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ABSTRACT: Fabrication of anisotropic hydrogels exhibiting direction-dependent structure and properties have attracted
great interest in biomimicking, tissue engineering and bioseparation. Herein, we report a single-step freeze casting-based
fabrication of structurally and mechanically anisotropic aerogels and hydrogels composed of hydrazone cross-linked
poly(oligoethylene glycol methacrylate) (POEGMA) and cellulose nanocrystals (CNCs). We show that by controlling the
composition of the CNC/POEGMA dispersion and the freeze casting temperature, aerogels with fibrillar, columnar, or
lamellar morphologies can be produced. Small-angle X-ray scattering experiments show that the anisotropy of the struc-
ture originates from the alignment of the mesostructures, rather than the CNC building blocks. The composite hydrogels
show high structural and mechanical integrity and a strong variation in Young's moduli in orthogonal directions. The
controllable morphology and hydrogel anisotropy, coupled with hydrazone cross-linking and biocompatibility of CNCs
and POEGMA, provide a versatile platform for the preparation of anisotropic hydrogels.

INTRODUCTION

Hydrogels have a broad range of applications in drug de-
livery,' tissue engineering,™* separation of biological mol-
ecules,* and water purification.” The utilization of hydro-
gels as biomaterials has a particular appeal, since they can
be engineered to exhibit biophysical and chemical proper-
ties that are similar to native extracellular matrix. Since
many tissues, e.g., striated muscle,® cartilage,” or cornea®,
to name just a few examples, have anisotropic hierarchical
morphologies, there is a growing interest in developing
approaches for the fabrication of anisotropic hydrogels
that exhibit direction-dependent pore shape, microstruc-
ture, stiffness, and conductivity.ﬁ_21 In tissue engineering,
aside from biomimicry, anisotropic pore shape and hy-
drogel structure, in general, are important for cell guid-
ance™ and differentiation,” as well as mass transport of
biofactors and nutrients throughout the scaffold.”*** In

bioseparation, control over the shape anisotropy of hy-
drogel pores may enhance the selectivity of the filtration
of biological species and/or minimize the pressure drop
across the matrix.”®

Anisotropic hydrogels have been fabricated by applying
tensile or compressive forces to shape-anisotropic gel
components, e. g., carbon nanotubes or cellulose
nanocrystals, within an isotropic hydrogel matrix.>">*7*®
Self-assembled fibrils of peptide amphiphiles® or lamellar
bilayers of polymerizable surfactants® * have been ori-
ented within a hydrogel matrix using shear forces. Alter-
nately, dielectrophoresis has been utilized to align carbon
nanotubes in an  isotropic  hydrogel = matrix.”
Micropatterning approaches 7 and 3D printing® have
been applied to create anisotropic hydrogels with pores of
well-defined sizes and geometries.



Directional freeze-casting (also known as ice-templating)
is another promising method for fabricating anisotropic
gels with a well-defined porous structure.'*>****>373% [n
this method, precursor solutions or suspensions of mon-
omers or polymers are frozen under a unidirectional tem-
perature gradient, thereby excluding the solute from the
ice lattice into the space between the growing ice crys-
tals.”” To form a hydrogel, the resulting free-standing
microporous scaffold is swollen with water. The elongated
pore shapes in the hydrogel replicate the shapes of the
unidirectionally grown ice crystals.

Generally, in order to prevent re-dissolution of the freeze-
cast scaffold upon its immersion in water, post-processing
material photocrosslinking or photopolymerization are
used.®**?%3>4°4> A more efficient strategy would be simul-
taneous freeze-casting and cross-linking, as demonstrated
for anisotropic hydrogels of agarose® and glutaraldehyde-
crosslinked gelatin®. This alternative approach can be
readily implemented in composite hydrogels, in addition,
to greater morphological control achieved by varying the
ratio of hydrogel components.

Recently, cellulose nanocrystals (CNCs) have gained in-
terest as a component of composite hydrogels, due to the
mechanical strength, commercial availability, and bio-
compatibility of CNCs.** Cellulose nanocrystals have been
used as reinforcing agents for isotropic hydrogels.*™ Hy-
drogels have been prepared from freeze-cast suspensions
of CNCs and xylan, in which the xylan component modi-
fied with aldehyde groups formed hemiacetal bonds with
the xylan.® In these hydrogels, however the fast hydroly-
sis of hemiacetals may limit the stability of the resulting
material >*

Here, we report the fabrication of anisotropic CNC-
containing hydrogels that have two novel and advanta-
geous features: (i) they are derived from precursor aero-
gels prepared via a single-step freeze-casting and cross-
linking process, and (ii) they are cross-linked via more
stable, slowly hydrolyzable bonds, which is critical in the
context of tissue engineering. Importantly, we show the
ability to generate precursor aerogels with fibrillar, co-
lumnar and lamellar morphologies, leading to direction-
dependent swelling and mechanical properties of the re-
sulting hydrogels.

