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Tailoring hydrogel mesh structure through
custom-designed poly(ether urethane)s for
advanced drug delivery systems in
biomedical applications

Roberta Pappalardo, †ab Monica Boffito, †*a Claudio Cassino, cd

Alessandra Flori, e Luca Menichetti, e Irene Carmagnola, a Valeria Chiono a

and Gianluca Ciardelli ab

Hydrogel mesh size plays a pivotal role in determining physico-chemical and mechanical properties,

making these materials versatile for tissue engineering and drug delivery applications. Herein, we report

the tunability of mesh size in Schiff-base hydrogels through tailored poly(ether urethane) (PEU)

chemistry. Three aldehyde-terminated PEUs (PEU-CHO) with different molecular weights ( %Mn =

1.6–9 kDa, D E 1.4) were synthesized and employed as crosslinkers for a high-molecular-weight

amine-functionalized PEU (PEU-NH2, %Mn = 25 kDa, D = 1.7). Hydrogels formed upon mixing PEU

aqueous solutions and underwent gelation within a few hours. Rheology revealed highly strain-resistant

gels (up to 1200%) with tunable mechanical properties and mesh sizes of 18–50 nm. Thermal analyses

showed E60% of freezable water and similar distributions in pore size (2 nm–2 mm). Notably, mesh size

strongly affected the fluid uptake, the swelling behavior monitored in real-time via Magnetic Resonance

Imaging, and the diffusion of model molecules. Smaller-mesh hydrogels exhibited diffusion-driven

release for fluorescein isothiocyanate-dextran (FD) with %Mw = 4 and 10 kDa, whereas anomalous

diffusion occurred for FD 70 kDa, confirming network-hindered transport. This work provides a versatile

strategy of molecular design to finely regulate hydrogel structure and performance, enabling the

development of tailored biomaterials in the biomedical field.

1. Introduction

Hydrogels have represented a significant advancement in bio-
medical applications, due to their high versatility, biocompat-
ibility, and resemblance to soft tissues. These highly hydrated
three-dimensional polymeric networks are able to absorb and
retain significant amounts of water and biological fluids,1

thereby closely mimicking the properties of the extracellular
matrix of natural tissues. Their high water content, remarkable
swelling ability, and soft consistency provide significant

advantages, creating a favourable environment for interaction
with the biological milieu to support processes such as cell
adhesion, proliferation, and differentiation.2 Furthermore,
hydrogels can actively interact with the biological environment
by undergoing changes in response to external stimuli (e.g., pH,
temperature, light), fulfilling specific physiological or thera-
peutic needs at the appropriate time and location.3–5

At the micrometer level, hydrogels result from the cross-
linking of polymer chains via physical interactions (e.g., ionic
and hydrophobic interactions, hydrogen bonding) or chemical
bonds (e.g., Schiff-base, Diels–Alder, thiol–ene bonds).6 A com-
prehensive knowledge of the composition and microstructure
of the hydrogel is essential to better correlate its structural
properties with macroscopic features.7–9 Mathematical models
can be applied to determine network parameters, such as mesh
size, crosslinking density, and the average molecular weight
between two adjacent crosslinking points, enabling the predic-
tion of properties and the design of systems tailored to specific
applications.10–13 In this regard, numerous studies have inves-
tigated how the internal structure of the hydrogel impacts
performance in tissue engineering and drug delivery; for
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instance, it has been demonstrated that increasing the cross-
linking density modulates cell proliferation by increasing the
number of adhesion sites,14,15 while smaller mesh sizes
enhance the capacity to load and retain drugs.16

The modulation of hydrogel structure can be achieved
through different strategies, commonly related to the design
of hydrogel formulations. For instance, Rehmann et al.
reported the development of poly(ethylene glycol) (PEG)-based
hydrogels with mesh sizes ranging between approximately 5
and 15 nm by varying the PEG concentration and molecular
weight. The mesh size prediction allowed the description of
protein release mechanism from the hydrogel.17 Similarly,
Tong et al. described a method to control the protein release
from poly(ethylene glycol)-based hydrogels by changing the hydro-
gel concentration and the molecular weight of the polymer.
Indeed, a reduction in mesh size was found to prevent burst
release, enhance protein retention, and prolong release.18 Bian
et al. successfully tuned the crosslinking density of hydrogels
based on photo-crosslinked hyaluronic acid by changing either
the macromer concentration or the photopolymerization reaction
time. Furthermore, the potential application of hyaluronic acid-
based hydrogels as 3D models to promote chondrogenesis was
related to the optimal crosslinking density, highlighting that
increasing crosslinking density led to a reduction in the deposi-
tion of cartilage matrix by mesenchymal stem cells.19

Within this framework, poly(ether urethane)s (PEUs) have
emerged as highly promising candidates for hydrogel formula-
tion due to their inherent structural versatility and modularity,
enabling a superior degree of physico-chemical tailoring.20–22

Although PEU-based hydrogels have already been investigated
for drug delivery applications,23 a systematic study directly
correlating the molecular design of the PEU precursors with
the resulting network architecture has not been reported yet. To
address this, the present study introduces a novel multi-scale
approach that bridges the gap between polymer chemistry and
macroscopic performance. Specifically, new hydrogels were
developed through the Schiff-base crosslinking of customized
PEUs. The modulation of the hydrogel mesh was achieved by
using aldehyde-terminated PEUs of differing molecular weights as
crosslinkers for a high molecular weight PEU bearing pendant
primary amines. The formulations were thoroughly characterized
using different methodologies, including rheological characteri-
zation, thermal analysis, stability tests, Magnetic Resonance
Imaging (MRI), and diffusion tests of probe molecules. This
approach, combining complementary experimental techniques
and mathematical modelling, was employed to investigate the
architecture of the hydrogel network and predict how polymer
design affects mesh size and performance, providing key insights
for the development of advanced drug delivery platforms.

2. Experimental
2.1. Materials

Poly(ethylene glycol) (PEG3350, %Mn 3350 Da, PEG600 %Mn

600 Da, PEG1500 %Mn 1500 Da and PEG6000 %Mn 6000 Da),
1,6 hexamethylene diisocyanate (HDI), dibutyltin dilaurate

(DBTDL), and N-Boc serinol (N-Boc) were purchased from
Sigma-Aldrich, Milan, Italy. 4-Hydroxybenzaldehyde (BA) was
purchased from TCI Chemicals, Zwijndrecht, Belgium. As a
solvent for PEU synthesis, tetrahydrofuran (THF) was pur-
chased from Thermo Fisher, Kandel, Germany, while all other
analytical grade solvents were purchased from Carlo Erba
Reagents, Cornaredo, Italy. All the reagents and solvent for
PEU synthesis were dried before use.24

2.2. Synthesis of a poly(ether urethane) bearing pendant
primary amino groups

The PEU bearing pendant primary amines was synthesized as
reported in our previous work.24 Briefly, the synthesis was
carried out in a one-step process by reacting PEG3350 (dried
and melted according to our previously published protocol) and
N-Boc (5% w/v in anhydrous THF) at a 1 : 1 molar ratio with HDI
(at a 1 : 1 with respect to PEG3350 and N-Boc), in presence of
DBTDL as a catalyst (0.1% w/w with respect to PEG3350 and
N-Boc). The reaction was conducted for 10 min at 70 1C, and it
was stopped by adding methanol to passivate any residual
isocyanate groups. The synthesized PEU was collected by
precipitation in petroleum ether (4 : 1 v/v with respect to
THF), re-solubilized in THF at 30% w/v and purified in diethyl
ether (5 : 1 v/v with respect to THF). Subsequently, to remove the
Boc-protecting groups and expose the amino groups, the PEU
(4% w/v) was subjected to an acidic treatment in the presence of
chloroform and trifluoroacetic acid (80 : 20 v/v). The PEU expos-
ing primary amino groups was referred to as SHE3350.

