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ARTICLE INFO ABSTRACT

Keywords: Alginate hydrogels are versatile self-assembling biocompatible materials with diverse biomedical and food in-
SOli_d'Sta"e NMR spectroscopy dustrial applications, which includes uses in encapsulation, (drug) delivery and tissue engineering. Hydrogel
Alginate formation requires cross-linking, which for alginates is often done with calcium ions that engage in specific

Water phases
Water-biopolymer interactions
Drug delivery

interactions with the polysaccharide carboxylic acid groups. Water molecules also hydrate these alginate groups
and fill macropores within the hydrogels, with implications for both mechanical properties and cargo encap-
sulation. Understanding these aspects of hydrogels requires the observation and characterization of the hydrogel
waters, how they engage the alginate, and fill the macropores. Here we employed solid-state NMR (ssNMR)
spectroscopy to detect and study water molecules in re-hydrated alginate hydrogels. 'H, 2H, and *3C magic angle
spinning (MAS) NMR and relaxation measurements were combined to observe both water and alginate. Two
different water phases were detected that vary upon gradual (re)hydration of the alginate hydrogels. These water
pools differ in their chemical shifts and NMR relaxation properties, reflecting hydration waters directly associ-
ated with the carbohydrate polymers alongside dynamic waters in the macropores. Thus, the ssNMR detects the
water-filled macropore water pools and how they vary upon calcium cross-linking. We also observe how calcium
cross-linking selectively immobilizes the a-guluronate monosaccharides, but leaves the p-mannuronate units
more flexible and prone to selective re-hydration. Thus, these ssNMR experiments can be used to probe cross-
linking and hydration of alginate hydrogels, with implications for our understanding of design parameters
that tune their performance in (drug) delivery and other food industrial applications.

are known as permanent or chemically stable hydrogels. Alternatively,
in reversible or physically stable hydrogels the polymers are cross-linked

1. Introduction

Hydrogels are hydrophilic three-dimensional interpenetrating net-
works comprised of cross-linked nanofibrous materials (Chai et al.,
2017). They can be assembled from natural or synthetic polymers or a
mixture of both. A remarkable feature of many hydrogels is that they
absorb and retain large amounts of water, even thousands of times their
own dried weight, while remaining insoluble and preserving their
structural and dimensionally constrained integrity (Chivers & Smith,
2019). A hydrogel’s properties naturally depend on the characteristics of
the nanofibers (or polymers) that are its fundamental building blocks.
Moreover, by tuning the extent and nature of the cross-links between
those constituent nanofibers one can influence the performance and
functionality of the hydrogel (Pescosolido et al., 2012; Raghuwanshi &
Garnier, 2019). When hydrogels are formed via covalent cross-links, they
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via non-covalent interactions, which include molecular entanglements,
ionic forces, hydrogen bonds, Van der Waals and n-n stacking in-
teractions (Campoccia, 1998; Prestwich et al., 1998). A notable func-
tional feature of the latter class of hydrogels is that they may
disassemble or disintegrate upon exposure to external stimuli, enabling
the design of responsive hydrogels with a wide range of potential ap-
plications, including biomedical and food related uses such as spatially
or temporally controlled drug and bioactive compound delivery (Ben-
nacef et al., 2021; Chen, 2018; Kiihn et al., 2016; Lin et al., 2019; Matera
et al., 2019; Santos & Garcia-Rojas, 2021).

Hydrogels are widely used in the food industry as biocompatible soft
materials, with their chemical and structural versatility and high ca-
pacity of water swelling enabling the creation of many types of advanced
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materials (Gun’ko et al., 2017). Moreover, the hydrogels’ ability to (over
time) degrade into physiological metabolites under particular condi-
tions is important for medical applications such as drug delivery and
regenerative medicine. For such applications, it is also beneficial to
employ hydrogels that resemble natural extracellular matrices and cell
adherence surfaces, e.g. to allow their deployment for cell proliferation
(Dahlmann et al., 2013).

Of special interest are ionotropic hydrogels, which are non-
covalently linked hydrogels that feature strong but reversible cross-
links. These hydrogels form upon the combination of charged poly-
electrolytes with multivalent ions or electrolytes with the opposite
(counter) charge (Dompé et al., 2020), which can be responsive or
“functional” based on their responsiveness to external stimuli (Hoffman,
2012). For biomedical and food industrial applications, highly charged
(natural) polysaccharides are widely used for the design of ionotropic
hydrogels, given their bio-compatibility and bio-degradability (Benna-
cef et al., 2021; Santos & Garcia-Rojas, 2021). Calcium alginate is a
classic example that has been fabricated in capsule forms and stabilized
with a complex coacervate coating to become an attractive tissue engi-
neering matrix (Lim & Sun, 1980). Alginate is a polyanionic polymer
(Fig. 1) obtained from various biological sources, based on a poly-
saccharide backbone of repeating units of 1,4-linked -mannuronic acid
(M) and o-guluronic acid (G) outfitted with carboxyl and hydroxyl
functional groups (Fig. 1 (a,b)). Natural alginates consist of linear
polysaccharide chains comprised of M and G homopolymeric blocks
intermixed with MG heteropolymeric blocks (Lee & Mooney, 2012).
Industrial alginate production was not only utilized by the food industry,
but also for industrial and pharmaceutical applications. Applications in
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the pharmaceutical industry range from oral (Sosnik, 2014) or
controlled release delivery (Tgnnesen & Karlsen, 2002), to cancer
treatment (Abasalizadeh, 2020), and protein and cell delivery (Lee and
Mooney, 2012). Alginate hydrogels (Fig. 1 (c)) are also used as synthetic
extracellular matrix materials in cell encapsulation, proliferation and
transplantation applications (Andersen et al., 2015). A wide variety of
chemical modifications (e.g. with polypeptides) can modulate the
hydrogel elasticity, stiffness and stability and permit control over
cell-matrix interactions (Khavari et al., 2016).

The chemical structure of cross-linked alginate, as well as its hy-
dration properties, are of crucial importance for its deployment as an
encapsulation or (controlled release) carrier system. Alginate’s carboxyl
and hydroxyl functional groups (Fig. 1 (a, b)) facilitate electrostatic and
hydrogen bonding interactions with cargo, enabling control over their
release (Lee & Mooney, 2012). In some designs, (drug) delivery systems
contain drug reservoir compartments that are encapsulated with an
alginate-based membrane barrier (Tgnnesen and Karlsen, 2002). Then,
upon exposure to a high level of hydration, the alginate molecules will
reorganize into a high viscosity hydrocolloidal layer that retards and
controls the migration of drugs (Tgnnesen & Karlsen, 2002). Alterna-
tively, in a polymer matrix system the cargo is dispersed within the
(alginate-containing) matrix, and its release depends on the swelling of
the hydrated bulk matrix, along with matrix erosion at the periphery.
Optimal performance of the hydrogel for these various applications is
tuned with parameters such as cross-linker type and concentration, but
also the cross-link time (Takka et al., 1998; Wang & Spencer, 1998;
(Ostberg et al., 1993).

