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Introducing macromolecular micelles into a biocompatible hyaluronic acid (HA) hydrogel
is @ promising strategy to improve its mechanical properties for biomedical applications.
However, it is still unclear whether the solvent nature has an influence on the structure
and property of HA gels especially when they are used for those cases containing binary
solvents because reversible hydrophobic association within micelles could be weakened
or even dissociated by organic solvents. In this work, we demonstrated that a binary
solvent consisting of water and low-toxic dimethyl sulfoxide (DMSO), a commonly used
cryoprotectant agent in biomedicine, can enhance the mechanical properties of
hydrophobic-associated methacrylated hyaluronate (MeHA) gels crosslinked by
diacrylated PEOgg-PPQOgs-PEQgg (F127DA) macromolecular micelles, namely FH gels. The
resulting FH hydro/organo-gels showed a crystalline structure due to polymer/solvent
interactions. The FH gels showed a low swelling degree and the maximum strength
(10.12 MPa), modulus (106.8 kPa) and toughness (1540 ] m~2) in DMSO with a volume
fraction of around 0.6. Moreover, the FH gels displayed a rapid recoverability under cyclic

loading-unloading stress particularly in the presence of DMSO within the network due to
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their dual-dynamic dissipation networks. Such novel hydrophobic associated
polysaccharide gels with tunable mechanical properties in binary solvents would be

attractive in a cryopreservation system for cell-based applications.

1. Introduction

Hyaluronic acid (HA), a major component of the extracellular matrix (ECM) abundantly
found in the cartilage, skin and eyes, functions as a backbone to recruit proteoglycans
and glycoproteins into ECM structures and has a variety of applications in medicine
including scaffolds for tissue engineering, dermatological fillers, and visco-
supplementation for osteoarthritis treatment.™? Although high-molecular-weight HA at
high concentration in physiological solution can form entangled molecular networks, the
resulting viscoelastic HA solution does not have a long-lasting mechanical and shape
integrity. HA hydrogels with covalent crosslinking networks have been extensively
developed for clinical therapy instead of viscous HA solutions due to their shape
retention. Yet commonly used HA hydrogels still suffered from low mechanical strength
(<400 kPa) and toughness (<15 kJ m~3), which severely handicaps their clinical

applications.*>™

To address the above issues, we recently developed a methacrylated hyaluronic acid
(MeHA) hydrogel crosslinked by diacrylated PEQgg-PPOgs-PEQgg triblock copolymer
(F127DA) micelles with a diameter of 10-20 nm.5> It displays outstanding strength,
toughness and long-term network maintaining, which is attributed to the efficient energy
dissipation through the hydrophobic association of PPO blocks in the core of micelles.
Thanks to the excellent cytocompatibility and mechanical properties of such
macromolecular micelle-crosslinked HA hydrogels, they are promising in extending their
cell-based medical applications such as cell therapy, regenerative medicine, stem cell
research, organ transplantation, etc.”® For them, it is highly required that a sufficient
number of cells with high activity and integrated bio-functionality can survive during the
whole procedure. Currently, the cell cryopreservation system has become a routine

strategy for the long-term storage of living cells because the biological activities of cells
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can be inhibited after cooling down to a low temperature, and the functions of the cells
are also recovered after thawing at physiological temperature. To avoid the ice crystal
damage into cells during the freezing-thawing process, a low content of cryoprotectant
agent (CPA) is usually added in cell-culture medium for the cryopreservation system. For
example, Zhao et al. developed a core-shell alginate hydrogel with very low
concentration (2 mol L™!) of the cell membrane penetrating cryoprotective agent to
achieve cryopreservation of stem cells.? Popa et al. demonstrated that k-carrageenan
hydrogels containing dimethyl sulphoxide (DMSO) as CPA can maintain cell viability and

chondrogenic features after one-month cryopreservation in liquid nitrogen.m DMSO has

been the most applied CPA in the serum-supplemented culture medium.21%13 However,
the hydrophobic association of F127DA micelles could be weakened or even dissociated
by organic solvents, which brings an unexpected destruction of networks for those
micelle-crosslinked hydrogels.& Therefore, it is greatly required to engineer the
mechanical properties of macromolecular micelle-crosslinked gels in a water/DMSO
binary solvent based on a full understanding of the influence of solvent nature on the
micelles and gel network.

