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Polyphenols-based supramolecular hydrogels have recently attracted much attention as smart materials
for applications in several technologies. Although great advances have been made in this field, there is a
challenging need for creating new versatile materials that combine synthesis simplicity and suitable func-
tional properties. In this work, inspired by the hydrogen bonding ability of pyrogallol-bearing proteins
found in ascidians, we explored a small gallol analog, gallic acid (GA), as a dynamic crosslinker of poly
(vinyl alcohol) (PVA). The fundamentals of the supramolecular assembly mechanism of PVA/GA hydrogels
are studied for understanding the final properties of the obtained thermo-reversible hydrogels. The
polymer deacetylation degree was a key factor to control the gelation kinetics, morphology, and pro-
perties of the supramolecular materials. Furthermore, the intercalation of GA molecules between PVA
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chains produced polymer crystals with a new spatial arrangement, modifying the elastic modulus of the
supramolecular network and increasing its stability in water. With remarkable fast gelation ability, ascidian-
inspired PVA—-GA hydrogels may provide a promising platform for a wide range of biomedical applications
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1. Introduction

Supramolecular materials based on non-covalent interactions
are of great interest for a wide range of biomedical applications
owing to their unique properties such as stimuli-responsive
gel/sol transition, toughness, easy processability, and
shaping.'™ In the last decade, several studies have been aimed
at developing multifunctional supramolecular materials
inspired by living organisms.® For example, the outstanding
underwater properties of marine mussel have driven a field of
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including topical drug delivery of therapeutic proteins, wearable electronic devices, and 3D printing.

mussel-inspired catechol chemistry of great significance in
biomaterials science and engineering.” " Similar to mussels,
ascidians are sac-like sessile marine animals that are covered
with a protective membrane composed of highly crystalline
cellulose nanofiber (tunicin) and proteins (tunichrome) con-
taining 3,4,5-trihydroxyphenylalanine (TOPA) with a pyrogallol
moiety (three hydroxyls bound to a benzene ring). These
organisms have extraordinary biophysicochemical properties
including rapid self-healing and strong adhesiveness in sea-
water.'® Although the exact mechanism underlying these
intrinsic features remains unclear, it is mainly associated with
reversible H-bonding interactions between pyrogallol groups
from TOPA together with metal-pyrogallol coordination, and
pyrogallol-mediated oxidative covalent crosslinking."*°
Recently, pyrogallol-containing polyphenols, such as tannic
acid (TA),*'™> epigallocatechin,>**> and epigallocatechin
gallate,”®*” among others, have gained great attention as
building blocks for designing functional biomaterials. In par-
ticular, the multi-binding and metal ion coordination abilities
of TA have been extensively exploited for the construction of
supramolecular hydrogels with adhesive or shape memory
behavior.”** Conversely, small pyrogallol molecules have
been less explored as hydrogelators and very few reports can
be found in the literature.*>>® Nandi et al. combined GA with a
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low molecular weight compound, melamine, to obtain soft
thermoreversible hydrogels via H-bonding interactions.>® In
addition, Lee et al. prepared self-healing hydrogels based on
dynamic non-covalent interactions between pyrogallic acid and
polyethylenimine.?®

Alternatively, pyrogallol-conjugated polymers have recently
emerged as biomimetic precursors for hydrogel formation in
biomedical applications.>”*® Indeed, pyrogallol-tethered
chitosan,'®?® hyaluronic acid (HA),"®***° and gelatin (GEL)*!
hydrogels were prepared via oxidation-mediated covalent cross-
linking, Fe** coordination, or multiple H-bonding interactions.
Although these approaches showed to be highly efficient to
obtain multifunctional supramolecular materials, the grafting
of pyrogallol onto the polymers was demanded, requiring time
and expensive chemicals.

In this context, we have recently reported a simple, rapid,
and low-cost synthetic pathway for creating dynamic hydrogels
by combining PVA with different small natural phenolic com-
pounds.*” These plant-derived molecules have reported anti-
oxidant, antibacterial, anti-inflammatory, and anticancer
properties,**** resulting attractive for biomedical applications.
However, a deeper understanding of the variables affecting the
supramolecular assembly of these materials could lead to
better control of the hydrogel properties, aiming to develop
functional materials.

Herein, we report new supramolecular hydrogels, based on
multiple non-covalent interactions between hydroxyl-rich PVA
and GA, a small pyrogallol-containing compound that mimics
the H-bonding ability of TOPA from ascidian proteins.
Particular emphasis is given to understand the mechanism
involved in the formation of these novel supramolecular struc-
tures. For that purpose, hydrogels were synthesized by using
two kinds of PVA with different degrees of hydrolysis, in order
to evaluate the influence of the presence of acetyl functional
groups on the supramolecular gelation. We aimed to explore
the chemistry of the supramolecular associations, the gelation
kinetics, and the structural, viscoelastic, and mechanical fea-
tures of the obtained materials to unveil their formation
mechanism and their relationship with the degree of hydro-
lysis of the polymer precursor.

Moreover, owing to their strong dynamic interactions, the
hydrogels were highly stretchable, thus mimicking the
mechanical properties of soft tissues, and showed thermore-
versible gelation. Therefore, these versatile hydrogels hold
great potential as functional biomaterial platforms for 3D
printing, tissue engineering, and topical drug delivery. Finally,
this work not only enlightens the binding ability of GA but
also opens new horizons to explore other naturally tailored
small gallol analogs.

