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Light weight and mechanically strong a-chitin aerogels were fabricated using the sol-gel/self-assembly method from a-chitin
in different aqueous alkali hydroxide (KOH, NaOH and LiOH)/urea solutions. All of the a-chitin solutions exhibited tempera-
ture-induced rapid gelation behavior. *C nuclear magnetic resonance (NMR) spectra revealed that the aqueous alkali hydrox-
ide/urea solutions are non-derivatizing solvents for a-chitin. Fourier transform infrared (FT-IR), X-ray diffraction (XRD) and
cross-polarization magic angle spinning (CP/MAS) *C NMR confirmed that a-chitin has a stable aggregate structure after
undergoing dissolution and regeneration. Subsequently, nanostructured a-chitin aerogels were fabricated by regeneration from
the chitin solutions in ethanol and then freeze-drying from #~-BuOH. These a-chitin aerogels exhibited high porosity (87% to
94%), low density (0.09 to 0.19 g/cm?), high specific surface area (419 to 535 m%g) and large pore volume (2.7 to 3.8 cm’/g).
Moreover, the a-chitin aerogels exhibited good mechanical properties under compression and tension models. In vitro studies
showed that mBMSCs cultured on chitin hydrogels have good biocompatibility. These nanostructured a-chitin aerogels may be
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useful for various applications, such as catalyst supports, carbon aerogel precursors and biomedical materials.
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1 Introduction

Biomacromolecules, such as cellulose, chitin, chitosan, al-
ginate, collagen and gelatin, have been investigated because
of their inherent hydrophilicity, biocompatibility and bio-
degradability [1-8]. One biomacromolecule, chitin, is com-
posed of B-(1,4)-linked chains of N-acetyl-D-glucosamine
and is the second-most abundant natural polysaccharide;
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chitin exists in arthropods’ exoskeletons and the cell walls
of fungi and yeast and consists of ordered crystalline nano-
fibrils that form a hierarchical structure [4,9-11]. The rigid
and close-packed chitin chains are involved in numerous
intra- and inter-molecular hydrogen bonds, which make
chitin difficult to dissolve.

Several solvents, such as lithium chloride/tertiary amides
(dimethylformamide, N,N-dimethylacetamide and N-methyl-
2-pyrrolidone) [9], concentrated acids (HCI, methane sul-
fonic acid, dichloroacetic and trichloroacetic acids) [12],
aqueous NaOH [13-15], calcium chloride dihydrate-satur-
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ated methanol [16], saturated lithium thiocyanate [17], fluo-
rinated alcohols (hexafluoro-2-propanol and hexafluoro-
acetone sesquihydrate) [18], ionic liquids (1-butyl-3-methy-
limidazolium acetate, 1-ethyl-3-methyl-imidazolium acetate
and 1-allyl-3-methylimidazolium bromated) [19-21], and
deep eutectic solvents (choline halide/urea or thiourea)
[22,23], have been used to dissolve chitin. Alternatively,
nanostructured biomaterials can offer environments that
mimic the extracellular matrix for cell growth [24-28].
However, the exploitation of nanostructured chitin hydro-
gels and aerogels is hampered by their low solubility in
common solvents, poor mechanical integrity, and difficult
fabrication.

Ten years ago, we developed a novel solvent system for
the rapid dissolution of cellulose in precooled LiOH/urea
and NaOH/urea aqueous solutions [29]. Subsequently, chi-
tin and chitosan were successfully dissolved in NaOH/urea
and LiOH/urea aqueous solutions, respectively, by freeze-
thawing cycle processes [30-32]. Recently, we used an op-
timized aqueous solution (11 wt% NaOH/4 wt% urea) to
prepare a concentrated chitin solution and fabricate chitin
aerogels, sponges, fibers, and microspheres [33-37]. Inter-
estingly, we also found that chitin is soluble in KOH/urea
aqueous solution, which could only slightly dissolve cellu-
lose and had never been reported to dissolve chitin [38].

Here, we present preliminary but remarkable results
demonstrating the rheological behavior of the a-chitin solu-
tions in aqueous alkali hydroxide (KOH, NaOH and LiOH)/
urea solutions and describe the structure and properties of
the nanostructured a-chitin hydrogels and aerogels to pro-
vide meaningful information supporting the search for new
solvents for aqueous chitin systems and the development of
novel chitin nanomaterials. The formation of the a-chitin
hydrogels involves the regeneration of homogenous aque-
ous a-chitin/alkali hydroxide/urea solutions through physi-
cal gelation with ethanol, followed by thorough washing
with deionized water. The resulting a-chitin hydrogels were
freeze-dried from ~BuOH to give aerogels with low-density
(0.09-0.17 g/cm’), large surface area (up to 535 m?*/g) and
good mechanical properties for various potential applica-
tions, including as catalyst supports, carbon aerogel precur-
sors and biomedical materials.