In the continuous challenge to develop HA gels containing a binary water/DMSO
solvent without compromising the mechanical properties, we systematically investigated
the effect of solvent properties on the structure/property of F127 micelle-crosslinked HA
(FH) gels. The FH gels were prepared by photoinitiated free radical copolymerization of
diacrylate-terminated F127 (F127DA) micelles and MeHA in water. The corresponding
aerogels were obtained by lyophilization and then were immersed in binary mixtures of
DMSO/H,0 with different composition ratios, yielding hydro/organo-gels with an
equilibrium swelling (Scheme 1a-d). The resulting FH gels formed a crystalline structure
and exhibited a low swelling ratio, reinforced mechanical properties and fatigue-
resistance. This work provides a solvent-induced method to manipulate the
microstructures of hydrophobic associated polysaccharide gels crosslinked by
macromolecular micelles and enhance their mechanical properties for potential

applications in the cell cryopreservation system.
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Scheme 1 Schematic illustrations for the preparation of F127DA crosslinked hyaluronate (FH) gel with
DMSO/H,0 binary solvent. (a) The diagrams of hydrophobic associated F127DA micelles and methacrylate
hyaluronate (MeHA) chains. (b and c¢) The networks of the FH hydrogel, freeze-dried FH aerogel and FH
hydro/organo-gel. (e) The chemical structures of the FH gel.

2. Materials and methods

2.1 Materials

Pluronic F127 (PEOgg-PPQOgs-PEQgg), sodium hyaluronate (50-70 kDa), molecular sieves (3
R), acryloyl chloride, methacrylic anhydride, triethylamine, toluene, dichloromethane,
diethyl ether and anhydrous dimethyl sulfoxide were purchased from Sigma-Aldrich
(Shanghai, China). Pluronic F127 was dried by azeotropic distillation with toluene before
use. All solvents were dried with molecular sieves before use. Lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) was bought from Tokyo Chemical Industry Co., Ltd,
Japan. Pluronic F127 diacrylate (F127DA) and methacrylated hyaluronic acid (MeHA) used
in this work were prepared based on the previously reported methods.®’ Deionized water
with a resistivity of 18.2 MQ cm prepared using an ELGA LabWater system (France) was
used for all experiments.

2.2 Preparation of gels

In a typical preparation, F127DA and MeHA were dissolved in deionized water to prepare
a homogeneous solution with a concentration of 10 wt% and 1 wt%, respectively. LAP as
the photoinitiator was subsequently added into the solution with a concentration of 0.1
wt%. The mixture was degassed and then injected in a home-made mold using a 1.50
mm thick silicone rubber spacer sandwiched by two pieces of glass. The free radical
polymerization was initiated by blue-light irradiation (A = 405 nm, 10 mW cm™?) for 2
min. The obtained micelle-crosslinked gels (FH) were freeze-dried for 72 h. To prepare
gels with a mixed solvent containing DMSO and H,O, the dried gels aforementioned were
further immersed in binary DMSO/H,0 solvents with different compositions for 7 days
until an equilibrium is achieved. The volume fraction (f) of DMSO in the binary solvent
was 0, 0.2, 0.4, 0.6, 0.8 and 1. Specifically, when f =1 or f = 0, the gel contains only
DMSO or water within the network, respectively. The corresponding gels are noted as FH«.

2.3 Characterization
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Nuclear magnet|c resonance (NMR) analysis. The obtained MeHA and F127DA were
analysed by H NMR on a Bruker Advance lll spectrometer using D,0 and deuterated
chloroform as the solvent, respectively. The degree of modification of the MeHA was
determined from the relative integrations of the methacrylate (HA 6.1 and 5.6 ppm) to
the HA backbone protons. The acrylation degree of F127DA was calculated by using the
ratio of the integrated area of the acryl protons of F127DA (6 = 5.8-6.4) and the methyl
protons in poly(propylene oxide) groups (6 = 1.1).