2. Materials and methods
2.1. Materials

Fully hydrolyzed PVA (Merck, degree of hydrolysis: >98.0%,
M,,: 145 000), partially hydrolyzed PVA (ProtoKimica, degree of
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hydrolysis: 88.0%, M: 85 000), GA (Merck, >99.0%) and deu-
terium oxide (D,0O, Sigma-Aldrich, 99%) were used as supplied.
PVA with a degree of hydrolysis >99.0% and M,, 85 000 was syn-
thesized by alcoholysis of the partially hydrolyzed PVA follow-
ing a method reported in the literature.*’ Deionized water was
used for all experiments.

2.2. Preparation of PVA/GA supramolecular hydrogels

In a typical experiment, PVA (10 wt%) and GA (0.5-5 wt%) were
dissolved under magnetic stirring in deionized water at 90 °C
for 2 h. The prepared aqueous solutions (5 g) were poured into
silicone molds (4 x 4 cm) and left at room temperature until
spontaneous gelation. Pristine PVA hydrogels were prepared as
a control by exposing polymer solutions to five cycles of freez-
ing for 16 h at —20 °C and thawing for 8 h at 25 °C. The
obtained materials were named PVA,~GA,, where x and y are
the degree of hydrolysis of the polymer (%) and the GA concen-
tration (wt%), respectively.

2.3. Microstructural studies

The internal morphology of swollen hydrogels was examined
using a field emission scanning electron microscope (FE-SEM,
ZEISS Sigma 300). For the test, the samples were swollen in
water for 24 h, frozen in liquid nitrogen, and quickly lyophi-
lized. Dry hydrogels were then coated with gold in a sputter
coater and observed under an accelerating voltage of 2.0 kV.

2.4. Rheological analysis

Rheological studies were performed on an Anton Paar Physica
MCR 301 rotational rheometer. The viscoelastic behavior of
the supramolecular materials, in the dried or swollen state,
was studied by using parallel-plate geometry (8 mm diameter).
Prior to frequency sweep experiments, strain amplitude was
varied from 0.01 to 20% at 1 Hz and 20 °C to determine the
linear viscoelastic range (LVR) of the samples. Then, the fre-
quency was varied from 0.1 to 100 Hz at 20 °C and a fixed
strain of 0.1%.

Dynamic mechanical thermal analysis (DMTA) was also per-
formed over xerogels and swollen gels. For dried samples, a
parallel-plate 8 mm geometry was used and the temperature
was varied from —25 to 200 °C with a heating rate of 2 °C
min~", at 1 Hz of frequency, and 0.03% of strain amplitude.
For swollen samples, a parallel-plate 25 mm geometry was
employed and the temperature was varied in a heating/cooling
cycle from 20 to 75 °C with a rate of 2 °C min™", at 1 Hz of fre-
quency and 0.1% strain amplitude. In this last case, gel-sol
and sol-gel phase transitions were determined as the tempera-
ture at which the storage modulus (G') equaled the loss
modulus (G"), over heating and cooling runs, respectively.

Shear rate sweep tests were performed using a 50 mm dia-
meter cone-plate geometry (0.05 mm gap) at 65 °C. Prior to the
determinations, samples were fully dissolved by heating and
stirring at 90 °C, and then were equilibrated for 5 min at 65 °C
into the cone-plate geometry to eliminate thermal and shear
histories. The sweep was carried over the range 0.1 to 1 x 10*

rad s
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2.5. Mechanical tests

Tensile and compression tests were carried out on an
INSTRON 3344 testing machine. For the tensile tests, film
specimens with a bone shape of length 9.53 mm and cross-
section 3.18 mm x 1 mm were cut. Tests were carried out at
23 °C, 50% relative humidity, and an elongation rate of
25 mm min~'. For compression tests, samples of around
1 mm thickness were subjected to a normal force, in which a
10 mm diameter plane-tip was moved down at a constant
speed (1 mm min~'), until compressing samples 65% their
height.

2.6. Nuclear magnetic resonance spectroscopy (‘H-NMR)

Measurements were performed using a nuclear magnetic reso-
nance spectrometer NMR Bruker Advance 400 MHz at 20 °C.
Aiming to avoid bulk gelation, diluted PVA-GA solutions, with
the same PVA/GA ratio of PVA,-GAs, were prepared in D,O.
Thus, PVA (1.7 wt%) and GA (0.85 wt%) were dissolved at 90 °C
for 1 h, and then cooled down to room temperature. Solutions
of pure components were identically prepared as a control.
Since PVA,~GA; samples showed the formation of a precipitate,
all the solutions were centrifuged at 8500 rpm for 15 min prior
to measurements. The following procedure was employed to
semi-quantitatively calculate the mass of PVA and GA, which
precipitated at room temperature, and the remaining mass in
solution. Firstly, a careful weighing of the components (PVA
and GA), during the sample preparation, was conducted to
know the mass of the substances prior to precipitation. Next,
after the heating (90 °C)/cooling (20 °C) process, where the dis-
solution (90 °C)/precipitation (20 °C) phenomenon took place,
the samples were centrifuged and the supernatant was separ-
ated. Finally, a known amount of sodium benzoate was added
as an internal standard into the supernatant solution and the
mixture was measured by 'H-NMR. To calculate the mass of
the components in the mixture, the area under one of the
sodium benzoate proton signals (7.91 to 7.84 ppm, [1H) was
integrated and correlated with the known number of moles of
the substance. Then, the amount of GA was determined by
integrating the area under the aromatic proton signal (7.07 to
7.13 ppm, [2H). For PVA mass calculation, the area between
3.79 and 4.12 ppm was integrated, which is related to [ 1H per
repetitive unit of vinyl alcohol. Furthermore, the mass contrib-
uted by vinyl acetate repetitive units was added by considering
the 12/88 or 2/98 factors, according to the polymer degree of
hydrolysis.