2.3. Synthesis of aldehyde-terminated poly(ether urethane)s
with different molecular weight

Aldehyde-terminated PEUs (coded as AHE600, AHE1500 and
AHE6000) were synthesized through a two-step synthesis pro-
cedure, by selecting poly(ethylene glycol) with an appropriate
molecular weight (PEG600, PEG1500, and PEG6000), HDI and
BA as building blocks. Specifically, the PEU AHE1500 was
synthesized according to the optimized method reported in
our previous work.24 Briefly, PEG1500 (dried and melted
according to our previously published protocol) was solubilized
in anhydrous THF at 30% w/v and added with HDI and DBTDL
(at a 2.1 : 1 molar ratio and 0.1% w/w with respect to PEG1500,
respectively). After 30 min at 60 1C, BA was added (13% w/v
in THF, 2.1 : 1 molar ratio with respect to PEG1500), and
the reaction was conducted for 2.5 h at 60 1C. Similarly,
the PEUs AHE600 and AHE6000 were synthesized by end-
capping isocyanate-terminated prepolymers. These prepoly-
mers resulted from the pre-polymerization of PEG600 or
PEG6000 (30% w/v in anhydrous THF) with HDI in the presence
of DBTDL as a catalyst (at a 2.1 : 1 molar ratio and 0.1% w/w
with respect to PEG600 or PEG6000, respectively). The first step
was carried out for 15 min at 60 1C. Then, BA was added at 13%
w/v in anhydrous THF at a 2.1 : 1 molar ratio with respect to
PEG6000 or PEG600. The second step was conducted for 2.5 h
at 60 1C, and the reaction was stopped by addition of methanol
(MeOH, 6 mL per 16 g of theoretically synthesized PEU). The
aldehyde-terminated PEUs were collected by precipitation in
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petroleum ether (at a 4 : 1 v/v ratio with respect to THF). Then,
PEUs were purified by solubilization in THF at 30% w/v and a
further precipitation in diethyl ether (at a 5 : 1 v/v ratio with
respect to THF).

Finally, the collected PEUs were dried under a fume hood
and stored under an inert atmosphere at 4 1C until use.

2.4. Chemical characterization of poly(ether urethane)s

To prove the success of their synthesis, all the ad hoc syn-
thesized poly(ether urethane)s (PEUs) (i.e., SHE3350, AHE600,
AHE1500, AHE6000) were chemically characterized through
Attenuated Total Reflectance-Fourier Transform Infrared
(ATR-FTIR) spectroscopy, Size Exclusion Chromatography
(SEC), and Proton Nuclear Magnetic Resonance (1H NMR)
spectroscopy, according to the methods reported in our pre-
vious work.24 A detailed description of the experimental proto-
cols is reported in the SI.

2.5. Preparation and characterization of hydrogels based on
Schiff-base crosslinking

2.5.1. Hydrogels preparation and tube inverting test. Three
hydrogels based on Schiff-base crosslinking were formulated by
blending SHE3350 with either AHE1500 (SHE3350–AHE1500)
or AHE6000 (SHE3350–AHE6000) or a mixture of AHE6000 and
AHE600 (SHE3350–AHE6000 + AHE600). The hydrogels were
prepared at an overall polymer concentration of 20% w/v with a
–NH2 : –CHO 3 : 1 molar ratio, in accordance with the hydrogel
composition that was optimized in our previous work.24 The
formulation comprising only AHE600 as the aldehyde-
terminated PEU was not developed due to the low solubility
of this polymer in water (water solubility limit 0.35% w/v) that
did not allow to achieve the concentration and the –NH2 : –CHO
molar ratio requested for the formulation of the hydrogel. As
for SHE3350–AHE1500 and SHE3350–AHE6000, each PEU was
first solubilized in a volume of double-distilled water (i.e.,
ddH2O) equal to half of the total required volume for hydrogel
preparation and the hydrogels were simply prepared by mixing
the PEU solutions for 30 s using a system of double
poly(propylene) (PP) syringes (LLG International, Germany)
with a luer-lock connection. Conversely, in case of SHE3350–
AHE6000 + AHE600 formulation, AHE6000 was solubilized in
an aqueous solution of AHE600 (previously prepared at 0.32%
w/v concentration) and in a volume corresponding to half of the
total volume of the gel. Then, the AHE6000 + AHE600 solution
was mixed with the SHE3350 aqueous solution to get the
SHE3350–AHE6000 + AHE600 hydrogel formulation according
to the protocol described for SHE3350–AHE1500 and SHE3350–
AHE6000. Lastly, the resulting polymer solutions were trans-
ferred into a Bijou sample container (17 mm diameter, 7 mL,
Carlo Erba Reagents, Cornaredo, Italy) and vortexed at
1500 rpm for 60 seconds.

The gelation time of the three formulations was tested in
physiological-like conditions through the tube inverting test.
Briefly, samples were incubated at 37 1C (Memmert IF75,
Schwabach, Germany) and visually inspected after vial inver-
sion at different time steps (i.e., 15, 30, 45, 60 min, 2, 3, 4, 5, 6,

7, 8, 9, 10, 12, 24 h). The time of the sol-to-gel transition was
evaluated based on the absence of flow along the vial walls
within 30 s of inversion.

2.5.2. Rheological characterization and structural proper-
ties of hydrogels. The rheological characterization was per-
formed using a stress-controlled rheometer (MCR302, Anton
Paar GmbH, Graz, Austria) equipped with a Peltier system for
the control of temperature and a configuration of 15 mm
parallel plates. Samples were loaded in the gel state on the
lower plate, which was equilibrated at 25 1C. Strain sweep tests
were conducted from 0.01 to 1200% strain, at 37 1C, 1 Hz and
0 N normal force. Frequency sweep tests were performed at
37 1C, 0.5% strain (within the linear viscoelastic region defined
through the strain sweep test) and 0 N normal force, within an
angular frequency range between 0.1 and 100 rad s�1.

The rheological characterization was also used to evaluate
the structural parameters of the hydrogels (crosslinking density
r, mol m�3, and mesh size x, nm), according to eqn (1) and (2),
respectively:

r ¼ G0

R� T
(1)

x = (r � NA)�1/3 (2)

where G0 (Pa) is the value of the elastic modulus at the plateau
region measured through the frequency sweep test at 37 1C, R is
the universal gas constant (8.314 J K�1 mol�1), T is the
temperature (K) and NA is the Avogadro constant.25–27 Analyses
were performed in triplicate and results are reported as the
mean � standard deviation.

2.5.3. Thermal analysis and hydrogel water content. Differ-
ential scanning calorimetry (DSC) was performed on the Schiff-
base hydrogels using a NEXTAr DSC200 instrument (Hitachi,
Japan). SHE3350–AHE1500, SHE3350–AHE6000 and SHE3350–
AHE6000 + AHE600 were prepared according to the protocol
reported above. Each sample (10–15 mg) was transferred
immediately after the mixing of polymer solutions into a
hermetic pan and sealed. To ensure complete gelation, the
hydrogels were analyzed 24 hours after sample preparation.
Samples were cooled from 20 1C to �40 1C at 2 1C min�1,
isothermally controlled at �40 1C for 10 min and finally heated
from �40 1C to 70 1C at 2 1C min�1, under a flow of argon.
Analyses were performed in triplicate, and results are reported
as the mean � standard deviation.

The states of water within the hydrogels after crosslinking
(EWC equilibrium water content, Wf freezable water content,
and Wnf non-freezable water content) were determined using
eqn (3)–(5):

EWC %ð Þ ¼ wwet � wdry

wwet
� 100 (3)

Wf %ð Þ ¼ Qm

DHm
� 100 (4)

Wnf (%) = EWC � Wf (5)
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where wwet and wdry are the wet weight and the dry weight of the
sample after crosslinking, respectively. Qm (J g�1) is the sum of
the enthalpy changes obtained by linearly integrating the
endothermic melting peaks recorded by the DSC analysis and
calculated through the NEXTAr TA software, while DHm is the
enthalpy of bulk water (333.5 J g�1).28

The pores size and their dimensional distribution within the
gel network were calculated from the melting point of water
molecules confined into small pores. Briefly, considering sphe-
rical pores filled with water as condenser, the pore radius Rp

(nm) and the distribution of the pore volume dV/dRp

(cm3 g�1 nm�1) were determined from eqn (6) and (7):

Rp ¼ �
32:33

DT
þ 0:68 (6)

dV

dRp
¼ DV

Ri � Riþ1
(7)

where DT = T � T0 is the triple point depression of water, with
T0 being the triple point of water (273.16 K), DV is the pore
volume and Ri � Ri + 1 values are the pore radii corresponding to
consecutive points of temperature.29,30 A detailed description of
the calculations is provided in the SI.

