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ABSTRACT: In this study, macroporous, elastic, three-
dimensional scaffolds formed of hyaluronic acid mixed with
ethylene glycol diglycidyl ether as a chemical cross-linker have
been prepared by cryogelation for application in tissue
engineering. These cryogels are characterized by large
interconnected pores of size ~50—300 ym and pore wall
thickness of ~5—30 pm as determined from confocal
microscopy images. Variation of pH, freezing temperature,
and polymerization time allows for control of pore size and
shape as well as matrix thickness. These structural properties
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then determine mechanical strength as well as swelling capacity. Furthermore, increasing hyaluronic acid concentration decreases
cryogel pore size, reduces swelling properties, and reinforces mechanical properties. On the other hand, decreasing cross-linker
concentration, at a constant hyaluronic acid concentration, increases pore size and swelling capacity but provides less rigidity.
Additionally, for the first time, local elastic properties of the polymer matrix and viscous properties of the pores have been
characterized using multiple particle tracking microrheology. Local matrix elasticity, relaxation time of hyaluronic acid chains, and
the degree of heterogeneity are discussed in detail. These latter properties are crucial for the development of new tissue
engineering constructs and will help to understand how local matrix viscoelasticity affects cell cultivation. Finally, elastic moduli
obtained in bulk rheology are much higher than corresponding values deduced from microrheology. This discrepancy might be
explained by the formation of very highly cross-linked cores in the network where no tracer particle can penetrate.

1. INTRODUCTION

Hyaluronic acid (HA) is a high molecular weight negatively
charged polysaccharide composed of repeating disaccharide
units of N-acetyl glucosamine and glucuronic acid linked by S-
1,3 and p-1,4 glycosidic bonds. The number of repeat
disaccharides can reach 25000, which corresponds to a
molecular mass of 10’ Da and a chain contour length of ~10
um." HA is present in all vertebrates, where it is mainly
produced by fibroblasts and other specialized tissues cells. It is
found primarily in the extracellular matrix (ECM), but has also
been shown to occur intracellularly.” The biological functions
of HA include maintenance of the viscoelasticity of liquid
connective tissues such as joint synovial’™® and eye vitreous
fluid, control of tissue hydration and water transport,
supramolecular assembly of proteoglycans in the ECM, and
numerous receptor-mediated roles in cell detachment, mitosis,
migration, tumor development and metastasis, and inflamma-
tion.””"" Physical and biochemical properties of HA in solution
have been investigated intensively, in particular, rheologi-
cal,"'™'* conformational,">'® and structural'’™"® studies have
been performed for a long time, and, more recently, for the first
time, microrheological studies.”’~>* HA properties in solution
are of high importance to understand the role of HA in tissue
regeneration. In the latter case, HA is used in hydrogel form as
a scaffold for tissue engineering (TE). TE holds great promise
for regeneration and repair of diseased tissues, making the
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development of scaffolds a topic of great interest in biomedical
research. For successful TE, the scaffold must be biodegradable
and biocompatible, with a 3D porous architecture and interpore
connections, and should have appropriate mechanical proper-
ties to closely mimic mechanical, and in some cases chemical
properties of the ECM. The TE concept involves the seeding of
regenerative cells within the scaffolds, the latter serving as a
mechanical support and a shape-determining material.

Several approaches to the fabrication of one-component HA
and/or HA-mixture 3D porous scaffolds have been developed
including phase separation,” freeze-drying,”*™** electrospin-
ning,29 rapid prototyping,30 porogen lea.ching,31 cross-linking
reaction using oxidizing agent,”” templating,”* and super critical
fluid technology.”* Most of these latter techniques are complex,
require specific equipment, use high temperatures and organic
solvents. In this study, we use a more versatile method, namely,
the cryogelation technique to produce macroporous HA
scaffolds with control of the pore size using ice crystals as
templates without organic solvent, any additives, or cytotoxic
porogens. Many review articles® ™" and studies**~*® have been
dedicated to cryogel materials and their application for TE. To
the best of our knowledge, only a few studies exist using
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cryogelation to produce scaffolds from HA. Chang et al.*” have
shown that macroporous elastic cryogels (~200 pm pore
diameter) could be fabricated from a gelatin and HA mixture
for application in adipose tissue engineering. Very recently,
Strom et al.*® have prepared and investigated physical
properties of cross-linked HA cryogels (100 ym pore
diameter). In the latter study, HA was chemically cross-linked
with ethylene glycol diglycidyl ether (EGDE). One common
characteristic of these cryogels is that the structure is formed of
interconnected macropores and that they swell by absorbing
large amounts of water. Desirable pore size for TE is typically in
the 100—300 pm range. The role of the pores is to provide the
necessary architecture for the three-dimensional organization of
cells, to allow supply of nutrients and the removal of waste
metabolites®® but most importantly large interconnected pores
facilitate blood vessel in-growth.*” Despite some studies on this
topic’®***" the role of pore size, volume, and degree of
interconnectivity on cell growth and proliferation are still
poorly understood, and strategies for a targeted design are
lacking. Additionally, cryogel mechanical properties play a
fundamental role in the stability of the gels but also in cell
adhesion, migration, and proliferation. In general, studies
concern macromechanical properties including bulk rheological
measurements” " as well as uniaxial compressive
tests.” 799 These latter provide Young’s modulus E
characterizing gel elasticity at the macroscopic scale. Different
values of the modulus are connected to different applications,
from soft tissues E ~ (0.1—1 kPa) to hard bones E ~ (1—40
GPa). Gel macroelasticity has also been investi§ated to study its
impact on cell adhesion and proliferation.””*>>*~>* Never-
theless, these measurements are not considered ideal, as they
probe the gel in its entirety, whereas cell development and
behavior are significantly influenced by the elasticity of the
microenvironment around them.