2.7. Fourier transform infrared spectroscopy (FTIR)

FTIR spectra of the materials were recorded on a Nicolet iN10
(Thermo Fisher Scientific) infrared microscope in the range of
4000-400 cm™'. Measurements were obtained from 30 scans

with a resolution of 4 cm™.

2.8. X-ray powder diffraction (XRD)

Powder samples were analyzed on a Philips PW1800 diffract-
ometer, with Cu Ka X-ray radiation, Si monochromator, at 40
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kv and 30 mA, 0.3° min~' scan, and 0.02° 26 step size.
Samples were mounted on a low background Si holder.
Crystalline phases were identified and quantified by the
Rietveld method implemented in the DiffracPlus TOPAS®
software.

2.9. Swelling behavior of the supramolecular hydrogels

For swelling studies, dry discs of 10 mm diameter were
immersed in beakers containing 5 mL of water at 25 °C. The
discs were removed from the media at different time intervals,
superficially dried with tissue paper, weighed, and then
returned into the water container. Then, the degree of swelling
(DS,) was determined according to eqn (1), where Wy and Wy
are the weight of the swollen and dry sample, respectively.
This procedure was carried out in duplicate and until DS,
achieved the equilibrium (DS,).

DS = (W — Wq)/Wa x 100 (1)

To determine the total soluble matter (TSM) of the
materials during swelling, samples were carefully weighed in
the dried state and re-swollen for 72 h in 5 mL of water. Later,
the hydrogels were carefully dried at 37 °C until a constant
weight was reached. Finally, the TSM was calculated as the per-
centage of lost mass between the xerogels before and after re-
swelling.

2.10 Thermal analysis

Differential scanning calorimetry analysis was performed
using heat/cool/heat cycles with a rate of 10 °C min™" from
—25 to 180 °C employing a DSC Q2000 equipped with the
cooling system RSC90 (TA Instruments). Dried samples of
8-10 mg were weighed and placed into a hermetically
sealed aluminum pan (TZero Technology). Nitrogen was
used as a purging gas and the sample chamber was flushed
at a flow rate of 50 mL min~". Glass transition temperature
(Iy) was determined using the TA Universal Analysis
software.

The thermal stability of the materials was studied by
thermogravimetric analysis (TGA) on a TGA Q500 thermoba-
lance (TA Instruments). Samples (3 mg) were heated from 40 to
600 °C with a heating rate of 10 °C min~' under a nitrogen
atmosphere (100 mL min~'). The temperature at the main
peak of the derivative weight loss curve was considered as the
maximal decomposition rate (Tg,__).

2.11. Dynamic light scattering (DLS)

DLS experiments were performed at 25 °C using a Nano-ZS
90 Malvern equipment with a He-Ne laser (4 = 633 nm).
PVA (1.7 wt%) and GA (0.4 wt%) were dissolved in water
at 90 °C for 1 h. Then, the solutions were maintained
at 25 °C for 20 h prior to DLS measurements in order to
verify the sample stability. At the GA concentration used,
the formation of the precipitate in the samples was not
evidenced.
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3. Results and discussion
3.1 PVA-GA supramolecular hydrogel formation

Supramolecular hydrogels were prepared by a one-pot
approach, schematically shown in Fig. 1A, mimicking the pyro-
gallol chemistry of ascidians. Upon heating, PVA/GA mixtures
were dissolved to yield a yellowish liquid which remained with
no apparent further changes during the heating process.
However, when PVA/GA solutions were cooled to room temp-
erature, stretchable gels were spontaneously formed (Fig. 1B).
Noteworthily, the formation of supramolecular networks
between GA and PVA showed marked differences depending
on the degree of hydrolysis of the polymer. Upon cooling to
room temperature, PVAog—-GA; achieved the gel state in less
than 10 minutes, while PVAgg—GA; needed about 5 h (see
Video S1 of the ESIf). Furthermore, both supramolecular gels
showed thermoreversibility (see Video S2 of the ESIT).
Interestingly, in addition to the faster gelation kinetics, PVAgg—
GA; hydrogel showed low gel-sol and sol-gel transition temp-
eratures of 70 and 50 °C, respectively (Fig. 1C). In contrast,
PVAgs—GAs showed a lower gel-sol transition temperature of
around 50 °C, while the sol-gel transition could not be
detected under the DMTA measurement conditions due to the
slow gelation kinetics of this system (Fig. 1D). It is worth
noting that both PVA¢s-GAs and PVAgg-GAs hydrogels dis-
played hysteresis of the phase transition temperatures with
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Tget-sol > Tsol-gel, Which could be attributed to different sol-gel
and gel-sol activation energies.*®

Clearly, the PVA acetylation degree plays an important role
in the assembly mechanism of the supramolecular network,
which is reflected in the gelation kinetics and transition temp-
erature. In order to understand this effect, the chemistry,
microstructure, and physicochemical properties of both hydro-
gels were studied, aiming to reveal the global mechanism
driving the polymer/pyrogallol supramolecular assembly.