2.5.4. Hydrogel stability in aqueous environments. The
hydrogel behavior in aqueous environments was tested by
sample incubation in contact with aqueous media at 37 1C
(Memmert IF75, Schwabach, Germany). In detail, 0.5 mL of
each formulation was prepared according to the method
reported above. The initial sample weight was recorded, and
the hydrogels were equilibrated at 37 1C for 30 min. Afterwards,
1 mL of phosphate-buffered saline (PBS at pH 7.4, Sigma
Aldrich-Merck, Milan, Italy) or phosphate buffer at pH 5 was
added to each sample. At selected time points (i.e., 7, 24 h, 3, 6,
8, 10, 13, 15, 17, 20, 22, 24, and 27 days), the residual buffer
solution was removed, the samples were weighed to register
their wet weight and then put again in contact with 1 mL of
fresh buffer. After 27 days of incubation, the samples were
freeze-dried and weighed. As reference, SHE3350–AHE1500,
SHE3350–AHE6000 and SHE3350–AHE6000 + AHE600 samples
that were not incubated in contact with aqueous media were
also lyophilized and weighed. Lastly, the fluid absorption
(percentage of change in wet weight) and hydrogel dissolution
after 27 days of incubation (percentage of change in dry weight)
were calculated according to the equations already published.24

The tests were performed in triplicate and results are reported
as the mean � standard deviation.

2.5.5. Hydrogel fluid absorption monitoring through Mag-
netic Resonance Imaging (MRI). The hydrogel behaviour in
contact with an aqueous environment was also studied by

applying the Magnetic Resonance Imaging (MRI) technique.
The MRI analyses were performed using a vertical wide bore
Bruker III HD 300 MHz spectrometer (7 T). The instrument was
equipped for micro-imaging. The analyses were conducted at
37 1C, using a 1H volume coil (with a diameter of 30 mm). T1-
and T2-weighted images were obtained by selecting the
sequences and parameters reported in Table 1.

The recorded T1-weighted and T2-weighted images were
analyzed using the Paravision 6.0.1-Image Sequence Analysis
(ISA) Tool software (Bruker).

The hydrogels were prepared according to the procedure
described above. Briefly, 1.5 mL of SHE3350–AHE1500,
SHE3350–AHE6000 and SHE3350–AHE6000 + AHE600 hydro-
gels were prepared by simply mixing the polymer solutions; the
mixtures were then transferred into an NMR tube with a
diameter of 10 mm. After complete gelation (achieved through
incubation at room temperature for 24 h), hydrogel behaviour
in physiological-like conditions was tested by incubating the
samples in contact with 3 mL of a phosphate-buffered saline
(PBS, pH 7.4) solution at 37 1C. At predefined time steps (i.e., 4
and 24 hours, 3, 6, and 10 days), the residual buffer was
removed, the MR images of the samples were acquired, and 3
mL of fresh PBS were added. Changes in the thickness of the
hydrogel were measured according to eqn (8):

Dimension change %ð Þ ¼ hx � hi

hi
� 100 (8)

where hi and hx are the thickness values of the hydrogel
measured from the T1-weighted and T2-weighted images before
incubation and at each predefined time point, respectively.

2.6. Release and diffusivity study of probe molecules

2.6.1. Release of fluorescein isothiocyanate-dextran mole-
cules. The release profile and mechanism of model molecules
from the developed Schiff-base hydrogels were investigated in
physiological-like conditions. Specifically, the release kinetics
of fluorescein isothiocyanate-dextran (FD) molecules with %Mw

4 kDa (FD4), 10 kDa (FD10) and 70 kDa (FD70) (Sigma
Aldrich-Merck, Milan, Italy) were studied at pH 7.4 and 37 1C
by loading the model molecules into the three formulations
and incubating the samples in contact with PBS at 37 1C. In
detail, SHE3350–AHE1500, SHE3350–AHE6000 and SHE3350–
AHE6000 + AHE600 gels (0.5 mL) were prepared according to
the previously reported protocol, using an aqueous solution
containing FD (at 2 mg mL�1) as the solvent. Upon gelation, the
samples were equilibrated at 37 1C for 30 min and put in
contact with 1 mL of phosphate-buffered saline at pH 7.4. At
predefined time points (i.e., 3.5, 7 and 24 h, 3, 6, 8, 10, 13, 15,

Table 1 Sequences and parameters to acquire T1- and T2-weighted images

Sequence TE (ms) TR (ms) Average Flip-angle Matrix size FOV (mm2) Slice thickness (mm)

T1 MSME 20 500 3 901 128 � 128 24 � 35 1
T2 MSME 50 2500 1 901 128 � 128 24 � 35 1

MSME = Multi Slice Multi echo sequence, TE = Time to Echo, TR = Repetition Time, FOV = Field of View.
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and 17 days), the release medium was collected, and the
samples were added with 1 mL of fresh PBS. The amount of
FD4, FD10 or FD70 released over time was quantified by
measuring the absorbance at 490 nm through a plate reader
(Perkin Elmer Victor X3) and by referring to calibration curves
based on FD4, FD10 and FD70 standards with defined concen-
trations (ranging between 0.025 mg mL�1 and 1 mg mL�1

in PBS).
The mechanism of molecule release from the three formula-

tions was studied by applying the Korsmeyer–Peppas model;
the release rate constant k and release exponent n were calcu-
lated according to eqn (9):

Mt

M1
¼ k� tn (9)

where Mt is the amount of released drug at a predefined time
step t, and MN is the amount of encapsulated FD.31 Tests were
conducted in triplicate and results are reported as mean �
standard deviation.

2.6.2. Diffusivity of fluorescein isothiocyanate-dextran
molecules. The diffusion of solutes (FD4, FD10 and FD70)
through the engineered Schiff-base hydrogels was also modeled
and correlated with their structural properties. More in detail,
starting from the hydrodynamic radius R of FD4, FD10 and
FD70 (available from the supplier’s datasheet), a theoretical
estimation of their diffusion coefficients (D0, mm2 s�1) in water
was obtained by applying the Stokes–Einstein eqn (10):

D0 ¼
kT

6pZR
(10)

where k is the Boltzmann constant (1.38 � 10�23 J K�1), T is the
absolute temperature (310.15 K), Z is the viscosity of water at
37 1C (0.6915 mPa s) and R is the hydrodynamic radius of FD4,
FD10 and FD70 (1.4 nm, 2.3 nm and 6 nm, from Sigma Aldrich-
Merck datasheets, respectively).

Due to the presence of a polymeric network, the expected
diffusion coefficients through the hydrogels (D�p, mm2 s�1)

could be estimated through the Lustig-Peppas model, which
describes the relationship between solute diffusivity and net-
work structure. D�p was calculated according to eqn (11):

D�p
D0
¼ 1� R

x

� �
exp �Y v2c

1� v2c

� �� �
(11)

where x is the mesh size of the hydrogel derived from the
rheological characterization, exp is the exponential function, Y
can be approximated to 1, n2c is the fraction of the gel polymer,
estimated as n2c = Vp/Vgc, with Vp representing the volume of the
dry polymer calculated from the freeze-dried gel mass and the
polymer density (density of PEG in the dry state is 1.12 g cm�3),
and Vgc being the gel volume.32

Furthermore, the release results were fitted to the Fickian
diffusion model to experimentally determine the diffusivity of
fluorescein isothiocyanate-dextran through the hydrogel. Con-
sidering perfect sink conditions in the release medium during
the experiment, and that the release mechanism is prevalently
driven by diffusion, the diffusivity coefficients Dp can be

estimated according to the analytical solution of the Fick’s
second law of diffusion, reported in eqn (12):

Mt

M1
¼ 16Dpt

pH2

� �0:5

(12)

where Mt and MN are the cumulative amount of released
molecules from the hydrogel after a predefined time t and ad
infinitum, respectively, and H is the thickness of the cylindrical
hydrogel. Dp can be obtained from the slope of the linear
portion of Mt/MN vs. t0.5, for 0 o Mt/MN o 0.6.33

2.7. Scanning Electron Microscopy (SEM)

A morphological characterization of the developed hydrogels
was performed using Scanning Electron Microscopy
(SEM). SHE3350–AHE1500, SHE3350–AHE6000 and SHE3350–
AHE6000 + AHE600 hydrogels (1 mL) were prepared into a Bijou
sample container (1.7 cm internal diameter), according to the
previously reported method. Then, the samples were frozen at
�20 1C and freeze-dried (Martin Christ ALPHA 2–4 LSC Instru-
ment, Germany). Using a scanning electron microscope (Tescan
Vega Magna, Brno, Czech Republic), SEM images were acquired
from the cross-sections of the freeze-dried hydrogels, which
were obtained by fracture in liquid nitrogen. Briefly, the sam-
ples were disposed on aluminium stubs using a carbon tape
and coated with a platinum layer of 9 nm (High Resolution
Sputter Coater, Agar Scientific, Stansted, United Kingdom),
using a metallization current and pressure of 30 mA and 0.01
Pa, respectively, and Cr/Pt as target. Analyses were performed at
different magnifications (30� and 100�).