Some studies exist in the literature where local viscoelastic
properties of the matrix have been investigated by means of
atomic force microscopy (AFM) and where the relation
between cell and matrix elasticity has been pointed out but
only applied to nonporous hydrogels.*"*'~** In particular, cell
adhesion and morphology change with matrix elasticity. Naive
mesenchymal stem cells (MSC), which are initially small and
round, develop branched, spindle, or polygonal shapes when
grown on polyacrylamide (PA) matrices of moduli 0.1—1 kPa,
8—17 kPa, and 25—40 kPa, respectively.51 To our knowledge,
for porous hydrogels, only one attempt has been performed to
characterize matrix local properties but without great
satisfaction and efficiency. In this study,”* AFM has been
used to investigate matrix properties of poly(N-isopropylacry-
lamide) (PNIPAAm) hydrogels with pores of no more than 10
um in size. Unfortunately, AFM analysis was limited to the
inspection of pore surface topology, i.e., surface roughness, and
did not at all address the matrix elasticity. Nanoindentation is
another technique that has been used to test matrix microscale
mechanical properties but also only applied to nonporous
hydrogels.”>*® To our knowledge, up to now, no nano-
indentation studies performed on macroporous hydrogels exist.
Several limitations are associated with this technique especially
for the study of hydrated samples, as it is the case for cryogels
investigated in this study. A first limitation is the surface tension
of water and the difficulty to identify the point of zero force. A
second one is the softness of the material. Cryogels are
considered as soft materials with a Young’s modulus E < 1
MPa, whereas nanoindentation techniques are more adapted

for stiff materials with E > 1 GPa. The study of soft porous
hydrated materials poses many additional challenges in the field
of indentation, requiring innovative testing and analysis
techniques. In that sense, new techniques providing accurate
information about local viscoelastic properties of hydrated soft
cryogels are of great importance.

In this study, we have prepared cryogels of similar
composition to those produced by Strom et al,*® namely,
formed of HA mixed with EGDE as a chemical cross-linker
using the cryogelation technique.”” The first part of the study is
dedicated to the effect of three different parameters that
potentially influence the cryogelation preparation and in turn
have an impact on swelling, structural, and mechanical
properties. These parameters are the pH exposure time,
freezing temperature and kinetics of polymerization. These
vary between 10, 15, and 24 h, —18 and —15 °C, and 3 and 10
days, respectively. The goal is to have a better control of the
overall fabrication process in order to develop a strategy for
making gels with well-defined structural and mechanical
features. Cryogel pore size and matrix thickness are
characterized by confocal laser scanning microscopy (CLSM)
images, macromechanical properties by bulk rheometry, and
uniaxial compressive tests. Additionally, a systematic study on
the influence of HA and cross-linker concentration on gel
properties is performed. Two series of cryogel are investigated:
a first one with a fixed cross-linker concentration and varying
HA concentration and a second one with a fixed HA
concentration and varying cross-linker concentration. The
second part is dedicated to the characterization of local
viscoelastic and microstructural properties of those cryogels.
For the first time, we study elastic properties of the matrix and
the viscous properties of the pores locally using multiple
particle tracking (MPT) microrheology. Accurate character-
ization of HA networks is of high importance, as the local
matrix stiffness is supposed to affect cellular adhesion,
migration, and proliferation.‘ﬂ_53 Microrheological measure-
ments are performed on cryogels before and after swelling in
water using fluorescent polystyrene particles of different
diameter (0.5, 0.2, and 0.1 um) as tracers. Results are
systematically compared to those obtained from macro-
rheological measurements.

2. MATERIALS AND METHODS

2.1. Preparation of HA/EGDE Cryogels. HA used in this work
was donated by Novozymes Biopharma (Bagsvaerd, Denmark) and is
sold under the commercial name Hyasis (molecular weigth M,, = 1.43
X 10° g/ mol). The production method is based on fermentation of the
safe bacterial strain Bacillus subtilis. The polydispersity is equal to 1.4,
the mass of a disaccharide unit is 400 g/mol, the length of a monomer
is 1.02 nm, and the contour length is equal to L. = 3.6 um. The cross-
linker EGDE was purchased from Polysciences, Inc., Warrington, USA
(cat#01479) and has a molecular weight of 174.2 g/mol. This chemical
is noncytotoxic and appropriate for cell cultivation. In our study,
cryogels were prepared using a different procedure from that of Strém
et al.*® In the latter study, HA was first dissolved in water before
adjusting the pH to 13 with NaOH, whereas in our case HA was first
dissolved in a 1 wt % NaOH solution in order to obtain a
homogeneous pH adjustment in the whole sample and to ensure
efficient cross-linking thereafter. This mixture was maintained for
several hours at 4 °C until complete dissolution (pH > 13). After that,
the appropriate amount of EGDE was added to this mixture under
stirring (S min), and then the solution was transferred to syringes that
were immersed in glycerol solution stored at low temperature (—18 +
0.1 °C) in a deep freezer or in a silicon oil bath cooled at —15 + 0.1
°C using a commercial immersion thermostat up to 10 days. After
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freezing, the solution was heated up to room temperature for at least 2
h before performing experiments. The cryogels thus obtained are
spongy, elastic with large interconnected pores and swell instanta-
neously when immersed in water. An example of a 3D image of the
structure of this type of cryogel, obtained by confocal laser scanning
microscopy, is shown in the Supporting Information. In this study, we
define dry gels as the gels formed just after freezing and which have
not been hydrated in water. Hydrated gels correspond to the gels
immersed in water and become swollen, accordingly.

