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ABSTRACT: Hyaluronic acid (HA) hydrogels were structured in the form of
porous monoliths by means of the ice-segregation-induced self-assembly (ISISA)
method coupled with freeze−drying. Physical and chemical parameters were explored
in order to fine-tune the microstructure and the incidence on both swelling and
dissolution behavior in aqueous media. Gentamicin-loaded HA matrices with tuned
drug release properties were also prepared; their inherent properties and behavior in
solution are discussed in the framework of thermal analysis and scanning electron
microscopy inspection.

1. INTRODUCTION

Tissue engineering triggered the development of hydrogels
made of biocompatible and biodegradable biopolymers that
mimic the extracellular matrix (ECM).1 These matrices could
serve as scaffolds enhancing regeneration because cells are
induced to self-assemble into a 3D tissue-like structure. These
hydrogels are also expected to display additional key roles,
including the sustained release of drugs and/or growth factors,
responsiveness to environmental stimuli, and so forth. In this
sense, much effort is currently being devoted to improve and
expand the performance and the application of well-accepted
biopolymers by means of the rational and controlled structure
formation in the form of scaffolds exhibiting sophisticated 3D
architectures. Textural properties, in particular, micro- and
macroporosity, are expected to be fine-tuned to generate a well-
interconnected porous network that not only allows efficient
cell attachment, migration, and proliferation, but also favors a
proper mass transport and exchange of nutrients and waste
products.2−5

Among the biopolymers employed in this field, hyaluronic
acid (HA), a linear polysaccharide consisting of alternating
units of a repeating disaccharide, β-1,4-D-glucuronic acid-β-1,3-
N-acetyl-D-glucosamine (see Figure S1), has gained much
attention due to its proven cyto- and biocompatibility and
biodegradability.6−8 However, the structure formation of
inherently chemically and thermally labile macromolecules
such as HA restricts the number of strategies that can be
pursued. The structuring agents should be biocompatible or
easily removable, and their use should enable the loading of
different active compounds such as drugs and growth factors.
Previous studies reported on the effectiveness of structured

HA/collagen scaffolds for skin repair, in particular, when these
systems were loaded with antibiotics that prevented associated
wound infections.9 However, the degree of stucture formation
achieved was low and the performance of the drug delivery
systems relatively poor.10−12 Thus, this scenario claims
alternative structure formation methods that lead to scaffolds
with improved features.
The ice-segregation-induced self-assembly (ISISA) method

was demonstrated to be an outstanding tool for the
construction of sophisticated monoliths or fibers, with exquisite
control of pore size, shape, distribution, orientation, and
interconnectivity.13 The versatility offered by ISISA lies in the
possibility of tuning the textural properties of the monolith with
several physicochemical parameters, such as solvent composi-
tion, solute nature and concentration, freezing rate, and
temperature gradient, among others. The process involves the
exposure of an aqueous gel, solution, or suspension to freezing
temperatures. The controlled ice formation, typically in the
hexagonal lattice, drives the segregation of every solute or
colloid originally dispersed in the aqueous phase toward the
zones in which the ice is absent, giving rise to a hierarchical
assembly defined by walls, fibers, or bicontinuous arrays of
matter surrounding empty areas where the ice resided before
sublimation.13,14 This controlled structure formation process
results in a well-organized 3D porous monolith. Owing to the
ability to texture large pieces, in the range of centimeters, with
pores aligned in a preferential direction, ISISA entails a
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promissory future in the field of biomaterials science, tissue
engineering, and drug delivery.15,16 From a chemical point of
view, diverse monoliths or scaffolds ranging from strictly
ceramic phases to living-cell loaded polymers can be obtained
by this process.17−22 Very recently, it has been reported that
bare HA submitted to ISISA spontaneously assembles into 3-D
scaffolds that preserve the swelling properties of their
chemically cross-linked counterparts and remain stable to
dissolution in the scale of hours.23 The aim of the present work
was to demonstrate the potential of the ISISA texturing method
for the production of gentamicin (see Figure S2) (G)-loaded
HA scaffolds with tunable texture and release properties. The
effect of the main preparative variables on the final texture as
well as their incidence in the hydration and G release ability
were comprehensibly explored.