2 Experimental

2.1 Materials

The raw a-chitin powder was purchased from Golden-Shell
Biochemical Co. Ltd. (China). The a-chitin was purified
according to our previous work [33]. The raw a-chitin
powder was treated with 1 M NaOH aqueous solution at
ambient temperature overnight, then 0.3% NaClO, (buff-
ered to pH 4.0) at 80 °C for 3 h. The mixture was washed
with deionized water at each step. These treatments were
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repeated twice. The purified a-chitin powder was freeze-
dried and kept in a desiccator before use. The crystallinity
of the purified a-chitin powder was 76% by X-ray diffrac-
tion. The viscosity-average molecular weight (M,) of the
purified a-chitin powder was determined to be 10.7x10*
g/mol in a 5 wt% LiCl/dimethylacetamide (DMAc) solution
by viscometry at 25 °C [39]. KOH, NaOH, LiOH - H,O0,
urea, ethanol and -BuOH were purchased from Shanghai
Chemical Reagent Co. Ltd., China. All other materials and
reagents were used as received.

2.2 Preparation of a-chitin solutions in alkali hydrox-
ide/urea aqueous solutions

The 2.5 M alkali hydroxide (KOH, NaOH and LiOH)/0.67
M urea aqueous solutions were used as solvents for chitin.
The purified o-chitin powder in the desired amount was
dispersed into alkali hydroxide/urea aqueous solutions to
obtain 2 wt%—-7 wt% a-chitin suspensions. Subsequently,
the suspensions were frozen below —30 °C overnight, and
then thawed at 0 °C with stirring. This freeze-thawing pro-
cedure was repeated for once, twice and three times, respec-
tively, for KOH/urea, NaOH/urea and LiOH/urea aqueous
solutions, in which the a-chitin can be dissolved complete-
ly. After removing air bubbles by centrifugation, transparent
and viscous a-chitin solutions were achieved. Unless other-
wise stated, we mainly focused on a-chitin hydrogels and
aerogels at a-chitin concentration of 5 wt%.

2.3 Fabrication of a-chitin hydrogels and aerogels
from alkali hydroxide/urea aqueous solutions

The obtained a-chitin solutions were poured into Petri dish-
es as a 3-mm thick layer or spread on a glass plate as 1-mm
thick layer, and then immersed in ethanol for regeneration at
5 °C for 2 h to give o-chitin gels. After thorough washing
with deionized water, the a-chitin hydrogels were subjected
to solvent-exchange with ~-BuOH. And then, the o-chitin
alcogels were frozen by immersing into liquid nitrogen and
subjected to a conventional freezer dryer to achieve a-chitin
aerogels.

2.4 Characterization

The dynamic rheology experiment was carried out on an
ARES-RFS III rheometer (TA Instruments, USA). A double
concentric cylinder geometry with a gap of 2 mm was used
to measure dynamic viscoelastic parameters such as the
shear storage modulus (G') and loss modulus (G") as func-
tions of angular frequency (@) and temperature (7). The
rheometer was equipped with two force transducers allow-
ing the torque measurement in the range from 0.004 to 1000
g cm. The values of the strain amplitude were checked to
ensure that all measurements were set as 10%, which is
within a linear viscoelastic regime. For each measurement, a
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fresh a-chitin solution was poured into the couette geometry
instrument, which had been kept at each measurement tem-
perature without preshearing or oscillating. Temperature
control was established by connection with a Julabo FS18
(China) cooling/heating bath kept within +0.2 °C over an
extended time. A thin layer of low viscosity paraffin oil was
spread on the exposed surface of the measured solution to
prevent dehydration during rheological measurements. For
the frequency sweep measurement, the frequency was from
0.1 to 100 rad/s, and the temperature ranged from —5 to
60 °C. The dynamic temperature sweep measurements were
conducted from —5 to 30 °C at an angular frequency of
1 rad/s and with heating rate of 1 °C/min.

Transmission IR absorption spectra of the a-chitin aero-
gels (pressed into pellets) were acquired with a Fourier
transform infrared spectrometer (FT-IR, Perkin Elmer
Spectrum, USA) in the region of 400-4000 cm ' with a
2 cm ' resolution and an accumulation of 32 scans.

Morphology of the surface and inner part of the a-chitin
aerogels were observed by using a scanning electron mi-
croscopy (SEM, Hitachi S-4800, Japan) at an accelerating
voltage of 5 kV. Before observation, the sample was coated
with golden. The a-chitin alcogels containing ~-BuOH were
frozen in liquid nitrogen and snapped immediately; and then
freeze dried.