2.2. Confocal Laser Scanning Microscopy (CLSM). Pore size
images have been taken using a Leica TCS SP8 inverted confocal laser
scanning microscope combined with a 20x multi-immersion objective
(NA of 0.75). Cryogels were first immersed and stained in an aqueous
Rhodamine B solution and then washed several times with Milli-Q
water in order to get rid of the dye in the pores. In all CLSM images,
pores are colored in black and the HA network in red. The light source
was a solid-state laser with an excitation wavelength of 552 nm, and
the signal emitted at a wavelength interval of 570 to 700 nm was
recorded. The formats of the images were 581 X 581 ym or 775 X 775
pum at a resolution of 512 X 512 or 1024 X 1024 pixels, respectively.
Average values for pore diameter and statistical errors have been
estimated by image analyses of 10 and $ different pores for Figures 3B
and 7 and Figures2A,B, 4B, and 9A,B, respectively.

2.3. Mechanical Compression Testing. Uniaxial compression
tests were performed at room temperature using a commercial Texture
Analyzer TAXTplus (Stable Micro System, UK) machine with a S kg
load cell. Prior to performing compression tests, all cryogels were cut
in their swollen state into cylinders of approximately 10 mm in height
and 10 mm in diameter. Samples were compressed up to 60% strain at
a compression speed of 0.3 mm/s. The Young’s modulus, E, has been
determined as the initial linear slope of the stress—strain curve, where
the stress 0 = F/A, and the strain € = AL/L are defined with respect
to the initial dimensions of the sample. F is the compressive force
applied to cylindrically shaped gels with an initial surface area of Ay =
ar*. AL is the change in height of the sample, and L, is the initial
sample height.

2.4. Rotational Rheometry. A rotational rheometer Thermo
MARS 1I equipped with a smooth plate—plate measuring cell (plate
diameter dpp = 35 mm, and gap of 2 mm and S mm for dry and
swollen samples, respectively) was used to perform small amplitude
oscillatory shear experiments covering the frequency range from 0.1 to
100 rad-s™'. Strain sweep experiments performed prior to frequency
sweeps ensured that the strain amplitude used was sufficiently small to
provide a linear material response at all investigated frequencies. For
each experiment no preshear of the gel was performed since in
preliminary experiments we have observed variations in the results
after repeated measurements on the same gel, probably due to a loss of
water with time. Preliminary experiments also confirmed that slip is of
minor relevance here due to the large gap. For all gels investigated in
macrorheology, G’ > G"’ and G’ is independent of frequency. The
plateau modulus Ggp, has been determined as the value of the
modulus G’ at the frequency at which G’’ has its local minimum. All
bulk rheological experiments have been performed on gels without
tracer particles inside, and we have estimated a relative experimental
error of 10%. For microrheology measurements, the plateau modulus

2kT
37a{MSD)
where a is the particle radius and (MSD) is the average mean square
displacement value in the plateau region where (MSD) is independent
of time.

2.5. Multiple Particle Tracking Based Optical Microrheology.
MPT experiments were performed using an inverted fluorescence
microscope (Axio Observer D1, Zeiss), equipped with a Fluar 100x,
N.A. 1.3, oil-immersion lens combined with a 1x optovar magnification
changer. We tracked the Brownian motion of green fluorescent
polystyrene microspheres of 0.10, 0.19, and 0.51 ym diameter (Bangs
Laboratories) used as tracer particles. For MPT measurements
performed in the pores, after fabrication of the cryogel, the latter
was immersed in water and swelled. Then, tracer particles have been
directly injected into the gel with a syringe, and these latter go directly

Gompr has been determined using the relation Gyypr =

into the pores. On the contrary, for performing measurements in the
HA matrix, particles have been added at the first step of the sample
preparation, ie., before freezing. Images of these fluorescent beads
were recorded onto a personal computer via a SCMOS camera Zyla X
(Andor Technology: 21.8 mm diagonal sSCMOS Sensor size, 2160 X
2160 square pixels). Displacements of particle centers were monitored
in an 127 X 127 pum field of view, at a rate of 50 frames/s. Movies of
the fluctuating microspheres were analyzed by a custom MPT routine
incorporated into the software Image Processing System (Visiometrics
iPS) and a self-written Matlab program®” based on the widely used
Crocker and Grier tracking algorithm.”® For both experiments, a
relative experimental error of 10% was estimated. Additionally, to
perform the statistical analysis and characterize the microstructure
heterogeneity, we examined the distribution of displacements, known

as the Van Hove correlation function,®”° given by
N
1 N(x, 1)
G(x, 1) = —=() 6[x + x(0) — x(7)]) = ————=
N Z N (1)

where x is the distance of the particle center of mass along the x-
coordinate. N(x,7) is the number of particles found at positions
between x and (x + dx) after lag time 7 (in our study 7 =1 5), and N is
the total number of particles. If all particles are exposed to similar
environment G,(x,7) has a Gaussian form. Deviations from this form
reflect the presence of heterogeneities. Such deviations can be
characterized by the non-Gaussian parameter a:”"