Alginates can be cross-linked with different mono and divalent

Fig. 1. Alginate’s monosaccharide building blocks,
polymer structure, and a hydrogel schematic rep-
resentation. (a) a-L-guluronate (G) and p-p-man-
nuronate (M) are the monosaccharide constituents
of alginate, (b) chemical structure of the linear
alternating GG and MM blocks and heteropolymeric
(MG) linkages in polymeric alginate. (¢) Schematic
drawing of interpenetrating alginate polymeric
chains cross-linked by Cca®t ions, without (left) and
with (right) integrated drugs. See legend and text
for explanation of hydrogel components.
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cations and to a certain extent also with trivalent ions, resulting in
hydrogels with different properties (Brus et al., 2017; Hu et al., 2021).
Divalent calcium ions act as highly effective cross-links, through their
preferential binding to G blocks, via a mechanism often described as the
egg box model (Atkins et al., 1973; Braccini & Pérez, 2001; L.; Li, Fang,
et al., 2007; Sikorski et al., 2007). The cross-linking procedure itself can
be tuned based on the ratios of alginate to calcium, choice of alginate
(with varying G/M composition), and cross-linking incubation time
(Andersen et al., 2015; Hecht & Srebnik, 2016). Depending on the
conditions and exact procedure, hydrogels with different cross-linking
levels and thus different mesh sizes are obtained (Raghuwanshi & Gar-
nier, 2019). These structural features dictate the mechanical properties
of the hydrogel. Crucially, they also impact the macropore sizes, which
are key for cargo encapsulation and delivery (Cuccia et al., 2020; Pes-
cosolido et al., 2012).

These hydrogel parameters relate directly to its aqueous content.
Water makes up a large part of the hydrogel, where it can be classified
into strongly associated and weakly associated waters. This classifica-
tion reflects the degree to which the water molecules associate directly
with the alginate matrix through hydrogen bonding (Jhon & Andrade,
1973). A portion of the water molecules is engaged in extended in-
teractions with alginate’s hydrophilic groups, while other waters occupy
the macropores where they move freely and only weakly interact with
the polymers, during transient interactions. The latter macropore waters
interact with encapsulated cargo, and also inform on the presence and
size of the macropores. Detecting and studying these waters is therefore
important. One way distinct types of hydrogel waters can be classified
(and detected) is based on their freezing behavior, with water molecules
in confined spaces and involved in strong hydrogen bonding to the
polymer resisting freezing below 0 °C. This phenomenon is also seen in
other (biological) contexts (Bockmann et al., 2009; Mandal & van der
Wel, 2016). In hydrogels one can identify three types: (1) non-freezable
water (which is strongly bound to alginate), (2) water with a freezing
point similar to bulk water, and (3) water that experiences freezing point
depression due to being constrained within the hydrogel (Gun’ko et al.,
2017, 2007, 2005). Alternatively, hydrogel waters are also distin-
guishable by their dynamics: immobile water that is tightly bound to
alginate, dynamic “free” water that is not bound, and water that has
intermediate mobility due to transient or weak binding interactions
(Sederel et al., 1983). In summary, “free” water is able to flow freely
through or outside the matrix (tissue) unimpeded, with minimum in-
teractions with the alginate itself (Penfield & Campbell, 1990; White
et al., 2014). Bound water is defined as water held very tightly to the
(alginate) matrix, rendering it generally immobile and resistant to
freezing. With intermediate mobility, entrapped water is defined as
water molecules that are encapsulated by the structural features of the
matrix but have weaker or transient associations with the matrix. These
water molecules experience a reduced level of mobility (compared to
“free” water). Naturally, there can be exchange between distinct pools,
dependent on the proximity and diffusion rates of the water pools
(Penfield & Campbell, 1990; White et al., 2014). One useful aspect of the
above is that structurally and functionally relevant parameters like the
hydrogel mesh size and macropore size are reflected in the differing
amounts of these distinct hydrogel waters, with macropores filled with
encapsulated but not tightly bonded water molecules.

Detecting and quantifying such water pools, and how they are
formed (e.g. upon re-hydration of lyophilized alginate nanoparticles) is
therefore of significant interest and importance. In the current work we
set out to study the water in rehydrated alginate hydrogels, both as a
function of hydration level and cross-linking time. The study of hydrogel
waters relies typically on an integration of multiple techniques, which
can include differential scanning calorimetry (DSC) (Yoshida et al.,
1993; Yudianti et al., 2009), small molecular probes (Amsden, 1998),
X-ray powder diffraction (Naohara et al., 2017), dielectric relaxation
spectroscopy (Kyritsis et al., 1995), thermally stimulated depolarization
current (Gun’ko et al., 2007), quasi-elastic light scattering (Schmitz &
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Lu, 1983), diffusion and adsorption (Gun’ko et al., 2010; Savina et al.,
2011), solution-state (Wende et al., 2020) and solid-state NMR (ssNMR)
(Baumgartner et al., 2002), rheometry, and infrared spectroscopy
(Pasqui et al., 2012). Each technique contributes a specific perspective
with its own limitations.

Here we deployed a subset of these techniques to probe the in-
teractions and behavior of water molecules in (re)hydrated and lyoph-
ilized hydrogels assembled by calcium cross-linking of alginate. We
specifically looked at the distinction between encapsulated (macropore)
water and alginate-associated water, how water molecules interact with
specific groups in the alginate molecules, and how these features depend
on the cross-linking time period use to prepare the lyophilized hydrogel.
As a central tool we used magic angle spinning (MAS) ssNMR, based on
its ability to provide information on the molecular and atomic level in a
nondestructive fashion, not only for crystalline or dry samples, but also
in disordered, amorphous and gel-like samples (Fu et al., 2011; Li, Xu,
et al., 2007; van der Wel, 2017, 2018; Weingarth & Baldus, 2013). This
has allowed its use as a powerful technique to probe polysaccharides
(Gidley & Bociek, 1985; Gidley, 1992; Tang & Hills, 2003; White et al.,
2014; Wang, Phyo, et al., 2016; Brus et al., 2017; El Hariri El Nokab &
van der Wel, 2020; Poulhazan et al., 2021). SSNMR was also chosen
based on its capability to detect and characterize solvent molecules,
even within a supramolecular assembly, and reveal their dynamical
properties (Bockmann et al., 2009; Capitani et al., 2001; Mandal et al.,
2017; Radloff et al., 1996; Wang, Zhang, et al., 2016). 'H and 2H NMR
can distinguish water molecules based on differences in their chemical
shift, relaxation properties and (quadrupolar) order parameters (Fried-
line et al., 2014; Kaieda et al., 2013; Krivokhizhina & Wittebort, 2014;
F.; Wang, Zhang, et al., 2016; Wang et al., 2017; Wende et al., 2020).
Here, we combine these ssNMR techniques with other methods that
include high-resolution transmission electron microscopy (HRTEM),
thermogravimetric analysis (TGA), and dynamic light scattering (DLS).
We examined lyophilized Ca cross-linked alginate hydrogels and their
rehydration properties (Forgacs et al., 2021). We observed the behavior
of water molecules inside the nanofibrous structure of the hydrogel,
which revealed two dominant types of water: water bound to the algi-
nate alongside water undergoing (restricted) diffusion in the macro-
pores. Hydration was found to mobilize specific parts of the alginate
fibers, distinct from the Ca-cross-linking sites. The obtained data illu-
minate how the alginate polymeric chain is gradually hydrated and how
the Ca?"-based cross-linking impacts the hydration process, as a
consequence of evolving cross-linking patterns during the latter.

2. Materials and methods
2.1. Alginate solution NMR characterization

Alginic acid sodium salt (CAS Number 9005-38-3) was obtained from
Sigma Aldrich in powder form, with a specified viscosity ranging be-
tween 15 and 25 cps for a 1 alginate weight (wt.) % dispersion in pu-
rified water. NaOH and CaCl, were purchased from Sigma Aldrich and
used as received (NaOH 98% and CaCly 97% purity). Proton NMR
analysis was done to determine the alginate composition. For the solu-
tion state NMR, 2 wt % of alginic acid was dissolved in D,O-based NaOH
(0.025M) solution, after which NMR measurement was done on a 500
MHz Varian Unity INOVA NMR at 95 °C. Alginic acid was completely
dissolved in the solution and no partial acid hydrolysis was done or
droplets of chelator solution were added to the sample before
measuring. Single pulse experiments were performed using 5 s of
relaxation delay, 2 s acquisition time and 64 scans. An exponential line
broadening of 1.0 Hz and no zero filling was used. The M/G ratio was
calculated according to the relative areas of the 3 signals in the anomeric
region of alginate (A, B and C indicated in Fig. S1 in the Supplementary
material) using the method of Grasdalen et al. (Grasdalen et al., 1979;
Salomonsen et al., 2008). The integration areas were chosen to be from
5.18 to 4.96 ppm, 4.82-4.57 ppm and 4.55-4.38 ppm for A, B and C,
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respectively. Briefly, the integrated intensities of regions A (5.18-4.96
ppm), B (4.82-4.57 ppm), and C (4.55-4.38 ppm) were determined in
MestReNova 12.0 software.