3.2 Polymer/gallol supramolecular interactions

'H-NMR studies were performed in order to identify the nature
of the molecular interactions taking place after GA addition.
The aromatic protons of GA appeared as a unique singlet
signal at 7.1 ppm (Fig. 2A). In addition, PVAgg and PVAgg
characteristic signals were identified: 3.79-4.12 ppm (-CH- in
the backbone), 1.37-1.85 (-CH,- in the backbone), and
2.0-2.2 ppm (-CH; from acetate pendant groups) (Fig. 2B and
D). According to the earlier mentioned results, a distinctive be-
havior was observed between PVAys—GA; and PVAgg—GAs.
Although all samples were prepared under dilute conditions,
PVAgg-GA; quickly showed turbidity upon cooling the sample
to room temperature. On the other hand, PVAgg-GA; remained
as a translucent liquid with a little precipitate, at least for 24 h.
To avoid the inhomogeneities inserted by the phase-separated
precipitates in the samples, all the mixtures were centrifuged

B » PVA — --#— H-bonding

D 4 G'20-75°C
A—G" 20 -75°C
10000 v G' 75-20°C
AAAa,
& A, ~v—G' 75-20°C
A
A
1000 4 A
E AOBBANAN L
s B
o
> 100 -~ 5
) A
40
v.
204 Vvg, 3
VvavV Aé
04 VVvvvvvvvVVVVYVIRRRRRRVERREE
T T T T T T 1
20 30 40 50 60 70 80

Temperature [°C]

(A) Chemical structure of the TOPA amino acid found in ascidian proteins and the pyrogallol analog GA. (B) Schematic representation of

thermo-reversible hydrogel formation. (C) Evolution of the dynamic moduli of PVAgg—GAs and PVAgg—GAs (D) over heating/cooling cycles.
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after the thermal equilibrium at room temperature was
achieved. Thus, "H-NMR determinations were performed over
supernatants (Fig. 2C and E) with an internal standard of
sodium benzoate (std), which allowed us to obtain relevant
information about still soluble species. As can be noted in
Fig. 2C and E, the pattern of aromatic protons of GA was not
modified after heating in the presence of PVA, indicating the
absence of esterification reactions that could form covalent
crosslinks. Therefore, we confirmed that the GA-assisted PVA
gelation was driven by multiple non-covalent interactions.
Curiously, in PVAgg-GA; mixtures, the initial GA mass
diminished around 60% (Fig. 2C) after the precipitation of the
PVAog/GA aggregates; additionally, the PVA signals almost dis-
appeared, only retaining 2% of remnant polymer in solution.
Therefore, the mass balance indicates that the precipitated
supramolecular complex was composed of 77 wt% of PVA and
23 wt% of GA. In contrast, a slight amount of precipitate was
found after PVAgg—GA5 centrifugation, which correlates with a
decrease in the initial phenolic acid and polymer masses of
24% and 36%, respectively. Consequently, the composition of
the PVAgg-GA; solid complex was 78 wt% of the polymer and
22 wt% of the phenolic compound. It should be noted that
despite the smaller amount of precipitate found in PVAgg-GAs,
in contrast to the PVAgg—GA;5 system, the final compositions of
both supramolecular complexes were fairly similar, suggesting
that acetate pendant groups effectively affect the kinetics but
not the binding stoichiometry by mass. Considering the molar
composition of the supramolecular complexes, we estimated

This journal is © The Royal Society of Chemistry 2020

that around 255 and 141 GA molecules were bound to one
molecule of hydrolyzed and acetylated polymers, respectively.
From these NMR data, the associative equilibrium constant
(Keq) of the supramolecular complexes was calculated through
eqn (2), which relates the concentrations of associated and dis-
sociated species. The obtained K. values were 9 x 10> and 2 x
10> M~ for PVAos-GA; and PVAgs—GAs, respectively.

[PVA — GA|

[PVA][GA] @)

e =

Subsequently, the PVA/GA interactions were analyzed by
FTIR. Pure GA and PVAyg spectra are shown in Fig. 3A and B.
As can be observed, the phenolic acid exhibited three charac-
teristic peaks at 1710 ecm ™" (carboxylic acid), 1616 cm™" (C=C
stretching), and 1210 em ™" (Ar-C-OH stretching) (Fig. 3A). For
PVAog-GAs, the carbonyl signal at 1681 cm™, a shoulder at
1210 ecm™ ", and a band widening at 3340 cm ™", belonging to
hydroxyl groups, were attributed to the presence of GA in the
supramolecular materials (Fig. 3C). The signal at 1210 cm™,
belonging to three Ar-C-OH functional groups, did not show a
significant shifting with respect to the pure phenolic com-
pound. However, the carbonyl signal found in PVAgg-GA;
(1681 cm™") displayed a marked shifting of 29 cm™" associated
with strong hydrogen bonds probably originated from inter-
actions with hydroxyl groups of PVAgg. In the case of PVAgg—
GA; (Fig. 3E), the main signals associated with C=O are
observed at 1714 and 1733 em™ ", which correspond to the car-
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Fig. 3 FTIR spectra of (A) GA, (B) PVAgg, (C) PVAgg—GAs, (D) PVAgg and (E) PVAgg—GAs.

boxylic acid and acetate groups from GA and PVAgs (Fig. 3D),
respectively. The absence of shifting in the carbonyl signals in
PVAgg—GA; suggests that the association principle of GA with
the acetylated polymer is manifested to a different extent com-
pared to that in PVAgg—GAs.

Remarkably, we found that PVA/GA samples showed signal
ratios at 1140/1095 cm ™" (stretching C-OH vibrations) higher
than pure polymers. This increase, which was particularly
notable for PVAog, has been frequently associated with an
increase in the crystallinity of the polymer matrix."’
Accordingly, FTIR analysis suggests that GA may induce the
self-assembly of PVA chains in an ordered semi-crystalline
structure.

In order to shed more light on this hypothesis, we analyzed
the crystallographic structure of the supramolecular materials
by XRD. As can be seen in Fig. 4A-1, GA showed a highly crys-
talline structure, according to its intense diffraction signals.
Notably, the addition of GA increases the global crystallinity of

>
o

Diffracted intensity (a.u.)