L @)
3(0)Y )

This quantity is zero for a Gaussian distribution, while deviations from
this distributions can result in large o values.

3. RESULTS AND DISCUSSION

3.1. Variation of Cryogel Properties. 3.1.1. Effect of HA
Exposure Time in a NaOH Solution: Role of pH. The first step
of the sample preparation is to dissolve HA in a NaOH solution
to reach pH > 10 because the added cross-linker EGDE
covalently bonds HA hydroxyl groups only under alkaline
conditions. We have observed that the time at which HA is
exposed to such high pH plays an important role in cryogel
final structure and properties. Figure 1 represents stress—strain
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Figure 1. Uniaxial compression tests performed on a HA 3 wt
%/EGDE 0.7 wt % cryogel in wet states. Young’s modulus E has been
determined from the initial linear slope (full line) of the stress—strain
curve. Squares, triangles, and circles correspond to 10, 15, 24 h HA
dissolution time in a NaOH solution (pH > 10) respectively. Freezing
temperature was —18 °C, and polymerization time was 3 days.
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curves obtained from uniaxial compression tests performed on
HA 3 wt %/EGDE 0.7 wt % cryogels prepared with exposure
times 10, 15, and 24 h, freezing temperature —18 °C and
polymerization time 3 days. The most stable cryogel is obtained
with 15 h exposure time. This gel is highly elastic, with a
Young’s modulus in the hydrated state (after swelling in water)
Ehyq = 4 % 0.8 kPa, and stands on its own weight as it is shown
in the associated picture. The cryogel with 10 h exposure time
is less stable with E 4 = 0.55 + 0.27 kPa and can hardly stand
on its own. This is probably because 10 h is not enough time to
allow for a complete HA dissolution and homogeneous
dispersion in the solution required for an efficient cross-linking.
The weakest cryogel is the one with 24 h exposure time. For
the latter, By, g = 0.12 + 0.06 kPa and the gel is collapsing under
its own weight. The reason presumably is that HA has degraded
after 24 h at high pH. It is known that at high pH, HA
molecular weight (M,,) degrade due to breakage of H-bonds
and cleavage of glucosidic bonds inducing a conformation
change of the HA chain from a stiff to a flexible coil.”” To
summarize, cryogel structure, stability and elasticity depend on
the time at which the HA mixture is exposed to high pH.
Understanding this point and more generally the role of pH on
cryogel properties is of significant importance in order to better
control the cryogelation process.

3.1.2. Effect of Freezing Temperature. The second
parameter influencing cryogel properties is the freezing
temperature. Collins et al.”® have observed that the average
pore diameter of HA hydrogels, prepared using the freeze-
drying method, decreases from 215 to 156 um at a freezing
temperature of —20 °C and —40 °C, respectively. In Strom et
al.** the pore size decreases from 300 to 150 um at a freezing
temperature of —10 °C and —18 °C, respectively. With our
method of cryogelation, we observe a similar behavior: pores
become smaller and wall matrix thinner as the freezing
temperature decreases. For the HA 3 wt %/EGDE 0.7 wt %
cryogel, pore size decreases from 233 + 50 um to 136 + 35 ym
and wall thickness from ~100—40 ym to ~20 um as the
freezing temperature decreases from —15 °C (Figure 2A) to

775 um

775um 775 um

Figure 2. CLSM images of HA 3 wt %/EGDE 0.7 wt % cryogels in the
wet state frozen at —15 °C (A) and —18 °C (B). In both cases the
exposure time in NaOH solution was 15 h and polymerization time 3
days. Cryogels were stained with a rhodamine B solution and rinsed
with Milli-Q water afterward to get rid of the dye in the pores.

—18 °C (Figure 2B) respectively. In both cases, exposure time
in NaOH was 15 h, and polymerization time 3 days. At lower
temperature, the solvent crystallizes faster, resulting in a large
number of small ice crystals acting as pore forming agents.
Additionally, we have observed that the pore size is related to
the swelling capacity. In fact, the prerequisite for swelling is to

have pore interconnectivity, and the degree of swelling is
determined by the degree of cross-linking and polymer
concentration. Swelling is less pronounced for samples
prepared at lower temperature (—18 °C) where small pores
are formed. Swelling ratio SR = my,4/mg,, = 2 is found at —18
°C and SR = 5.5 for preparation at —15 °C. At the same time,
the elastic modulus in the hydrated state E}, 4 is almost constant
around 4 + 0.8 kPa for both samples.

