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Heterogeneous structures are ubiquitous in natural organisms. Native het-
erogeneous structures inspire many artificial structures that are playing

important roles in modern society, while it is challenging to identify the rele-
vant factors in forming these structures due to the complexity of living sys-
tems. Here, hybrid hydrogels consisting of flexible polymer networks with
embedded stiff cellulose nanocrystals (CNCs) are considered an open system
to simulate the generalized formation of heterogeneous core-sheath struc-
tures. As the result of the modified air drying process of hybrid hydrogels, the
formation of heterogeneous core-sheath structure is found to be correlated to

the relative evaporation speed. Specifically, the formation of such hetero-
geneity in xerogel fibers is found to be correlated with the divergence of
Deborah number (De). During the transition of De from large to small values
with accompanying morphologies, the turning point is around De =1. The
mechanism can be considered a relative humidity-dependent glass transition
behavior. These unique heterogeneous structures play a key role in tuning
water permeation and water sorption capacity. Insights into these aspects can
prospectively contribute to a better understanding of the native hetero-
geneous structures for bionics design.

Living things are famous for their adaptive multifunctions in various
environments, which can be attributed to the basic principle of
structure-determined functions'>. Different from homogeneous
structures universally found in artificial items, organisms generally
possess complex, heterogeneous structures so as to acclimatize
themselves to complicated and changing environments. For instance,
the heterogeneous structure in mollusk shells called ‘brick-and-mortar’
endows the invertebrates with superior toughness and strength using
limited resources, providing an inspiration to construct high-
performance materials*”. In contrast, such heterogeneous structures
with advanced performance are not easy to be realized in most artifi-
cial materials. The heterogeneous structures spontaneously formed in
plants are quite popular as well, such as the organization of trunks® and

leaves’, in which the evaporation process plays a crucial role in the
transition of these structures®. Thus, it is essential to understand the
formation of heterogeneous structures in nature, which will not only
provide new aspects about the structure transition in living things but
also accelerate the development of material science.

Facing the challenges of complex systems in living things, it is
quite difficult to figure out the origination of heterogeneity. Hydro-
gels, as a typical material with high water content and crosslinked
networks, are considered to have analogous structures and properties
as organisms”'°, Benefiting from the application-oriented research
works, various hydrogels aiming to promote health care covering cell
scaffold”, artificial muscle, cartilage®, vascular networks' and wound
compress®, in addition to many other applications, have been
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developed. Considering the alterable and adjustable physicochemical
process during the dehydration of hydrogels, the advantageous
properties of hydrogels, especially as networks with tunable flexibility
and viscosity as well as tolerance of versatile components, allow them
to be highly suitable and comparable candidates for revealing the
general principle for the formation of heterogeneous structures.
However, using hydrogels as an open system to investigate the tran-
sition of heterogeneous structures that could inspire the future con-
struction of materials with unique functions is not known.

On the other hand, although nanocellulose has been widely used to
improve the performance of composite materials due to its superior
mechanical properties'® or to impart stimuli-responsive behaviors via its
wetting properties”'®, or to develop the approaches'*° and strategies”
to realize the alignment of nanocellulose in bulk solutions or composite
materials, the main focus of the current work lies on the structure for-
mation and development of the materials depending on their intrinsic
rheological properties. Moreover, this study sheds light on under-
standing the effect of such a dynamic process, i.e., the dehydration of
composites in the environment, on the resulting structures of materials.
In this work, a hybrid hydrogel containing embedded CNCs was used to
investigate the formation of heterogeneous structures in the air drying
process, with plants as heterogeneous objects, thanks to the superior
deformation ability of hydrogels and the feasible organization of CNCs
within hydrogels®?®. In particular, the anisotropic optical property of
CNCs will help us to trace the transition of microstructures®. After
uniaxial stretching of hydrogels, the gradual formation of sponta-
neously shaped heterogeneous structures during the following air
drying and finally in the dried xerogel fibers was continuously observed
using polarized optical microscopy (POM) and scanning electronic
microscopy (SEM). The relative evaporation speed of hydrogels was
also tuned to simulate the various dehydration conditions.