2.8. Statistical analysis

Statistical analysis was performed using GraphPad Prism 10 for
Windows 10 (GraphPad Software, La Jolla, CA, USA; https://
www.graphpad.com). A Two-Way ANOVA analysis coupled with
the Bonferroni’s multiple comparison test was conducted to
compare the results. Statistical differences were assessed
according to Boffito et al.20

3. Results and discussion
3.1. Characterization of customized poly(ether urethane)s

A comprehensive physico-chemical characterization of the cus-
tomized poly(ether urethane)s (PEUs) exposing pendant pri-
mary amino groups or aldehyde-end groups is reported in the
SI. Briefly, ATR-FTIR spectroscopy was first conducted to con-
firm the success of the synthesis of poly(ethylene glycol)-based
PEUs. Indeed the ATR-FTIR spectra of SHE3350, AHE600,
AHE1500 and AHE6000 showed both new absorption bands
ascribed to the formation of urethane bonds (at 3347 and
1720 cm�1 stretching vibrations of N–H and CQO, respectively,
and at 1530 cm�1 concurrent N–H bending and C–N stretching
vibrations) and the characteristic peaks of poly(ethylene glycol)
(at 2876 cm�1 and 1110 cm�1 stretching vibration of –CH2 and
C–O–C, respectively) (Fig. S1).24 Size Exclusion Chromatography
(SEC) proved the successful synthesis of a high molecular
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weight PEU (SHE3350, number-average molecular weight %Mn

25 kDa and polydispersity index D 1.7), and three different low
molecular weight PEUs (AHE600, %Mn 1.6 kDa and D 1.4,
AHE1500 %Mn 4 kDa and D 1.5, AHE6000, %Mn 9 kDa and D
1.2). 1H NMR spectroscopy also confirmed the chemical nature
of the new polymers, as all the spectra showed signals ascribed
to the chemical structure of PEUs (Fig. S2).24 Furthermore,
concerning the PEU bearing pendant primary amines, the
successful deprotection treatment and cleavage of N-Boc
(100% deprotection yield) were demonstrated by comparing
the 1H NMR spectra of the Boc-protected SHE3350 and
SHE3350. Finally, by referring to the spectrum of N-Boc serinol,
the number of Boc groups and thus –NH2 units resulted to be
around 2 � 1020 per gram of SHE3350 (Fig. S3). Similarly, by
referring to the spectrum of 4-hydroxybenzaldehyde (BA), the
total amount of BA units was quantified to be ca. 1.2 � 1021 per
gram of AHE600, 4 � 1020 per gram of AHE1500, and 9.9 �
1019 per gram of AHE6000 (Fig. S4).

3.2. Schiff-base crosslinked hydrogels with tunable structural
properties

A plethora of chemically crosslinked hydrogels was formulated
by mixing aqueous solutions of SHE3350 PEU, which exposed
pendant primary amines, with aldehyde-terminated PEU
AHE1500 or AHE6000, or a combination of AHE6000 and
AHE600, being the latter poorly soluble in water to be used as
a crosslinker alone. Hydrogels resulting from the spontaneous
formation of Schiff-base bonds between the functionalities
exposed by the PEU chains were first characterized in terms
of physical, thermal and rheological properties. A schematic
illustration of the PEU precursors and the mechanism of Schiff-
base hydrogel formation by mixing the PEU aqueous solutions
is reported in Fig. S5.

3.2.1. Hydrogel gelation time. The ability of the hydrogels
to undergo sol-to-gel transition when polymers containing
primary amines and aldehydes were mixed was first assessed
through the tube inverting test performed at 37 1C. All the three
Schiff-base hydrogels, prepared at an overall polymer concen-
tration of 20% w/v and –NH2 : –CHO molar ratio of 3 : 1, under-
went gelation within few hours, with some differences due to
their different composition, as summarized in Table 2.

As previously reported, the time of the sol-to-gel transition of
SHE3350–AHE1500 hydrogel was estimated to be 45 minutes,24

while SHE3350–AHE6000 and SHE3350–AHE6000 + AHE600
underwent gelation within ca. 7 hours and 5 hours, respectively.
This significantly different behaviour exhibited by the samples
containing AHE6000 can be attributed to the lower total

amount of –CHO groups per gram of AHE6000 (i.e., 9.9 �
1019 vs. 4 � 1020 for AHE1500) and its higher molecular weight
compared to AHE1500 (9 kDa vs. 4 kDa). These two concurrent
factors directly affected the masses of the two components
(PEU-NH2 and PEU-CHO) weighted for the preparation of
formulation at a fixed polymeric concentration (20% w/v) and
molar ratio between the functionalities (–NH2 : –CHO 3 : 1
molar ratio). Indeed, due to the reduced quantity of chains of
high molecular weight SHE3350 within the SHE3350–AHE6000
mixture (SHE3350 was ca. 60% by weight in SHE3350–AHE6000
vs. around 80% in SHE3350–AHE1500), the intimate interaction
between the functionalities was most likely constrained, or, at
least, delayed. Furthermore, due to its higher molecular weight,
the mobility of the AHE6000 chains could be hypothesized
to be lower in comparison to AHE1500. Finally, the overall
viscosity of the formulation exerts a significant influence
on the status of flow (or no-flow) of the system upon vial
inversion. As the content of SHE3350 was reduced, the starting
viscosity of SHE3350–AHE6000 decreased. Consequently, the
achievement of the no-flow condition was delayed until a
higher number of Schiff-base bonds formed, resulting in
an increase in viscosity. Lastly, the additional presence of
AHE600 in the SHE3350–AHE6000 + AHE600 formulation
resulted in a slightly reduced gelation time compared to
SHE3350–AHE6000. Indeed, the lower molecular weight of
AHE600 in comparison to AHE6000 improved the mobility of
the polymer chains, resulting in enhanced kinetics of aldehyde
crosslinking with the pendant primary amines of the SHE3350
chains.

3.2.2. Rheological properties and definition of hydrogel
structural parameters. The viscoelastic properties of the hydro-
gels crosslinked via Schiff-base were analyzed through rheolo-
gical characterization. The results of strain sweep test (Fig. 1)
showed the hydrogel response to the applied deformation.
All the formulations were characterized by a broad region of
linear viscoelasticity (i.e., LVE limits of 120% for SHE3350–
AHE1500 and 500% for both SHE3350–AHE6000 and SHE3350–
AHE6000 + AHE600), demonstrating high resistance to the
applied deformation. Within the LVE region, samples displayed
constant elastic G0 and viscous G00 moduli, with G0 4 G00,
indicating that all the samples were in the gel state at the
testing temperature of 37 1C. Concerning the mechanical

Table 2 Gelation time of SHE3350–AHE1500, SHE3350–AHE6000 and
SHE3350–AHE6000 + AHE600 hydrogels, as defined through the tube
inverting test at 37 1C

Sample Gelation time

SHE3350–AHE1500 45 min
SHE3350–AHE6000 7 h
SHE3350–AHE6000 + AHE600 5 h

Fig. 1 Strain sweep test at 37 1C. Elastic modulus G0 (continuous line) and
viscous modulus G00 (dashed line) vs. applied deformation (from 0.01 to
1200% strain) for SHE3350–AHE1500 (black line), SHE3350–AHE6000
(grey line) and SHE3350–AHE6000 + AHE600 (light grey line).
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properties, SHE3350–AHE6000 and SHE3350–AHE6000 +
AHE600 exhibited lower G0 values compared to SHE3350–
AHE1500. Indeed, the latter exhibited a G0 value at a strain of
1% of 800 Pa, compared to 32 Pa and 130 Pa for SHE3350–
AHE6000 and SHE3350–AHE6000 + AHE600, respectively.
Moreover, their highly soft nature allowed them to better
accommodate the applied deformations, resulting in the
impossibility of achieving a complete network breakage even
at the highest value of deformation (i.e., 1200% strain). Con-
versely, for SHE3350–AHE1500, G0 and G00 started to increase
and decrease, respectively, at around an applied strain of 200–
300%, thus suggesting the formation of cracks within the
network. Afterward, the gel rupture was observed at ca. 800–
1000% of applied strain, with G00 becoming greater than
G0 (G00 4 G0).