3.1.3. Effect of Polymerization Kinetics. Finally, we have
observed that the kinetics of polymerization also have a
significant effect on cryogel structure and properties. Figure 3

775 um

775 pm 775 pm

Figure 3. CLSM images of HA 3 wt %/EGDE 0.7 wt % cryogels
before (A) and after (B) swelling in a water. (Exposure time in a
NaOH solution: 15 h, freezing temperature: —18 °C, and polymer-
ization time: 10 days). Top right in both A and B: photography of the
respective cryogels. Bottom right in A: enlargement of the selected
region.

shows the cryogel, after 10 days of polymerization, in the dry
(A) and hydrated (B) states before and after swelling in an
aqueous solution. This cryogel is a very stable gel with E;,, and
Eyyq equal to 300 + 15 kPa and 6.5 + 1.3 kPa, respectively. The
gel structure in the dry state (Figure 3A) shows a very shrunk
and dense HA network with small pores of diameter less than
40 pm. The presence of small pores is presumably due to the
rest of the Rhodamine—water solution, which is needed to stain
the polymer for performing CLSM images. In the hydrated
state (Figure 3B), the structure is different compared to the one
shown in Figure 2B, where the polymerization time was only 3
days. In both cases, prior to polymerization, the HA storage
time at pH = 13 was 15 h, and the freezing temperature was
—18 °C. Pore sizes are almost similar (135 + 35 um), but pore
shape and matrix thickness differ significantly. For the 10 days
polymerization cryogel, pores are more round and homoge-
neous and the matrix walls much denser and thinner (5 ym or
less) compared to 20 pm or more for the 3 days polymerization
sample. These structural differences have an important impact
on cryogel swelling properties: SR = 6 and 2 were found for
gels with 10 and 3 days polymerization time, respectively. At
this point, we have clearly shown a significant effect of pH,
freezing temperature and polymerization time on the cryogel
structure. Pore size and shape as well as matrix thickness
change according to the experimental conditions. These
structural differences lead to mechanical as well as swelling
capacity differences. To summarize, in our study, a macro-
porous cryogel with appropriate pore size and high mechanical
strength is obtained after 15 h exposure time in a NaOH
solution, a freezing temperature of —18 °C, and a polymer-
ization time of 10 days.
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3.2. Cryogel Local Viscoelastic Properties. 3.2.1. MPT
Measurements in the Pores. In multiple particle tracking
(MPT) experiments, the thermally driven motion of inert
microspheres that are evenly distributed within a fluid is
monitored. The resulting particle trajectories are transformed
into mean square displacement (MSD) traces. For homoge-
neous systems, the linear viscoelastic moduli G’ and G”’ can be
extracted from the average MSD. In inhomogeneous systems,
the statistical analysis of the MSD distribution provides
information about the degree of heterogeneity and the local
variation of viscoelastic properties with microscale resolution
(0.1—10 pm). Rheological properties are extracted from MSD
measurements following the method of Mason et al.”> We have,
for the first time, performed MPT measurements on macro-
porous HA scaffolds. After production of the HA 3 wt
%/EGDE 0.7 wt % cryogel (freezing temperature —18 °C and
polymerization time 3 days), tracer particles of diameter 0.5 m
were directly injected into the gel, and we observed the
presence of particles only into the pores and not in the HA
matrix as shown in Figure 4A. The latter being probably too

127 ym
581.25 ym

127 pm 581.25 ym

Figure 4. (A) Inverted light microscope image of a HA 3 wt %/EGDE
0.7 wt % cryogel in the wet state. Tracer particles represent PS with a
diameter 0.5 ym. (B) CLSM microscope image of the same sample
(exposure time in a NaOH solution: 1S h, freezing temperature: —18
°C, and polymerization time: 3 days).

highly elastic and strongly cross-linked to allow for penetration
of particles into it. In Figure 4A, black areas correspond to the
HA matrix with no particles, whereas white areas represent
pores containing tracer particles. The pore size is ~100 ym
(Figure 4A), and the matrix thickness is ~25 ym; these results