2.2. Size exclusion chromatography (SEC)

The number average molecular weight (M) of the alginic acid
(Fig. S2 (a) in the Supplementary material) was determined by aqueous
gel permeation chromatography (GPC) using an Agilent 1200 system
equipped with a differential refractive index (DRI) detector and Polymer
Standard Service (PSS) column set (PSS SUPREMA 100 A, 1000 A, 3000
R). A solution of 0.05 M NaNO3 was used as mobile phase. The system
temperature was regulated at 40 °C with a flow rate of 1 mL/min. The
alginate sample was dissolved in the mobile phase (i.e., 6 mg dissolved
in 2 ml 0.05 M NaNOys), filtered using a glass syringe attached to a 0.45
pm Teflon filter, and injected into the columns. Data were analyzed
using PSS winGPC UniChrom software.

2.3. Alginate cross-linking procedure

The following procedure was used to synthesize 2 alginate wt. %
hydrogels: 0.1 g of alginic acid was dissolved in 3 ml of 0.025 M NaOH
under vigorous stirring, then 2 ml of 0.018 M CaCl, was added under
ambient condition and at neutral pH. Condensation occurs under
ambient conditions after 5 min, yielding a gel that takes the shape of the
container. No excess free water was observed. The gel was left for
different periods (15 min, 6 and 48 h) to condense before freeze-drying
the samples. All samples were frozen at —80 °C for 6 h and then
lyophilized using a bench top freeze dryer (Martin Christ (Osterode am
Harz, Germany) Alpha 2-4 LDplus), condenser temperature —80 °C,
pressure 100 Pa. The lyophilization time was 48 h for all hydrogels to
ensure that not only free water is lyophilized, but also bound water.
Rehydration of the dried gels was done by the controlled addition of
different amounts of 99.8% D50 (Sigma). All samples were measured
fresh upon rehydrating with D20; no incubation period was applied;
only the rehydrated gels were vortexed for 5 min before measuring to
ensure the complete homogenization (by naked eye) of the sample.

2.4. Light scattering analysis of particle sizes

Three alginate hydrogels were cross-linked with Ca?" ions for
different periods (15 min, 6 h and 48 h aging period), alongside a control
alginate sample that was not cross-linked. Following a previously re-
ported procedure (Smaniotto et al., 2020) for light scattering analysis of
the hydrogel particle sizes, these preparations were carefully dehy-
drated by lyophilization. The resulting dry powders were rehydrated to
a concentration of 0.33 mg/ml in deionized water under continuous
stirring at 400 rpm in a water bath set at 80 °C. The obtained fluid gels
were then withdrawn via a glass pipette, filtered through 0.45 pm Teflon
Whatman filters and then added to separate polystyrene DLS cuvettes
prior to the DLS measurements. The polydispersity index (PDI) for the
particle size distribution was calculated from the standard deviation of
the hypothetical Gaussian distribution (i.e. PDI = 62/Zp%, where 62 is the
standard deviation and Zp is the Z average mean size). Particle size
distributions (PSDs) were determined using a Malvern Zetasizer Ultra
(Malvern instruments, UK), utilizing a Non-Invasive Back-Scatter (NIBS)
detector at 13° and 173°. The analysis was performed at temperatures of
10 °C and 27 °C. The cuvettes were allowed to reach the desired tem-
peratures by setting an equilibration time of 2 min prior to the mea-
surements. The DLS measurements were performed in triplicate on a
single sample, with mean values of all three measurements reported in
Table 1.
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2.5. Thermogravimetric analysis on rehydrated Ca®" cross-linked
alginate

As described above, Ca2* cross-linked alginate was prepared using 2
wt % calcium and a cross-linking time of 15 min, lyophilized and then
rehydrated with D»O. Thermal gravimetric analysis (TGA) (Fig. S2 (b))
was done using a PerkinElmer Thermogravimetric Analyzer TGA 4000,
where the rehydrated Ca?" cross-linked alginate sample was placed in
an alumina crucible and the weight % loss was determined under Ny
atmosphere using the following programmed heating protocol: 5 °C/min
sample heating for the first 10 min followed by 10 °C/min heating
period for 10 min.

2.6. High-Resolution transmission electron microscopy (HRTEM)

A small quantity (0.1 mg) of powdered alginate (including alginic
acid sodium salt (Fig. S3 (a)), dehydrated non-cross-linked alginate
(Fig. S3 (b)) and dehydrated Ca®" cross-linked alginates aged for 15 min
(Fig. S3 (c)) and 48 h (Fig. S3 (d)) was hydrated in 100 mL 0.25 M NaOH
solution. A pipette was then used to withdraw and deposit a drop of this
sample on the high-resolution transmission electron microscopy
(HRTEM) carbon grid sample holder. The drop was then allowed to dry
depositing the powder particles on the grid holder. The HRTEM images
were collected on an FEI Tecnai F20 FEG TEM using an accelerating
voltage of 200 kV.

2.7. Solid state MAS NMR

For ssNMR studies, dry alginate or lyophilized Ca-cross-linked algi-
nate were transferred into 4 mm Bruker-style zirconia MAS ssNMR ro-
tors (Bruker Biospin and CortecNet) as dry powders. Other samples were
studied in a rehydrated state: 100 mg of lyophilized hydrogels were re-
hydrated with a fixed amount of D0 to achieve the specified hydration
levels. The obtained (re)hydrated alginate hydrogels were then trans-
ferred using a spatula into Bruker MAS rotors. In all cases the rotors were
closed with a Kel-F drivecap. In some cases, additional inserts were
placed between the sample and the drive cap (as indicated in the Results
section). The ssNMR was performed on a Bruker Avance Neo FT-NMR
spectrometer equipped with a standard bore 14.1 T magnet and a 4
mm two-channel 'H-X broadband CPMAS probe from Bruker Biospin.
The corresponding Larmor frequencies were 600.130, 150.903 and
92.124 MHz for 'H, '3C and ?H, respectively. 'H and '3C chemical shifts
were referenced to aqueous DSS using the indirect method, by
measuring adamantane °C signals, as described previously (Morcombe
& 7Zilm, 2003). Detailed experimental parameters for each reported
ssNMR dataset are included in Table S1 in the Supplementary material.

Single pulse experiments on 'H were done using the following con-
ditions: 74.6 kHz nutation frequency (3.375 us 90° pulse), 20 s repeti-
tion delay, 16 scans, 0.08 s acquisition time, 6 kHz MAS spinning
frequency and temperature of 10 °C. Single pulse experiments on 2H
were done using the following conditions: 33.3 kHz nutation frequency,
3 s repetition delay, 16 scans, 1 s acquisition time, 6 kHz spinning fre-
quency and temperature set to 0 °C. Hahn echo experiments on 'H were
done using the following conditions: 74.6 kHz nutation frequency, 10 s
repetition delay, 128 scans, 0.08 s acquisition time, 10 kHz spinning
frequency and temperature set to 27 °C. The echo time was rotor syn-
chronized, and increased from 0 to 19.2 ms. Hahn echo experiments on
2H were done using the following conditions: 33.33 kHz nutation fre-
quency, 3 s repetition delay, 32 scans, 0.5 s acquisition time, 6 kHz
spinning frequency and temperature set to 0 °C. The echo time was rotor
synchronized, and increased from 0 to 32 ms. 'H T; relaxation time
measurements were done using the saturation recovery Bruker pulse
program (satrectl), using d20 (delay in saturation pulse train) and L20
(number of pulses in saturation pulse train) 50 ms and 50 respectively.
Tau (recovery delay) was varied from 50 ps to 90s and a nonlinear
regression was carried out to fit the best T; values for each peak using
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TopSpin 4.07. The 'H nutation frequency was 50 kHz, repetition delay 3
s, number of scans 4, 0.08 s acquisition time, 10 kHz spinning frequency
and temperature set to 27 °C.

