally led to the complete sample
rupture, with G” values becoming higher than G'. Conversely,
hydrogels at a 15% w/v polymer concentration did not
undergo complete rupture even under application of the
maximum value of the applied deformation (i.e., 1200%) due
to their highly soft nature. To evaluate the potential self-
healing ability of SHE3350—AHE1500_20% hydrogels, the
strain sweep test was repeated after 30 min of quiescence at 37
°C. Interestingly, a recovery greater than 70% of the starting
elastic modulus was observed (800 Pa vs 600 at 1% applied
deformation); meanwhile, the LVE of the healed samples
resulted in less extension due to a decreased ability of healed
gels to withstand applied deformations (LVE decrease of
around 25%).

The gel state of the hydrogels was also evaluated by
frequency sweep tests, conducted at two different temperatures
(i.e, 25 and 37 °C). Figure 9 reports the elastic modulus G’
and viscous modulus G” as a function of angular frequency for
both the investigated formulations. The samples displayed G’
higher than G” within the analyzed angular frequency range,
thus indicating that the formulations were in a gel state.
However, G’ dependence over the angular frequency for
SHE3350—AHE1500_15% suggested that this sample was not
a fully developed gel, in accordance with the lower mechanical
properties observed by the strain sweep test. Lastly, no
differences in G’ and G” trends were recorded by changing the
testing temperature, thus proving the absence of thermores-
ponsiveness.

3.3.4. Stability Tests in Physiological-like Conditions. The
stability of the designed hydrogels based on Schiff-base
linkages was tested in physiological-like conditions (i.e., in
contact with phosphate buffer saline, PBS, at pH 7.4 and 37
°C). SHE3350—AHE1500 gels showed relevant fluid absorp-
tion ability and stability over time at both the considered
polymer concentrations. As shown in Figure 10, hydrogels
increased their wet weight by 70% at 7 h of incubation, with no
significant differences between the two tested formulations.
Furthermore, the PBS absorption reached a plateau value
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Figure 10. Hydrogel wet weight change (%) as a function of time for
SHE3350—AHE1500 gels with 15% w/v (red bars) and 20% w/v
(light blue bars) polymer concentration during incubation in contact
with PBS. Both the tested formulations showed high buffer absorption
ability and stability up to 27 days in contact with phosphate buffer
saline (i.e., PBS at pH 7.4).

starting from 13 days of incubation. After 27 days of incubation
in contact with PBS, a ca. 270% wet weight change was
measured for both SHE3350—AHE1500 20% and SHE3350—
AHEI1500_15%, coupled with a dry weight loss of around 40%.
The high absorption ability and stability of the developed gels
could be explained by considering their chemical cross-linked
nature: the covalent linkages between the polymeric chains
allow high buffer absorption without early dissolution. Overall,
no significant differences were observed between SHE3350—
AHE1500_20% and SHE3350—AHE1500_15% samples with-
in the analyzed time interval.

3.3.5. pH Senisitivity in Contact with Buffers at Acidic or
Alkaline pH. 1t is known that Schiff-base bonds are pH-
sensitive under acidic conditions, meaning that the hydrogel
stability could be compromised in contact with environments
at low pH.40’41 For this reason, gel absorption ability and
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dissolution behavior were investigated at different pH values by
incubating SHE3350—AHE1500 gels at 37 °C in phosphate
buffers at acidic or alkaline pH (ie, pH S and pH 9,
respectively). Figure 11 reports the percentage of the hydrogel
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Figure 11. Hydrogel wet weight change (%) as a function of time for
SHE3350—AHE1500 gels with 15% w/v (red bars) and 20% w/v
(light blue bars) polymer concentration during incubation in contact
with a phosphate buffer at pH 5. Under this testing condition, both
the tested formulations showed increased buffer absorption ability
until dissolution phenomena started to occur (*p < 0.0S, **p < 0.01).