20 (°)

the system PVA/GA (Fig. 4A-2 and A-3), though the diffraction
signals found do not correspond to pure GA crystals inside the
polymer. More intriguingly, these signals neither coincide with
the diffraction pattern of pure PVA crystals (Fig. 4A-4 and A-5),
which seem to be present at a low proportion in the supramo-
lecular samples. Clearly, these results can only be explained by
a new molecular organization that controls the crystalline con-
formation in the supramolecular structures. These new crystal
arrangements could be formed by structures that incorporate
GA molecules strongly interacting with PVA chains, giving
more ordered molecular domains. Note that acetate groups in
PVAgg could affect the interaction and the alignment of chains
giving less intense signals, but not affect the nature of the crys-
tals, which show very similar 6 (see Fig. 4A-2). These crystalline
structures (PVAgg—GA; and PVAgg—GA;) are not reported in the
literature, and a complete Crystallographic Information File
(CIF) is not available. Therefore, both structures were analyzed
by implementing the LeBail analysis*® (whole powder pattern

*
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Fig. 4 XRD patterns of the materials. (A) (1) GA, (2) PVAgg—GAs, (3) PVAgg—GAs, (4) PVAgg, and (5) PVAgs. Arrows indicate the schematic representa-
tion of unit cells of the different materials. In curve 3: LeBail fitting (black), fitted background (dark gray), and residual (light gray). *Reported by
Fronczek et al.>° **Reported by Bunn.>! (B) Comparison of freshly prepared PVAgg—GAs with dried/re-swollen hydrogels.
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decomposition method). An initial estimation for the space
group and lattice parameters was obtained with the Treor
routine available in the Fullprof Suite software.*” The peak
shape was modeled by the fundamental parameters approach
(FPA) implemented in TOPAS®, which involves the convolution
of physical models of each component (slits, monochromator,
source emission profile, etc.) to generate the XRD peak
profiles.

As reported in the literature, pure GA and PVA crystallize in
the monoclinic systems C2/c>° and P21/m,”" correspondingly.
According to the XRD analysis performed, the samples PVAgg—
GA; and PVAgg—-GA; crystallize in the space group P12,/c1 with
the following lattice parameters: a = 8.641 (3) A, b = 9.651 (2) A,
and ¢ = 10.199 (2) A and $ = 122.09° (1). In addition, the crystal
size domains were determined with the LeBail method, being
12 (1) nm for PVAgg-GA; and 5 (1) nm for PVAgg-GAs. The
goodness-of-fit (GOF), which resulted in 1.32, was defined as:

N-P& Y

i

GOF =

where Y; are experimental intensities and Y; are predicted
intensities for the i-th channels; i denotes each one of the N
channels in the considered XRD pattern, and P is the number
of free parameters in the fitting process. A GOF equal to 1 rep-
resents a perfect fit.

In contrast with Wang et al.,*' which reported that multi-
functional polyphenol TA strongly interacts with PVA prevent-
ing the formation of polymer crystallites, our XRD results indi-
cate that both PVA-GA supramolecular structures were ordered
in a similar fashion at the angstrom level, but a lower quantity
of crystals is present when the number of acetyl groups
increases in the polymer backbone. This fact suggests that
acetyl groups could hamper the macromolecular organization
to some extent.

One key question arising from these results is related to the
formation of semi-crystalline domains: are they the result of
hydrogel drying or formed during hydrogel preparation? In
order to address this point, XRD patterns of freshly prepared
and re-swollen hydrogels were studied. PVAgg-GA; was chosen
for this analysis as it shows the highest crystallinity in dry
state.

Strikingly, the crystalline structures were also found in
freshly prepared PVAgg—GA; hydrogels (Fig. 4B). Moreover, after
drying the samples and re-swelling in an excess of water for
72 h, the crystalline domains still remained. These findings
suggest that the crystallites are formed during the hydrogel
preparation (probably during the cooling process) and could
play an important role in gelation and in the swelling and
mechanical stability of the yielded materials.

3.3 Structural and viscoelastic properties of PVA-GA
supramolecular materials

Aiming to determine the macroscopic properties of supramole-
cular polymers and gain insight into the PVA/GA organization,
FE-SEM, rheology, and swelling tests were carried out.
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As is well known, the acetylation degree of PVA is determi-
nant for the formation of pure PVA hydrogels through freez-
ing-thawing processing.’> Accordingly, the obtained PVAqg
hydrogels showed a porous structure, as observed by SEM
(Fig. 5A and B). In contrast, PVAgg was unable to yield hydro-
gels and showed a fairly homogeneous internal morphology
(Fig. 5C and D). More importantly, the addition of GA to yield
supramolecular structures promoted large differences com-
pared with the pure polymers. Both PVAgg-GA5s and PVAgg-GA;
supramolecular hydrogels exhibited a highly porous mor-
phology regardless of the zone explored in the material
(Fig. 5E, F, and G, H). However, PVAgg—-GA5; showed poorly-
interconnected bigger globular structures of around 500 nm
(Fig. 5G and H). This difference is undoubtedly correlated with
the differential gelation kinetics previously observed and there-
fore with the supramolecular assembly mechanism between
PVA and GA.