■ EXPERIMENTAL SECTION
Sample Preparation. Sodium hyaluronate (HA, Mw = 2 × 106 Da,

Genzyme) aqueous solutions were prepared in deionized water.
Concentrations ranged between 0.1% and 5% weight/volume. Samples
were denoted H-X where X represents the weight percentage of HA in
solution. To assess the effect of hydrolysis on the properties of the
structured matrix, HA (2.5 g) was dissolved at room temperature
under vigorous stirring in 100 mL of different sodium phosphate buffer
solutions (PBS, pH values of 2, 7, and 12). Buffers presented a final
ionic strength of 0.15. The influence of temperature on the HA
chemical stability was also evaluated; the aforementioned solutions
with fixed pH were incubated without stirring in a thermostated water
bath (at 60 °C) for 24 h and denoted with the suffix T. Then, each
sample was cooled to room temperature, frozen, and lyophilized. For
the preparation of drug-loaded HA scaffolds, gentamicin sulfate (final
concentration 20 mg/mL of HA solution, 2%) was dissolved in 1 and
2.5 wt % HA solutions and the preparation procedure repeated as
described above; these samples are denoted as H-1.0-G and H-2.5-G,
respectively.
Structure Formation by ISISA. HA solutions were poured in

molds, typically 1 mL insulin syringes (length 80 mm, diameter 4
mm), and unidirectionally frozen by dipping the mold at a defined rate
into a liquid nitrogen (−196 °C) cold bath. Unidirectionally frozen
samples were freeze−dried using an Alpha 1−2 LD Plus freeze−dryer.
The monoliths were stored at room temperature in a desiccator for
further characterization.
Morphological Characterization. The microstructure of the

scaffolds obtained under different conditions was characterized by
scanning electron microscopy (FESEM Zeiss Supra-40). Pore size and
wall thickness of the monoliths were determined from FESEM
micrographs of cross sections obtained in the freezing direction. For
each construct, at least 20 measurements of pore width and wall
thickness were made on each micrograph. Results are expressed as
mean value ± SD.
Preparation of HA Samples for MALDI-TOF Mass Spectrom-

etry. Samples (1 wt % HA concentration) prepared as described
previously for studies of hydrolysis and thermal degradation were used
for MALDI-TOF analysis. MALDI-TOF spectra were acquired on a
Bruker Autoflex mass spectrometer (Bruker Daltonics). The system
utilizes a pulsed nitrogen laser, emitting at 337 nm. The extraction
voltage was 20 kV. For all spectra, 128 scans were acquired using a
linear mode, negative and positive. The laser strength was kept about
5% over the threshold setting to achieve the best signal-to-noise ratio.
For all samples, a 10 mg/mL 2,5-dihydroxybenzonic acid (DHB)
solution in water containing 0.1% trifluoroacetic acid was used as
matrix. All HA samples were mixed with the matrix prior to their
deposition onto MALDI target 1:10 (V/V). One drop (0.1 μL) of this
preparation was placed onto a MALDI-sample plate and afterward
dried rapidly under a moderate warm air stream. Spectra were
processed with Flex Analysis software.
Differential Scanning Calorimetry (DSC). The thermal stability

of the HA scaffolds was analyzed by DSC (Mettler Toledo TA-400

differential scanning calorimeter). Samples (3−5 mg) were sealed in
40 μL Al-crucible pans and heated from 25 to 300 °C at 10 °C/min
under nitrogen atmosphere. All samples were run in duplicate.

Powder X-ray Diffraction (PXRD). Bare HA, G, as well as G-
loaded monoliths were characterized with a Siemens D5000 PXRD
equipment using graphite-filtered Cu Kα radiation (λ = 1.5406 Å)
between 5° < 2θ < 70°, 0.02° scan steps and 1 s integration time.

Swelling. The swelling of the different scaffolds was studied in
phosphate buffered solution (PBS, pH 7.4), at 37 °C. Scaffolds were
accurately weighed (W0) and immersed in preheated PBS. At
predetermined time intervals, the swollen scaffolds were wiped off
with soft tissue paper and weighed (Wt); the degree of swelling for
each sample at time t was calculated by using the expression (Wt −
W0)/W0 × 100.