wet weight change measured during incubation in contact with
a buffer at pH 5. SHE3350—AHEI1500 hydrogels displayed
enhanced absorption ability at 7 h compared to samples tested
in physiological-like conditions (ie, 80% ws 70%), with
significant differences between the two tested formulations
(p = 0.0325). The maximum buffer absorption was reached at
around 10 days for SHE3350—AHE1500 15% (290% increase
in wet weight) and at 13 days for SHE3350—AHE1500_20%
(wet weight gain of 360%). Thereafter, the gel wet weight
started to decrease due to imine bond hydrolysis at low pH. In
fact, the reversibility of the Schiff-base bonds in acidic
conditions involved the breaking of the linkages between the
polymeric chains of the gel network, thus resulting in both
increased initial buffer absorption and subsequent dissolution
phenomena. This trend was more pronounced for SHE3350—
AHE1500_20%, probably due to the higher number of imine
bonds forming the gel network compared to SHE3350—
AHEI1500_15%. After 27 days of incubation in contact with a
buffer at pH S, the dry weight of the samples decreased to 70%
irrespective of the hydrogel polymer concentration. Hence, the
dry weight change at pH S was significantly higher compared
to that at pH 7.4 (70% vs 40%) as a consequence of sample
susceptibility to acidic-pH-triggered hydrolysis of Schiff-base
bonds.

Conversely, lower absorption was observed when the gels
were incubated in contact with a phosphate buffer at alkaline
pH (ie, pH 9), as reported in Figure 12. At the early stage of
incubation, the wet weight of both the gel formulations
increased by only 45%, reaching a value of approximately 200%
at 27 days, with a reduction of the dry weight of 40%. This
behavior could be explained by considering the progressive
buffer ion uptake that promoted salting-out phenomena
leading to gel shrinkage and thus reduced the percentage of
wet weight change compared to samples incubated with PBS.*”
Similarly to sample incubation with PBS, no significant
differences were observed between SHE3350-—
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Figure 12. Hydrogel wet weight change (%) as a function of time for
SHE3350—AHE1500 gels with 15% w/v (red bars) and 20% w/v
(light blue bars) polymer concentration during incubation in contact
with a phosphate buffer at pH 9. Under this testing condition, both
the tested formulations showed limited buffer absorption ability
compared to hydrogels incubated with PBS.

AHE1500_ 20% and SHE3350—AHE1500_ 15% samples with-
in the analyzed time interval.

Considering the rheological and stability outcomes,
SHE3350—AHE1500_20% was selected as a promising
formulation for further investigations.

3.3.6. Study of Permeability and Release Profile of FD4
Model Molecule from SHE3350—AHE1500 Gels. FD4 was
selected for both permeability and payload release studies since
it represents a model molecule of drugs and biomolecules.** As
shown in Figure 13, the capability of SHE3350—
AHEI1500_20% gels to absorb FD4 molecules was qualitatively
proved by the appearance of a colored gradient advancing
through the sample thickness over time. Overall, the hydrogel
possessed high permeability, achieving equilibrium in molecule
uptake within 36 h of incubation. Since the developed
formulations showed different fluid absorption abilities and
stabilities in response to the environmental pH, FD4 was
encapsulated at 1 mg/mL concentration within the gels and its
release was studied at pH 5, 7.4, and 9 to investigate whether
the drug release could be pH-triggered. A schematic illustration
of hydrogel drug loading (Figure S9A) and release mechanism
in contact with the environment at different pH values (Figure
S9B,C) was reported in the Supporting Information file. The
trends of FD4 release (Figure 14) were then defined through
specifically designed calibration curves based on FD4 standards
with different concentrations and prepared in phosphate buffer
at pH S, 7.4, and 9 (Figure S10). A sustained release of up to
17 days was measured from SHE3350—AHE1500_20% gels at
the three pH conditions. In physiological-like condition (i.e., at
pH 7.4), a controlled release profile was recorded and a
complete FD4 release was reached after 2 weeks. Conversely,
since the early stage of incubation, FD4 release in contact with
an alkaline environment was significantly higher than that at
pH S or pH 7.4 (i.e., at 24 h of incubation, FD4 concentration
in the release medium was measured to be 0.5 + 0.005, 0.25 +
0.01, and 0.35 + 0.01 mg/mL at pH 9, 5, and 74,
respectively). Then, the FD4 release reached a plateau value
at 8 days and almost the total amount of encapsulated
molecule was released (ie., 0.95 & 0.02 mg/mL at 17 days).
This result is in accordance with stability test data measured at
pH 9 (Figure 12). Indeed, the hydrogel shrinkage phenomena
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Figure 13. Qualitative evaluation of the SHE3350—AHE1500_20% gel permeability to FD4 as a model molecule. Progressive molecule uptake is
evidenced by the appearance of a colored gradient advancing through the sample thickness over time. Equilibrium was achieved within 36 h of