Frequency sweep tests were also performed on the three
formulations at 37 1C. Fig. 2 shows the trends of the elastic G0

and viscous G00 moduli as a function of angular frequency. All
the tested formulations showed G0 4 G00, confirming their gel
state at the testing temperature. SHE3350–AHE1500 exhibited a
constant trend for G0 over the range of analyzed angular
frequency. Furthermore, for this sample, the difference
between G0 and G00 was higher than one order of magnitude,
indicating that the formulation was a fully developed gel. Con-
versely, SHE3350–AHE6000 and SHE3350–AHE6000 + AHE600
showed a slight dependence of the elastic modulus G0 on the
angular frequency, indicating for these samples the achievement
of less developed networks. However, the superior G0–G00 delta for
SHE3350–AHE6000 + AHE600 indicated a higher degree of net-
work development compared to SHE3350–AHE6000.

Considering that the arrangement of polymer chain exerts a
pivotal role in determining the viscoelastic properties of the
hydrogel, rheological analyses were also exploited to provide a
structural characterization of hydrogel network in terms of
average crosslinking density r and mesh size x, as summarized
in Table 3.

According to the rubber elasticity theory, which establishes a
correlation between network structure and elastic properties,34

the crosslinking density was calculated to be 0.29 � 0.07 mol m�3

for SHE3350–AHE1500, 0.013 � 0.004 mol m�3 for SHE3350–
AHE6000 and 0.051 � 0.009 mol m�3 for SHE3350–AHE6000 +
AHE600 (p o 0.01). As the crosslinking density is a function of the

elastic modulus G0, these results were in agreement with the
reported outcomes regarding the mechanical properties. Indeed,
the superior mechanical properties recorded for SHE3350–
AHE1500 were related to its higher crosslinking density. Further-
more, as the mesh size is inversely related to the crosslinking
density, the lower crosslinking density calculated for SHE3350–
AHE6000 resulted in a larger mesh size, which was estimated to
be ca. 50 nm compared to 32 nm for SHE3350–AHE6000 +
AHE600 and 18 nm for SHE3350–AHE1500 (p o 0.01). Lastly,
by directly comparing the three hydrogels that differed for the
molecular weight of the aldehyde-terminated PEU, the trend of
the mesh size was SHE3350–AHE6000 4 SHE3350–AHE6000 +
AHE600 4 SHE3350–AHE1500, in agreement with the rheological
outcomes described above. Hence, the determination of the
structural parameters of the hydrogels from the mechanical
characterization provided evidence of the tunability of the mesh
size by properly selecting the materials that form the gel.

3.2.3. States of water within hydrogels based on Schiff-base
crosslinking and hydrogel porosity. Within the hydrogel net-
work, water is the predominant constituent and is found in
three primary states: (i) free or bulk water, which diffuses
around the polymer chains; (ii) weakly bound water, resulting
from weak interactions with the matrix; and (iii) tightly bound
water, strongly associated with the hydrophilic portions of the
polymer chains.28 These states play a crucial role in determin-
ing the characteristics and performance of the hydrogel. To
characterize the water content, a thermal analysis was con-
ducted on the three developed Schiff-base crosslinked hydro-
gels. Specifically, DSC was employed to investigate the water
states within the polymeric matrices of SHE3350–AHE1500,
SHE3350–AHE6000 and SHE3350–AHE6000 + AHE600. The
interaction between water molecules and the polymer chains
at different molecular levels leads to the identification of
distinct water states, which are characterized by diversified
mobilities and, accordingly, abilities to crystallize. Based on
this crystallization ability, water within hydrogels can be dis-
cerned in two fractions: (i) non-freezable bound water Wnf,
which corresponds to the tightly bound water interacting with
the polymer chains via hydrogen bonding; and (ii) freezable
water Wf, which includes the free bulk water and the inter-
mediate weakly bound water, minimally interacting with the
polymeric counterpart of the hydrogel.28,35 Average DSC ther-
mograms of the recorded heating cycle for the three formula-
tions are reported in Fig. 3. Melting temperatures and
corresponding enthalpies are reported in the SI (Table S1). All
the three thermograms showed two endothermic peaks, with

Fig. 2 Frequency sweep test at 37 1C. Elastic modulus G0 (continuous
line) and viscous modulus G00 (dashed line) vs. angular frequency (from 0.1
to 100 rad s�1) for SHE3350–AHE1500 (black line), SHE3350–AHE6000
(grey line) and SHE3350–AHE6000 + AHE600 (light grey line).

Table 3 Structural parameters (i.e., crosslinking density r and mesh size x)
of SHE3350–AHE1500, SHE3350–AHE6000 and SHE3350–AHE6000 +
AHE600 hydrogels. Parameters were estimated starting from rheological
data (i.e., G0 at 1 rad s�1 from frequency sweep test at 37 1C)

Sample G0 (Pa) r (mol m�3) x (nm)

SHE3350–AHE1500 758.0 � 197.0 0.29 � 0.07 17.9 � 1.5
SHE3350–AHE6000 33.9 � 10.1 0.013 � 0.004 50.7 � 4.6
SHE3350–AHE6000 + AHE600 131.6 � 24.1 0.051 � 0.009 32.0 � 2.0
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melting temperatures centred at around 0 1C and between �20
and �15 1C. According to the literature, the latter could be
associated with the melting of the intermediate freezable water
confined within the small pores of the hydrogel, while the
endothermic peak at around 0 1C could be referred to the
freezable water inside the large pores and free water.7,36

The water content within the Schiff-base hydrogels after
crosslinking was calculated by combining DSC and gravimetric
data (Fig. 4). Since all the hydrogels were formulated at a
polymer concentration of 20% w/v, the equilibrium water
content (EWC) of SHE3350–AHE1500, SHE3350–AHE6000 and
SHE3350–AHE6000 + AHE600 after preparation resulted to be
approximately 83.6%, with no significant differences. The sum
of the enthalpy changes of the endothermic melting peaks
calculated from the DSC data allowed the calculation of the
content of freezable water (Wf), according to eqn (4). The
amount of Wf and the fraction of non-freezable water (Wnf)
were quantified around 59.7% and 23.8%, respectively, with no
significant differences among the three formulations. Irrespec-
tive of the gel composition, although the formulations showed
different crosslinking density and mesh size, they resulted in a
similar water content distribution within the hydrogel network.
This trend could be elucidated by considering the interaction
phenomena occurring between water molecules and polymer
chains at the molecular level. Indeed, the total polar sites
present on the poly(ethylene glycol)-based poly(ether
urethane)s, which are responsible for the hydrogen bonding

between water molecules and polymer chains, were found to be
comparable for all hydrogels.

Furthermore, since the pore size of a porous material
determines a decrease in the triple point temperature of a
solvent that fills the pores compared to its bulk triple point,37

the thermodynamic behaviour of the freezable bound water
confined within the pores enabled the calculation of the pore
radii distribution at the nano-scale level. All the three formula-
tions were characterized by the presence of pores with radii
ranging between 2 nm and 2 mm. However, the analysis of the
pore size distribution revealed an intensification of the peaks at
lower radii (2–20 nm), with a slight shift towards smaller sizes
for SHE3350–AHE1500 compared to SHE3350–AHE6000 and
SHE3350–AHE6000 + AHE600 (Fig. 5). Overall, since no
significant differences were observed in terms of water states
among the three formulations, the trends of pore size distribu-
tion confirmed the similarity of the formulations at the
molecular level.

3.2.4. Schiff-base crosslinked hydrogels behaviour in
physiological-like conditions. The evaluation of hydrogel beha-
vior in contact with an aqueous environment in physiological-
like conditions provided insight into the stability of the for-
mulations, in terms of fluid absorption and dissolution over
time. The designed Schiff-base crosslinked hydrogels were
incubated in contact with phosphate buffer at pH 7.4, at
37 1C for up to 27 days. All the formulations were characterized
by a high ability to absorb fluids and stability over time. After
24 hours of incubation, the change in wet weight was measured
to be ca. 120% for SHE3350–AHE1500 and 155% for both
SHE3350–AHE6000 and SHE3350–AHE6000 + AHE600, with
no significant differences between these two formulations
(Fig. 6). Then, buffer absorption reached a plateau starting
from two weeks of incubation; the final changes in wet weight
measured at 27 days of incubation were around 270%, 517%
and 430% for SHE3350–AHE1500, SHE3350–AHE6000 and
SHE3350–AHE6000 + AHE600, respectively. Moreover, the loss
in dry weight after 27 days of incubation was quantified to be
32.3 � 4.5% for SHE3350–AHE1500 (significantly lower than
both SHE3350–AHE6000 and SHE3350–AHE6000 + AHE600,

Fig. 3 DSC thermograms recorded for the developed Schiff-base hydro-
gels. Heating cycles (from �40 to 70 1C, 2 1C min�1) for SHE3350–
AHE1500 (black line), SHE3350–AHE6000 (grey line) and SHE3350–
AHE6000 + AHE600 (light grey line).