The X-ray diffractometry (XRD) of the a-chitin aerogels
was performed in reflection mode (D8-Advance, Bruker,
USA) with CuKa radiation (0.1542 nm) at 40 kV and 30
mA. The samples were mounted on a solid circular holder,
and the proportional counter detector was set to collect data
at a rate of 1°/min over the 26 range from 5° to 35°. The
peak position and crystallinity were determined by mul-
ti-peak fitting of the XRD profiles, and crystallite size were
estimated by substituting the full-width at half-maximum
(FWHM) into the Scherrer equation.

BC nuclear magnetic resonance (*C NMR) of the
a-chitin solutions were carried out on a Bruker DRX-500
spectrometer (Germany) at 5 °C. The sodium salt of 2,2-
dimethyl-2-silapentane-5-sulphonic acid (DSS) was used as
an internal reference to determine chemical shifts. The a-
chitin concentration was about 5 wt%. Cross-polarization/
magnetic angle spinning (CP/MAS) solid-state *C NMR
spectra of the a-chitin aerogels were recorded on a Bruker
AVANCE-600 spectrometer (Germany) (°C frequency=
150.96 MHz) with a standard 4 mm rotor at ambient tem-
perature. The spin rate was 8.0 kHz. The repetition time and
contact time were 4.0 s and 1.0 ms, respectively. BC chem-
ical shifts were determined from the left signal (38.56 ppm)
of adamantine relative to tetramethylsilane. The degree of
N-acetylation was determined by the ratio of the integration
values of the methyl carbon to the anomeric carbon signal
[40].

Nitrogen physisorption measurements were performed by
a Micromeritics ASAP2020 (USA) at 77 K, and Brunauer-
Emmett-Teller (BET) and Barrett-Joyner-Halendar (BJH)
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analyses were done by software. The a-chitin aerogels were
degassed at 105 °C in vaccum to remove all the adsorbed
species. The BET analysis was done for relative vapor
pressure of 0.05 to 0.3. The BJH analysis was done from the
desorption branch of the isotherms.

The porosity (P;,) of the a-chitin aerogels can be calcu-
lated by:

P, :(1—£Jx100%
p.

where p is the density of the a-chitin aerogel; p. is the den-
sity of bulk chitin (1.425 g/cm®) [41].

Tension and compression tests of the a-chitin hydrogels
and aerogels were performed on a universal tensile tester
(CMT6503, SANS, China). For the tension measurements,
hydrogel and aerogel sheets with 50 mm long, 5 mm wide
and 1 mm thickness was stretched at a tension speed of
2 mm/min. The cubic hydrogel and aerogels with 10 mmx
10 mm in length and 3 mm in height was set on the lower
plate and compressed by the upper plate at a strain rate of
1 mm/min. The modulus was calculated from the initial
linear region of the stress-strain curves.

Thermogravimetry analysis (TGA) for the a-chitin aero-
gels were performed on a STA 449C thermal analyzer
(NETZSCH, Germany) under nitrogen at a heating rate of
10 °C/min from 30 to 600 °C.

Mouse bone mesenchymal stem cells (mBMSCs) were
propagated in Dulbecco’s Modified Eagle’s Medium
(DMEM, Gibco, USA) supplemented with 10% fetal bovine
serum (FBS, Gibco, USA). Chitin hydrogels were placed in
48-well plates and sterilized in 75% (v/v) aqueous ethanol
solution for 2 h, followed by rinse with sterilized phosphate-
buffered saline (PBS) for three times. Subsequently, the
hydrogels were pre-wetted with culture medium for 12 h.
Then the medium was removed and 500 pL of the mBMSCs
suspension with a density of 5x10° cells/well was seeded.
The cells-seeded hydrogels were incubated at 37 °C in a
humidified incubator with 5% CO,. Cell proliferation on the
hydrogels was evaluated by Cell Counting Kit-8 (CCK-8,
Dojindo Laboratories, Japan) after 1, 3, 5 and 7 d of culture.
In brief, at each time point, the culture medium was re-
moved and the CCK-8 working solution was added to incu-
bate for 1 h at 37 °C. Subsequently, the supernatant medium
was extracted and the absorbance at 450 nm was measured
by Thermo 3001 microplate reader (Thermo, USA) (n=6).
The results were analyzed with one-way analysis of vari-
ance (ANOVA) using SPSS 12.0 software (SPSS Inc.; Chi-
cago, IL, USA).