incubation.
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Figure 14. FD4 release profile (1 mg/mL) from 20% w/v
concentrated hydrogels in contact with phosphate buffers at pH 5
(green line), pH 7.4 (pink line), and pH 9 (blue line). pH S vs pH
7.4: #F55p < 0,0001 at 3.5 h, ¥¥¥p < 0.001 at 7 h, **p < 0.01 at 24,
192, 240, 312, 360, and 408 h, *p < 0.05 at 144 h, ns (p > 0.05) at 72
h. pH 5 vs pH 9: *#%** at 3.5, 7, and 24 h, ** at 72, 144, and 360 h, *
at 312 and 408 h, ns at 192 and 240 h. pH 7.4 vs pH 9: **** at 3.5 h,
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observed at high pH value could cause enhanced release of the
drug molecules.”* At pH S, the process of FD4 release was
affected by the progressive acidic-pH-triggered imine bond
hydrolysis and the consequent hydrogel dissolution (Figure
S9C). Nevertheless, at pH S, no burst release was observed and
the amount of released FD4 molecules was lower compared to
pH 7.4 and 9 conditions (i.e., at 7 h of incubation, FD4
concentration in the release medium was measured to be 0.09
+ 0.01, 0.19 + 0.01, and 0.29 + 0.0005 mg/mL at pH S, 7.4,
and 9, respectively). However, at 72 and 192 h of incubation,
significant changes in release kinetics occurred, as from these
time points, the FD4 release at pH 5 was always higher than
pH 7.4 and pH 9, respectively, reaching a complete release
after 13 days of incubation.

3.3.7. Evaluation of Hydrogel Self-Healing Ability. The
self-healing ability of gels based on Schiff-base linkages
represents one of the major properties of in situ drug delivery
formulations, since these systems are able to naturally recover
their initial structure, thus preserving their integrity. In this
work, gel self-healing potential was qualitatively evaluated by
placing SHE3350—AHE1500_20% half discs in contact along
the cut ends (Figure 15A). The two pieces merged into an
integral gel after 20—30 min of intimate contact at RT, as a
result of the dynamic nature of imine covalent bonds. To prove
the remarkable self-healing properties, the healed hydrogel was
repeatedly stretched at both ends and no cracks or ruptures
were observed (Figure 15B).

3.3.8. Evaluation of the Hydrogel Injectability. To design a
reliable platform for in situ drug delivery and tissue engineering
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Figure 15. Qualitative evaluation of the hydrogel self-healing ability
(A) by cutting two gel discs and ensuring the intimate contact
between the pieces and (B) by applying repeatedly mechanical stress,
thus proving the remarkable self-healing property.

applications, a standardized injection procedure was defined.
The SHE3350—AHE1500_20% hydrogel was injected using a
standard 21G needle with a 0.5 mm inner diameter after
mixing the SHE3350 and AHE1500 starting solutions through
syringes with a luer-lock connection. Then, three different time
intervals of injections were investigated, i.e, 10—1S, 20—30,
and 40—50 min after mixing (Table 3).

Table 3. Identification of the Optimal “Injectability
Window”*

CRITERIA
interval of  injection  injection in an intermediate  gelation within
injection with one sol-to-gel state to avoid 10—15 min after
after mixing hand clogging phenomena injection

10—15 min v v X

20-30 min v Vv Vv

40—50 min X X

“\/ and X marks indicate the criterion fulfillment or fail, respectively;
the dash stands for an excluded criterion.

As shown in Figure 16A and summarized in Table 3, at 10—
1S min after hydrogel formulation mixing, easy injectability
with one hand and without clogging phenomena was reported
by both potential users that performed the test. However,
complete gelation did not occur within 10—15 min after
injection, as confirmed by the presence of flow along the vial
walls within 30 s of inversion. Conversely, at 40—50 min, the
formulation in the syringe appeared in a gel state, thus
requiring excessive force to achieve injection and showing
needle-clogging phenomena (Figure 16C and Table 3). Hence,
20—30 min was selected as the optimal “injectability window”,
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(B)

Figure 16. Injection procedure at (A) 10—15 min, (B) 20—30 min, and (C) 40—S0 min after hydrogel formulation mixing.

since the three criteria were simultaneously satisfied: the
hydrogel formulation was easily injectable in an intermediate
sol-to-gel state, and once injected, complete gelation occurred
within 10—15 min (Figure 16B and Table 3).