Fig. 4 Water content (%) of the developed Schiff-base hydrogels. Equili-
brium water content (EWC), freezable water (Wf) content, and non-
freezable water (Wnf) percentages estimated for SHE3350–AHE1500
(black bars), SHE3350–AHE6000 (grey bars) and SHE3350–AHE6000 +
AHE600 (light grey bars).

Fig. 5 Pore radii Rp (nm) distribution for SHE3350–AHE1500 (black line),
SHE3350–AHE6000 (grey line) and SHE3350–AHE6000 + AHE600 (light
grey line). The dash-dotted box highlights the magnification in the
2–4 nm range. The Y axis reports the pore volume distribution dV/dRp

(cm3 g�1 nm�1).
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p o 0.05), 42.7 � 2.4% for SHE3350–AHE6000 and 46.9 � 3.4%
for SHE3350–AHE6000 + AHE600 (with no significant differ-
ences between the latter two formulations).

Since fluid absorption correlates with changes in wet weight
of the hydrogel and consequently with changes in its volume
and macroscopic dimension, the MRI technique was employed
as a non-invasive and non-destructive tool to conduct a

systematic study on the dimensional changes of the hydrogel
over time.38,39 To this purpose, a series of MRI analyses were
performed at predefined time steps, and T1- and T2-weighted
images were obtained. Sample dimensions along the longitu-
dinal axis during swelling were quantified from T1 and T2-
weighted MRI images (Fig. S6 and Fig. 7), with T2-weighted
images providing clear delineation of hydrogel boundaries.
Fig. 8 reports the trends in dimensional change as a function
of time evaluated from T2-weighted images of SHE3350–
AHE1500, SHE3350–AHE6000 and SHE3350–AHE6000 +
AHE600 in contact with phosphate-buffered saline for up to
10 days of incubation. Monitoring fluid absorption after 1 day
of incubation, an increase of around 15%, 33% and 27% in
sample thickness was measured from T2-weighted images for
SHE3350–AHE1500, SHE3350–AHE6000, and SHE3350–
AHE6000 + AHE600, respectively. After 10 days of incubation,
the thickness of the hydrogels almost doubled, with dimension
changes of around 52%, 71% and 65% measured from T2-
weighted images for SHE3350–AHE1500, SHE3350–AHE6000,
and SHE3350–AHE6000 + AHE600, respectively. Consistently,
the trends were completely in agreement with the change in wet
weight data calculated through the gravimetric analysis of
hydrogels incubated under the same experimental conditions.
Indeed, the superior fluid absorption shown by SHE3350–
AHE6000 was accompanied by enhanced dimensional changes,
while the lowest dimension change was measured from the
MRI images recorded for SHE3350–AHE1500, thus confirming
that hydrogels with higher crosslinking density exhibited a

Fig. 6 Hydrogel wet weight change (%) as a function of time for
SHE3350–AHE1500 (black bars), SHE3350–AHE6000 (grey bars) and
SHE3350–AHE6000 + AHE600 (light grey bars) in contact with
phosphate-buffered saline (pH 7.4, 37 1C). (*p o 0.05, **p o 0.01,
***p o 0.001).

Fig. 7 T2-weighted MRI images of SHE3350–AHE1500, SHE3350–AHE6000 and SHE3350–AHE6000 + AHE600 incubated in contact with phosphate-
buffered saline (pH 7.4, 37 1C) for different time intervals (t0, 4 h, 1, 3, 6 and 10 d). Yellow straight lines identify the performed measurements of sample
size along the longitudinal axis.
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lower ability to absorb fluids and, consequently, lower changes
in wet weight and volume over time.

Overall, although the three Schiff-base hydrogels displayed
similar stability over time (dry weight loss in the range 32–47%
after 27 days of incubation in contact with PBS), statistically
significant differences in their abilities to absorb the buffer
could be highlighted, due to the observed differences in the
structural properties of the hydrogels. Indeed, the observed
diversified behavior of the hydrogels in contact with a
physiological-like environment was in accordance with the
measured network parameters, thus providing additional evi-
dence of the tunability of hydrogel mesh and, accordingly, its
physical properties.

3.2.5. Schiff-base crosslinked hydrogels behaviour in con-
tact with an acidic environment. Due to the intrinsic pH-
responsiveness of the Schiff-base crosslinking, the evaluation
of hydrogel behavior at pH 5 confirmed the sensitivity of the
imine bond to acidic conditions, which trigger its progressive
hydrolysis. The results confirmed that these Schiff-base hydro-
gels followed a bulk erosion model, where the penetration of
the aqueous medium occurs faster than bond cleavage, leading
to a uniform loss of crosslinking density throughout the matrix.
Notably, a diversified dissolution kinetics was observed, strictly
correlating with the specific hydrogel formulation and its mesh
size. Overall, all three formulations exhibited a superior buffer
absorption compared to the physiological-like conditions,
although they were characterized by lower stability over time.
At the early stage of incubation, SHE3350–AHE6000 and
SHE3350–AHE6000 + AHE600 showed a wet weight gain of
approximately 102%, significantly higher than the 85%
recorded for SHE3350–AHE1500, characterized by the smallest
mesh size (p o 0.05 and p o 0.01, respectively) (Fig. 9). The
formulations reached maximum buffer absorption at approxi-
mately 13 days, with changes in wet weight of 360% for
SHE3350–AHE1500 and up to 426% for SHE3350–AHE6000
and SHE3350–AHE6000 + AHE600. Beyond this peak, the
progressive hydrolysis of the Schiff-base linkages led to a
reversal in the weight trend, resulting in the gradual dissolu-
tion of the hydrogel network.

The long-term stability provided evidence of the remarkable
acidic pH-sensitivity, which became more pronounced as the
mesh size of the hydrogel increased. Consequently, SHE3350–
AHE6000, characterized by the largest mesh size, achieved

complete dissolution within 22 days (100% dry weight loss).
In contrast, although the two formulations exhibited marked
instability, SHE3350–AHE1500 and SHE3350–AHE6000 +
AHE600 retained partial integrity up to 27 days, with dry weight
losses of approximately 70% and 82%, respectively.

3.3. In vitro evaluation of release kinetics and diffusivity of
probe molecules throughout the hydrogels

To further correlate the structural features of the hydrogel with
the modulation of its physical properties, the diffusivity of
probe molecules through the hydrogel network was studied to
derive information on its structure.26,40,41 In this scenario, the
three Schiff-base hydrogels were investigated for their ability to
release probe molecules of fluorescein isothiocyanate-dextran
with increasing molecular weight. Release experiments were
performed at pH 7.4 to evaluate the network in its highest
stability state. While the pH-responsiveness of these systems
was previously established,24 testing at physiological pH
allowed the investigation of mass transport governed by the
network mesh size and its dynamic imine chemistry, minimiz-
ing the overlapping contribution of acid-induced matrix dis-
solution. Release kinetics and mechanisms were analyzed by
applying the Korsmeyer–Peppas model. Furthermore, the diffu-
sion mechanism of the molecules through the hydrogels
was described through both theoretical and experimental
approaches.

3.3.1. Study of release kinetics and mechanism of fluor-
escein isothiocyanate-dextran molecules. The release kinetics
and mechanism of different fluorescein isothiocyanate-dextran
molecules with molecular weight %Mw of 4 kDa (FD4), 10 kDa
(FD10) and 70 kDa (FD70) were investigated in physiological-
like conditions (pH 7.4, 37 1C). The trends of FD4, FD10 and
FD70 release from SHE3350–AHE1500, SHE3350–AHE6000
and SHE3350–AHE6000 + AHE600 were defined based on
calibration curves built using standard solutions of FD at
predefined concentrations (ranging between 0.025 mg mL�1

and 1 mg mL�1). Concerning SHE3350–AHE1500, all the model
molecules were released with a controlled and sustained

Fig. 8 Trend of dimension change (%) as a function of time measured
from T2-weighted MRI images of SHE3350–AHE1500, SHE3350–
AHE6000 and SHE3350–AHE6000 + AHE600.