3 Results and discussion

Figure 1 shows the photographs of the a-chitin solutions in
aqueous KOH/urea, NaOH/urea and LiOH/urea solutions,
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the hydrogels regenerated from ethanol, and the aerogels
freeze-dried from ~-BuOH. Dissolving a-chitin in aqueous
alkali hydroxide/urea solutions requires freeze-thawing cy-
cles. After once, twice, and three times of freeze-thawing
cycles, respectively, the a-chitin dissolved completely in
aqueous KOH/urea, NaOH/urea and LiOH/urea solutions.
The chitin in the aqueous KOH/urea and NaOH/urea solu-
tions was clearer than that in the aqueous LiOH/ urea solu-
tion (Figure 1(a—c)). In addition, our previous experience
suggested that the maximum a-chitin concentration would
be 11 wt% in aqueous KOH/urea solution, higher than those
in aqueous NaOH/urea (8 wt%) and LiOH/urea (5 wt%).
The dissolution of chitin in aqueous KOH/urea solution has
not been previously reported. The dissolution mechanism of
chitin in aqueous KOH/urea solution will be elucidated in
the future. The chitin-dissolution powers of the solvents
exhibited the following order: aqueous KOH/urea>NaOH/
urea>LiOH/urea. Synthesizing o-chitin hydrogels involves
regenerating these chitin solutions through physical gelation
with ethanol, followed by thorough washing with deionized
water. The chitin hydrogels prepared from aqueous
KOH/urea and NaOH/urea solutions were transparent, while
that prepared from aqueous LiOH/urea solution was trans-
lucent (Figure 1(d)). The resulting chitin hydrogels were
subsequently solvent-exchanged with -BuOH and then
converted to white aerogels by freeze-drying. The chitin
aerogels obtained from aqueous KOH/urea and NaOH/urea
solutions were flexible with good mechanical properties,
whereas that generated from aqueous LiOH/urea solution
was friable and broke easily (Figure 1(e—g)).

The rheological behavior of the a-chitin in aqueous alkali
hydroxide/urea solutions was evaluated using a dynamic
viscoelastic method. The shear storage modulus (G") at var-
ious temperatures as a function of angular frequency (w) for
a-chitin in aqueous KOH/urea, NaOH/urea and LiOH/urea
solutions is illustrated in Figure 2. The G' values of all of
the a-chitin solutions decreased as the temperature in-
creased from —5 to 5 °C over the entire accessible frequency
range, suggesting that the chitin chains were more entangled
at low temperatures. Moreover, we also found a positive

Figure 1 Photographs of o-chitin in KOH/urea (a), NaOH/urea (b) and
LiOH/urea (c) solutions after once, twice, and three times of freeze-thaw-
ing cycles, respectively. Photographs of the chitin hydrogels (d, from top to
bottom) and aerogels (e-g, from left to right) prepared from aqueous
KOH/urea, NaOH/urea and LiOH/urea solutions (color online).
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correlation between G’ and ' at low frequency from —5 to
5 °C, unlike the terminal behavior (G'-w?) for a Newtonian
fluid [42], possibly because the strong hydrogen bonding
interactions in the chitin solutions caused the formation of
supramolecular structures [43]. Note that at 20 °C, the G’
curves of the a-chitin in aqueous KOH/urea and NaOH/urea
solutions present a plateau-like feature at low frequencies,
which declines as the frequency increases (Figure 2(a, b));
this behavior suggests that the sol-gel transition occurred
and that weak gels were formed. Above 20 °C, the G’
curves exhibit an expanded plateau-like behavior as the
temperature increases, with significant frequency-independ-
ent plateaus over the entire frequency range at 60 °C, indi-
cating the existence of a stable gel network structure
[43,44]. In contrast, the o-chitin in aqueous LiOH/urea
aqueous solution displays a lower sol-gel transition temper-
ature of 15 °C (Figure 2(c)), probably because of the weaker
hydrogen bonding interactions between chitin chains and
the aqueous LiOH/urea solution.