13¢ direct excitation experiments with high power 'H decoupling
were done using the following conditions: 50 kHz '3C nutation fre-
quency (5 ps 90° pulse), 4 s repetition delay, 4096 scans, 0.01 s acqui-
sition time, 6 kHz spinning frequency and temperature set to 0 °C.
During the acquisition time, proton TPPM decoupling was set at 50 kHz
(Bennett et al., 1995; Scholz et al., 2009). 13¢_1H 70-100 ramped MAS
cross polarization (CP) ssNMR experiments were done using the
following conditions: 4.5 ms contact time (dehydrated Ca®* cross-linked
alginate and alginic acid), 1.5, 4.5 and 6.5 ms contact time (rehydrated
Ca?" cross-linked alginate), 50 kHz nutation frequency for 3C, 4 s
repetition delay, 4096 scans, 0.007 s acquisition time, 6 kHz spinning
frequency and measuring temperature at 0 °C. Proton TPPM decoupling
at 50 kHz was used, in order to avoid excess sample heating.

The ssNMR spectra were processed using TopSpin 4.07, plotted using
MestReNova 12.0 and (where applicable) deconvoluted using NMRPipe
(Delaglio et al., 1995). 13C 1D spectra were processed after the FID was
zero-filled to a total of 26k points and with 250 Hz exponential line-
broadening and 'H spectra with 16k zerofilling and 10 Hz exponential
linebroadening, unless indicated otherwise. Graphs were plotted and
equations were fitted using Origin 8.1 and MathWorks MatLab.

3. Results
3.1. Monomeric and cross-linked alginate in liquid-state NMR

Prior to hydrogel assembly, the alginate starting material (derived
from algae) was characterized by solution NMR (Fig. 2 (a)). Based on
relative anomeric signal intensities the M/G molar ratio is calculated to
be 1.0 (Fig. S1) (Grasdalen et al., 1979; Salomonsen et al., 2008). From
the solution NMR spectra, the structural parameters of the alginate’s
block structure were determined to be Fg = 0.50, Fy; = 0.50, Fgg = 0.35,
Fgm=Fmg = 0.16 and Fy = 0.34, with an estimated error of +-5%. Size
exclusion chromatography (SEC) analysis (Fig. S2 (a)) indicated a
weight-average molecular weight (M, = 118000 g/mol, M, = 430700
g/mol) and polydispersity index (PDI) of 3.65 for the alginate.

Next, calcium ions were added (at 2 wt %) to cross-link the alginate
into a hydrogel. This resulted in a viscous semisolid gel state without

M
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Fig. 2. 'H solution state single pulse NMR experiments on dissolved alginic
acid (Sol) and Ca®* cross-linked alginate (Gel). (a) 2 wt % of alginic acid
(purchased from Sigma) dissolved in D,O-based NaOH (0.025M) solution. (b)
Alginate cross-linked with calcium ions in the gel form. Both measurements
were done on a 600 MHz Bruker NMR at 25 °C. Alginic acid was completely
dissolved and no partial acid hydrolysis was done for either sample. Both
spectra were referenced to the 'H signal of residual H,O at 4.79 ppm (room
temperature).
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excess water outside the gel (syneresis), which featured spherical ag-
gregates in transmission electron microscopy (TEM) analysis (Fig. S3).
Liquid-state NMR of this intact hydrogel (without hydrolysis) yielded 'H
spectra in which the resolution and sensitivity were lost (Fig. 2 (b)). This
finding is typical of polysaccharide hydrogels, whose viscosity and ri-
gidity prohibit good solution NMR spectra to be obtained (Gidley, 1992;
El Hariri El Nokab & van der Wel, 2020). While better solution NMR
data can be obtained by lowering the viscosity through acid hydrolysis,
this approach destroys the structure of the hydrogel. Instead, MAS NMR
can be used to probe the non-hydrolyzed hydrogel (Gidley & Bociek,
1985; Gidley, 1992; El Hariri El Nokab & van der Wel, 2020). In the
sections below, we describe our use of a series of ssSNMR experiments to
probe alginate and alginate hydrogels, in both the dry (Iyophilized) and
(re)hydrated states, with the aim of examining the effects and process of
hydrogel rehydration.

3.2. MAS ssNMR of dehydrated alginate

First, MAS ssNMR was applied to the Ca?' cross-linked alginate
hydrogel that was lyophilized to dryness, alongside comparable mea-
surements on the unlinked (dry) alginate starting material. The 1D '3C
cross-polarization (CP) MAS ssNMR spectrum for the starting material is
shown in Fig. 3 (red lines). The alginate shows broad lines, reflecting the
structural heterogeneity and lack of mobility of the dry polymer,
consistent with prior reports (Salomonsen et al., 2008, 2009a, 2009b;
Mollica et al., 2012). Based on published assignments and 2D ssNMR
(Fig. S4) (Mollica et al., 2012; Salomonsen et al., 2008, 2009a, 2009b),
specific '3C peaks in Fig. 3 were assigned to carbons of the alginate using
the nomenclature shown in Fig. 1. The anomeric carbons were observed
between 60 and 110 ppm, while carboxyl carbons resonate near 180
ppm. '3C signals from the M and G monosaccharides were distinguish-
able in the anomeric region, with their peaks having comparable in-
tensities and linewidths. The black spectrum in Fig. 3 shows equivalent
data for dry cross-linked alginate that had been submitted to 6 h of
cross-linking with Ca%" prior to lyophilization. As can be seen, the
spectra for these dry samples were very similar, with only modest
changes resulting from the cross-linking. The anomeric signals were
largely unchanged in terms of their chemical shifts and linewidths. The
most significant difference upon cross-linking was in the carbonyl region
(160-190 ppm), where the cross-linked alginate gained a peak around
168-174 ppm, which matches the previously reported assignments for
protonated carboxyl groups in alginate (Urbanova et al., 2019). We will
now shift our focus to the impact and process of (re)hydration.

MyM; G3/Gs

Alginic acid

Ca ¥ -crosslinked alginate

G,

COO-,Ca*/Nat

COO"Na*

200 50

150 100
13C chemical shift (ppm)

Fig. 3. 1D '3C ssNMR spectra of dehydrated alginate in absence and presence
of cross-links. '*C-'H 70-100 ramped MAS cross polarization (CP) ssNMR ex-
periments were done on dehydrated Ca®" cross-linked (6 h aged) alginate. The
spectra were normalized to have the same intensity for carboxyl group. Aster-
isks mark spinning side bands.
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3.3. 'H and ?H ssNMR showing controlled rehydration of Ca®* cross-
linked alginate

To characterize their rehydration behavior, we submitted the
lyophilized Ca®* cross-linked alginate to controlled hydration with D50,
achieving hydration levels up to 77 wt. % D20 (i.e., 23 wt. % alginate)
(Forgacs et al., 2021). For these experiments we prepared cross-linked
hydrogel via 48 h of Ca?* cross-linking, lyophilized the samples and
back-added controlled amounts of D;0, as specified. When these rehy-
drated samples were studied by thermogravimetric analysis (TGA), we
observed that the bulk of the water is able to exit the alginate samples
with relative ease, with no evidence of trapped water that resisted
evaporation (Fig. S2 (b)).