are in good agreement with those obtained from CLSM images
(Figure 4B) for the same sample. Similar experiments have
been performed using gels swollen in aqueous glycerol
solutions with 50% and 75% glycerol content. The idea is to
modify the viscosity of the solution in the pores. Figure 5 shows
the MSD variation of tracer particles with diameter 0.5 pm
dispersed only in the pores of the gel swollen in these different
solutions. In all cases, the MSD traces vary almost linearly with
time, indicating that the motion of the tracer particles is purely
diffusive and that the microenvironment surrounding the
particles responds like a viscous liquid. From the averaged
MSD, we determined the viscosity #ypr using the relation
(A7*(1)) = 4D7 where the Stokes—Einstein relation gives
=3 kT and a is the tracer particle radius. We found #ypr
7vpr?
=09 +02,74 + 1,32 + 5 mPa:s for pure water, 50% and 75%
glycerol solutions, respectively. These values are in good
agreement with viscosity values of corresponding glycerol/
water mixtures determined from bulk rheological measure-
ments: i.e., fpy = 1, 6, and 35 mPa-s, respectively. Additionally,
for all solutions investigated above, we have performed
statistical analyses of the MSD distribution, and we found
low values of a with @ = 0.2, 0.01, 0.02 for pure water, 50% and
75% glycerol solutions, respectively. This result clearly reveals a
homogeneous structure on the micrometer length scale, ie,
that these large pores are uniformly filled with the different
fluids and that they do not contain any dissolved non-cross-
linked polymer. The slightly higher a value for pure water is
due to a very fast diffusion of the particles in and out of the
focal plane, leading to some tracking errors but it still confirms
a high degree of homogeneity of the system. In summary, we
have shown that MPT measurements allow measurement of the
viscosity only in the pores. This information may be very useful
for the control of cell and nutriment diffusion in the pores.
3.2.2. MPT Measurements in the HA Matrix of a Dry and
Hydrated Gel. Contrary to the previous case, where tracer
particles were added after gel formation, here particles have
been added at the first step of the sample preparation, ie.,
before freezing. In this case, after gel formation, no particles
were dispersed inside the pores, but they were all trapped in the
HA matrix formed during polymerization. One possible
explanation for this phenomenon may be that during the
freezing process the ice-crystal growth front pushes particles
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Figure 5. Mean square displacements (MSDs) of individual polystyrene (PS) microspheres of diameter 0.5 ym dispersed in pure water (A), glycerol
50% (B), and glycerol 75% (C) solutions. The red curve is the ensemble-average MSD. The blue curve in (A) represents the theoretical MSD of a
0.5 pm particle dispersed in water with a viscosity of 1 mPa-s at 20 °C (exposure time in a NaOH solution: 15 h, freezing temperature: —18 °C and

polymerization time: 3 days).
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Figure 6. MSDs of PS particles of diameter 0.2 ym dispersed in the matrix of a HA 3 wt %/EGDE 0.7 wt % cryogel. (A) Before swelling in the dry
state. (B) After swelling in the hydrated state. The red region indicates times 7 > 7z (exposure time in a NaOH solution: 15 h, freezing temperature:

—18 °C and polymerization time: 10 days).

out of the pores. Figure 6 shows the variation of MSDs as a
function of time for PS particles of diameter 0.2 ym dispersed
in the matrix of a HA 3 wt %/EGDE 0.7 wt % cryogel
(exposure time in a NaOH solution: 15 h, freezing temper-
ature: —18 °C and polymerization time: 10 days) both in the
dry (Figure 6A) and hydrated (Figure 6B) state. In both cases,
tracer particle motion is significantly different from diffusion in
the pores (Figure S), and all MSDs exhibit almost no time
dependence (slope = 0) for times 7 < 7, (7g being the time
that characterizes the onset of the terminal flow regime) with
an average MSD (red curve) value ~107> ym® The so-called
static error as described by Savin et al.”* is 10 ym? and can be
neglected here. This result indicates that particles are highly
constrained by the surrounding fluid, which is consistent with
an elastic trapping of tracer particles in a gel-like network.
Additionally, for the measurement in the dry state, @ = 0.15,
indicating a homogeneous HA network, whereas in the
hydrated state we observe a slight deviation of the measured
displacements from a Gaussian distribution with @ = 0.65. This
indicates a slightly higher degree of heterogeneity of the HA
matrix after swelling in an aqueous solution but « is still less
than one, reflecting a fairly homogeneous system. At long times
(7 > 7g) the slope of the MSDs traces increases, indicating slow
viscous diffusion of the beads corresponding to a transition into
the terminal flow regime. MSD increase is stronger and starts
earlier for the hydrated cryogel (7 ~ 1 s) compared to the dry
one (7 ~ S s), which indicates a faster relaxation time of HA
chains in the matrix after swelling corresponding to an increase
of chain mobility.

The absolute value of the time-independent average MSD at
T < 7y is essentially the same in the dry and swollen state

2T
37a(MSD)
1 Pa. From this latter value, we can directly determine the mesh
size &ypr of the HA network according to the classical theory of

rubber elasticity with G, \pr = ;B—T 7> We found &ypr = 75 + 8

3 .
MPT

corresponding to a plateau modulus Gy \pr = ~ 10 +

nm, and this value is much smaller than the diameter of the
embedded tracer particles (~200 nm) used for MPT
measurements and therefore characterizes the elastic properties
and network structure in the vicinity of the corresponding
tracer particles. This value of Ggypr ~ 10 Pa is much lower

than that obtained from bulk rheology measurements, G g, ~
1000 + 100 Pa (results shown in the Supporting Information).
Similar results have been obtained, e.g., for keratin intermediate
filament networks, where Ggpu > GO,MPT-76 A pronounced
contribution of stretched, out of equilibrium chain segments
was proposed to cause the large Ggp,y values found for
intermediate filament-networks, especially at low protein
concentration. In our case, the discrepancy between Ggpux
and Gypr might be understood by assuming chain alignment
and formation of transient cross-links between the chains that
would give an additional contribution to the elasticity in the
case of bulk rheological measurements. Another explanation
may be the formation of very highly cross-linked cores in the
network, where no tracer particle can penetrate. Such densely
cross-linked regions would then contribute to Gy g,y but not to
Gompr- Further investigations need to be performed to gain a
deeper insight and to explain this large difference between
macro- and microrheological results. We hypothesize that the
local modulus Ggppr is the relevant physical quantity
determining the cell growth within the porous hydrogel.
3.2.3. HA Concentration Effect. In this section we
investigate the effect of increasing HA concentration on pore
size, swelling and micro/macro mechanical properties. Figure 7
shows a CLSM image of a HA 7 wt %/EGDE 1.6 wt % cryogel

775 um

775 ym

Figure 7. CLSM image of a HA 7 wt %/EGDE 1.6 wt % cryogel after
swelling in water. (Exposure time in a NaOH solution: 15 h, freezing
temperature: —18 °C, and polymerization time: 10 days).