The obtained PVA/GA supramolecular hydrogels showed
good mechanical properties with high stretchability and resis-
tance to compression (see Fig. S1 in the ESIT). Moreover, these
properties differed according to the polymer acetylation
degree. Young’s modulus, tensile strength, and elongation at
break were around 200 and 20 kPa, 217 and 17 kPa, and 500
and 130% for PVAg-GAs and PVAgg-GA; respectively
(Fig. S1AT). On the other hand, both PVAgg-GA5 and PVAgg—GA;
hydrogels resisted the compression test without failure with
similar compression stress, close to 154 kPa at 65% of com-
pression strain (Fig. S1Bt). These results can be correlated to
the chemical nature of the networks and its structural arrange-
ment at the mesoscale, resulting from the extremely different
gelation kinetics of both systems, as was previously shown in
Video S1 of the ESL.T In this sense, it is noteworthy that PVAgg-
GA; was formed quickly in relation to PVAgg-GAs. This fast
gelation probably led to soft macroscopic structures as a conse-
quence of a low-interconnected morphological organization
(see Fig. 5G and H). Conversely, the addition of GA to PVAgg
promotes a slow gelation process with a better-interconnected
structure of superior mechanical properties. In addition, the
presence of hydrophobic arrangements within PVAgg-GA5, due
to a larger amount of acetyl functional groups, could contrib-
ute to the larger stretchability of this hydrogel.>® Then, the
viscoelastic properties of these new materials were analyzed in
dry and hydrated states. The frequency sweep test performed
over dried samples (Fig. 6A) did not show significant differ-
ences in the elastic moduli (G', an average value of 3 x 10> Pa)
for pure PVA with different degrees of hydrolysis, indicating
similar molecular packing in the polymer networks. However,
PVA-GA supramolecular materials showed very dissimilar
behaviors depending on the polymer degree of hydrolysis. In
PVAos—GAs, the presence of the phenolic acid produced a G’
reduction down to 5 x 10 Pa. In contrast, in the case of PVAgg—
GA;, a five times increase in G' in comparison with the pure
polymer was observed. These results are in line with the pre-
viously discussed mechanical behavior and are mainly attribu-
ted to the microscopic organization of the materials at the
mesoscale.
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Fig. 5 SEM micrographs of PVAgg (A and B), PVAgg (C and D), PVAgg—GAs (E and F), and PVAgg—GAs (G and H) hydrogels at different magnifications

(from left to right: 1000x and 10 000x).

The swelling behavior of the materials was also studied,
since it may be related to the structure and hydrophilicity of
the network. PVA and PVA-GA samples were dipped in water
and the mass changes were followed to determine the DS; over
time (Fig. 6B). As can be seen, the PVAgg xerogel was quickly
solubilized during the determination, in comparison with
PVAos that resisted the swelling experiment. The more hydro-
lyzed polymer is known to reach a highly ordered crystalline
structure which remains relatively stable under the polymer
swelling. Thus, after swelling in water, the mass increased by
250%. In contrast, acetyl functional groups of PVAgg restrict
the formation of enough crystalline domains, thus yielding a
soluble network. Interestingly, when GA was added to PVAgg,
the supramolecular material withstands its solubilization
giving a response similar to pristine PVAgg during the first 7 h
of the test, and then it became a really soft material. Indeed,
after swelling for 72 h, the TSM of this material was 32%.
Furthermore, PVAos—GAs showed a very low swelling degree, six
times lower than PVAyg, and a TSM value of 15%. These results
indicate that the incorporation of GA gave rise to new attractive

Polym. Chem.

interactions resulting in less swellable materials. These strong
interactions, which act as crosslinking points preventing
material solubilization, could be correlated with the ordering
of the polymer and phenolic molecules in new crystalline
arrangements, as was observed by XRD.

Moreover, re-swollen samples of PVAgg, PVAgg-GAs, and
PVAys-GA; showed a marked reduction in their elastic moduli
(Fig. 6C) with respect to dried samples. Thus, PVAgg—GAs
which behaved as a strong and elastic polymer in the dry state
became a soft material after swelling in water, probably due to
the easier intercalation of the solvent between the acetylated
polymer chains of low crystallinity. On the other hand, PVAgg—
GA; experienced less mechanical changes after swelling, and
its elasticity was practically unaltered from dry to swollen
state.

Additionally, in the analyzed frequency range (0.1 to 100
Hz), the elasticity was kept practically constant, indicating
strong interactions that resemble a network of infinite size
with long relaxation time (>10 s). Despite their near-covalent
viscoelastic behavior, pyrogallol-based hydrogels have revers-

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 (A) G’ vs. frequency for xerogels. (B) Swelling tests of the hydrogels in water. (C) Viscoelastic behavior of the swollen materials.

ible phase transition temperatures suitable for printing appli-
cations. Overall, the above results show that PVA-GA supramo-
lecular hydrogels present good mechanical strength even
under a water-swollen state, suggesting that these materials
have potential as scaffolds for biomedical applications.

3.4 Thermal behavior of PVA-GA supramolecular networks

Aiming to study the effect of the PVA-GA structure on the
thermal behavior of the developed materials, thermo-
gravimetric analyses were carried out. As shown in Fig. 7,
when the samples were heated up to about 100 °C, the mass
decrease was attributed to the loss of solvation water. In
addition, a detailed analysis indicated that in PVAgg and
PVAs—GAs, this process began at around 80 °C, while for PVAgg
and PVAgg—GA;, the loss of water occurred from 50 °C. Water
retention in the polymer network is therefore more dependent
on the PVA degree of hydrolysis than on the GA intercalation.
In addition, PVAgg presented one main decomposition peak at
280 °C (76%), while PVAgg degradation occurred in two steps,
the first one at 326 °C (57%) and the other one at 424 °C
(28%), as previously reported in the literature.>® Interestingly,
the samples containing GA present a new decomposition
process at a lower temperature than pure PVA. In these
thermal processes, the mass percentage decreased by 36 and
23% at temperatures of 219 and 222 °C for PVAgg—GAs; and
PVAs—GAs, respectively. These mass losses are associated with
the GA decomposition, although they occur at 20 °C lower
than the pure phenolic acid, according to TGA studies reported
elsewhere.” In order to obtain more insight into this phenom-
enon, DSC studies were simultaneously compared. As can be
observed in Fig. 7, PVAgg and PVAgg presented endothermic
melting processes (Ty,) at 219 and 222 °C, respectively, while
the new crystalline domains in the PVA-GA supramolecular
networks melted at 113 and 132 °C, for the acetylated and
hydrolyzed polymers. Curiously, T, of the pure polymers
exactly agrees with the decomposition temperature of the phe-
nolic acid in PVA-GA materials. We hypothesized that the
lower decomposition temperature of GA than that observed for