4. CONCLUSIONS

In this work, in situ-forming injectable hydrogels with
promising features for drug delivery applications were
successfully engineered by exploiting the versatility of Schiff-
base poly(ether urethane) chemistries. Two water-soluble
PEUs (termed SHE3350 and AHE1500) with tuned molecular
weight and a significant number of primary amines and
aldehydes were synthesized. While SHE3350 did not show any
residual byproducts after synthesis, AHE1500 still contained a
fraction of unbound BA molecules, suggesting the need for
further optimization of the purification phase of this material,
e.g.,, through additional precipitation steps, dialysis against a
BA solubilizing solvent (e.g., acetone, alcohol) or chromato-
graphic columns. Despite this concern that is currently under
investigation in our group, chemical hydrogels based on Schiff-
base linkages were successfully obtained by simply mixing
aqueous solutions of SHE3350 and AHE1500 at an optimized
—NH,/—CHO molar ratio and overall polymer concentration.
Chemical characterization by *C and 'H ssNMR spectros-
copies confirmed the presence of imine bonds as cross-linking
points in the hydrogel network, while rheological tests
evidenced the gel state of the formulation, its high resistance
to applied strain, and self-healing potential. Furthermore, fluid
absorption and dissolution behavior in physiological-like
conditions showed high buffer absorption and stability for up
to 27 days. When in contact with buffers at acidic or alkaline
pH, hydrogels exhibited increased buffer absorption ability
followed by early dissolution at pH S and shrinkage
phenomena induced by the salting-out effect at pH 9. The
developed hydrogels proved to be highly permeable to FD4
model molecules, gaining equilibrium in the molecule uptake
within 36 h of incubation. We also demonstrated the ability of
the designed formulations to release FD4 molecules in a
controlled and sustained manner. Moreover, the possibility to
differentiate the release kinetics according to the environ-
mental pH makes them versatile drug delivery platforms in
tissue engineering applications. Besides proving the inject-
ability of the hydrogels, a standardized procedure for
injectability assessment was defined, leading to the definition
of the optimal “injectability window” based on the fulfillment
of three criteria. Lastly, the developed hydrogels based on
Schiff-base linkages displayed a clear self-healing ability after
network damage. In conclusion, our results highlight that the
hydrogel platform described here is clearly promising for in situ
drug delivery and tissue engineering applications, thanks to its
good stability in physiological-like conditions, pH sensitivity,
injectability, and self-healing that enable localized therapy and
improve formulation durability upon application. In addition,
the developed hydrogels can find application in minimally
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invasive procedures and whenever a prolonged in situ pH-
triggered payload delivery is needed. In this regard, toward the
progressive translation of the developed hydrogel formulations
from the bench to the bedside, molecules with a therapeutic
potential (e.g., drugs, growth factors, nucleic acids) need to be
selected according to the targeted application and loaded
within the hydrogels during preparation. Then, the hydrogels’
therapeutic potential will be biologically assessed initially
through cytocompatibility tests and then through functional
assays evaluating the retained drug functionality upon
encapsulation and release. According to a sustainable and
ethically compliant approach, these tests will be conducted on
increasingly complex biological models, encompassing bi-
dimensional cell cultures, three-dimensional in vitro bioen-
gineered tissue/organ models, and in vivo models. In this
regard, in vivo studies will also be relevant to investigate the
residence time of the developed formulations in their real
working scenario and assess potential unexpected side effects
of the hydrogel themselves and released molecules (i.e.,
encapsulated payload and degradation products). According to
the selected final application, an additional fine-tuning of the
hydrogel residence time would potentially be needed. In this
context, the combination of poly(urethane) and Schiff-base
chemistries could be exploited to confer highly tunable
properties to the developed formulations, including those
related to their degradability. For instance, the observed acidic-
pH-responsiveness could be tuned by modulating hydrogel
composition to achieve a pH-triggered release in acidic
environments, which often characterize some pathological
milieus (e.g, inflamed tissues or tumors). Furthermore, the
inclusion of specific amino acid sequences along the PEU
backbone could be exploited to provide the synthesized
material with additional sensitivity to enzyme-triggered
hydrolysis. Overall, we hypothesize that the system can be
ad hoc-tuned to meet the specific therapeutic needs of the
targeted application, which represents a highly demanding
need for the development of functional therapeutic
approaches.
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