We used aldehyde-functionalized CNCs and hydrazide-
functionalized poly(oligo ethylene glycol methacrylate)
(POEGMA) as aerogel components. Hydrazone bonds
formed between aldehyde and hydrazide groups are hy-
drolytically degradable, relatively slowly (over months) at
neutral pH but significantly faster at acidic pH values.”
The microstructure of the aerogels and the resulting hy-
drogels was controlled by varying the weight ratio of
CNC-to-POEGMA, the total concentration of these com-
ponents in the precursor suspension, and the freeze-
casting temperature. The well-established
cytocompatibility of CNCs**>* and POEGMA,®® the
degradability of the hydrazone cross-linked networks, and
the anisotropy of these hydrogels suggests their potential
utility in biomedical applications.

EXPERIMENTAL SECTION

Materials. Oligo(ethylene glycol) methyl ether methacry-
late (OEGMAs00, Sigma Aldrich, 95%) and di(ethylene
glycol) methyl ether methacrylate (M(EO)2MA, Sigma
Aldrich, 95%) were purified using a column of basic alu-
minum oxide (Sigma Aldrich, type CG-20). Acrylic acid
(AA, Sigma Aldrich, 99%), 2,2-azobisisobutyric acid dime-
thyl ester (AIBMe, Wako Chemicals, 98.5%), adipic acid
dihydrazide (ADH, Alfa Aesar, 98%), N'-ethyl-N-(3-
dimethylaminopropyl)-carbodiimide (EDC, Carbosynth,
Compton CA, commercial grade), thioglycolic acid (TGA,
Sigma Aldrich, 98%), sodium periodate (NalO4, Sigma
Aldrich, >99.8%), sodium hydroxide (EMD Millipore
Germany), sodium chloride (Sigma Aldrich, 299.5%), hy-
drochloric acid (LabChem Inc., 1M), silver(I) oxide (Sigma
Aldrich, 299.99% trace metals basis), dioxane (Caledon
Laboratory Chemicals, reagent grade) and sulfuric acid
(Sigma Aldrich, 95-98%) were used as received. Whatman
cotton ashless filter aid was purchased from GE
Healthcare Canada. In all the syntheses and fabrication
protocols Milli-Q grade distilled deionized water (DIW,
18.2 MQ cm resistivity) was used.

Synthesis of  hydrazide-functionalized poly
(oligoethylene glycol methacrylate) (H-POEGMA).
The synthesis of H-POEGMA is described elsewhere.”*
Briefly, AIBMe (74 mg), M(EO)2MA (6.2 g), OEGMAs500
(1.8 g), AA (1046 pL) and TGA (150 pL, 10 w/w% in
dioxane) were introduced into a round-bottom flask. Fol-
lowing the addition of dioxane (20 mL) to this mixture, it
was purged with nitrogen for 30 min. The reaction pro-
ceeded for 4 h in an oil bath at 75°C, after which the sol-
vent was removed via rotary evaporation. Following this
step, 200 mL of deionized water was added to the result-
ing POEGMA solution along with ADH (8.66 g). To adjust
the mixture pH to 4.75 + 0.1, 1M HCl was used, after which
EDC (3.87 g) was added to mediate conversion of carbox-
ylic acid groups to hydrazide groups. The value of pH was
maintained at 4.75 + 0.1 via a dropwise addition of 1M HCl
over 4 h, until no further pH change was noted, after
which the reaction was allowed to proceed overnight. The
product was dialyzed (molecular weight cutoff of 3,500 g
mol”) against deionized water for a minimum of six 6 h
cycles and then lyophilized. Polymers were stored as a 10
wt% suspension in deionized water at 4°C.

Hydrazide content (1.61 mmol/g hydrazide groups) was
determined via conductometric titration (ManTech, 0.1 M
NaOH titrant). The molecular weight of H-POEGMA of
M, =17.7 kDa and polydispersity of 3.2 were determined
by aqueous size exclusion chromatography on a Waters
515 HPLC pump with three Ultrahydrogel columns (30 cm
x 7.8 mm i.d. with exclusion limits of 0-3 kDa, 0-50 kDa
and 2-300 kDa) and a Waters 2414 refractive index detec-
tor. A mobile phase containing 25 mM N-cyclohexyl-2-
aminoethanesulfonic acid (CHES) buffer, 500 mM NaNO3
and 10 mM NaN, was used at a flow rate of 0.8 mL min™.
The mole ratio of hydrazide-functionalized AA:
M(EO)2MA:OEGMA500 was 0.28:0.64:0.061.