Fig. 9 Hydrogel wet weight change (%) as a function of time for
SHE3350–AHE1500 (black bars), SHE3350–AHE6000 (grey bars) and
SHE3350–AHE6000 + AHE600 (light grey bars) in contact with an acidic
phosphate buffer (pH 5, 37 1C). (*p o 0.05, **p o 0.01, ***p o 0.001).
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kinetics for up to 17 days of incubation (Fig. 10A). At the early
stage of incubation, FD4 showed superior release compared to
both FD10 and FD70, and the released FD4 at 24 hours of
incubation was quantified to be 0.35 � 0.015 mg mL�1,
significantly higher compared to FD10 (i.e., 0.30 �
0.005 mg mL�1, p o 0.01) and FD70 (i.e., 0.18 � 0.04 mg mL�1,
p o 0.01). Starting from 6 days of incubation, the trends of FD4
and FD10 release became almost overlapped, and a maximum
release of 0.87 � 0.023 mg mL�1 and 0.83 � 0.006 mg mL�1 was
quantified for FD4 and FD10, respectively, after 17 days of
incubation. Conversely, the amount of released FD70 was signifi-
cantly lower than both FD4 (i.e., at 6 days, 0.52� 0.08 mg mL�1 vs.
0.66 � 0.02 mg mL�1, p o 0.01) and FD10 (i.e., at 3 days,
0.36 � 0.06 mg mL�1 vs. 0.50 � 0.005 mg mL�1, p o 0.01).

Similar trends in model molecule release were observed
from SHE3350–AHE6000 and SHE3350–AHE6000 + AHE600
(Fig. 10B and C, respectively). Indeed, for both the formula-
tions, the FD4 and FD10 release profiles were comparable, with
no significant differences. After 6 days of incubation, the FD4
and FD10 release reached a plateau, and the total amount of
released molecules was achieved at 17 days of incubation.
Overall, molecule release from SHE3350–AHE6000 formulation
was characterized by higher release kinetics compared to those
described for SHE3350–AHE1500. Indeed, at 24 hours of incu-
bation the amount of released FD4, FD10 and FD70 was higher
(i.e., 0.49 � 0.17 mg mL�1 vs. 0.35 � 0.015 mg mL�1, 0.54 �
0.08 mg mL�1 vs. 0.30� 0.005 mg mL�1 and 0.27� 0.05 mg mL�1

vs. 0.18 � 0.04, respectively). In this case, the recorded profiles
of molecule release turned out to be clearly affected by the
structural properties of the hydrogel, as the average mesh size
of SHE3350–AHE6000 from the rheological data was signifi-
cantly larger than that of SHE3350–AHE1500 (i.e., ca. 50 nm vs.

18 nm). Furthermore, at the early stage of incubation, the
amount of FD70 released from both SHE3350–AHE6000 and
SHE3350–AHE6000 + AHE600 turned out to be significantly
lower than that of FD4 and FD10 (e.g., for SHE3350–AHE6000 at
24 hours, 0.27 � 0.05 mg mL�1 vs. 0.49 � 0.17 mg mL�1, p o
0.05, and 0.54 � 0.08 mg mL�1, p = 0.001). Interestingly, for
SHE3350–AHE6000 + AHE600, the amount of encapsulated
FD70 was not completely released after 17 days of incubation.
This result is in accordance with the reasonable assumption
that the molecule release was obstructed by the irregular mesh
of the hydrogel, formed by both high and low molecular weight
AHE6000 and AHE600 PEUs. Hence, although the average mesh
size (ca. 32 nm) was larger than the hydrodynamic diameter of
FD70 (12 nm), and the hydrogel experienced swelling over time,
the maximum FD70 release was quantified to be 0.74 �
0.005 mg mL�1. By applying the Korsmeyer–Peppas model,
the release exponent n and the release constant k were calcu-
lated, as summarized in Table 4. The release exponent n for
FD4 and FD10 from SHE3350–AHE1500 resulted to be 0.48 �
0.005 and 0.49 � 0.01, respectively, thus indicating a mecha-
nism of molecule release prevalently governed by diffusion,
with no significant differences between the two FD molecules.
Conversely, the release exponent n and release constant k for
FD70 were 0.57 � 0.01 and 0.029 � 0.003 h�n, respectively,
suggesting an anomalous molecule transport. These results
suggest that the profile of molecule release and mechanism
were probably affected not only by SHE3350–AHE1500 swelling,
but also by the high molecular weight of FD70.42 Regarding
SHE3350–AHE6000 + AHE600, the release constant k for FD4
and FD10 was slightly higher than the values reported for
SHE3350–AHE1500 (i.e., 0.093 � 0.02 h�n vs. 0.07 � 0.004 h�n

for FD4, 0.07 � 0.004 h�n vs. 0.068 � 0.006 h�n for FD10). These

Fig. 10 FD4, FD10 and FD70 release profiles from (A) SHE3350–AHE1500, (B) SHE3350–AHE6000, and (C) SHE3350–AHE6000 + AHE600.
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discrepancies could be directly ascribed to differences in the
structural parameters of the hydrogels, being the average mesh
size of SHE3350–AHE1500 and SHE3350–AHE6000 + AHE600
around 18 nm and 32 nm, respectively, as calculated from
rheological results. Moreover, the release exponent n turned out
to be 0.48 � 0.02 and 0.5 � 0.006 for FD4 and FD10, respec-
tively. Hence, although SHE3350–AHE6000 + AHE600 gel was
characterized by an intermediate crosslinking density and,
accordingly, swelling ability, it exhibited a mechanism of
molecule release prevalently diffusion-driven, similar to
SHE3350–AHE1500. Conversely, the mechanism of FD70
release from SHE3350–AHE6000 + AHE600 hydrogel was char-
acterized by a release constant k of 0.033 � 0.0008 h�n and a
mechanism of non-Fickian diffusion (i.e., n of 0.54 � 0.003),
due to the high hydrogel absorption and the molecular weight
of FD70 as concurrent factors.42 Lastly, the release constant
k values for each FD from SHE3350–AHE6000 were higher than
those quantified for SHE3350–AHE1500 (i.e., 0.08 � 0.02 h�n vs.
0.07 � 0.004 h�n for FD4, 0.085 � 0.005 h�n vs. 0.068 � 0.006 h�n

for FD10, and 0.031 � 0.006 h�n vs. 0.029 � 0.003 h�n for FD70).
Furthermore, due to its lower crosslinking density and higher
capability for fluid absorption, the release mechanism of FD4,
FD10 and FD70 was anomalous (i.e., with an n value exceeding
0.5), even at the early stage of incubation.

3.3.2. Study of diffusion phenomena of fluorescein
isothiocyanate-dextran molecules. The diffusivity of fluorescein
isothiocyanate-dextran molecules through SHE3350–AHE1500,
SHE3350–AHE6000 and SHE3350–AHE6000 + AHE600 was also
thoroughly investigated. Firstly, to estimate the mobility of the
probe molecules with different hydrodynamic radii R (1.4 nm,
2.3 nm and 6 nm for FD4, FD10 and FD70, respectively)
through the hydrogel network, the diffusion coefficients were
theoretically determined. Specifically, by applying the Lustig–
Peppas model, diffusivity was related to the structure of each
hydrogel network.32 In detail, molecule diffusivities were mea-
sured based on the average mesh size of SHE3350–AHE1500,
SHE3350–AHE6000 and SHE3350–AHE6000 + AHE600 calcu-
lated from rheological characterization and reported in Table 5.
The expected diffusion coefficient D�p for FD4, FD10 and FD70

through the hydrogels turned out to be lower than the

theoretical diffusion coefficient D0, defined as the diffusion
coefficients of the molecules in pure water and calculated
according to the Stokes–Einstein equation. Indeed D�p values

for FD4, FD10 and FD70 were affected by the presence of the
polymeric network, which could restrict molecule diffusivity
through the hydrogels. Moreover, as the molecular weight of
the probe molecule increased, the diffusion coefficient
decreased accordingly, and the diffusivity trends were in accor-
dance with the release profiles of the model molecules
described above. Indeed, irrespective of the formulation, the
smaller FD4 and FD10 exhibited higher expected diffusion
coefficients and release kinetics compared to the larger FD70,
whose release profile was characterized by a lower release rate
from each tested formulation (e.g., for SHE3350–AHE1500, D�p
of 199 mm2 s�1, 114 mm2 s�1 and 33.6 mm2 s�1 for FD4, FD10
and FD70, respectively). Furthermore, by comparing the diffu-
sivity of the same molecule from each hydrogel network, the
ratio of expected diffusivity to theoretical diffusivity, D�p=D0,

showed the following trend: SHE3350–AHE6000 4 SHE3350–
AHE6000 + AHE600 4 SHE3350–AHE1500 (e.g., for FD10
D�p=D0 of 0.88, 0.85 and 0.80 for SHE3350–AHE6000,