This journal is © The Royal Society of Chemistry 2020

the pure phenolic acid could be a consequence of a combi-
nation of two factors. First, GA is present in the supramolecu-
lar PVA-GA matrix in a lower degree of self-association than in
its pure state, which makes this phenolic acid less resistant to
thermal decomposition. Second, Ty, of the pure polymers
exactly agrees with the decomposition temperature of the phe-
nolic acid in PVA-GA materials. Therefore, the molecular
motion reached by the polymer chains at T, of the remaining
PVA crystallites in the PVA-GA structure allowed a transfer of
thermal energy towards the GA molecules, which could induce
their decomposition at a lower temperature than the pure phe-
nolic acid. Unfortunately, the presence of PVA semi-crystalline
domains could not be assessed by DSC since the supramolecu-
lar networks showed early decomposition with a significant
mass loss before the Ty, of pure PVA.

The subsequent decomposition processes at higher temp-
eratures accentuate even more the differences between PVA-GA
supramolecular materials with different degrees of hydrolysis.
Two processes occur in PVAgg-GAs, one of larger magnitude
and over a wide temperature range, centered at 334 °C (36%)
and another smaller one at 435 °C (13%). In contrast, PVAgg—
GA; presents significant decomposition in a narrow tempera-
ture range, centered at 312 °C (43%), along with a negligible
degradation at 430 °C (4%). Thus, the decomposition tempera-
tures of PVAgg—GA; are similar to those observed in PVAgg. For
this reason, we believe that the stabilizing effect provided by
the acetate groups in pure PVA was also extended to the supra-
molecular materials. A brief summary of PVA-GA thermal pro-
perties has been schematized at the top of Fig. 7. In the pro-
posed structure, PVA-GA supramolecular materials contain
combined phenol-polymer arrangements. After heating the
material above T,, of PVA-GA crystals, GA is freely delivered
into the polymer network but remains in the ordered structure
of pure PVA crystals. However, further heating over Ty, of PVA
crystals favors the molecular motion of polymer coils, which
transfer their thermal energy promoting the total GA decompo-
sition. Additional thermomechanical studies can be found in
Fig. S2 of the ESL7
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3.5 Assembly mechanism for the PVA/gallol supramolecular
structures

Together with the previously gathered information, DLS
measurements and molecular dynamic simulations were per-
formed to unravel the supramolecular arrangement pathway
between PVA and GA (Fig. 8). For an adequate DLS analysis,
samples were diluted approximately 6 times. DLS studies
showed that the initial PVA solutions contain PVAgg and PVAgg
coils of 20 nm and 30 nm, respectively (for further details, see
Fig. S3 of the ESIf). Then, in the presence of GA, the differences
in the properties of both materials were surprisingly amplified
by the formation of supramolecular assemblies. One of the first
differences was manifested in the gelation kinetics of PVAgg—
GA;5 and PVAgs—GA;. As shown in the experiments of Video S1,T
a fast color change occurred in both samples during the cooling
process, indicating the nucleation of PVA with GA. In this step,
PVAgg—GAs showed particles with 35 nm diameter, as deter-
mined by DLS (Fig. 8A). However, the respective PVAgg—GA; par-
ticles were not possible to measure with an acceptable accuracy
due to the instantaneous gelation promoted by GA, which
yielded a whitish product (Fig. 8B), even when it was attempted
to measure under dilute conditions (see Fig. S3 of the ESIf).
Moreover, gelation was not reached at the same time in PVAgg—
GA; (Fig. 8A) and it took about 5 h to yield a gel. Clearly, these
different kinetic processes conditioned the microscopic organiz-
ation of the materials, conferring them different properties as
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was previously demonstrated. However, a question remained
regarding the possible influence of the polymers’ molecular
weight used in this work (145 and 85 kDa for PVAgg and PVAgg,
respectively) on the gelation times. For this reason, a small
amount of PVAgg was hydrolyzed and the product (PVAg,, degree
of hydrolysis >99%, as determined by FTIR spectroscopy, see
Fig. S4 of the ESIf) had the same chain length as its predeces-
sor, but with a different acetylation degree (equivalent to PVAgg).
Then, kinetic experiments of supramolecular gelation were
repeated with PVAgs and no significant differences were
observed, compared with the previous results obtained by using
PVAys (see Video S3 of the ESIf). Only a small decrease in the
gelation time (from 10 to 4 min) was observed for the highly-
hydrolyzed low-molecular-weight polymer. Evidently, under the
studied conditions, molecular weight is not dominant in the
kinetic control of the supramolecular gelation.

The observed kinetics and structural differences in the supra-
molecular hydrogels could be explained by a model that takes
into account the organization of the PVA polymer coils in
aqueous solution and the affinity between the functional groups
of GA with the macromolecules. In this regard, highly stable
hydrogen-bonded complexes of GA-acetate groups were pre-
dicted by MMFF94 molecular dynamics simulations based on
the force field calculation method>® (see Fig. S5 of the ESIY).