Preparation of cellulose nanocrystals. Cellulose
nanocrystals were generated using the sulfuric acid-
mediated hydrolysis of cotton.” Briefly, blended cotton
filter aid was exposed to 64 wt% sulfuric acid solution at
45 °C for 45 min with mechanical stirring, diluted 10-fold
in deionized water, and centrifuged for 10 min at ~5000 g.
The acidic supernatant was decanted from the centrifuge
tubes, leaving a cellulose pellet, since the CNCs were in-
soluble at acidic pH. The cycles of water adding, centri-
fuging, and decanting were repeated until a pellet no
longer formed upon the addition of water. The resulting
suspension was subsequently dialyzed (molecular weight
cutoff 12-14,000 g mol™) against deionized water for a
minimum of ten cycles of at least, 12 h each. The CNC
suspension was then sonicated using a probe sonicator
(Sonifier 450, Branson Ultrasonics, Danbury, CT) for
three 15 min-long cycles and stored at 4 °C as a 1 wt% sus-
pension in acid form (pH = 3.2). Sulfate half-ester content
was determined by conductometric titration,” yielding a
sulfur content of 0.42 wt % (~ 0.30 charges/nm?®). The
CNC apparent diameter of 71 nm and electrophoretic mo-
bility of -1.86 x 10® m* V" s™ were determined by dynamic
light scattering and electrokinetic potential measure-
ments using a 0.25 wt % CNC suspension in 10 mM NaCl
solution (Zetasizer Nano, Malvern, UK).

Preparation of aldehyde-functionalized cellulose
nanocrystals (A-CNCs). The selective oxidation of CNC
surface hydroxyl groups to aldehyde groups was opti-
mized as described elsewhere.” Sodium periodate and a
1.0 wt% suspension of CNCs were added to a round-
bottom flask at the NalO,:CNC weight ratio of 4:1. The
flask was covered with aluminum foil to prevent NalO,
photo-decomposition. The pH value of the suspension
was then adjusted to 3.5 and the suspension was placed
under magnetic stirring in an oil bath at 45 °C for 4 h.
The reaction was subsequently quenched by cooling the
reaction mixture and exposing it to light to de-activate
residual NalO,. The resulting product was dialyzed (mo-
lecular weight cutoff 12-14,000 g mol”) against deionized
water for a minimum of ten cycles of at least, 12 h each.
The suspension was concentrated to 8 wt% by ambient
evaporation and stored at 4 °C. Aldehyde content of 3.66
mmol/g was determined by conductometric titration
(ManTech, 0.1 M NaOH titrant) after selectively oxidizing
aldehyde groups to carboxylic acids using silver(I) oxide,
as described previously.** Atomic force microscopy was
used to determine A-CNC dimensions to be 60-220 nm in
length and 2-10 nm in diameter (Figure S1).

Preparation of anisotropic aerogels and hydrogels by
freeze-casting. Two different assemblies were used for
freeze-casting. Assembly 1 consisted of an aluminum
block equilibrated in a Dewar filled with liquid nitrogen,
enabling freeze-casting at a -196 °C. Assembly 2 consisted
of a proportional-integral-derivative controlled heater
assembly with a copper block on an aluminum rod, which
enabled control over the freeze-casting temperature be-
tween -80 and -20 °C. An aqueous mixture of A-CNCs and
H-POEGMA was charged into a tube closed on one end
with a 0.9 mm-thick copper lid. Aerogels for SEM imaging

and photographing were fabricated in a 1.3 cm inner di-
ameter Teflon tube. Aerogels for compression tests and
swelling experiments were fabricated in a polycarbonate
cuboidal tube with the inner length and width of 0.95 cm.
The filled mold was placed atop the cooled aluminum
block (Assembly 1) or atop the cooled copper block (As-
sembly 2). Freezing was assessed visually. After that, the
samples were maintained on the cooling block for an ad-
ditional minute to ensure complete freezing and subse-
quently, freeze-dried in lyophilizer. To form hydrogels,
freeze-casted aerogels were swollen in water.