We further evaluated the effects of temperature on the G’
and G" values of a-chitin in aqueous alkali hydroxide/urea
solutions (Figure 3). Below the gelation temperature, all of
the a-chitin solutions were viscous liquids, and their G’
values were lower than the G" values and gradually de-
clined as the temperature increased. When the temperature
was close to the gelation temperature, the G" values contin-
ued to decrease slightly, whereas the G’ values increased
dramatically, suggesting the partial formation of weak chitin
gels formed. Above the gelation temperature, all of the
a-chitin solutions exhibited temperature-induced rapid gela-
tion behavior. Both the G’ and G" values increased sharply
within a very narrow temperature range, and the G' values
exhibited a much faster rate of increase than the G"” values,
suggesting that the hydrophobic interactions between chitin
chains disturbed by heating and the intra- and intermolecu-
lar hydrogen bond interactions among the chitin chains
strengthened, thereby leading to self-association and chain
entanglements [43]. In addition, the gelation temperatures
of the a-chitin solutions were 20.0, 21.0 and 15.3 °C based
on the crossover temperatures of G' and G" in aqueous
KOH/urea, NaOH/urea and LiOH/urea solutions, respec-
tively. Moreover, the moduli at the gel point were 9.5, 15.4
and 5.3 Pa for a-chitin in KOH/urea, NaOH/urea and LiOH/
urea aqueous solutions, respectively. This result confirmed
that the chitin chains have stronger intra- and inter-molecular
interactions with aqueous KOH/urea and NaOH/urea solu-
tions than with aqueous LiOH/urea solution, resulting in
different levels of aggregation and entanglement of the chi-
tin chains.

BC nuclear magnetic resonance (NMR) spectra of these
a-chitin solutions are shown in Figure 4. Table 1 summa-
rizes the *C NMR chemical shifts of a-chitin in various
solvents. No chitin derivative peaks appeared in the "*C
NMR spectra, suggesting the absence of derivatization and
indicating that a-chitin dissolution is a physical process.
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Figure 2 Storage modulus (G’) as a function of angular frequency () at various temperatures for a-chitin in aqueous KOH/urea (a), NaOH/urea (b) and
LiOH/urea (c) solutions (color online).

Table 1 '*C NMR chemical shifts of the chitin solutions and aerogels

Chemical shift (ppm)
Sample Solvent Ref.
Cl Cc2 C3 C4 C5 C6 C=0 CH;

LiOH/urea/D,0 100.6 553 71.7 78.9 75.3 59.8 173.8 21.5 This work
NaOH/urea/D,0O 100.6 55.3 71.7 78.7 75.7 59.8 173.8 21.7 This work
Solution KOH/urea/D,0O 100.5 55.3 71.7 78.7 75.7 59.8 173.8 21.8 This work

LiSCN 103.8 58.3 74.8 80.7 74.8 61.7 174.4° 2207 [17]

LiCl/DMAc 102.1 55.7 74.5 80.5 76.2 59.1 - - [17]
LiOH/urea/D,0 104.5 55.4 73.7 83.2 76.1 61.2 173.6 23.1 This work
Aerogel NaOH/urea/D,0 104.4 55.4 73.7 83.5 76.0 61.3 173.8 23.1 This work
KOH/urea/D,0 104.3 55.5 73.7 83.3 759 61.2 173.7 23.1 This work
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Figure 3 Temperature dependence of the storage modulus (G') and the
loss modulus (G") for a-chitin in aqueous KOH/urea, NaOH/urea and
LiOH/urea solutions (color online).

Figure 4 '*C NMR spectra of a-chitin in KOH/urea/D,0 (a), NaOH/
urea/D,0 (b) and LiOH/urea/D,0 (c) (color online).
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Moreover, the *C NMR chemical shifts of C=0 (173.8
ppm), C1 (100.5-100.6 ppm), C4 (78.7-78.9 ppm), C5
(75.3-75.7 ppm), C3 (71.7 ppm), C6 (59.8 ppm), C2 (55.3
ppm) and CHj (21.5-21.8 ppm) were very close, indicating
that a-chitin has similar chain conformations in aqueous
alkali hydroxide/urea solutions. Thus, these aqueous alkali
hydroxide/urea solutions are non-derivatizing solvents for
a-chitin, and real chitin solutions can be produced by
freeze-thawing cycles.

The Fourier transform infrared (FT-IR) spectra of all of
the chitin aerogels were characteristic of a-chitin (Figure 5).
The chitin aerogels exhibited peaks at 1660 cm ™' with a
slight shoulder at 1624 cm ™' corresponding to the amide I
bands of o-chitin: stretching of C=0O groups hydrogen
bonded to NH groups of neighboring chitin chains and
stretching of C=0 groups hydrogen bonded to both NH and
C(6)-OH groups on the same chain, respectively [45—47].
The relative intensity of the amide bands increased and the
width of the O-H stretching peak (3000 to 3740 cm ') nar-
rowed from aqueous LiOH/urea to KOH/urea, suggesting
that the hydrogen bonding interactions in chitin aerogels
strengthened.