In Vitro Drug Release/Permeation. Cellulose nitrate membranes
(0.45 μm) (Sartorius Stedim Biotech GmbH) were mounted in
homemade polypropylene vertical diffusion cells and maintained at 37
°C in a heated compartment. The cell includes a donor chamber
(volume = 0.2 mL) and a receiver chamber (volume = 1.6 mL) which
was filled with preheated PBS (pH 7.4) (see Figure S3). This setup
ensured sink conditions over the whole release assay. These conditions
aim to maintain the drug concentration in the release medium ten
times smaller than the drug saturation limit that is the intrinsic
solubility of the drug in the same medium, namely, approximately 50
mg/mL. After verifying the absence of leakages in the receiver
chamber, G-loaded HA scaffolds were immersed in the donor chamber
and the drug concentration in the receiver chamber monitored over 8
h. To quantify the total permeated drug, aliquots were collected at
predetermined time intervals and assayed by capillary electrophoresis
(see below).

Capillary Electrophoresis (CE). CE separations were performed
with a P/ACE MDQ Capillary electrophoresis system (Beckman),
equipped with diode array detector (190−600 nm), and data
processed by Karat v 8 software. An uncoated fused-silica capillary
of 50 cm length (40 cm to detector) and 75 μm i.d. (MicroSolv
Technology) was employed. The separation was carried out using a
150 mM borate buffer at pH 9.4 and a positive voltage of 10 kV with
pressure (0.1 psi). Samples were introduced into the capillary by
pressure at 0.5 psi for 5 s. UV detection was set at 195 nm and a
temperature of 25 °C was employed.

■ RESULTS AND DISCUSSION
Texturing of HA Scaffolds. The present study was focused

on the preparation of HA scaffolds from aqueous solutions with
the eventual addition of gentamicin (G) or sodium phosphate
buffers, in order to evaluate the role of pH on the structure
formation process. The thermal gradient was established
between ambient (298 K) and liquid N2. Despite the
structuring process following several common trends, ruled
by the physics of phase segregation and irrespective of the
nature of the solid, some peculiar fingerprints at the molecular
or the nanoscale level can affect the final structure, imposing a
careful experimental screening for each new system under
investigation.14

As a starting point, a family of bare HA scaffolds was
prepared by means of increasing the HA concentration and/or
the freezing rate; Figure 1 (upper row) presents the texture
observed for a series of monoliths prepared under representa-
tive conditions. All the samples maintained both the shape and
the size of the parent container, in which the parent gel was
confined prior to ISISA. Since the ice-front progress state
reached a stationary value (e.g., nominal) especially at the
upper half of the monolith, characterizations were always
conducted on that portion.24 SEM inspection of their
transverse section revealed a homogeneous texture, the pore
pattern being only slightly altered in a small region a few
hundred micrometers away from the external surface and
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parallel to the freezing direction. This is an experimental feature
of this method.25 Figure 1 shows images of transverse sections
of monoliths mounted as a whole; the pores are randomly
oriented, exhibiting dimensions of around 10 μm. Representa-
tive FESEM images of the HA scaffolds illustrate the different
textures achieved by increasing the concentration of native HA
in the aqueous solution, ranging from 0.1 to 5 wt %, under
gradually faster freezing rates (1.8, 3.6, and 48 mm min−1).
For low HA contents (0.1 and 0.5 wt %), FESEM images

showed a fiber-like appearance without any preferential
orientation. However, for the lower freezing rate, secondary
large pores were apparent, suggesting the templating effect of
large ice crystals (see Figure S4). Sample H-0.5 denoted the
presence of thicker main fibers laterally bridged by thinner
ones, giving rise to a true 3D interconnected network (Figure
S5). Once the concentration increased to 1 wt %, the walls were
more defined, yet interconnected by fibers (Figure S6). A
further increase of the HA content (2.5 and 5 wt %) resulted in
coalescence of the main and lateral fibers and a more defined
closed-wall structure characterized by a collection of aligned
channels interconnected with their neighbors.
Figure 2 compiles the relationship among the starting

composition, the ice front rate, and the resultant scaffold

morphology. Structures formed by entangled fibers, denoted as
open circles, were obtained with HA contents lower than 0.3 wt
% and at almost every ice front rate.
This peculiar structure has been observed for other HA-

based scaffolds10,26,27 and could be related to the stiffened,
random worm-like coil arrangement described for HA in
diluted aqueous solutions.28,29 The occurrence of fibers is partly
due to the mutual electrostatic repulsion among carboxylate
groups and mainly the existence of intramolecular hydrogen
bonds that bridge adjacent monosaccharide units. This
arrangement restricts rotation and flexion at glycosidic linkages
that are in rapid exchange with water.30−32 Because of the huge
hydrodynamic volume, individual chains are brought into
contact and begin to entangle with each other. This behavior
was found even in solutions free of any added electrolyte.33−35