Scanning electron microscopy. The resulting A-CNC-
H-POEGMA aerogels were freeze-fractured either paral-
lel, or perpendicular to the direction of freeze-casting,
sputter-coated with gold, and imaged using a scanning
electron microscope (SEM, Quanta FEI 250 scanning elec-
tron microscope, 10 kV).

Surface area determination. The surface area of aero-
gels was determined by volumetric nitrogen adsorption at
77 K using a Quantachrome Autosorb-1-C and calculated
using a Brunauer-Emmet-Teller(BET) equation.** Aero-
gels were outgassed overnight at 8o °C (at 100°C the sam-
ples discoloured, possibly due to the polymer degrada-
tion).

Small-angle X-ray scattering. The aerogels were charac-
terized at room temperature using a small-angle X-ray
system (Double Ganesha AIR, SAXSLAB, Denmark). The
X-ray source was a rotating anode (copper, MicoMax
oo7HF, Rigaku Corporation, Japan) that provided a mi-
cro-focused beam. The data were recorded by a position-
sensitive detector (PILATUS 300K, Dectris). To cover the
range of scattering vectors between 0.004-2.0 A different
detector positions were used. The circularly averaged data
were normalized to incident beam intensity, sample
thickness, and measurement time before subtracting the
background (air). The data analysis was performed with
the software Scatter (version 2.5), which was also used to
perform calculations based on simple geometric models.”
The irradiation volume was approximately 200 pm x 200
pm x 1 cm, where 1 cm is the sample thickness.

Hydrogel swelling. To characterize the anisotropic
swelling of the hydrogels in deionized water, we defined a
coordinate system for the cuboidal aerogel/hydrogel sam-
ples, in which the X- and Y-axes were orthogonal to the
direction of ice growth., and the Z-axis was parallel to the
direction of ice growth. The original cuboid aerogels had
an equal length, [, and height, h,. Upon swelling, at time
t, the hydrogels acquired the corresponding dimensions,
I(t) and h(t). The dimensions of aerogels and hydrogels
were measured using a caliper at different time intervals.
The degree of swelling in the XY-plane was determined as
Qxy(t) = l(ti_o_lo ()
The degree of hydrogel swelling in the Z-direction was
characterized as

Q.(6) =0 (2)



Mechanical testing. Cyclic compression measurements
were conducted in an aqueous environment at 22 °C using
a Mach-1 Mechanical Tester (Biomomentum Inc, QC)
operating under parallel-plate geometry. Prior to testing,
aerogels with a width and length of 9.5 mm and a height
of 11 to 14 mm were immersed in water for 10 min. The
resulting hydrogels were compressed in either the XY-
direction (perpendicular to the direction of freeze-
casting) or the Z-direction (parallel to the direction of
freeze-casting) over 50 cycles, by applying XY-strains of
50% or Z-strains of 10% (the samples buckled at Z-strains
exceeding 10%). The tests were performed in triplicate,
with the Young’s modulus values calculated from the first
compression cycle (after an initial pre-compression/pre-
loading step to condition the hydrogels).

RESULTS AND DISCUSSION

Microstructure of anisotropic aerogels. H-POEGMA
and A-CNCs were mixed and immediately freeze-cast in
either cylindrical or cuboidal molds (Scheme 1). The final
hydrogels were held together by physical crosslinks via
non-covalent, hydrophobic interactions between H-
POEGMA and A-CNCs, in addition to the covalent hydra-
zone cross-linking.> The aerogel structure and hydrogel
mechanical properties were examined as a function of the
weight ratio of A-CNC-to-H-POEGMA and the total con-
centration of A-CNCs and H-POEGMA in the mixture
used for freeze-casting (this concentration was denoted

as Ca.CNC+H-POEGMA) -

Table 1 shows the recipes used for the preparation of the
aero gels. Sample names are denoted as a:b-W@T, where
a:b is the weight ratio of A-CNC-to-H-POEGMA, W is the
Ca-cnestrorgma, and T is the temperature of freeze-
casting. When no temperature T is specified in the sample
notation, the freeze-casting process was conducted at -196
°C.