Results
Inspired by the growth and the heterogeneous structures of plants
(Fig. 1a), hybrid polyacrylamide hydrogels with embedded stiff CNCs
were prepared using dynamically crosslinked flexible polymer net-
works as matrix (Fig. 1b, Supplementary Fig. 2). Based on TEM images
of 300 individual CNCs after TEMPO-mediated oxidation, CNCs of
209 +55nm in length and 14 + 5nm in width were prepared, with an
aspect ratio of ~15 (Supplementary Fig. 3). The content of carboxyl
groups in CNCs was determined to be approximately 1.06 mmol/g by
conductivity titration, endowing CNCs with a zeta potential of
-46.40 £1.16 mV (Supplementary Fig. 4). Resulting stable and well-
dispersed CNC suspensions could be integrated into the polymer
networks of hybrid hydrogels after the photo-initiated polymerization.
The typical viscoelastic behavior was reflected by the rheological
properties, which also demonstrate the flexibility and dynamics of the
hybrid hydrogels (Supplementary Fig. 5). Homogeneous porous
structure of freeze-dried hydrogels, as shown in the SEM image, indi-
cates the homogeneity of as-prepared hydrogels and thus uniform
distribution of CNCs (Supplementary Fig. 6). In addition to improved
mechanical properties associated with CNCs, the instinct anisotropic
structure of CNCs with the accompanying birefringent properties can
be utilized to uncover the structural features in hybrid materials®.
The procedure for preparing xerogel fibers from hybrid hydrogels
is illustrated in Fig. 1b, which consists of uniaxial stretching and a sub-
sequent air-drying process. It is worth emphasizing that the evaporation
process in such cylindrical samples is the isotropic process along the
radial direction, thus avoiding the intrinsic heterogeneity induced by the
radial phenomenon (more details in Supplementary Fig. 7). These two
steps can be seen as a generalized process that simulates the growth of a
tree in its natural environment. The slightly brown color of obtained
xerogel fibers was caused by the oxidation of catechol moieties (Fig. 1c).
Interestingly, we found a prominent heterogeneous structure in the
dried xerogel fibers, which is different than the homogeneous porous

structures in virgin hydrogels (Fig. 1d and Supplementary Fig. 5). Spe-
cifically, the inner part was porous, while the outer part of the xerogel
fibers was denser. A clear boundary is present and separates these two
parts, which resembles the bark and pith in tree trunks.

We further analyzed the structural properties of xerogel fibers
regarding the microstructures and optical properties. CNCs within the
polymer matrix are ordered during both the uniaxial stretching and
subsequent air drying process?>, while the alignment of polymer chains
was eliminated due to the fast cleavage and rebinding of dynamic
bonds between borate and catechol moieties (Supplementary
Fig. 2)»?. Then, the xerogel fibers were observed under two main
angles, one as an oblique section (Fig. le) and the other as a vertical
cross section (Fig. 1h). While corresponding SEM images of these cross
sections showed similar porous microstructures, the color variations
viewed between crossed polarizers indicate different organized struc-
tures based on the alignment of CNCs (Supplementary Figs. 8 and 9).

The entire xerogel fibers showed evenly cyan color under ortho-
gonally polarized light due to the alignment of CNCs along the
stretching direction (Fig. 1e), indicating the uniform arrangement and
distribution of CNCs in the interior. In comparison, at least three
continuous orders of colors are notable for the oblique cross section
under the anamorphism of thickness (Fig. 1f, g), according to Michel-
Lévy interference chart”. The presence of these continuous orders of
colors indicates the nearly linear correlation of the retardation to the
thickness, while the birefringence of the xerogel fibers remains similar
based on their uniform structure (retardation = thickness x birefrin-
gence). It should be noticed that the interface between different color
zones was meniscus, and this phenomenon is mainly induced by dis-
tinct thicknesses on curved surfaces.

In comparison, the vertical cutting section interestingly showed a
heterogeneous structure with separated inner and outer parts, as
observed on the slices of xerogel fibers with a thickness of -100 pm
(Fig. 1h). In the inner part, a lot of bright spots are visible, which should be
induced by the self-assembled CNCs in short-range, e.g., self-assembled
tactoids and clusters®®*. Around this interior part, an outer part existed
as a dark ring without obvious light spots, so these self-assembled
structures of CNCs should be absent in the outer layer. To eliminate the
effect of curved surface on cylindrical samples, a xerogel film obtained
by using cuboid hydrogel with the same procedure was also observed
(Supplementary Fig. 10). Due to the lower geometric symmetry from
cuboid to cylinder, the colors of xerogel film under polarized light
changed from violet (central zone) to sky blue (edge zone), also indi-
cating the different modality of CNC organization in different zones. The
SEM images of such xerogels with rectangular cross section revealed a
heterogeneous structure as well (Supplementary Fig. 11).

By inserting a full waveplate retarder to enhance the phase con-
trast of POM images, the inner region was coral, while the outer layer
showed a dark blue color (Fig. 1i, j). Hence, xerogel fibers contain, after
the uniaxial tensile and air drying process, a heterogeneous structure
with two diverse areas as constituting modalities along the long-
itudinal direction of xerogel fibers: the inner part as the core and the
outer part as the sheath.