We then used '3C, 'H and 2H ssNMR to probe both solvent and
alginate in the controlled rehydration samples. We first discuss the use
of 'H MAS ssNMR as it allowed us to see the hydration solvent directly,
based on residual H,O and HOD in the employed D50. The dry alginate
and lyophilized hydrogels had very broad 'H ssNMR spectra (Fig. 4a;
Fig. S2 (c)) without the narrow peaks near 4-5 ppm expected for bulk
water. Note that the corresponding (green) spectrum in Fig. 4a was so
weak and broad that we show it 4x enlarged for clarity. Upon increasing
the water content, we were clearly able to see the added solvent in the
H spectra (Fig. 4). Adding the smallest amount of DO (to achieve 62.5
wt% D20), the very broad peak observed for the dry material was
dwarfed by a new peak at 5.1 ppm. Although much narrower than the
signal for dry alginate, it was still fairly broad (163 Hz). We attributed
this signal to the added water initially becoming hydration water that is
engaged in specific interactions with the alginate. Upon adding more
water (from 62.5 to 72.8 D20 wt. %) we observed a similarly dominant
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peak, but this one was narrower and moved from 5.1 to 4.8 ppm. This
chemical shift is closer to that of free water and the narrowing indicated
an increase in mobility, both relative to the low-hydration sample.
Further increasing the hydration level resulted in a 'H peak with a sharp
maximum at a slightly different chemical shift. Closer inspection (inset
in Fig. 4 (a)) reveals that this was a peak with two constituent compo-
nents: one that was identical to the signal seen at moderate hydration
and one that was much narrower and resonated at 4.7 instead of 4.8
ppm. We attributed the narrow peak at 4.7 ppm to highly mobile water,
whilst the broader 4.8 ppm peak was again water that was less mobile
due to interactions with alginate functional groups. In other words, we
saw two water environments with significantly different spectroscopic
(NMR) characteristics: one narrow (15 Hz full width at half-height
(FWHH)) and intense resonance near 4.7 ppm, and a broader reso-
nance occurring at 5.1 to 4.8 ppm depending on the extent of hydration.
Up to 62.5% we observed the water becoming engaged in alginate in-
teractions, but at higher water levels the alginate functional groups
became fully saturated such that traces of dynamic water started to
appear.

Since the hydration was done with D20, we could also probe the
solvent with ?H MAS NMR (Fig. 4 (b)). Compared to the H MAS NMR
we did not observe as big a difference in the 2H isotropic shift, such that
the two water pools could now be distinguished primarily from differ-
ences in peak width. The width of the 2H signals varied as a function of
the hydration level. The hydrated alginate with 62.5 wt % D20 showed
the broadest peak having FWHH 1115 + 5 Hz compared to 238 + 5 Hz
and 155 + 5 Hz for 72.8 and 77 D20 wt. %, respectively. Interestingly,
the latter sample’s peak width could be decreased further with a Hahn
echo experiment (Fig. S5) when the echo time was 2.66 ms or longer.

Fig. 4. 'H and *H MAS single pulse NMR experi-
I ments for rehydrated Ca?" cross-linked alginate. (a)
I Stacked 'H spectra show dry alginic acid powder
| (green; 4x enlarged), and Ca®* cross-linked alginate
| with increasing water content (62.5, 72.8 and 77
| D,0 wt. %), as indicated. A bound water phase
| appears at the lowest level of hydration, followed
| by the increasing presence of the free water phase.
| Inset: Enlarged spectral region showing the over-
I lapping components in the water signal for the two
I most hydrated preparations. All experiments were
| done at 600 MHz, using a 20 s repetition delay, 16
| scans, 6 kHz spinning frequency and measuring
| temperature at 10 °C. (b) Stacked ’H spectra show
| samples with the same increase of added water
| content, the bound water phase appears in a broad
| and low intensity signal followed by the free water
phase which has sharp and high intensity signal. (c)
Same spectra re-scaled to the peak maxima, to show
linewidth changes. All experiments were done using

a 3 s repetition delay, 16 scans, 6 kHz spinning

10 8 6 4 2 0
'H chemical shift (ppm)

b c

frequency and measuring temperature at 0 °C. (For

40 20 0 20 -40 40 20
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Then, the FWHH decreased from 155 4 5 Hz (without echo) to 109 4+ 5
Hz, due to the Ty filter suppressing an underlying broader component
from deuterated water with reduced mobility. Thus, also the 2H NMR
pointed to these hydrated hydrogels having distinct water pools with
different mobility, analogous to the 'H MAS NMR.

3.4. 13¢C MAS NMR shows localized mobility in the rehydrated cross-
linked alginate

We also probed the effect of the controlled rehydration on the cross-
linked alginate itself, via 13¢_detected MAS NMR (Fig. 5). We saw
already that 13C MAS ssNMR of the Iyophilized, cross-linked hydrogels
gave broad 13C CP MAS ssNMR spectra (Fig. 3), reflecting high sample
heterogeneity and lack of motion. To look at the effect of hydration we
turned to a slightly different MAS NMR experiment, based on '3C direct
excitation (DE) MAS NMR (Fig. 5(a and b)) as this experiment is useful
for partly mobile samples (more below). Fig. 5 (a) shows the effect of
increasing levels of rehydration (comparing to the dry alginate in Fig. 5
(b)). Two prominent peaks in the anomeric region stood out in the hy-
drated samples (marked with arrows). These signals represented spe-
cifically carbons of the M monosaccharides (Fig. 3), showing that there
were clear hydration-dependent changes in these M-carbon signals.
Even the lowest hydration level (62.5%) was found to be sufficient for
the hydration of the M-carbon monosaccharides, where the G carbons
remained unchanged. Subsequent increase of hydration until 77% lead
only to the formation of bulk/free water filling the macropores of the
hydrogels (see above), but with no further effect on the M-carbon peaks.

Here it is important to briefly discuss how these ssNMR techniques
probe molecular- and atomic-level dynamics. 13C DE ssNMR and ‘H-'3C
CP ssNMR techniques probe the same !3C sites, but give different peak
intensities depending on sample mobility (Matlahov and Van der Wel,
2018). In CP ssNMR only those chemical groups that are rigid or
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semi-rigid show up, with the most rigid sites giving the most intensity,
with some dependence on the CP contact time (Fig. 5 (c)). In DE ssNMR,
we expect to see all sites (rigid and flexible alike), but with a bias toward
more mobile groups when the recycle delay is kept relatively short
(Fig. 5 (d)). Thus, any signals that were seen to be stronger in DE
compared to CP spectra must be from flexible or dynamic parts of the
sample. This effect is further enhanced when 'H decoupling during
acquisition is kept relatively low, as was done here (to minimize unde-
sired RF-induced sample heating). In Fig. 5 (a), red arrows mark those
peaks that were more intense and narrow in the DE ssNMR of the hy-
drated samples. These peaks were those of the COOH signals near 170
ppm and M monosaccharide carbons, previously assigned to My/Ms3 at
71.6 ppm and M4/Ms at 76.4 ppm (Salomonsen et al., 2009a, 2009b). In
other words, these M carbons became particularly mobile upon rehy-
dration of the cross-linked alginate. We interpret this to indicate a
preferential interaction of the M monosaccharide building blocks with
the added water molecules.