Scheme 1. Cross-linking reaction of aldehyde-modified
CNCs (A-CNCs) with hydrazide-functionalized POEGMA
(H-POEGMA) and illustration of morphologies of hydro-
gels achieved via the freeze-casting process

1
HN o

H-POEQMA CH)  © O
Solution 89 A-CNC

Freeze-cast

Swell in water

Columnar Fibrillar

Lamellar

Table 1. Recipes of freeze-cast aerogels and hydrogels and
Young’s moduli of the rehydrated hydrogels

Sample name* | Weightratio | Ca.cncin- Freeze-cast
(a:b-W@T) of POEGMA temperature
A-CNC:H- (wt%) 0
POEGMA
11-4 11 4.0 -196
13-4 13 4.0 -196
1:5-4 15 4.0 -196
1:5-2.5 15 2.5 -196
15-7 15 7.0 -196
1:5-4 @-80 15 4.0 -80
1:5-4 @-20 1:5 4.0 -20

* When no temperature T is specified in sample name, the
freeze-casting process was conducted at -196 °C.

** Calculated from the linear portion of the first stress-strain
cycle applied.

Figure 1a shows SEM images of the cross-section of the aero-
gels in the XY-plane perpendicular to the ice-growth direc-
tion. Three general trends are evident from this figure. First,
at the low Ca cncinpoegma @and high weight fraction of A-
CNCs in the precursor suspension, the aerogels had a fibrillar
structure with fiber width of ~o.5 pm (top left image in Fig-
ure 1a). Second, the fibrillar structure transformed into a
columnar structure when the Ca.cncin-porgma Was increased
4-7-fold at high A-CNC content (Figure 1a, top row, two right
images). The pores had the width of ~4 pm and a wall thick-
ness of ~100 nm. Third, at a high Ca.cncinrorgma and a low
weight fraction of A-CNCs, the aerogels had a lamellar mor-
phology (Figure 1a, right column, two bottom images). The
lamellae were ~200 nm-thick and an inter-lamellar distance
was ~7 pm. The fibrillar, columnar, and lamellar structures
are labeled as "F", "C" and "L", respectively, in the SEM imag-
es in Figure 1a. In the intermediate range of sample composi-
tions, the aerogel morphologies were less defined and
showed a transition from fibrillar-like to lamellar-like struc-
tures.

The ability of the free-standing aerogels to maintain the
shape of the mold, that is, their structural integrity upon
lyophilization, was examined with respect to both Ca_cnc.n-
poeGma and the A-CNC-to-H-POEGMA weight ratio (Figure
1b). Although all samples did not disintegrate upon
lyophilization, the greatest structural stability was observed
for the aerogels with the Ca cncinporguma of 2.5 and 7.0 wt%.
Aerogels formed at lower Ch cncin-porgma did not contain a
sufficient amount of material to preserve the aerogel shape.
At high A-CNC fraction, the dimensional stability of aerogels
after lyophilization improved, which was attributed to the
mechanical strength of A-CNCs.
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Figure 1. (a) SEM images of aerogels cross-section (the XY-plane perpendicular to the ice-growth direction) with morphologies
ranging from fibrillar (F) to columnar (C) to lamellar (L) and their combinations, dependent on A-CNC:H-POEGMA weight ratio
and Ca.cncsH-PoEGMA- Scale bars are 20 pm. (b) Photographs of aerogels cast in cylindrical molds. Scale bars are 0.5 cm.

In addition to varying aerogel composition, the freeze-
cast temperature and thus the rate of'ice crystal growth in
the samples was used to control aerogel morphology
(Figure 2). The aerogel freeze-cast at -20 °C formed a
more well-defined lamellar-like structure, in comparison
with the same sample prepared at -8o °C. At lower freez-
ing velocities achieved at smaller temperature gradients,
A-CNCs and H-POEGMA had sufficient time to be ex-
cluded from the growing ice crystals, thus yielding more
organized structures.

Freeze-cast temperature

Ice-growth direction

i+ | i |

Figure 2. SEM images of aerogel 1:5-4 directionally freeze-
cast from A-CNC + H-POEGMA dispersions at various tem-
peratures. Top and bottom rows of images show the struc-
ture of the freeze-fractured planes that are perpendicular
(cross-section) and parallel (side view), respectively, to the
ice-growth direction, as shown in the corresponding car-
toons. Scale bars are 50 pm.