Closed-cell regime was observed for HA concentrations
greater than 2.5 wt % and the fastest freezing rates, suggesting
that parallel porous walls are more stable than random closed
cells (Figure S7, S8). Between these extreme scenarios, a
compromise situation resulted in a structure that could be
described by parallel porous walls connected by fibers, as was
observed for other biopolymers.11,12,26,36−41

Figure 3 shows the average pore diameter (longer and
shorter) and the average wall thickness against the polymer
concentration for scaffolds that exhibited well-defined pores;
dimensions were measured from FESEM micrographs. In
general, the greater the HA content, the larger the average pore
diameter as well as the wall thickness. These results were
substantially different from those previously obtained with
other polymeric and ceramic biomaterials employed to produce
tissue engineering scaffolds.13,25 However, similar trends were
observed in related systems for pore diameter and wall
thickness.42 The microstructural features observed with changes
in HA concentration might also be ascribed to the ability of the
system to form ice crystals that depends on the adsorption/
desorption balance of such a solute on the surface of the ice
crystal. Irreversible adsorption would completely abrogate ice-
crystal growth, while full desorption would allow free crystal
growth; solute adsorption and desorption on the ice surface are
in dynamic equilibrium. For a particular solute, the effectiveness
in inhibiting ice crystal growth is only related to the extent of
coverage of the ice surface area by such a solute. Thus, to
explain the changes on the morphology of HA scaffolds with
the concentration it is important to take into account the
changes in the conformation of HA (see comments above) and
the interaction between HA and water molecules with
concentration. Some authors showed that nonfreezing water
or bound water can inhibit ice crystal formation depending on

Figure 1. FESEM micrographs (perpendicular to the freezing
direction) of HA hydrogels submitted to ISISA with different freezing
rate (FR): H-0.1, FR = 3.6 mm min−1 (A), H-0.5, FR = 48 mm min−1

(B), H-1.0, FR = 1.8 mm min−1 (C), and H-2.5, FR = 48 mm min−1

(D). Scale bars depicted for sample A are valid for all the images
belonging to the same row.

Figure 2. Morphology domains for bare HA−water systems: fibrilar
(○), fibrilar-layered or open cells (■), and closed cells (□) as a
function of freezing rate and HA concentration.
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HA; for semidiluted HA solutions, they attributed an
antinucleation effect due to the existence of the HA network
and its ability to inhibit formation and growth of ice nuclei. On
the other hand, they showed a nucleation-enhancing effect for
concentrations greater than 2 wt % and proposed that this

effect may arise from the formation of HA aggregates, that
could serve as nucleation aids.43−45

Effect of pH and Thermally Driven Prehydrolysis.
Beyond the physical variables employed to tune the structure of
native HA matrices, additional chemically based strategies could
be applied to modify its behavior during ISISA, in order to
manipulate the HA structure at a molecular level and
consequently expand the structure formation possibilities.46,47

In general terms, the segregation process developed by the
polymer chains would be controlled to a great extent by the
diffusion coefficient. This parameter will be affected by the
intrinsic molecular weight of the individual chains and/or the
degree of specific interaction between those polymer chains
that govern the way in which they self-assemble into higher
clusters. Thus, the process can be altered whenever HA
undergoes irreversible hydrolysis, typically at a pH value below
4 and above 11. Between these extreme pH conditions, chain
scission is negligible, this phenomenon being dependent on the
temperature.48 Under acid conditions, the cleavage of polymer
chains (generally attributed to glycosidic linkages) leads to
disengagement of chains and to disintegration of the polymer
network.49−51 Conversely, it was proposed that the disassembly
of chain−chain interactions due to alkalinization (or heating)
relies on the disruption of hydrogen-bonding and hydrophobic
interactions among antiparallel HA chains.52 In this context,
even at neutral pH, native HA macromolecules dissolved in
water could undergo significant hydrolysis at 60 °C or higher
temperatures.43,52,53 Concerning the factors that govern the
interaction and association of HA molecules in solution,
variables such as pH and ionic strength could also affect the

Figure 3. Wall thickness (upper panel), minor pore diameter (middle
panel), and major pore diameter (lower panel) for samples frozen at
48 (●), and 3.6 (○) mm min−1, as a function of the HA
concentration.