The XRD diffraction patterns of the chitin aerogels are
shown in Figure 6. All the chitin aerogels show six charac-
teristic crystalline diffraction peaks at 9.3°, 12.8°, 19.3°,
20.7°, 23.4° and 26.4° in the 26 range from 5° to 35°; these
peaks were ascribed to the (020), (021), (110), (120), (130)
and (013) reflections, respectively, of a typical a-chitin
crystal [45,48]. Note that the FWHM of the reflections in-
creased with the atomic number of the alkali metal. Howev-
er, the intensity of the reflections decreased, and the (120)
and (130) reflections were much weaker in chitin aerogels
prepared from aqueous KOH/urea and NaOH/urea solu-
tions. By peak fitting the diffraction profiles, the crystallini-
ties of the chitin aerogels were calculated to be 53%, 63%
and 66% when prepared from aqueous KOH/urea, NaOH/
urea and LiOH/urea solutions, respectively. These results
indicate that despite its low crystallinity, a-chitin has a sta-

a

4000 3500 3000 2500 1700 1600 1500 1400
Wavenumber (cm-1) Wavenumber (cm-1)

Figure 5 FT-IR spectra of the a-chitin aerogels prepared from aqueous
KOH/urea (a), NaOH/urea (b) and LiOH/urea (c) solutions.
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110

20 (%)

Figure 6 X-ray diffraction (XRD) profiles of the a-chitin aerogels pre-
pared from aqueous KOH/urea (a), NaOH/urea (b) and LiOH/urea (c)
solutions.

ble aggregate structure after undergoing dissolution and
regeneration.

Further evidence of the crystalline phase and the hydro-
gen bonding interactions was obtained via *C NMR. Figure
7 shows the cross-polarization magic angle spinning
(CP/MAS) C NMR spectra of the a-chitin aerogels pre-
pared from aqueous KOH/urea, NaOH/urea and LiOH/urea
solutions. The degrees of the N-acetylation of these a-chitin
aerogels were evaluated based on the C NMR spectra:
93%, 89% and 87% from aqueous KOH/urea, NaOH/urea
and LiOH/urea solutions, respectively. The '*C NMR
chemical shifts of C=0 (173.6-173.8 ppm), C1 (104.3-
104.5 ppm), C4 (83.2-83.5 ppm), C5 (75.9-76.1 ppm), C3
(73.7 ppm), C6 (61.2—-61.3 ppm), C2 (55.4-55.5 ppm) and
CH; (23.1 ppm) for a-chitin aerogels are listed in Table 1.
The chemical shift values for all of the a-chitin aerogels
were consistent with previously reported values for a-chitin
[46,49,50]. The line width of the asymmetric broad peak of
C=0 carbon was composed of two peaks, which were

c I\ JI\J\ )V |
\ | / /
/ J o L P

imnorend  Noaranprirtisssctitmn M atesc? il

T T T v T L T x - 7 ¥ T Y T ¥ T L T L 1
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Figure 7 The CP/MAS ""C NMR spectra of o-chitin aerogels prepared
from aqueous KOH/urea (a), NaOH/urea (b) and LiOH/urea (c) solutions.
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closely related to two types of hydrogen bonds (as observed
in the FT-IR spectra) that account for the splitting of the
amide I band [47,51,52]. The width of the carbonyl peak
becomes narrower from aqueous LiOH/urea to KOH/urea
solutions, suggesting that the hydrogen bonding interactions
in a-chitin aerogels strengthen. In addition, C3 and CS5 ap-
peared as two signals, which is characteristic of a-chitin,
while the degree of splitting of the two peaks decreased
from aqueous LiOH/urea to KOH/urea solutions; this is
attributed to decreased crystallinity and increased hydrogen
bonding interactions in the a-chitin aerogels [49,50,53].

All of these a-chitin aerogels exhibit highly open porosi-
ty consisting of nanofibrils with diameters of less than 50
nm (Figure 8). However, these aerogels showed different
morphologies and pore structures. The a-chitin aerogel pre-
pared from aqueous LiOH/urea had a micrometer- and na-
nometer-sized heterogeneous pore structure composed of
loose aggregates of chitin nanofibrils (Figure 8(a, d)). In
contrast, those prepared from aqueous NaOH/urea (Figure
8(b, e)) and KOH/urea (Figure 8(c, f)) solutions comprised
percolating nanofibrillar networks with relatively uniform,
nanometer-sized pore structures. These differences likely
result from differences in the chitin-regeneration conditions;
that is, LiOH is insoluble in the coagulant and undergoes
rapid coagulation to form large precipitates in chitin gels,
whereas NaOH and KOH are soluble in the coagulant and
experience gradual liquid exchange from the chitin solution
to the coagulant and spontaneous self-assembly of chitin
nanofibrils.