In order to dispel the heterogeneity in the air drying process
resulting from the geometry parameters, three types of hydrogels of
the same size while containing the mediums with different evaporation
speeds were used for the fabrication of xerogel fibers. In detail, the
buffer solution (buffer), a faster evaporation solution as a mixture of
buffer/10% ethanol, and a slower evaporation solution as a buffer
containing 5% glucose were applied (Supplementary Figs. 1 and 15).
Although all three samples led to porous structures as the major areas,
the flat and smooth outer layer appeared only in xerogels from buffer
and the mixture of buffer/10% ethanol (Supplementary Fig. 12). For
these two samples, the thickness of the sheath layer reached up to 6.2
and 11.4 um, respectively (Fig. 2a). In contrast, the sheath layer did not
exist in xerogel fibers from buffer with 5% glucose with a lower
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Fig. 1| Biomimetic heterogeneity generated in the transition process from
hydrogel to xerogel. a Representative heterogeneous structures found in the
leaves and trunks of trees in nature. b Illustrated process to prepare xerogels from
CNC hybrid hydrogels; the virgin hydrogel was of homogeneous, porous structure.
¢ Optical microscope and d SEM image of the cross section of xerogel fibers.

e Overall POM images of a xerogel fiber. The inset is the schematic illustration of
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cutting a bevel section of a xerogel fiber. f POM image of the bevel section.

g lllustration for showing the light transmitting the bevel section. h POM images of
the vertical cross section. The inset is the schematic illustration of forming the
vertical cross section of a xerogel fiber. i POM images (with 1/4 A waveplate) of the
enlarged inner part and j outer part. The scale bars in POM images are 100 pum.

evaporation speed and a uniform rough cross section was found. This
result indicates that, as with cylindrical hydrogels, the heterogeneity in
the resulting xerogels is dominated by the distinct air drying process
rather than the geometry-induced anisotropic air drying.

The thickness of outer layers in these different xerogel fibers and
their residual water contents were then analyzed (Fig. 2b). The values
of T/R were used to characterize the morphology evolution of these
two different regions within obtained fibers (T: thickness of outer part;
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Fig. 2 | Transition of xerogel fibers from homogeneity to heterogeneity in
various mediums. a SEM images of the vertical cross section of xerogel fibers from
various media to simulate the relative evaporation difference in nature. The colored
arrows indicate the boundaries of the regions with distinct structural features. Scale
bars: 10 pm. b Residual water contents and heterogeneous structures in xerogel
fibers depending on the evaporation speed (n.d.: the clear sheath structure was not
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found using SEM; n =3 independent experiments). Buffer-P means the sheath layer
of samples was peeled off. Inset: schematic illustration for the geometrical para-
meters of heterogeneous fibers. ¢ Birefringence values of xerogel fibers from var-
ious solutions with different evaporation speeds (n =3 independent experiments).
Inset: POM images of the xerogel fiber from the buffer and peeled xerogel fiber
(buffer-P). Error bars are SD.

R: radius of xerogel fiber. More details in Supplementary Fig. 13). While
no outer layer is present in 5% glucose samples, the T/R values of 10%
ethanol and buffer fibers were calculated to be 3.7+0.5% and
2.2+ 0.2%, respectively. By correlating T/R values and residual water
content, 10% ethanol, buffer and 5% glucose fibers with decreasing T/R
values showed a similar trend with corresponding decrescent residual
water content of 7.5%, 6.4% and 2.8%, respectively (Fig. 2b). The outer
layer of xerogel fibers can even be peeled off from the inner region,
e.g., using xerogel fibers from buffer (referred to as buffer-P). The
remaining inner region shows a similar, entirely homogeneous struc-
ture as resulting xerogel fibers from buffer containing 5% glucose.
Interestingly, these fibers without dense outer layer had almost the
same residual water contents, regardless of their formation sur-
roundings with distinct relative evaporation speeds. Without the outer
layer, buffer-P fibers, after peeling off the outer layer from buffer
fibers, only contained a residual water content of 53.1% after equili-
bration. These results indicated the important role of the outer layer in
preventing water exchange, which can be critically important in
practical applications.