Looking in more detail at the impact of varying the hydration levels
in Fig. 5 (a), we observed that changes in the anomeric spectral region
(60-120 ppm) were modest and difficult to interpret in detail. More
striking is that the carboxyl group signal near 170 ppm varied in in-
tensity. This signal thus appeared to be affected by interactions with
increasing amounts of hydration water. In a comparison of CP- and DE-
based spectra (Fig. 5 (c, d)) we observed that this peak is absent in the CP
measurements. This chemical group was present (seen by DE ssNMR),
but undetectable by CP ssNMR, which means the corresponding COOH
group is dynamic. The conclusion that the 3C DE spectra show more
mobile carbonyl groups is also supported by the lack of the carboxyl
spinning sidebands (* in Fig. 5 (b)), which in rigid samples reveals the
large anisotropy of the carbonyl chemical shift. We also observed that in
dry Ca?* cross-linked alginate this COOH peak was near 170 ppm but
upon rehydration it moved slightly and showed a narrower linewidth

Fig. 5. !3C MAS NMR of partly rehydrated 48 h
Ca®* cross-linked alginate. (a) 13C direct excitation
spectra of rehydrated Ca®* cross-linked (48 h aged)
alginate, hydrated with 77, 72.8 and 62.5 D,0 wt.
%, as indicated. In the sample with 77% hydration a
background signal from added sample spacers was
detected and marked with #. Such spacers were
omitted from the other samples. (b) Spectrum for
dry alginic acid starting material powder. (c) 1D
13C_H cross polarization (CP) ssNMR with varying
contact times (1.5, 4.5, 6.5 ms; shown in black,
blue, and red, respectively) for Ca%" cross-linked
(48 h) alginate in presence of 72.8 DO wt. %. (d)
Direct excitation '*C MAS NMR on the sample.
Select assignments are indicated. All experiments
were done using a 4-sec repetition delay, 4096
scans, 6 kHz spinning frequency and measuring
temperature at 0 °C. Spinning side bands are
marked with *. (For interpretation of the references
to colour in this figure legend, the reader is referred
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(FWHH 314 Hz). The signals of the main carboxyl (COO™) functional
groups also narrowed (the linewidth (FWHH) changes from 654 to 371
Hz) upon increasing the rehydration level and changed their resonance
frequency from 176 to 177 ppm. These results indicated also that the
exchange between the Na™ and Ca?* (counter)ions was successful (Brus
et al., 2017; Urbanova et al., 2019). In summary, our ssNMR results
revealed a preferential mobilization of the M monosaccharides upon
rehydration, accompanied with a increased dynamics of carboxyl and
COOH groups, with the COOH (near 170 ppm) becoming most flexible.
Conversely, carbon sites associated with G monosaccharides were more
rigid, reflecting more stable (and likely less hydrated) parts of the
hydrogel structure.

3.5. Impact of Ca®* cross-linking period of alginate hydrogel

We also studied the impact of the duration of the Ca?*-induced cross-
linking process (Lim & Sun, 1980). We performed DE 3C MAS NMR
spectroscopy on rehydrated alginate with the same water content (77
D20 wt. %), but with increasing aging periods during the linking process
before freeze drying (Fig. 6). All three samples were prepared according
to the same procedure mentioned above, but with increasing aging
period (15 min, 6 and 48 h) at ambient conditions before lyophilization.
The 3 samples were then rehydrated with the same amount of D3O (77
D50 wt. %). Consistent with our earlier findings above, the distinct peak
near the carboxyl region at 172 ppm (not seen in alginate starting ma-
terial) increases in intensity with progressive Ca?" cross-linking.
Otherwise, the spectral changes are relatively modest.

More changes were seen when 'H MAS NMR was used to probe the
water dynamics in the same samples (Fig. 7). The broad 'H peak
observed at 4.8 ppm (attributed to immobilized bound water) decreases
significantly while the narrow peak for free water at 4.7 ppm increases
(Fig. 7 (a, b)). Quantitatively, the bound water signal varies from 78 to
46, and 48 %, for the samples aged from 15 min to 6 h and 48 h,
respectively. Since all three samples contain the same amount of water
(77 D20 wt. %) and the only variable was the aging period, there is
apparently an interconnection between the ratio of hydration water and
free water, and the Ca* cross-linking time. The shift to more free water
reflects the formation of more water in macropores with dynamical
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water molecules. On the other hand, the decrease in bound and immo-
bilized water may reflect a competition between hydration and Ca-
induced cross-linking. Consistent with the 'H NMR data, 2H MAS NMR
experiments in Fig. 7 (c, d) reveal a significant decrease in the full line
width at half height for aged rehydrated alginate gel from 155 Hz for
sample aged for 15 min to reach 125 Hz for samples aged 6 and 48 h,
respectively.

3.6. 1H MAS NMR relaxation probes hydrogel water dynamics

The above 'H MAS NMR studies provided a mostly qualitative
analysis of the water phases, based on dynamic spectral editing
methods. We also employed additional ssNMR experiments for a more
in-depth study of the dynamic properties of the hydrogel waters. NMR
relaxation rates depend on the molecular dynamics of the observed
molecules and their environment. As such, relaxation measurements are
powerful tools for studying water phases and their properties, and for
determining the homogeneity of hydrogels (Bockmann et al., 2009;
Capitani et al., 2001; Radloff et al., 1996). We applied 1H T; relaxation
MAS NMR measurements to distinguish different water phases in 15 min
cross-linked alginate (Fig. 8). As shown in Fig. 8 (a), the shape of the
'H-detected water peak was found to depend on the saturation recovery
time. The broad component near 4.8 ppm showed a faster recovery and
thus shorter T; relaxation time, compared to the narrow signal at 4.7
ppm. The distinct dynamic properties of these two water phases were
confirmed by H T, measurements (Fig. 8 (c)). Again, the broad and
narrow signals have distinct properties. The broad signal decays faster (a
shorter Ty), while the narrow signal decays much more slowly. The peak
width in the 'H 1D spectra is derived from a combination of homoge-
neous (Ty-based) and heterogeneous line broadening (Bockmann et al.,
2009). The line widths of the narrow and broad signals are 17 and 118
Hz, respectively, consistent with their line widths being dominated by
homogeneous effects. In summary, we observe a broad signal with short
T, and short Ty, alongside a narrow peak with long Ty and longer Tj.
These findings are indicative of the narrow peak reflecting the highly
dynamic “free” water phase, while the broader peak is due to partly
immobilized hydration waters.

'H NMR relaxation measurements were performed on the rehydrated

Fig. 6. DE '3C MAS NMR for rehydrated Ca**
cross-linked alginate (77 DyO wt. %) with
different aging periods. (a-b) Alginate Ca*" cross-
linked by 48 and 6 h, respectively. (c) Alginate
treated with Ca for 15 min before freeze drying.
Vertical dashed lines mark the C=0 chemical shifts
of protonated and non-protonated COO™ groups. All
experiments were done using a 4 s repetition delay,
4096 scans, 6 kHz spinning frequency and a
measuring temperature at 0 °C. Signals reflecting
MAS spinning side bands are marked with asterisks
(*), and background signals from sample inserts
with #. The sample with 77% hydration level was
outfitted with an insert, no other sample was
measured with such a sample spacer.
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Fig. 7. 'H and 2H MAS single pulse NMR experi-
ments for rehydrated Ca®" cross-linked alginate. (a)
'H MAS NMR spectra displayed with an absolute
intensity scale. (b) The same data normalized to the
highest peak, to enable comparison of the peak
shapes. All three samples were prepared according
to the same procedure with a varying aging period
(15 min, 6 and 48 h) before lyophilization and
subsequent rehydration with the same amount of
D50 (77 D20 wt. %). All experiments were done
using a 10-sec repetition delay, 128 scans, 10 kHz
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6h
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'H chemical shift (ppm)