Figure 4. Representative morphology of samples frozen at a freezing rate of 3.6 mm min−1, observed as a function of pH and thermal hydrolysis for
24 h at 60 °C. Thermally hydrolyzed samples are denoted with the suffix T. Otherwise, samples were hydrolyzed for 24 h at room temperature: H-
2.5 native (A), pH 7 (B), pH 7-T (C), H-5.0 native (D), pH 7 (E), pH 7-T (F), pH 2 (G), pH 2-T (H). Scale bar depicted for sample A is valid for
all images. Inset bottom left: MALDI-TOF spectra of HA in native conditions and after thermal hydrolysis at pH 7 and 2.
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rheological properties of HA aqueous solutions and result in
significant changes at a molecular level that alter the structure
formation process.28,35,50,51

In order to exemplify to what extent the aforementioned
variables affected the HA scaffold microstructure, 2.5 and 5 wt
% HA samples frozen at a freezing rate of 3.6 mm min−1 were
exposed to (i) different pH conditions at room temperature
and (ii) a mild thermal hydrolysis at 60 °C, for 24 h (Figure 4).
Samples treated with 0.9% NaCl (with physiological ionic
strength) as supporting electrolyte were included as controls.28

The sample showed a cell-like microstructure connected by
fibers (Figure 4A,D); when HA solutions in 0.9% NaCl were
hydrolyzed at room temperature, both microstructure and pore
size showed the same trend (data not shown). At pH 2, the
scaffold structure was cell-like, connected by fibers with very
variable pore size (Figure 4G,H). Regardless of the temper-
ature, at pH 7, structures were similar to the native one but with
larger pore size, this effect being only attributable to the
increasing ionic strength. At pH 12, structures were also cell-
like, though without connecting fibers (Figure S9). Further-
more, the wall thickness increased with the pH. In accordance
with our results, pore and wall size of native and pH 7 2.5 wt %
HA samples were very similar. The small difference could be
attributed to the increment of the ionic strength (0.15 M NaCl
in 2.5 wt % at pH 7) and its correlation with a different polymer
conformation.51,54

During ISISA, the formation of small or large ice crystals is
also related to the features of the solute (e.g., molecular size).
In addition, the growth of an ice crystal depends on the surface
interaction between the growing crystal and the particular
solute. As a consequence, the differences observed in the
microstructure and the smaller pore size under acid and alkaline
conditions could be assigned to the disaggregation produced by
the hydrolysis at both extreme pH values (2 and 12). In other
words, hydrolysis increased the fraction of smaller polymer
chains that could entrap more ice crystals, giving place to more
pores of smaller size. Following a similar trend, the pore size of
samples exposed to heating was smaller. These findings were in
accordance with previous studies that showed changes in HA
molecular weight for different pH and temperatures as a
function of time.51,52,55 Exposure to acid medium combined
with thermal treatment resulted in a decrease of the HA
molecular weight,43,52 while at neutral pH, the hydrolysis was
negligible.51 MALDI assays confirmed the HA molecular weight
drop after acid and basic thermal hydrolysis (60 °C, 24 h),
while a sample aged at neutral condition remained almost
indistinguishable from native HA (Figure 4, inset; Figure S10).