Furthermore, a relevant characteristic of acetate groups in
solvated PVAgg is their predominant distribution preferably
oriented inside the polymer coils, and therefore less exposed

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 Proposed mechanisms for PVA—-GA gelation: (A) PVAgg—GAs gel is assembled in two steps, a fast formation of the polymer chain—GA supra-
molecular complex followed by a slow PVA-GA association to obtain a smooth non-porous network, after 5 h at 25 °C. (B) PVAgg—GAs gel is
obtained after a concerted fast reaction giving globular shape structures, after 5 min at 25 °C.

to the solvent. In fact, this particular distribution of acetate
moieties has been previously exploited to load hydrophobic
molecules inside colloidal particles of PVA (poly(vinyl
acetate)).”” Such an acetate group distribution can determine
the GA partition, based on the polymer nature, which would
preferably be within the polymer coils in PVAgg, while it would
be less localized in PVAgg. Taking into account the overall
number of GA molecules (GA,), added to prepare the supramo-
lecular networks (eqn (3)), two kinds of assembly pathways
could be considered.

GA; = GA; + GA. (3)

where GA, is the GA fraction in the core of the polymer coils and
GA, represents the phenolic compound distributed and bonded
on the external part of the polymer tangles. As a consequence,
the availability of GA. may be limited in the PVAgg-GA; com-
plexes, handicapping the gelation process. Thus, we propose
that in this system, the supramolecular assembly could occur
during the cooling process in two steps: (i) PVAgg-GA; nuclea-
tion, followed by (ii) polymer relaxation and gelation (Fig. 8A). In
contrast, for the PVAgg-GAs system, wherein polymer coils are
decorated with a high concentration of GA,, strong chain inter-
actions are promoted and a crosslinked polymer network is
formed in a concerted way (Fig. 8B). Additionally, the gelation
kinetics of both assembly pathways is dependent on the GA.
concentration, and it could be represented by eqn (4):
1

T_ oc [GA] (4)
sg

where 7, is the supramolecular gelation time.
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Indeed, we found a non-linear dependency of the gelation
time on the GA concentration (see Video S4 of the ESIf). Thus,
hydrogel formation took 10, 14, 55 min or around 24 h, when
the amount of the pyrogallol monomer in PVAgs-GA materials
varied from 5, 3, 1 to 0.5 wt%, respectively.

Therefore, 7y, could control the supramolecular gel mor-
phology. On the one hand, when the gelation proceeds at high
speed, early phase separation occurs rapidly before chain
unwinding, forming a highly globular porous structure. On the
other hand, when the macromolecules have time to interact
simultaneously with GA and each other, their microscopic
morphology tends to reach more interconnected and homo-
geneous structures.

From these proposed gelation pathways, interesting deduc-
tions could be made about the crystalline structure of the
supramolecular materials. It should be noted that regardless
of the polymer degree of hydrolysis, the crystalline arrange-
ments in the supramolecular structure with GA showed
similar cell units, according to XRD studies. Therefore, since
gelation proceeds at a different rate for each polymer, these
crystals should be formed early when the supramolecular
assembly started. Thus, the higher crystallinity observed in
PVAgs—-GAs compared with PVAgg—GAs; indicates a greater
degree of association in the former (which is supported by its
superior K. value, 9 x 10% vs. 2 x 10> M™"), despite the fact
that shorter times were necessary to give a macroscopic solid
structure.

Finally, it is worth mentioning that the superior gelation
rate obtained with PVAgg—GA; (10 min) could be particularly
desirable for some engineered applications such as 3D
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printing, wherein fast hydrogel formation is required after
extrusion, or for topical drug delivery where the sol-gel
transition should occur rapidly upon contact with the skin.
For this reason, as a proof of concept, we studied the effect
of the shear rate on the viscosity of PVAgg-GA; solution and
its printability. As can be seen in Fig. S6,1 the gelling solu-
tion showed shear thinning behavior at 65 °C and could be
easily injected to print a predesigned filament arrangement
(see video S5 of the ESI,f where the word “GEL” was
written). In sum, these results unveil the great potential of
this supramolecular hydrogel to be employed in printing
applications.

4. Conclusions

Thermoreversible PVA/GA supramolecular hydrogels were
easily prepared through a one-pot hot-dissolution/cooling
step. The assembly of the PVA chains in the presence of GA
was explained by taking into account the organization of
the PVA polymer coils in water and the affinity between the
functional groups of phenolic compounds with the macro-
molecules. Strong interactions between PVA and GA
changed the conformation of the pure polymer and pro-
moted the precipitation of the molecular entanglements
with defined composition, which agglomerate and compact
into globular structures, favored by the interfacial tension.
The presence of acetate groups hampers these arrange-
ments, modifying the gelation kinetics and the final pro-
perties of the supramolecular hydrogels. In addition, the
incorporation of GA gives rise to ordered polymer-phenol
arrangements into the supramolecular networks, resulting
in a higher density of crystals in the bulk, with a completely
new spatial arrangement. These new crystalline domains
were likely responsible for increasing the stability in water.
Supramolecular materials here developed could be attractive
in the field of biomaterials since GA can endow them with
many favorable features such as antioxidant, anti-inflamma-
tory, antimicrobial or antitumor properties. Although
additional studies are ongoing, we anticipate that PVA-GA
soft materials will open up a new avenue for the develop-
ment of 3D-printable inks, wearable electronic devices, and
redox-active polymer binders in the future.
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