SHE3350–AHE6000 + AHE600 and SHE3350–AHE1500, respec-
tively). Hence, it was hypothesized that the higher crosslinking
density and lower mesh size of SHE3350–AHE1500 mostly
hindered molecular transport. Nevertheless, although reason-
able relationships were identified between the expected diffu-
sion coefficients D�p of the probe molecules and the structural

properties of the hydrogels derived from their rheological
properties, the D�p=D0 ratio showed approximately unitary

values for all model molecules and formulations. This result
suggested that the molecules could freely diffuse through
the hydrogel network, as the average mesh size exceeded
the hydrodynamic diameter of the selected model molecules

Table 4 Korsmeyer–Peppas model coefficients. Release constant k (h�n)
and release exponent n for FD4, FD10 and FD70 release from SHE3350–
AHE1500, SHE3350–AHE6000, SHE3350–AHE6000 + AHE600

Sample
Model
molecule

Korsmeyer–Peppas model

k (h�n) n

SHE3350–AHE1500 FD4 0.07 � 0.004 0.48 � 0.005
FD10 0.068 � 0.006 0.49 � 0.01
FD70 0.029 � 0.003 0.57 � 0.01

SHE3350–AHE6000 FD4 0.08 � 0.02 0.55 � 0.07
FD10 0.085 � 0.005 0.58 � 0.05
FD70 0.031 � 0.006 0.66 � 0.02

SHE3350–AHE6000 +
AHE600

FD4 0.093 � 0.02 0.48 � 0.02
FD10 0.07 � 0.004 0.5 � 0.006
FD70 0.033 � 0.0008 0.54 � 0.003

Table 5 Diffusion coefficients of fluorescein isothiocyanate-dextrans
FD4, FD10 and FD70 through SHE3350–AHE1500, SHE3350–AHE6000
and SHE3350–AHE6000 + AHE600

Sample
D0

(mm2 s�1)
D�p

(mm2 s�1)
Dp

(mm2 s�1)

FD4
SHE3350–AHE1500

234
199 3.57

SHE3350–AHE6000 210 —#

SHE3350–AHE6000 + AHE600 206 4
FD10

SHE3350–AHE1500
142

114 3.14
SHE3350–AHE6000 125 —#

SHE3350–AHE6000 + AHE600 122 4.7
FD70

SHE3350–AHE1500
54

33.6 —#

SHE3350–AHE6000 44.5 —#

SHE3350–AHE6000 + AHE600 41 —#

Theoretical diffusion coefficients in aqueous medium D0 (mm2 s�1)
calculated from eqn (10), expected diffusion coefficients through the
hydrogel network D�p (mm2 s�1) calculated from the average mesh size
using eqn (11), and experimental diffusion coefficients through the
hydrogel network Dp (mm2 s�1) calculated from the release data using
eqn (12). # stands for not applicable calculation (eqn (12) can be applied
exclusively to diffusive release data).
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(x 4 2R). Conversely, by fitting the experimentally derived
diffusive release data with an analytical solution of the Fick’s
second law of diffusion, the diffusion coefficients were also
empirically derived. The experimental diffusion coefficient Dp

of FD4 and FD10 through the hydrogels was found to be much
lower than the expected values D�p, as reported in Table 5.

Indeed, as the release mechanism was described as prevalently
diffusive, Dp was estimated to be 3.57 mm2 s�1 and 4 mm2 s�1 for
FD4, and 3.14 mm2 s�1 and 4.7 mm2 s�1 for FD10, through
SHE3350–AHE1500 and SHE3350–AHE6000 + AHE600, respec-
tively. In this case, the ratio of experimental diffusivity to
theoretical diffusivity, Dp/D0, was much lower than the unitary
value (Dp/D0 { 1), thus suggesting that the transport of the
molecules through the hydrogel network was strongly affected
by the presence of the polymer chains.43 The discrepancy
between the theoretical and experimental approaches in deter-
mining the diffusivity of the model molecules could be attrib-
uted to the inherent divergence of the Schiff-base network from
the idealized conditions assumed by the Lustig–Peppas model.
While the determination of the expected diffusivity coefficient

D�p

� �
relied on an average mesh size, in turn predicted from the

rubber elasticity theory and the rheological properties of the
hydrogels, this approximation overlooked the complex arrange-
ment and entanglements of the polymeric chains. In particular,
the specific polydispersity of the PEU precursors resulted in a
network architecture characterized by a broad distribution of
mesh sizes, arising from the intrinsically heterogeneous length
of the polymer chains between crosslinking points. This net-
work architecture created local diffusion barriers that were
not considered in the theoretical framework. Furthermore,
the dynamic nature of the Schiff-base linkages introduced a
dynamic reorganization of the hydrogel network; the continu-
ous exchange of imine bonds could facilitate transient chain
mobility and the potential entrapment of solutes. Such phe-
nomena further reduced the experimental diffusion coeffi-
cients compared to the static theoretical predictions, shifting
the transport of molecules toward a network-hindered regime.

3.4. Hydrogel morphological characterization

The morphological characterization of freeze-dried Schiff-base
hydrogels was performed through Scanning Electron Micro-
scopy (SEM) and provided information about their structure
and properties. Indeed, by analyzing the microstructure and
porosity of the hydrogel, the arrangement and density of the
polymer network can be determined and correlated with
their mechanical properties and functional performance,
including fluid transport, diffusion and swelling.44 As shown
in Fig. 11, all the hydrogels were characterized by high
porosity, with interconnected pores and honeycomb-like struc-
ture. SHE3350–AHE1500, SHE3350–AHE6000 and SHE3350–
AHE6000 + AHE600 (Fig. 11A–C, respectively) displayed irregu-
lar size of the pores proportional to the size of the ice crystals
which formed during the freezing phase, with wider pores in
SHE3350–AHE6000 compared to the other formulations.
Furthermore, considering that the same methodology was

applied to freeze all the gel samples at �20 1C, differences in
morphology can be related to the diversified compositions and
structure of the gels. Indeed, by comparing the SEM images, a
relationship between the crosslinking density of the hydrogel
and the porosity of the freeze-dried sample was identified. As
the crosslinking density was lower, the porosity of the freeze-dried
samples was higher (i.e., porosity of SHE3350–AHE6000 4
SHE3350–AHE6000 + AHE600 4 SHE3350–AHE1500).

Conclusions

In this work, the mesh size of Schiff-base hydrogels was
successfully modulated by customized aldehyde-terminated
poly(ether urethane)s. Accordingly, the effective tuning of the
physico-chemical and rheological properties, as well as the
solute transport throughout the hydrogels, was demonstrated
by combining different methodologies for the hydrogel char-
acterization. Rheological characterization evidenced that all the
developed formulations displayed high resistance to applied
deformation although their mechanical response was diversi-
fied. By correlating their elastic response to the structural
properties of the hydrogels (crosslinking density and mesh
size), the formulation of Schiff-base hydrogels with small,
medium and large mesh sizes was demonstrated. Furthermore,
as evidenced by stability tests of hydrogels in contact with an

Fig. 11 Scanning Electron Microscopy (SEM) images of freeze-
dried hydrogels: (A) SHE3350–AHE1500, (B) SHE3350–AHE6000, and
(C) SHE3350–AHE6000 + AHE600 at different magnifications (30� on
the left, 100� on the right).
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aqueous environment, the tunability of the hydrogel mesh size
resulted in diversified fluid absorption, as an increased mesh size
led to increased swelling ability. Lastly, the diffusivity of different
probe molecules (fluorescein isothiocyanate-dextran with molecu-
lar weight of 4, 10 or 70 kDa) within the hydrogel was theoretically
modeled and experimentally determined. Discrepancies between
theoretical and experimental values were observed, highlighting
the key role of the arrangement of the polymer chains, entangle-
ments, and the overall heterogeneity of the hydrogel network in
determining the effective molecule diffusivity through the hydro-
gels. In conclusion, the proposed modifications in hydrogel
composition resulted in easily tunable internal structure, proper-
ties and performance of the hydrogels. These characteristics make
the developed formulations highly versatile and well-suited for
satisfying specific requirements as advanced biomaterials for
tissue engineering and regenerative medicine, with potential
applications including diffusion-controlled or stimuli-responsive
drug delivery, and the engineering of specific tissues such as
cartilage, skin, or vascularized constructs.
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