Effect of G on the Scaffold Microstructure. Once the
influence of the main preparative variables on the micro-
structure of HA scaffolds was established, we assessed the effect
of G incorporation. In this framework, representative samples
of G-free H-1.0 and H-2.5 and their G-loaded counterparts H-
1.0-G and H-2.5-G were thoroughly characterized; drug-loaded

Figure 5. FESEM images of H-2.5 frozen at 48 mm min−1 (A) and H-2.5-G frozen at 48 (B), 3.6 (C), and 1.8 (D) mm min−1. Scale bars depicted in
A are valid for all images on the same row. The G concentration in the precursor solution is 2.0%.
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samples containing 2.0% of G in the precursor solution. A 2.0
wt % gentamicin sulfate solution was submitted to ISISA,
revealing a globular and irregular texture with no signs of
crystallization (Figure S11). Recent works also reported on this
behavior for this drug.57 FESEM images of H-2.5-G reveal that
the resulting structures were essentially similar to G-free HA-
2.5, exhibiting walls interconnected by fibrillar bridges (Figure
5). The H-2.5-G sample frozen at lower rates changed to a
lamellar regime, with an almost unaltered wall thickness (Figure
5). However, for all HA-2.5-G samples, irrespective of the
freezing rate, a detailed inspection of the wall surface denoted
the presence of occluded globules of size 30 ± 10 nm
embedded in the otherwise smooth surface of the bare HA
structure. H-1.0 samples displayed a similar trend though the
presence of G clusters on the surface of the scaffold was more
noticeable (Figure S12). As opposed to other related
biopolymer−drug binary systems, PXRD analysis confirmed
the absence of segregation of large G crystals.56,57 While the
freezing speed yet exerted a strong influence on the HA scaffold
structure, the size of the observed globules remained almost
unaltered.
Aiming to gain a deeper insight into the HA/G interaction,

representative samples and controls were analyzed by DSC
(Figures S13−15). G-free HA-2.5 frozen at 48 mm min−1

showed the presence of a broad endothermic peak around 100
°C, commonly associated with the loss of water molecules that
remained within the scaffold after the lyophilization; two
overlapped exothermic peaks centered around 235 and 245 °C
probably corresponded to irreversible decomposition phenom-
ena.23,58−60 HA-2.5 frozen at slower rates of 1.8 and 3.6 mm
min−1 revealed an additional endothermic peak centered at 210
°C that could be ascribed to the rearrangement of HA chains
before decomposition due to a more organized intramolecular
arrangement. The smaller heat involved during the first
transition suggested a weaker interaction with water molecules.
Below 200 °C, the thermal behavior of pure G (drug control)
was similar to that HA, except for the appearance of certain
well-defined satellite endothermic peaks, centered at 60 and
100 °C (and mounted over the broad peak) that could be also
associated with water desorption (data not shown). Massive
decomposition was evidenced by a single exotherm centered at
235 °C. In contrast with the separate components, H-2.5-G
samples evidenced dramatic changes that depended on the
ISISA conditions. The faster the freezing rate, the more
noticeable the presence of a sharp endothermic peak centered
at 225 °C. This phenomenon suggested the melting of an
intimate HA/G blend, before massive decomposition. Con-
versely, slowest freezing rates resulted in decomposition
patterns that were similar to those of HA/G physical mixtures,
suggesting the segregation of G-rich amorphous domains
within the scaffold (Figure S15).
Swelling and Gentamicin (G) Release/Permeation

Kinetics. Since these scaffolds are envisaged for the prevention
and treatment of skin wound infections and skin repair, a key
property such as the swelling kinetics was evaluated for both
bare and G-loaded HA scaffolds. Results, expressed as
percentage of mass increase, evidenced very dissimilar
behaviors that depended on the monolith composition and
the freezing rate (Figure 6). Irrespective of the different
saturation values, all the G-free samples showed a dramatic
swelling during the first 15 min of the assay, reaching saturation
in less than 1 h and remaining stable with no dissolution for 2
h. These data were in good agreement with recent reports.23

However, H-1.0 frozen at the fastest rate (48 mm min−1)
exhibited an instant water uptake of approximately 70 times its
dry weight, followed by massive dissolution after 20 min
exposure. These results indicated that the open and disordered
structure played a key role. Almost all of the remnant samples
reached a similar maximum swelling, being able to incorporate
around 35 times their dry mass in water. This value was slightly
lower only in the case of H-2.5 frozen at minimum rate, even
after 3 h, suggesting that the better structure formation
characterized by denser walls resulted in a lower wettability, a
less expandable scaffold, or a combination of both. Once G was
added to the system, both H-2.5-G and H-1.0-G exhibited a
much more moderate water uptake than their bare HA
counterparts (Figure 6). This behavior was independent of
the freezing conditions, suggesting that G makes the surface of
HA scaffold more wettable and leads to a faster dissolution and
massive mass loss before a greater swelling extent could be
attained. This phenomenon was especially remarkable for H-
1.0-G samples that dissolved in a matter of minutes (Figure 6).
The G release kinetics was assessed only in H-2.5-G samples;

the extremely fast dissolution rate observed for H-1.0-G
samples hindered a robust and reliable assessment of their
release behavior. Release profiles are depicted in Figure 7. In
general terms, samples frozen at 3.6 and 48 mm min−1 were