Transmission electron microscopy (TEM). A drop of the F127DA suspension was cast on
carbon-coated copper grids and dried at 37 °C for TEM imaging (Tecnai F20, FEI Inc.,
Oregon) with an accelerating voltage of 200 kV.

Dynamic light scattering (DLS). DLS measurements on F127DA micelles in DMSO/H,0
solvents with different DMSO volume fractions were conducted using Zetasizer Nano ZS
(Malvern, UK). The solutions in the quartz cuvette were equilibrated at 25 °C for 120 s
before tests. Four samples were tested to calculate the average and standard deviation
values.

Rheological characterization. The gelation kinetics of FH hydrogels were assessed on a TA
DHR-3 Rheometer with dynamic oscillatory time sweeps using a 20 mm measuring plate
with a quartz plate connected to a blue light source. The FH precursors were
photopolymerlzed by irradiation at a wavelength of 405 nm and an intensity of 10 mW
cm™2. The blue-light was turned on at 100 s and remained on for another 480 s.

Contact angle measurements. Contact angles were measured using a contact-angle meter
(Dataphysics, OCA 15 plus) equipped with a CCD camera at ambient temperature. The
volume of the binary solution droplet was approximately 20 uL. The contact angle was
obtained by averaging the measured values of right and left positions for each droplet.
Measurements were taken over 10 areas for each sample to calculate the average and
standard deviation values.

Swelling behavior. The swelling degree of gels was assessed by the volume change (V)
and weight change (W,) of a cylinder sample before and after swelling which were
calculated using the equations as follows:

Vc = Vs/Vd

W, = W/W,
where V4 and Wy refer to the volume and weight of the dry sample, and Vs and W; refer to
the volume and weight of the swollen sample.
Wide-angle X-ray diffraction. Wide-angle X-ray diffraction (WAXD) measurements were
carried out on a D8 Advance Davinci X-ray Powder Diffractometer (Bruker Germany) at a
wavelength of 1.5406 A (Ka emission). The scanning speed was 10° min~* and the data
were transformed to one-dimensional patterns of intensity versus scattering angle.
Field emission scanning electron microscopy. Field emission scanning electron microscopy
(FESEM, S4800, Hitachi, Japan) was performed to visualize the morphology of gels. The
lyophilized specimens were freeze fractured in liquid nitrogen for observing the cross-
sectional morphology. The fracture surface was sputtered with gold at 8.0 kV.
Compression testing. Cylindrical gel samples were subjected to the compression testing
by using a universal testing machine (Instron 5965 Instron Inc., USA) equipped with a 1
kN load cell at a crosshead speed of 1 mm min~t. The d|ameters and heights of the
cylindrical swollen gel samples were obtained using a Vernier caliper. The modulus (E)
was determined by the slope of the stress-strain curve at low strain (<25%). The fracture
energy (IN) is defined as:

(_J'r i
w’ (3)

where Us is the area beneath the force-displacement curve, and r is the original radius of
the sample.

Cyclic compression tests W|th a maximum strain of 60% were conducted at a
crosshead speed of 1 mm min~* four times. The dissipated energy (Ar) of each cycle is
defined as: AI'= Doading — I unloading (4)