6h
48h

MAS frequency and measuring temperature of
27 °C. (c) 2H MAS NMR spectra displayed with an
absolute intensity scale. (d) The same data
normalized to the highest peak, to enable compar-
ison of the peak shapes. The width of the peak is
significantly wider in the sample aged for 15 min
(155 Hz) compared to the aged ones 6 and 48 h
(125 Hz), respectively. All ’H experiments were
done using a 3 s repetition delay, 16 scans, 6 kHz
spinning frequency and measuring temperature at
0°C.
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Fig. 8. MAS NMR relaxation measurements. (a)
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Saturation recovery 'H NMR experiments done on
rehydrated Ca®" cross-linked alginate aged for 15
min showing the total recovery of the bound water
signal to be faster than that of the free water, upon
increasing the relaxation delays from 50 ps to 90 s.
(b) Plot of peak intensity vs. relaxation delay t for
rehydrated Ca®" cross-linked alginate aged for 15
min and the corresponding fit curves, (c) Hahn echo
1H ssNMR experiments on rehydrated Ca®" cross-
linked alginate aged for 15 min, showing the total
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50 increasing the echo time from 0 to 19.2 ms. (d)
Hahn echo decays measured for the broad compo-
nent of the water peaks. All experiments were done
using 10 kHz MAS frequency and a measuring

temperature of 27 °C.
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Ca?* cross-linked alginate sample at 48 h aging (Fig. 9). Fitting reveals
the T; values of broad signal to be T; = 1.3 + 0.01 s, whilst the narrow
signal has T; = 3.6 £+ 0.01 s (Fig. 9 (a, b)). The distinct dynamic prop-
erties of these two types of water phases are also confirmed by 'H Ty
measurements (Fig. 9 (c, d)). The line widths of the narrow and broad
signals are 14 Hz and 79 Hz, respectively, consistent with the line width
being dominated by homogeneous effects. Thus, again, the broad and
narrow signals have distinct relaxation properties: a broad signal with
short Ty and short T, and a narrow peak with long T, and longer T;. The
comparison of the relaxational properties for the gels with different
aging periods (15 min and 48 h) show an increase in the T; relaxational
value for the bound water from 9.6 msec to 11.6 msec, which is reflected
on the line width for the broad signal from 118 to 79 Hz for the 15 min

10 15
Tau (ms)

20

aged gel and 48 h one, respectively. No significant changes appear on
the T relaxational values of the narrow signal or on the T; relaxational
values of the aged gels.

An estimation of the rotational (re-orientational) correlation time
can be obtained from the T;/T; ratio (Kay et al., 1989). Since from our
data it was not possible to extract a Ty for free water, we used the value
reported in a similar work done by Bockmann et al. (Bockmann et al.,
2009). Based on the relaxational properties of the different water pools,
we estimate at least an order of magnitude difference in the correlation
time between the free and bound water pools.
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Fig. 9. MAS NMR relaxation measurements. (a)
Saturation recovery 'H NMR experiments done on

rehydrated Ca®* cross-linked alginate aged for 48 h
showing the total recovery of the bound water
signal to be faster than that of the free water upon
increasing the relaxation delay from 50 ps to 90 s.
(b) Plot of peak intensity vs. relaxation delay t for
rehydrated Ca®" cross-linked alginate aged for 48 h
and the corresponding fit curves. (c) Hahn echo 'H
ssNMR experiments on rehydrated Ca®' cross-
linked alginate aged for 48 h showing the total

o Bound Water T1 1.357s +/- 0.001s|
o Free Water T1 3.678s +/- 0.002s

suppression of the bound water signal upon

20

increasing the echo time from 0 to 19.2 ms. (d)
Hahn echo decay measured for the broad compo-
nent of the water 'H peaks. All experiments were
done using 10 kHz MAS frequency and measuring
temperature of 27 °C.
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3.7. Particle size distribution of aged alginate

The ssNMR analysis provides a molecular level perspective, but does
not directly probe the overall structure of the cross-linked hydrogel. To
examine this aspect we also analyzed the particle size distribution (PSD)
of our preparations, revealing the size of the cross-linked nanoparticles
within the lyophilized hydrogel and their homogeneity. The PSD is not
expected to be significantly affected by the freeze drying process
(Smaniotto et al., 2020), although there may be a disruption of weak or
temporary Ca>" cross-links, an expansion of certain short-range ordered
structures during dehydration, and a shrinking of the overall polymer
network (Naohara et al., 2017). The lyophilized powders were first
completely dissolved in solvent for PSD measurements at 10 and 27 °C,
based on light scattering analysis. Figs. 10 and S2 (d) and Table 1 show
the PSDs of the three alginate gels cross-linked for different periods (15
min, 6 h, and 48 h). For the shortest cross-linking period the mean
average particle diameter was found to be around 72 nm (Smaniotto
et al.,, 2020). When the samples were aged longer, the mean average
particle diameter decreased to 41 nm and 35 nm, for 6 h and 48 h of
aging. At 27 °C the mean average particle diameter for the 15 min
cross-linked sample was found to be around 92 nm, indicating an
increased level of aggregation. It is worthwhile to mention that these

Table 1

Particle size distribution results as a function of cross-linking period for
rehydrated Ca®' cross-linked alginate, averaged from three separate
measurements.

Sample D (nm) PDI
15 min 72 0.38
6h 41 0.46
48 h 35 0.47

10

15 20

10
Tau (ms)

two aged samples exhibited a narrower particle size distribution than
the starting material (Figs. 10 and S2 (d)). Thus, increasing the Ca
cross-linking time yields increasingly compact and homogeneous
nanoparticles, on the 40-100 nm scale.
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Fig. 10. PSDs at 10 °C of different alginate gels produced at different aging
periods. Lyophilized Ca®*-cross-linked alginate was obtained after different
cross-linking periods (Oh (15 min), 6 and 48 h) and analyzed in triplicate.
Representative results from a single measurement are shown here, with the
averaged values reported in Table 1.
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4. Discussion
4.1. Hydration of Ca®* cross-linked and non cross-linked alginate

By ssNMR we observed structural and dynamic changes that
accompany the hydration of alginate in presence and absence of Ca
cross-links, as visualized in Fig. 11 (a). We observed the presence of two
dominant distinct water phases within the alginate hydrogel, with
significantly different spectroscopic, dynamic, and relaxation proper-
ties. TGA showed the hydrogel to be very open, with porous macropores,
and gave no evidence of trapped or encapsulated water. Thus, these
distinct hydration pools must be connected but nonetheless endowed
with distinct properties. Accordingly, we attributed the water reso-
nances to semi-free water in macropores and alginate-associated water
that interacts with the hydrogel matrix, respectively (Fig. 11 (a)). With
multiple MAS NMR experiments, we observed clear differences in *H
and 2H spectra, in terms of linewidths for the respective water pools.
Explicit relaxation measurements showed that these linewidth differ-
ences originated from dynamic differences, informing the above-
mentioned attribution to macropore and hydration water.