Figure 6. Swelling behavior of native HA control samples containing
2.5 and 1 wt % of HA (labeled as H-2.5 and H-1.0, respectively) and
the HA samples loaded with extra content of G (labeled as H-2.5-G
and H-1.0-G, respectively) frozen at 1.8 (▼), 3.6 (○), and 48 (●) mm
min−1.

Figure 7. Cumulative release profile of H-2.5-G, frozen at 1.8 (▼), 3.6
(○), and 48 (●) mm min−1.
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almost indistinguishable and they fitted the Korsmeyer-Peppas
model61 expressed by eq 1

=∞M M k t/ . n
t (1)

where Mt is the amount of drug permeated at time t; M∞, the
amount of drug at infinite time; Mt/M∞, the fraction of
permeated drug (typically obtained from Mt/M∞ values lower
than 0.6); k, a kinetic constant, and n, a release exponent that
depends on the sample geometry and the hydration behavior
(Table S1). However, in certain matrices the release at the early
stages is strongly governed by the hydration kinetics, resulting
in an expression (eq 2) that considers the lag time associated
with swelling and plasticization of the system62−64

= −∞M M k t t/ . ( )t
n

lag (2)

Samples frozen at 3.6 and 48 mm min−1 could be described in
terms of eq 1, with a k value of 0.15 h−1, assuming a film-like
geometry (n = 1). Results indicated a release process controlled
by Fickian diffusion overlapped with matrix relaxation from a
starting rigid (glass) state to a flexible swelled (rubber) one,
also called transport case II. In this case, water molecules
penetrate the matrix and play the role of plasticizer, since it
decreases the glass transition temperature (Tg) of the material;
once Tg reaches the appropriate value to enable the release of
the drug, polymer chains undergo a marked volume expansion,
resulting in a higher mobility that is in accordance with the
observed swelling profiles. Despite the common structural and
swelling features, samples frozen at 1.8 mm min−1 could not be
properly described with the simple expression of eq 1 because
the drug release was noticeable only after 2 h. However, after
this lag period, it behaved almost identically to the others.
Then, it could be described in terms of eq 2, with a k value of
0.15 h−1, a lag period of 1.6 h, and assuming a film-like
geometry (n = 1). The observed delay could be related to the
segregation of G-rich domains, as suggested by DSC data. Bare
HA control samples cannot dissolve before 2 h, suggesting that
an external surface enriched in HA is responsible for the
delayed dissolution observed with respect to the intimate
mixture observed in the other samples where G was likely
dispersed at the molecular level.

■ CONCLUSIONS
The ISISA process allowed the preparation of HA matrices with
a huge variety of microarchitectures; depending on the desired
application, their behavior in water could range from highly
soluble fibers to more stable and swellable hydrogels. The
native HA could be easily altered in terms of both its inter- and
intramolecular interactions as well as its inherent molecular
weight by changes in the pH and eventually, thermally driven
hydrolysis, affecting the resulting textures. It was shown that
samples exhibiting similar textures achieved different degrees of
interdispersion between HA and G, resulting in the occurrence
of a lag time for release. In parallel, samples with certain
structural differences behaved similarly in terms of release, since
both reached a high degree of interdispersion between HA and
G. Then, the latter factor, and not texture, seems to be the key
parameter that governs the release performance. The method
allowed the one-pot consolidation of G-loaded HA matrices
with variable drug/matrix interdispersion degree at a molecular
level, resulting in tunable release kinetics, as certain applications
require.65,66 It is worth stressing that, for certain biomedical
applications, more mechanically stable systems that sustain the

drug release over more prolonged times could be required. In
this context, the combination of HA with other types of water-
soluble natural or synthetic polymers for the production of
hybrid scaffolds should be assessed.
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