Examination of the surface area of aerogels. The di-
verse morphologies of the aerogels were reflected by
changes in their surface area (Figure 3a). At Cy.cncan-
poEGMA = 4.0 Wt%, with increasing the A-CNC:H-POEGMA
ratio the aerogel surface area increased from 18 (sample
1:1-4) to 33 m*/g (sample 1:5-4), concurrent with the ob-

served change in microstructure from columnar to sheet-
like, respectively (Figure 1a). In contrast, at a constant A-
CNC:H-POEGMA ratio of'1:5, increasing the Ca cnc,h-
poEGMA fTOM 4.0 to 7.0 wt% resulted in the decrease of the
surface area from 33 to 5 m*/g (Figure 3b), which correlat-
ed with both the higher density of the aerogels and the
structural transition from sheet-like to lamellar morphol-
ogy (Figure 1a). Increasing the C_cnc.ti-porgma from 2.5 to
4.0 wt% at 1:5 A-CNC:H-POEGMA ratio did not signifi-
cantly change aerogels (Figure 3b). Here, the effect of
higher density on the surface area of aerogels was com-
pensated for by the change in their morphology. Overall,
the surface area of the aerogels was in the rage from 5 to
33 m*/g, which is lower than that of aerogels formed
CNCs only.**%
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Figure 3. Surface area of (a) aerogels at a constant Ca_cncsH-
poeGma and varying A-CNC:H-POEGMA ratio and (b) aero-
gels at constant A-CNC-to-H-POEMGA ratio and varying Ca.
CNC+H-POEGMA-

Small-angle X-ray scattering in aerogels. Small-angle
X-ray scattering (SAXS) was used to supplement the char-
acterization of the aerogels by SEM by providing insight
into the volume-averaged aerogel structure. Figure 4
shows the SAXS data for the 1:5-4 aerogel (used as an ex-
ample), as well as theoretical simulations of 2D SAXS pat-
terns. Other 2D SAXS patterns - for fibrillar, columnar
and lamellar aerogels - are given in Figure S5. The SAXS
measurements were performed with the X-ray beam irra-
diating the aerogel in the Z- or XY-directions (corre-



sponding to the right panels in Figure 4a and b, respec-
tively). In the case of irradiation in the Z-direction (Figure
4a, right panel), the experimental 2D pattern was iso-
tropic (circular), while irradiation in the XY-direction
yielded the anisotropic (ellipsoidal) 2D pattern (Figure
4b, right panel). These results suggested that scattering
objects within the aerogel were preferentially aligned in
the Z-direction but not within the XY-plane.
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Figure 4. (a, right) Experimental 2D SAXS pattern from
irradiating the 1:5-4 aerogel in the Z-direction. (a, left)
Simulated 2D scattering pattern for an isotropic distribu-
tion of discs. (b, right) Experimental 2D SAXS pattern
from irradiating the 1:5-4 aerogel in the XY-direction. (b,
left) Simulated 2D scattering pattern for discs preferen-
tially aligned in the Z-direction. (c) 1D radial-averaged
SAXS plots of the 1:5-4 aerogel irradiated in the Z- (blue)
and XY- (red) directions. A line with g* scaling is also
shown as a visual aid. (d) Theoretical 1D radial-averaged
SAXS plots for small cylinders (blue squares) with a radius
of 3 nm (+ 10 %) and a length of 150 nm; large cylinders
(red triangles) with a radius of 65 nm (= 10 %) and a
length of 50 pm; and discs (black dots) with a radius of 5
pm and a diameter of 260 nm (z 10 %). The dotted line
marks the lower limit of the experimentally reachable g
range.

Theoretical 2D SAXS patterns were simulated to deter-
mine the length scale of the aligned scattering objects.
Figure 4a and b (both left panels) show the simulated
patterns for model discs preferentially aligned in the Z-
direction and discs with random spatial orientation, re-
spectively. The dimensions of these discs - a radius of 5
pm and thickness of 260 nm (z 10 % - were chosen to be
comparable to those of mesostructured fibrils, columnar
walls, and lamellae shown in the SEM images (Figure 1a).
Figure 4a (left panel) shows the simulated 2D SAXS pat-
tern for the discs distributed isotopically. The pattern was
similar to the experimental pattern (Figure 4a, right),
which suggested that the mesostructures are the source of

scattering and that they are not aligned in the XY-plane.
Figure 4b (left panel) shows the simulated ellipsoidal 2D
SAXS pattern for the discs preferentially aligned in Z-
direction with a separation distance between the discs of
10 pm. The pattern was similar to the experimental pat-
tern (Figure 4b, right), implying that the experimental
scattering pattern likely originated from the scattering of
mesostructures aligned in the Z-direction. In addition,
the 1D radial-averaged plots for the 2D scattering patterns
of 1:5-4 (Figure 4c) showed a g* scaling for ¢ < 0.2 A,
which implied that the scattering data were in the Porod
region® and the scattering was dominated by objects with
a size >100 nm. Thus, we conclude that the
mesostructures were responsible for the main scattering
contribution.