DOI: 10.1021/acs.biomac.5b01529
Biomacromolecules XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.5b01529/suppl_file/bm5b01529_si_001.pdf
http://dx.doi.org/10.1021/acs.biomac.5b01529

Biomacromolecules

< Arz(r) >/ umz

A.

t/s

Figure 8. (A) MSDs of PS particles of diameter 0.2 ym dispersed in the matrix of a HA 7 wt %/EGDE 1.63 wt % cryogel after swelling in the
hydrated state (exposure time in a NaOH solution: 15 h, freezing temperature: —18 °C, and polymerization time: 10 days). (B) Corresponding

inverted light microscope image.

in the hydrated state with a ratio R = HA/EGDE = 4.3; this
sample was prepared under the same conditions as for the
cryogel HA 3 wt % (R = 4.3) shown in Figure 3B (exposure
time in a NaOH solution: 15 h, freezing temperature: —18 °C,
and polymerization time: 10 days). We clearly observe a
decrease of pore sizes from 135 + 35 um to less than 85 + 10
um when the HA concentration increases from 3 wt % to 7 wt
%, respectively. At the same time the matrix seems to be slightly
thicker for the HA 7 wt % (~5—10 ym) compared to the HA 3
wt % (<S pm). This result is presumably due to the fact that
for a higher polymer concentration, the initial solution becomes
more concentrated. Accordingly, the cross-linking rate will be
faster at the same temperature (Kathuria 2009, Lozinsky 2001),
leading to gelation in the polymer solution before porogens (ice
crystals) are formed. The gel formed under these conditions
will have less porosity with smaller pores and thicker pore walls.
Additionally, increasing HA concentration leads to reinforced
macromechanical properties and reduced swelling capacities.
Indeed bulk rheometry measurements show a plateau modulus
in the hydrated state Ggp, = 3000 £ 300 Pa and 1000 + 100
Pa, and swelling ratios of SR = 4.4 and 6 for HA 7 wt % and HA
3 wt %, respectively. Figure 8A shows the variation of MSDs as
a function of time for PS particles of diameter 0.2 ym dispersed
in the matrix of the HA 7 wt %/EGDE 1.6 wt % cryogel in the
hydrated state. Figure 8B shows the corresponding inverted
light microscope image. MSDs are almost independent of time
over the entire frequency range investigated with a = 0.7; this
value is similar to that obtained for HA 3 wt % in the hydrated
state (Figure 6B), but a slight MSD increase is observed at 7 ~
4 s compared to 7 ~ 1 s for HA 3 wt %. This result indicates a
much slower relaxation time of HA chains at higher polymer
concentration.

3.2.4. Cross-Linker Concentration Effect. We have also
performed measurements on cryogels keeping the HA
concentration constant but varying the cross-linker concen-
tration. The goal is to see how the cross-linker concentration
affects pore size, swelling, and micro/macro mechanical
properties. Figure 9 shows CLSM images of cryogels composed

581.25 um

581.25 pm

581.25 pm

Figure 9. CLSM images of HA 3 wt %/EGDE 0.35 wt % (A) and
EGDE 0.15 wt % (B) cryogels after swelling in water (exposure time in
a NaOH solution: 15 h, freezing temperature: —18 °C, and
polymerization time: 10 days).

of HA 3 wt %/EGDE 0.35 (A) and 0.15 wt % (B) in the
hydrated state (exposure time in a NaOH solution: 15 h,
freezing temperature: —18 °C, and polymerization time: 10
days). Comparing these figures with Figure 3B shows that the
pore size increases from 135 + 35 to 260 + 86 um and wall
matrix thickness from <5 ym to ~30 ym when the cross-linker
concentration decreases from 0.7 to 0.15 wt %, respectively.
Additionally, the cryogel becomes less elastic with the Young’s
modulus E decreasing from 6.3 + 1.26 kPa to 0.25 + 0.13 kPa
and swelling capacity increases from SR = 4.9 to 9.2. Figures
10A,B shows results of MPT measurements performed in the
HA 3 wt % matrix of dry gels with EGDE concentrations 0.7
(A) and 0.15 wt % (B). For the cryogel with lower cross-linker
concentration, MSD starts to increase from its initial level at
shorter times 7y & 2 s, compared to the gel with higher EGDE
concentration (7p & S s) indicating faster relaxation time of HA
chains. This latter result may be related to lower cross-link
density and higher swelling capacity in the case of lower cross-
linker concentration. Additionally, for the sample with less
cross-linker (Figure 10B), the range of displacement at a given
lag time is broader than for the one with more cross-linker. At 7
= 0.1 s, MSD varies more than 1 order of magnitude, from
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Figure 10. MSDs of PS particles of diameter 0.2 ym dispersed in the matrix of a HA 3 wt %/EGDE 0.7 wt % dry state (A), HA 3 wt %/EGDE 0.15
wt % dry state (B), and HA 3 wt %/EGDE 0.15 wt % wet state (C) (exposure time in a NaOH solution: 15 h, freezing temperature: —18 °C, and

polymerization time: 10 days).
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Figure 11. MSDs of PS particles of diameter 0.1 ym dispersed in the matrix of a HA 3 wt %/EGDE 0.7 wt % cryogel. (A) In the dry state after 10
days polymerization at —18 °C. (B) After 3 days polymerization (exposure time in a NaOH solution: 15 h).