r=




3. Results and discussion

3.1 Preparation of FH gels with binary DMSO/H,0 solvent and their swelling behaviors

F127DA was synthesized by modifying the end hydroxyl groups of F127 with acryloyl
chloride, with =90% substitution according to the 'H NMR spectrum (Fig. S1a, ESIt). Such
a triblock copolymer can self-assemble into macromicelles in water with a hydrodynamic
size of about 76 nm via intra-molecular hydrophobic PPO entanglement, as shown in the
DLS measurements (Fig. S1b, ESIt). MeHA with about 46.9% of methacrylation was
synthesized by coupling methacrylate groups with hydroxyls (Fig. S2, ESIt). The mixed
solution consisting of F127DA and MeHA rapidly forms gel (<25 s) and reaches an
equilibrium within 120 s under blue light irradiation according to the in situ rheology
measurement (Fig. S3, ESIt). Subsequently, the as-prepared hydrogels were freeze-dried
and immersed in binary DMSO/H,0 solvents with different composition ratios to achieve a
swelling equilibrium (Scheme 1a-d). HA can directly form strong NH —» -0,C hydrogen
bonding interactions among chains in DMSO replaced from the secondary structure of HA
in water with water bridged ((-NH---O-(H)-H:---O,C)) multiple hydrogen bonds in
DMSO0.%?? As a result, the obtained network of geld is constructed by the hydrophobic
association of F127 micelles, covalent bonds between MeHA and micelles and newly
formed hydrogen bonds between MeHA chains (Scheme 1e). These dynamic micelles and
hydrogen-bonding within the gels would serve as sacrificial units to dissipate energy, and
the MeHA moieties would limit the network swelling in binary solvents.

The surface wettability of the dried scaffold plays a key role in absorbing the solvent.
To investigate the wettability of gels toward DMSO and water, the contact angles of
DMSO/H>0 solvents with different ratios on the surfaces of lyophilized FH samples were
first measured. As shown in Fig. 1a, the droplets of DMSO/H,0 with various ratios spread
over the surface of lyophilized FH samples, indicating a DMSO/H,0O-philic nature of the
gels. Upon increasing the volume fraction of DMSO in the mixed solvent, the contact
angle increases from ~21° to the maximum of ~46°. Further increasing the DMSO content
induces a reduction of contact angle down to 32°. These results imply that the wettability
of F127DA micelle-crosslinked hyaluronate scaffolds relies on the DMSO/H,0 ratio, which

would affect the swelling behavior of the FH scaffolds.


https://pubs-rsc-org.inc.bib.cnrs.fr/en/content/articlehtml/2020/sm/d0sm01099e#fn1
https://pubs-rsc-org.inc.bib.cnrs.fr/en/content/articlehtml/2020/sm/d0sm01099e#fn1
https://pubs-rsc-org.inc.bib.cnrs.fr/en/content/articlehtml/2020/sm/d0sm01099e#fn1
https://pubs-rsc-org.inc.bib.cnrs.fr/en/content/articlehtml/2020/sm/d0sm01099e#fn1
https://pubs-rsc-org.inc.bib.cnrs.fr/en/content/articlehtml/2020/sm/d0sm01099e#imgsch1
https://pubs-rsc-org.inc.bib.cnrs.fr/en/content/articlehtml/2020/sm/d0sm01099e#cit2
https://pubs-rsc-org.inc.bib.cnrs.fr/en/content/articlehtml/2020/sm/d0sm01099e#imgsch1
https://pubs-rsc-org.inc.bib.cnrs.fr/en/content/articlehtml/2020/sm/d0sm01099e#imgfig1

(a) 50 (¢) 15 10
mn
o 45) - &
‘;‘; [+ ] 12 \:C 8
o 40r - " & 5
9 351 i hed 1° o
=] §’ M ol =
fof o™ 25 & ok
° " — w A
& 25t " /
5 3F ?j\ 4 2
O 20fF — ﬂ
1 1 A1 L 1 L 0 L 'l 1 L I L 0
0.0 02 04 0B 08 10 00 02 04 06 08 10
DMSO Volume Fraction DMSO Volume Fraction

Fig. 1 (a) Effect of DMSO volume fraction on the surface wettability of FH scaffolds. (b) Digital photos of the
swollen FH gels in DMSO/H,0 with different DMSO volume fractions. (¢) Effect of DMSO volume fraction
on the swelling behavior of FH gels including the weight changes (W.) and volume changes (V.).