While the A-CNC components of the aerogel could be
aligned by shear forces imposed by the growing ice front
during uni-directional freezing, as previously suggested
for freeze-cast CNC aerogels; it is difficult to prove such
an alignment by low-angle SAXS measurements. This is
because the scattering of small cylinder-like objects such
as CNCs is concealed by the scattering from larger
mesoscopic fibrils, columnar walls, and lamellae. To
demonstrate this effect, we showed in Figure 4d the theo-
retical 1D radial-averaged scattering plots for small cylin-
ders with diameters < 10 nm (similar to A-CNCs) and for
large cylinders and discs with diameters > 100 nm (similar
to mesostructures in SEM images in Figure 1a). These
plots show that in the low q range, scattering contribu-
tions from the small cylinders are concealed by the con-
tribution of large structures, if both are to be present in
the same sample.

Although the SAXS data at low experimental g ranges
could not provide insight into the alignment of the A-
CNCs in the aerogel, the scattering patterns at high g val-
ues were sensitive to the crystalline cores of A-CNCs and
could reveal their alignment. The 1D radial-averaged
SAXS plots for 1:5-4 aerogel irradiated in the Z- and XY-
directions (Figure 4c) both show a peak at 1.6 A™ and a
broad shoulder at ~o.5 A", attributable to the (200) and
(no) reflections, respectively, from the cellulose crystal
planes.”® If the A-CNCs were aligned in the Z-direction,
well-defined spot- or arc-like Bragg reflections would be
expected at these g values. The 2D SAXS patterns, for the
1:5-4 aerogel irradiated in the XY- and Z-directions, show
Debye-Scherrer rings (Figure S6), as opposed to spot-like
Bragg reflections or defined arcs, which suggested that
there is no preferential orientation of the A-CNCs in nei-
ther the Z-direction, nor in the XY-plane.

Swelling behavior of anisotropic hydrogels. The key
advantage of our material is that upon aerogel rehydra-
tion, chemical cross-linking between A-CNCs and H-
POEGMA constituents prevents the disintegration of the
aerogel, unlike with hemiacetal crosslinked CNC hydro-
gels which would readily dissolve in water.”® In addition,
chemical cross-linking of the aerogel can preserve its ani-
sotropy upon swelling.



All the aerogels examined in the present work did not
disintegrate when exposed to water for the time interval
up to 93 h, while Equilibrium swelling was achieved with-
in 24 h (Figure S3, Supporting Information).

A coordinate system was used to characterize anisotropy
in aerogel swelling (and mechanical properties of the hy-
drogels described in the following section). In Figure 5a,
the Z- and XY-directions refer to the direction parallel to
and perpendicular to the direction of ice growth, respec-
tively. The anisotropic degrees of swelling of the aerogels
are shown in Figures 5b and c. At Ca cncen-porcma= 4 Wt%,
a higher equilibrium swelling was achieved at a higher
fraction of the hydrophilic H-POEGMA (Figure 5b), in

agreement with earlier reports for isotropic A-CNC-H-
POEGMA hydrogels.”

In addition, increasing Ca.cncinrorgma led to stronger
swelling, which was attributed to both the increased os-
motic pressure governing swelling in more concentrated
hydrogels and a larger amount of H-POEGMA in the
sample. The structural anisotropy of the aerogel led to a
higher degree of swelling in the XY-direction than in the
Z-direction (Student’s t-test, p < 0.05 except for samples
1:3-4 and 1:5-7). Swelling in the Z-direction was mostly
driven by the H-POEGMA component, whereas swelling
in the XY-direction occurred also due to filling of the ani-
sotropic pores with water and the resulting increase in
pore size.
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respond to the XY-plane and Z-directions, respectively.

Mechanical properties of anisotropic hydrogels. To
characterize the mechanical integrity and direction-
dependent Young's moduli of the anisotropic hydrogels
(important for potential tissue engineering applica-
tions”), compression tests were performed on swollen
hydrogels in the XY-direction (up to 50 % strain) and the
Z-direction (up to 10 % strain). Supporting Information

p <o0.001, Student’s t-test. The error bars represent one standard deviation. Blue and red colored bars cor-

shows the videos of hydrogel compression. All hydrogels
exhibited 100% shape recovery in both XY- and Z-
directions after 50 compression-decompression cycles at a
strain rate of 3 % of the original hydrogel dimension per
second. Representative stress-strain curves for sample 1:5-
4 are shown in Figure 6a (Figure S4 shows the stress-
strain curves for other hydrogels). The direction-specific
Young’s moduli of the hydrogels are shown in Figure 5d
and e. The Young’s modulus in the Z-direction (E,) was