~3.107* to 5.107> ym? at lower cross-linker concentration with
a = 0.95 compared to ~6.107* to 3.107> um? at the higher
cross-linker concentration and a = 0.15. This result indicates a
more heterogeneous structure on the micrometer-scale as
expected for a presumably incompletely cross-linked network.
MPT results obtained for hydrated gels with EGDE 0.7 and
0.15 wt % are shown in Figure 6B and 10C, respectively. The
comparison between the dry and wet state for the cryogel with
EGDE 0.7% has already been discussed in section 3.2.2. For the
cryogel with less cross-linker, a similar observation can be
made, that is, the MSD increases earlier in the hydrated state
compared to the dry one, but the time difference is much less
pronounced with 7z ~ 2 s and 7z ~ 1 s in the dry (Figure 10B)
and wet (Figure 10C) states, respectively. Another observation
is obtained when comparing both gels in the hydrated state
(Figure 6B and 10C). In the latter case, contrary to the dry
state, the MSD increase occurs at the same time of 7z ~ 1 s. No
difference in dynamical properties of the matrix as a function of
cross-linker concentration is observed after swelling, whereas it
is the case before swelling. Maybe the chains have attained their
maximum flexibility and compression after swelling.

3.2.5. Tracer FParticle Size Effect. MPT measurements have
also been performed in the HA matrix using smaller tracer
particles with diameter 0.1 ym. Figures 11A,B correspond to

measurements in a dry gel after 10 and 3 days polymerization
times, respectively. In Figure 11A almost all MSDs traces are
time independent with a narrow distribution of absolute values
(a = 0.15), indicating a homogeneous highly elastic network.
On the contrary, for the gel formed during a shorter
polymerization time, the MSD distribution is broad and highly
asymmetric with @ = 3.65. Some MSD traces are essentially
independent of 7, indicating that the particles are highly
constrained by the surrounding solution, and others exhibit a
power law time dependence MSD ~ 7, indicating free diffusion
of the particles through the network. This result clearly reveals
heterogeneity of this HA network on the length scale of 0.1 ym.
We have shown that the characterization of matrix
inhomogeneities is possible by means of MPT measurements.
This result is very promising for the investigation of more
complex matrices composed for example of mixtures of HA—
collagen, HA—chitosan, or HA—protein for which local
mechanical heterogeneity may be very important with respect
to biological processes, such as cell transport or proliferation.

4. CONCLUSIONS

In this study we have used the cryo-gelation method to
fabricate macroporous scaffolds from HA using ethylene glycol
diglycidyl ether (EGDE) as a chemical cross-linker. We
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obtained deeper insight into the overall fabrication process and
develop an efficient strategy for making gels with well-defined
structural and mechanical features. In particular, we have shown
how various external parameters: pH, freezing temperature, and
polymerization time influence cryogel swelling capacity, pore
size, and matrix thickness as well as macromechanical
properties. Additionally, we have shown that increasing HA
concentration leads to a decrease of cryogel pore size, reduces
swelling properties, and reinforces mechanical properties. On
the other side, decreasing cross-linker concentration, at a
constant hyaluronic acid concentration, increases pore size and
swelling capacities, but provides less rigidity. A very important
and promising result of this study is that for the first time local
viscoelastic properties of the HA matrix as well as viscous
properties of the pores of macroporous cryogels have been
characterized using multiple particle tracking (MPT) micro-
rtheology. In the pores, we have determined the viscosity of
diverse solutions, from pure water to water-glycerol mixtures up
to 75% glycerol content and have shown in all cases that these
solutions are homogeneous. In the matrix, the relaxation time
of HA chains of a dry gel is much slower than that obtained
after swelling in water corresponding to a higher chain mobility
in the hydrated gel. At the same time a slightly higher degree of
heterogeneity of the HA network is observed. Additionally, the
elastic modulus determined from microrheology is much lower
than that obtained from bulk rheometry. For hydrated gels, the
relaxation time of HA chains in the matrix becomes slower
when increasing HA concentration at constant HA/EGDE
ratio, whereas it becomes faster when decreasing the cross-
linker concentration at constant HA concentration. Finally, we
observe a high degree of inhomogeneity in the matrix on the
length scale of 0.1 yum with both elastic and viscous regions for
a cryogel made with a three-day polymerization time. In this
study we focused on the fabrication and characterization of
micromechanical properties of a one-component HA scaffold.
These results are very promising for the investigation of more
complex matrix for example hybrid scaffold composed of HA
and collagen. For the latter system, accurate characterizations of
network elasticity and heterogeneity are of high importance, as
the collagen content and matrix stiffness affect cell adhesion
and growth.
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