The swelling behaviors of the FH scaffolds in DMSO/water binary solvent with various
DMSO volume fractions are shown in Fig. 1b and c. As observed from the digital photos
in Fig. 1b, the volume sizes of gels containing DMSO are obviously lower than that of the
hydrogel (f = 0). The FHg shows the maximum W, and V. of 14 and 8.7, respectively (Fig.
1c). As the DMSO fraction (f) increases from 0.2 to 0.6, the W, of FH gels significantly
decreases from 11.3 to 2.4. When fis increased to 0.8, the FHg g reaches the lowest
swelling ratio of 1.7. However, the organogel FH; ¢ containing only DMSO (f = 1) is able to
absorb DMSO with a high swell ratio of 7.1. This result indicates that the sizes of F127DA
micelles in the FH; o gel would be much larger than those with binary solvents, which
agrees with the DLS results of F127DA micelles with a larger size (173 nm) in DMSO than
that (76 nm) in water (Fig. S1b, ESIt). The evolution of V. as a function of DMSO fraction
in binary solvents follows similar behavior. The corresponding V. values are 6.8, 4.3, 1.4,
1.1 and 3.7 with increasing f from 0.2 to 0.4, 0.6, 0.8 and 1.0, respectively. Here, all FH
gels show lower W, and V. than those of the FHy hydrogel, indicating that the hydrogen-
bonding networks formed from DMSO-phobic HA chains limit the expansion of FH
gels.m On the other hand, the lowest swelling degree is observed for the gel containing
60-80% of DMSO, which is consistent with the maximum contact angle as mentioned
above, suggesting that the DMSO-H,0 interactions may play a crucial role in the FH gel
swelling. According to previous studies, with decreasing H,O content in binary solvent,

the strong hydrogen-bonding interaction between H,O and DMSO molecules causes the

21-23

progressive dehydration of polymer (Scheme 1b). And the structure of the water
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cluster is broken down particularly when the molar fraction of DMSO is ~0.35 (the volume
fraction of DMSO: ~0.68).2*%/ Such a dehydration process thus restricts the swelling of FH
gels.

The state of polymer chains in solution is determined by the Flory-Huggins interactions
(x) between the polymer and the solvent based on the perspective of thermodynamics.
The x of HA/H,0 (0.439) is smaller than 0.5, indicating a complete solubility of HA in
water and the hydrated networks.?%22 For F127 chains, the calculated PPO/H,0 value is
3.48, much larger than that of the PPO/DMSO pair (0.55).2% Therefore, the PPO block
drives the self-assembly of the copolymer chains into micelles in both solutions, while
these micelles collapse much more in water. As a result, the FHy hydrogel shows the
maximum swelling degree (Fig. 1c). In binary solvents, the F127DA micelles show
relatively small sizes around 60-70 nm from DLS measurements (Fig. S1b, ESIt). The
strong DMSO-H-0 interactions and hydrogen-bonded HA chains synergistically contribute
to the low swelling ratio of FH gels (Fig. 1c). In contrast, due to the weakened
hydrophobic association of the PPO block in a good solvent (DMSO), the FH gel in only
DMSO shows a large swelling ratio. Meanwhile, the hydrogen-bonded MeHA networks play

a crucial role in limiting the network expansion.

3.2 Microstructure evolution of FH gels with binary DMSO/H,0 solvent

The swelling characteristics of FH gels reflect the structure evolution of these gels with
different DMSO volume fractions. Such potential changes were in situ analyzed by WAXD.
Generally, F127 usually has two prominent diffraction peaks located at 26 = 19.3° and
23.4°, which are assigned to the (100) and (200) crystal planes.M Alternatively, HA
exhibits a broad characteristic peak at 26 = ~20° due to the crystallites.i4 However, the
intensity of diffraction peaks for the FHq hydrogel is hardly visible, indicating a full
hydration status of MeHA chains and no dense stack of F127DA micelles (Fig. 2(a)). As
seen, the increase of ffrom 0.2 to 0.4 results in an obvious characteristic peak at 26.5°.
This may reflect that the slight DMSO makes stronger intra/inter-molecular interactions
between MeHA chains and MeHA-F127DA than those in hydrogels according to their

smaller swelling characteristics. Furthermore, the diffraction intensities for FHy g, FHo s,

and FH; o gels with a strong network shrinkage are obviously increased and the diffraction
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peak significantly shifted to 26 = 19.8°, which is mainly assigned to the crystalline
structure in HA. These results indicate that DMSO-phobic MeHA facilitates the formation
of crystallite structures due to the powerful hydrogen-bonding interactions between HA
chains in binary solvent systems with relatively high DMSO content. Moreover, such

structures are not changed in the FH; o gel with large swollen micelles.