The nitrogen adsorption isotherms for all of the a-chitin
aerogels were of IUPAC (International Union of Pure and
Applied Chemistry) type IV, that is, multilayer adsorption
onto a mesoporous solid with strong adsorbent-adsorbate
interactions (Figure 9). In terms of the specific surface area,
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Figure 8 Scanning electron microscopy (SEM) images of the surface (A)
and inner part (B) of the a-chitin aerogels prepared from aqueous LiOH/
urea (a, d), NaOH/urea (b, ) and KOH/urea (c, f) solutions. The insets
show low-magnification SEM images.

aqueous KOH/urea solution exhibit fairly good performance
as a solvent for aerogel fabrication (485 m?%g vs. 346 and
352 m*g) (Table 2). The porosity of these a-chitin aerogels
ranged from 87% to 94%. The most probable values of the
mesopore diameter were between 10 and 90 nm. However,
decreasing the chitin concentration in aqueous KOH/urea
solution had a remarkable influence on the aerogel struc-
ture. The density of the a-chitin aerogels decreased from
0.19 to 0.09 g/cm’, whereas the specific surface area and
pore volume increased from 419 to 535 m%g and from 2.7
to 3.8 cm’/g, respectively.

These a-chitin aerogels also exhibited excellent mechan-
ical performance that was far superior to those of chitin
aerogels prepared from LiCl/DMAc [54], 1-butyl-3-imida-
zolium acetate [55], and chitin nanowisker/nanofibril sus-
pension [56,57]. To investigate the mechanical properties of
these a-chitin hydrogels and aerogels, we evaluated their
stress-strain curves under stretching and compression mod
els (Figure 10). The tensile strength and modulus of the

8

(b)

| —=— KOH/urea aq.
—e— NaOH/urea aq.
6 L —*— LiOH/urea aq.

dV,/d (logd,) (cm3/(g nm))

1
1 10 100
d, (nm)

Figure 9 Nitrogen adsorption and desorption isotherms (a) and Barrett-Joyner-Halenda (BJH) pore size distributions (b) (calculated from the desorption
branch of the isotherm; d,=pore diameter, and V,=pore volume) of the a-chitin aerogels prepared from aqueous KOH/urea, NaOH/urea and LiOH/urea solu-

tions (color online).
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Table 2 Physical properties of the a-chitin hydrogels and aerogels

Hydrogel Aerogel
c?
Solvent (Wt%) Wiso b) 9 £ E© JN p Sper @ ye 279 R E©
(%) (MPa) (%) (MPa) (%) (g/em®)  (m¥g)  (cm’/g) (nm) (MPa) (MPa)

LiOH/urea/ 5 94 0.6 70 0.39 94 0.09 346 15 17 0.7 1.8
H,0

NaOH/urea/ 5 90 1.2 63 0.15 88 0.17 352 2.6 30 4.4 27
H,0

2 94 0.2 58 0.03 94 0.09 535 3.8 28 12 0.3

3 92 0.4 63 0.08 92 0.11 515 3.7 29 24 0.7

KOH/urea/ 4 90 0.6 65 0.21 90 0.14 481 34 29 3.1 4.1

H0 5 91 0.9 61 0.11 89 0.15 485 33 27 35 2.6

6 89 14 63 0.13 88 0.17 451 3.1 27 6.0 2.3

7 87 1.7 62 0.25 87 0.19 419 2.7 26 7.1 3.2

a) C is the chitin concentration; b) W, , and Py, are the water content and porosity, respectively, of the hydrogels and aerogels; ¢) o, 0%, ¢ and E are the

fracture stress, stress at 60% strain, fracture strain and elastic modulus, respectively, of the gels under the compressive model; d) Sger is the BET surface area
at a relative vapor pressure of 0.05-0.3 at 77 K; e) V and 2r are the pore volumes determined at a P/P, of 0.99 and the average pore diameter of aerogels
determined by the BJH method, respectively.
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Figure 10 Stress-strain curves of the a-chitin hydrogels (filled) and aerogels (open) prepared from 5 wt% chitin in KOH/urea, NaOH/urea and LiOH/urea
aqueous solutions under the tension (a) and compression (b) models. Compressive stress-strain curves of the chitin hydrogels (c) and aerogels (d) in a chitin
concentration series prepared from KOH/urea aqueous solution. Inset is the stress-strain curves of the a-chitin hydrogels and aerogels at low strain (color

online).

a-chitin hydrogels under the stretching model were deter-
mined to be 4.1 and 19.2 MPa, 5.4 and 24.8 MPa, and 1.2
and 10.5 MPa, respectively, for the hydrogels prepared from

aqueous KOH/urea, NaOH/urea and LiOH/urea solutions,
respectively (Figure 10(a)). After freeze-drying from ¢-
BuOH, the a-chitin aerogel prepared from aqueous LiOH/
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urea solution had relatively poor mechanical properties and
broke easily (tensile strength, 0.2 MPa; Young’s modulus,
13.3 MPa). In contrast, those prepared from aqueous NaOH/
urea and KOH urea solutions exhibited much stronger me-
chanical properties, as evidenced by their higher tensile
strength values (9.6 and 6.7 MPa, respectively) and
Young’s moduli (80.5 and 60.7 MPa, respectively).