In parallel, we employed '*C NMR to monitor the impact of hydra-
tion and cross-linking on the alginate itself. Notably, we observed se-
lective and localized effects, in which particular signals from the M
monosaccharide were impacted by the lower hydration levels. This was
apparent from the narrowing of M carbon signals in DE excitation
spectra shown in Fig. 5, relative to both dry samples and CP-based
spectra. Given the distinct dynamic spectral editing (DYSE) properties
(Matlahov & van der Wel, 2018) of these types of ssNMR spectra, we
must conclude that hydration selectively mobilizes these M carbon sites.
These data showed that the hydration process does not equally affect all
of the alginate, but rather leads to dominant changes in the M mono-
saccharide. This is evident in spectra in Fig. 5, showing a prominent
change in the peaks of M. These findings are consistent with published
data on alginate hydration (Chan et al., 2007). The preferential hydra-
tion of M may be explained by the chemical structure of these mono-
saccharide blocks, but the M and G groups are chemically very similar.
Instead, it is more easily explained with reference to the popular egg-box

a

rehydration process
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model of how Ca®" ions facilitate hydrogel cross-linking in alginate. This
well-known egg-box model of alginate hydrogel formation (Atkins et al.,
1973; Braccini & Pérez, 2001; L.; Li, Fang, et al., 2007; Sikorski et al.,
2007) involves the formation of G-Ca clusters upon addition of Ca2+,
leading to Ca-mediated cross-links between alginate polymers. This
could be expected to yield immobile cross-link clusters involving the G
blocks, which are not only inherently rigid but also appear to resist
re-hydration. Accordingly, our data show that the M sites are less
impacted by Ca cross-linking and also preferentially “mobilized” during
the controlled hydration process. It is therefore also tempting to spec-
ulate that the characteristic carboxyl group signals that are observed to
become increasingly mobile when hydrating the Ca-cross-linked algi-
nate are largely due to these hydrated M groups. We noted several lines
of evidence for the presence of more dynamic and more rigid carboxylic
acid groups in these samples. This included their detection in the DE or
CP-based ssNMR (Fig. 5), the relative linewidths, as well as the presence
and absence of MAS-related spinning side bands. Based on all these data,
the partly hydrated alginate hydrogels feature both rigid and mobile
carboxyl groups, with the more mobile ones most likely associated with
M groups given the analogous dynamics to the more-easily-recognized
aliphatic M carbons.

We also obtained insights into the impact of extended cross-linking
periods. From particle size analysis it was seen that large particles
were formed early on, but that these restructured into more compact
nanoparticles as cross-linking time increased. In parallel, the 'H NMR
data showed a shift from mostly hydration of the alginate (immobilized
water molecules) to more and more mobile water, present in macropores
in the hydrogel. We reconcile these data with a model in which the
sudden introduction of Ca®" ions into the solution of sodium alginate,
leads to large particle size aggregates in which much of the alginates are
accessible to hydration, but few macropores are formed. Upon
increasing the Ca%" cross-linking time the hydrogel undergoes a gradual
restructuring toward a structure featuring both macropores and more
compact cross-linking clusters. This manifested in the ssNMR as more
mobile water molecules and fewer alginate-hydration sites. It is worth
noting that these changes likely mostly involve reordering and restruc-
turing of the G monosaccharides, which were generally less visible in the

Fig. 11. Schematic overview of the rehydration and
aging of alginate hydrogels. (a) Water penetration
of lyophilized Ca-cross-linked alginate, showing the
observed initial occupation (left) of hydration water
sites on the alginate and secondarily the filling of
macropores (right), upon saturation of the alginate-
interacting sites. (b) Upon the addition of Cca®* ions,
alginate rapidly solidifies into a gel form with 71
nm size particles, then upon aging alginate particles
restructure into smaller particle sizes, while mac-
ropores rearrange along the alginate structure.
Upon aging for a longer period competitive ex-
change between the hydration of the alginate
carboxyl functional groups and the Ca-induced
cross-linking appear.
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13C DE ssNMR spectra, due to their relative rigidity in DE ssNMR. In this,
these monosaccharides (involved in eggbox style Ca®* cross-links)
clearly differed from the more mobile and hydration-prone M carbons.
The observation that the particle size aggregates over time convert into
smaller size particles, occurs alongside the opening up of more macro-
pores that dominate the structure of alginate hydrogels. Our results
show that under the employed experimental conditions, the aggregation
process and (re)positioning of Ca2* ions reached an equilibrium in the
first few hours (0-6 h) of aging.

As noted, we observed (Figs. 6, 8 and 10) that the Ca®* cross-linking
process leads to a change in the hydration properties. Increasing cross-
linking times shifted the hydrogel water away from the bound hydra-
tion waters toward more of the macropore water. The latter were the
more mobile waters that appear as narrow peaks in H (and 2H) NMR
spectra, while the former were responsible for the broader peaks. The
exact mechanism that unifies the preferential hydration of M-based
clusters with the seeming loss of hydration sites upon progressive aging
remains uncertain. Our findings suggest that there may be a competition
between Ca binding and (re)hydration, such that progressing cross-
linking times lead to a reduced capacity for tight binding by hydration
waters. Thus, added water is increasingly available for the hydration of
macropores in the alginate hydrogel. The aging process mechanism is
schematically summarized in Fig. 11b.

This connection between cross-linking, hydration and (alginate)
mobility may have practical implications for the various uses of alginate-
based materials and hydrogels. It has been noted that a common use for
alginate hydrogels is for encapsulating or entrapping guest molecules
(ranging from bioactive ingredients to drugs and biologics) (Bennacef
et al.,, 2021; Sanchez-Ballester et al., 2021; Santos & Garcia-Rojas,
2021). The hydration properties of these guest molecules are very
important, with prior studies (Forgacs et al., 2021; Hoffman, 2012)
showing that hydration affects properties such as self-association, ag-
gregation and re-solubilization of these substrates. Moreover, reversible
de- and re-hydration is of importance in pharmaceutical and other uses
of alginates. The current work provided molecular-level insights into the
hydration process from both the alginate and water components’
perspective, with these insights enabled in large part by our use of MAS
ssSNMR. These ssNMR studies build on a growing literature showing the
capabilities of this technique for studying hydrogels. In the current work
we highlighted the potential for multinuclear methods of MAS NMR to
be applied to the hydrogel in various hydration (and dry) states, to study
the progressive changes in hydration, dynamics and macropore or mesh
sizes. These parameters are important for the drug encapsulation and
delivery, as well as other hydrogel applications. We therefore foresee
important uses for such ssNMR methods in our own research and more
generally, especially in combination with functional and rheological
studies, such that one can place macroscopic and functional hydrogel
properties on a solid “molecular” footing.

5. Conclusions

The state of water in hydrogels is non-uniform and the arrangement
of water molecules in the structure reflects the mesh size and macropore
distribution of the hydrogel. These hydrogel parameters play critical
roles in understanding and determining properties and behaviors of the
hydrogels, such as rheological behavior, in-homogeneity in structure,
swelling degree, nutrient and cellular products uptake into the gel,
release mechanisms of entrapped molecules, and inject-ability
(squeezing behavior through the needle of a syringe) for use in mini-
invasive surgery and localized therapy (Cuccia et al., 2020; Haggerty
et al.,, 1988; Kirschner & Anseth, 2013; Pescosolido et al., 2012;
Raghuwanshi & Garnier, 2019; Wang & Ugaz, 2006). In this study, two
prominent water phases with different relaxation and dynamical prop-
erties were detected and characterized in intact rehydrated alginate
hydrogels as a function of Ca?t cross-linking. Our characterization of
these two water pools with distinguishable properties has relevance to
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the design of hydrogel properties. The ability to tune and quantify the
(macro)pores and hydration waters can provide valuable information
about how a hydrogel can capture and integrate food additives and
drugs, with also implications for e.g. the diffusion rates for the release of
integrated compounds. Finally, the presence and quantity of free water
could be linked to bacterial and fungal proliferation in food industry,
thus predicting and tuning the shelve life for food products. We observed
how an increase in the Ca?* cross-linking period decreased the particle
size of alginate nanoparticles, but also impacted the hydration behavior
and ratio of macropore-to hydration-water. It was shown that ssNMR
offers unique insights that are highly complementary to other charac-
terization techniques, and can therefore be expected to enhance the
informed (re)design of biomedically relevant alginate-based materials.
An interplay between cross-linking and hydration behavior may offer
new means to control the homogeneity, structure and dynamics of the
hydrogel architecture, e.g. to control the amount of macropore water,
which is relevant for the dissolution and hydration of encapsulated
drugs and biologics, and thus crucial for controlled and enhanced drug
delivery performance.
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