2
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Fig. 2 (a) WAXD diffractions of FH gels containing DMSO/H,0 with different ratios. (b) The cross-sectional
FESEM images of FH scaffolds treated with DMSO/H,0 solvent.

To visualize the morphologies in FH gels, the cross-sectional surfaces of dried gels
were further observed by FESEM. As shown in Fig. 2b, the morphologies of FH gels are
dependent on the DMSO contents. The FHg hydrogel shows a relative smooth surface,
while both FHg > and FHg 4 gels exhibit many ridges on their surfaces. As DMSO increased
from 0.6 to 0.8, the surfaces of gels became rougher accompanied by densely embedded
micro-waves. Furthermore, the FH; o displays the roughest morphologies like large-scale
flake stacks. These results corroborate the formation of crystallite phase structures with

increasing DMSO in the polymer matrix.

3.3 Mechanical properties of FH gels with binary DMSO/H,0 solvent

The network structures of FH gels significantly influenced their mechanical

properties. Fig. 4 shows their compressive properties. Due to the absence of hydrogen
bonding, the FHy hydrogel shows the minimum fracture strain (&) of 70% and a fracture
strength (of) of 0.46 MPa (Fig. 3a). The corresponding E;se, and I are ~39.5 kPa and 144 ]
-2

m~“ (Fig. 3b). The &¢ and o; of all FH hydro/organo-gels increase upon increasing the

DMSO content in the DMSO/H,0 binary solvents (Fig. 3a). The maximum &5 (~90%)
and o5 (10.12 MPa) appear for the FHg ¢ gels. The corresponding & and o values for FHg >,
FHo.4, and FH1 o gels are about 80% and 0.84 MPa, 85% and 1.45 MPa, and 83% and 3.15

MPa, respectively. Similarly, the E,s¢ and I show a positive correlation with DMSO
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concentration, with the values of about 23.5 kPa and 194 | m~2 for the FHo.» gels, 68 kPa
and 320 ) m~2 for the FHo.4 gels, and 106.8 kPa and 1540 ] m~2 for the FHq ¢ gels,
respectively (Fig. 3b). These results suggest that the original soft and weak FHy hydrogel
become a stiff and strong one. Moreover, due to the more formation of hydrogen bonds
within gels and low solvent content, the Us reaches the maximum in the FHg ¢ gel.

The E»se, and I of the FH; g gel decrease to about 69 kPa and 830 ) m~2, which is mainly
attributes to the expanded F127DA micelles in the FH; g networks for the network
deformation and energy dissipation. It is worth noting that both o and Us of the FH; ¢ gel
are much larger than those of the FHg 4 gel at almost the same €; (85% to 83%) and E (68
kPa to 69 kPa). These results confirmed that the cooperation of hydrogen bonding
interactions and F127DA micelle networks. As shown in Fig. 3¢, the formed MeHA
crystallite structures and the micelles within the gel can enable the occurrence of large

deformations, dislocations and microcracks to resist compressive loading and dissipate

energy.
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Fig. 3 (a) Compressive stress—strain curves of FH gels with different DMSO/H,0 ratios. The inset image
represents the enlarged curves within 25% strain. (b) Effect of DMSO volume fraction on the modulus (E) at a
strain of 25% and fracture energy (I") of FH gels. (c) Schematic diagram of the proposed mechanism for
compressive FH gels.

The hysteresis and recovery of the gels were further evaluated by carrying out cyclical
tests with a strain of up to 60%. Typical hysteresis loops in the stress-strain curves are

observed for each cycle (Fig. 4(a-e)). Fig. 4f shows the hysteresis energy (Arl: the loop

area) of FH gels after four consecutive loading/unloading cycles. The Al" of the FH gel
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linearly decays after the first cycle, with the corresponding values decreasing from 6.2 |
m™2 of the first cycleto 3.1 m~2 of the fourth cycle, indicating the structural damages

upon cyclic loadings and slow recovery with just water in the networks.