The compression behaviors of the a-chitin hydrogels and
aerogels showed obvious differences between solvents.
Compared with the a-chitin hydrogels and aerogels pre-
pared from aqueous LiOH/urea solution, those prepared
from aqueous NaOH/urea and KOH/urea solutions were
much stronger (Figure 10(b), Table 2). Moreover, the vis-
cosity-average molecular weights (M,) of these chitin aero-
gels were ranging from 9.4x10*to 9.9x10* g/mol. Thus, this
difference resulted from the micrometer- and nanometer-
sized heterogeneous pore structure composed of loose ag-
gregates of chitin nanofibrils of the a-chitin gels prepared
from aqueous LiOH/urea solution versus the uniform na-
nometer-sized pore structure of self-assembled chitin nano-
fibrils of those prepared from aqueous NaOH/urea and
KOH/urea solutions.

We also performed compression tests to evaluate the
mechanical properties of the a-chitin hydrogels and aerogels
prepared from aqueous KOH/urea solution using different
chitin concentrations. The fracture strain of the a-chitin hy-
drogels was ca. 63%, regardless of the chitin concentration,
whereas when the chitin concentration was increased from
2 wt% to 7 wt%, the compressive stress values and moduli
of the a-chitin hydrogels and aerogels increased gradually.
For example, the maximum compressive stress values and
elastic moduli of the a-chitin hydrogels increased from 0.2
to 1.7 MPa and 0.03 to 0.25 MPa (Figure 10(c)), respec-
tively. Additionally, the compressive stress values (at a
strain of 60%) and elastic moduli of the a-chitin aerogels
increased from 1.2 to 7.0 MPa and 0.3 to 3.2 MPa, respec-
tively (Figure 10(d)). The thermogravimetric (TG) and de-
rivative TG (DTG) curves of all of the a-chitin aerogels
indicated very similar thermal decomposition events at 250
to 350 °C in air (see Figure Sl in the Supporting Infor-
mation online), suggesting moderate thermal stability.

The hydrophilicity of the chitin aerogels allows the ab-
sorbance of aqueous liquids upon rewetting. The prolifera-
tion and viability of mBMSCs cultured on the hydrogels
were studied in vitro (Figure 11). The high porosity of chi-
tin hydrogels could offer analogous environments for ex-
tracellular matrix that is conductive to cell adhesion and
proliferation. Interestingly, significant differences were ob-
served among these chitin hydrogels after 5 d. The prolifer-
ation rate of mBMSCs on the surface of chitin hydrogels
from aqueous KOH/urea and NaOH/urea were superior to
the chitin aerogel from aqueous LiOH/urea. Mainly because
the mesh size and mechanical properties of the hydrogels
from aqueous KOH/urea and NaOH/urea are in favour of
cell adhesion and proliferation, indicating preferable bio-
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Figure 11 Proliferation of mBMSCs cultured on the surface of o-chitin
hydrogels prepared from aqueous KOH/urea, NaOH/urea and LiOH/urea
solutions, respectively (color online).

compatibility and potential application for tissue engineer-
ing.

4 Conclusions

In summary, for the first time, we report that a-chitin can be
dissolved in aqueous KOH/urea solution via a freeze-
thawing cycle. Moreover, the dissolution powers of the
aqueous alkali hydroxide/urea solvents for a-chitin exhibit-
ed the following order: aqueous KOH/urea>NaOH/urea>
LiOH/urea. All of the a-chitin solutions exhibited tempera-
ture-induced rapid gelation behavior. The aqueous alkali
hydroxide/urea solutions were shown to be non-derivatizing
solvents for a-chitin. Nanostructured o-chitin hydrogels and
aerogels were fabricated by regenerating the chitin solutions
in ethanol, followed by freeze-drying from ~BuOH. The
a-chitin aerogels exhibited high porosity, low density, high
specific surface area and large pore volume. Additionally,
the o-chitin aerogels exhibited good mechanical properties
under tension and compression models. In vitro studies
show that mBMSCs cultured on chitin hydrogels have good
biocompatibility. The simplicity of the process and the
nanostructured a-chitin aerogels produced may be useful for
biomedical materials.
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