higher than that in the XY-direction (E,,) in each sample
tested, consistent with the anisotropic hydrogel struc-
tures. Compression in the Z-direction led to buckling of
the hydrogel fibrillar, columnar and lamellar
mesostructures. In the XY-direction, at low strain, com-
pression led to the collapse of the hydrogel pores, while at
higher strain, the composite material within the hydrogel
walls/fibrils was compressed. The anisotropy in hydrogel
compression was less pronounced in fibrillar hydrogels.
The CNC-to-POEGMA weight ratio did not have a signifi-
cant

effect on hydrogel weakening upon cyclic loading (Figure
S4), however as the Ca.cncsn-rorgua Was increased from 2.5
to 7 wt%, hydrogels exhibited fatigue over 50 compression
cycles, which was attributed to the irreversible defor-
mation of the lamellar structures (delamination).

The direction-dependent Young’s moduli of anisotropic
hydrogels correlated with their compositions and under-
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lying morphologies. As shown in Figure 6b and 5d, at Ca.
cNesH-POEGMA = 4 wt%, at lower A-CNC:H-to-POEGMA
weight ratios (a higher fraction of POEGMA in the hy-
drogel), E,, changed weakly, whele E, strongly increased.
The latter trend was counter-intuitive, since the fraction
of rigid CNCs in the system reduced. We attribute this
effect to the need in a higher fraction of POEGMA in the
hydrogel to achieve the highest degree of chemical cross-
linking between A-CNCs and H-POEGMA.

In contrast, at the A-CNC-to-H-POEGMA weight ratio of
1:5, increasing the Ca cnc.n.poeguma from 2.5 to 7% led to an
increase in both E,; and E, (Figure 6d and s5e). We ascribe
the increase in Young’s moduli in both directions to the
increase in the total density of the hydrogel at a higher
precursor concentration. In addition, a transition from a
sheet-like structure (for 1:5-2.5 hydrogels) to a lamellar
morphology (for 1:5-7
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Figure 6. Mechanical properties of anisotropic hydrogels. (a) Stress-strain curves for a representative hydrogel sample (1:5-4)
over 50 compression cycles. (b) The first compression cycle for hydrogels cast from suspensions prepared at varying A-CNC:H-
POEGMA ratios and Ca.cncsn-porcma = 4 Wt%. (c) The first compression cycle for hydrogels cast from suspensions prepared at
varying Ca_cncsn-poegma and A-CNC:H-POEGMA ratio of 1:5. (d) The first compression cycle for 1:5-4 hydrogels freeze-cast at -
196, -80 and -20 °C. All samples were subjected to a pre-compression and then strained for 50 compression cycles. Pre-
compressions were performed at 10% and 50% strains for Z- and XY-directions, respectively.

hydrogels) resulted in the increase in the Young’s moduli.

Similarly, decreasing the freeze-cast temperature yielded
hydrogels with higher E,, and E, values (Figure 6d). As the
freeze-cast temperature decreased, the ice front velocity
increased,” which resulted in a tighter packing of the the
CNC/POEGMA mixture excluded from the ice growing
front. These tightly packed structures resulted in stiffer
hydrogels.

Thus we conclude that structurally and mechanically ani-
sotropic precursor aerogels and resulting composite hy-

drogels with a high structural integrity can be formed by
freeze-casting a dispersion of A-CNCs and H-POEGMA.
By varying the precursor composition, and/or the freeze-
cast temperature, the morphology and the direction-
dependent moduli of the hydrogels can be tuned and con-
trolled. Such control may be of particular interest for
mimicking biological tissues that exhibit analogous direc-
tional mechanics due to their internal orientation.

CONCLUSION



Aerogels and hydrogels of A-CNCs and H-POEGMA have
been produced in a single freeze-casting/cross-linking
procedure. Chemical cross-linking between A-CNCs and
H-POEGMA resulted in mechanically stable hydrogels,
with A-CNC component contributing to improved dimen-
sional stability, although without structural alignment.
The lamellar, columnar, and fibrillar morphologies of the
material were realized by varying the total amount of A-
CNCs and H-POEGMA in the precursor dispersion and
the weight ratio between these constituents. The compo-
sition and morphology of the material determined aniso-
tropic swelling and mechanical properties of the compo-
site hydrogels. The structural integrity of the hydrogels
and the capability to control their direction-dependent
swelling and mechanical properties suggest that these
materials may function as effective biomimetic scaffolds
for tissue engineering of oriented tissues.
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