(a) 100 (b) 150 (0)150
80_":0 125} 15| =04
a3 | S0k =100 |
g oo} g e
o Iy o
[-+] 40 / i / ae
& 18t /7 bt 501 / & OF
20 /,/ 25F / 5}
0 ” v . . . . . 0 — i L L 0 —_-—‘_.H'.;l-__l_h
0 10 20 30 40 50 60 0 10 20 30 40 50 60 0 10 20 30 40 50 60
Strain (%) 125 Strain (%) Strain (%)
(d)2sof, —o's () - (U]
100 Ly fs10
‘6‘200' = m‘i ----- -
€ 150 g 5t E0f
a @ = o2
g 1001 g or = Rb P
7 7] i =
50 k 25 / 1=0
0 =" i i i i 0 i L i i i 1 L 1 L L
0 10 20 30 40 50 60 0 10 20 30 40 50 60 1 2 3 4
Strain (%) Strain (%) Compression Cycle

Fig. 4 (a—€) Representative cyclic loading—unloading curves of FHy, FHq,, FHo4, FHog and FHy o gels. (f) The
energy dissipation for FHq, FHg,, FHq 4, FHog and FH; o gels with increasing cycle numbers.

The Al of the FH hydro/organo-gels shows an obvious increase upon increasing the
DMSO content (Fig. 4f). The Al increases from 9.8 | m™~2 for the FHo gelto 12.1) m™? for
the FHg 4 gel for the first cycle. Subsequently, the Al shows a maximum value of 31.2 ]
m™2 for the FHo ¢ gel and then decreases to 17.8 ) m™2 after the second cycle.
Interestingly, these FHg >~1.0 gels maintain slow decay in comparison to the FHy hydrogels
after experiencing the first cycle. In particular, the loops of the FH; o organogel almost
overlap with each other and the Al remains at a constant value of about 19 | m~2 after
conducting the third cycles of loading-unloading (Fig. 4e and f). These results further
confirm that the formed MeHA crystallite structures and the micelles within the gel can
enable occurrence of large deformations, dislocations and microcracks in the water/DMSO
binary solvent to resist compressive loading and dissipate energy. On the other hand, a
previous study has demonstrated that insufficient lubrication of solvent in gel networks
can bear shear force, which can improve the resistance against deformation.?> Here, the
water/DMSO binary solvent causes dehydration of polymers upon increasing the DMSO
content because DMSO does not lubricate the hydrophilic MeHA network. Therefore, such

an insufficient lubrication effect induced by increasing the DMSO content in the binary
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solvent also contributed to the energy dissipation of the gel network. Moreover, it is fully
different from our previous findings in the F127DA-micelle crosslinked PAAmM gel where
the Al decayed rapidly. It showed serious structural damage upon cyclic loadings and a
slow recovery in the presence of DMSO within the networks.?* Therefore, the hydrogen-
bonds from MeHA endow the FH; o organogel with anti-damage and rapid self-recovery

after loading-unloading tests.

4. Conclusions

A F127DA micelle-crosslinked hyaluronate (FH) hydro/organo-gel with controllable
swelling and high mechanical performance was developed based on the DMSO/H,0
binary solvent strategy. In situ wide-angle X-ray diffraction and field emission scanning
electron microscopy demonstrate that the DMSO induces a typical crystallite phase
structure in FH gels. Although these FH gels are DMSO/H,O-philic according to contact
angle measurement, their wettability and swelling ratios were strongly dependent on the
dehydration effect due to the strong hydrogen-bonding interaction between DMSO and
H,O. The original soft FH hydrogel with a high swelling degree gradually became stiff with
a decreased swelling degree as the DMSO contents in binary solvents increased. In
particular, the FH gel with around 60-80% of DMSO showed the minimum swelling ratio
and maximum compression strain, strength, modulus and toughness. We envision that
such nanomicelle hydro/organo-gel with controllable mechanical properties is promising

in the field of cryopreservation gels.
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