Furthermore, the arrangement of anisotropic CNCs within
xerogel fibers was further analyzed to elucidate their structure
difference by determining their birefringence, which represents the
orientation information®*”’. Since the alignment of polymer chains

can be eliminated by the reorganization, the birefringence of
resulting materials was dominated by the orientation of CNCs”. The
birefringence values of xerogel fibers from 10% ethanol, buffer, and
5% glucose solutions were measured to be 0.00122+0.00012,
0.00085 +0.00003, and 0.00078 +0.00002, respectively (Fig. 2c).
Therefore, a better organization of CNCs is even present within
the thicker outer layers. The self-assembled clusters of CNCs in the
inner part could be accountable to the lower orientation index. By
removing the outer layer, the birefringence value of buffer-P samples
was measured to be 0.00079+0.00003, which dramatically
decreased by 7% compared with buffer samples. This result further
verifies the relatively higher orientation index for CNCs in the outer
part and the lower orientation index for the inner part. Moreover, this
highly similar birefringence of buffer-P fibers and 5% glucose fibers
(without an obvious outer layer) also demonstrated a similar organi-
zation modality of CNCs and therefore a similar structure formation
process.

After the initial uniaxial stretching leading to partial alignment of
the CNCs (Fig. 3a), a faster evaporation process with the relatively
higher evaporation speed as for xerogel fibers from buffer or buffer/
10% ethanol could have induced a denser outer layer, resulting in an
apparent heterogeneous sheath-core structure. At the same time, the
rapid evaporation of the solvent from the outer layer promoted the
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Fig. 3 | Hydrogel-xerogel transition process during air drying. a Schematic
illustration of the typical stress relaxation process of hybrid hydrogels and the
stratification development. b Snapshot of RH distribution around hydrogels in an
intermediate air drying stage (after 200 s). ¢ Glass transition temperatures of
hydrogel fibers in surroundings with various RH or with various water contents
according to the Gordon-Taylor equation, the values of RH or water contents are
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recorded from simulation results. d Deborah number of various samples according
to the time point when the water content was less than 20% for their inner and outer
parts (n=3 independent experiments to determine relaxation time). e RH dis-
tribution around hydrogel fibers at various times and corresponding SEM images,
and the Deborah number was calculated according to the time points labeled on
SEM images. Scale bars: 10 um. Error bars are SD.

alignment of the CNCs in the outer layers so that a higher orientation
index of the CNCs in the outer part was generated than that in the inner
part. In comparison, a slower evaporation process, as by using a buffer
with 5% glucose or with the formation of the outer layers that hamper

the evaporation, leads to more porous structures with lower orienta-
tion of CNCs.

Since the alignment of CNCs was different in the outer and inner
regions, we further analyzed the evolution of polymer networks inside
the hybrid hydrogels along with the air-drying process. As shown in
Fig. 3a, the uniaxial stretching with external force induced the partial
orientation of polymer chains and CNCs, while the reorganization of
the dynamic polymer network as a stress relaxation stage counted
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against the ordering of CNCs. During air drying, different relaxation in
the outer and inner layers will cause their different properties. The
stress relaxation of soft materials containing water was deeply influ-
enced by water content and related relative humidity (RH)****. Herein,
the air drying process of hydrogel fibers, as the key operation in the
formation of xerogels, was investigated numerically with the finite
element method at first (Supplementary Table 1)*7¢. The simplified
physical models were used (Supplementary Fig. 14a). Then, the gra-
dient RH and water content distribution were verified from the
external environment to the interior of hydrogels in the air-drying
process (Fig. 3b, Supplementary Movie 1). The flow of air dehydrated
the hydrogel surface layer (drying front), while the inner part could
maintain the high RH for a long time and thus undergoes a slow drying
process, although the whole hydrogel fiber reached the same RH after
enough time (usually more than 300 s).

_kunTg+w,Ty
& kwtw @
1t W,

In view of the mobility of polymer chains in forming xerogels, the
glass transition temperature was considered. Based on free volume
theory (schematic illustration in Supplementary Fig. 16), the water
sorption induced plasticization of xerogel fibers was quantitatively
analyzed using the Gordon-Taylor equation®%, in which the RH-water
content-glass transition temperature was correlated. Equation 1 shows
the calculation, where w; and w, are the weight fraction of water and
polymer, T, and T, are the glass transition temperature of water
(138 K) and polymer, respectively”. The glass transition temperature
for polyacrylamide is set at around 436 K*°. Factor k is an empirical
parameter indicating the strength of water plasticization, which
usually ranges from 1 to 10 for hydrophilic polymers®***, During the
air drying stage, water contents in hydrogels decreased until the RH
inside the fibers reached environmental RH. On the other hand, the
xerogel fibers exchanged water with the external environment, and
they could absorb/desorb water due to variant RH. Thus, RH and water
content can be considered as the correlation moments, and the values
were obtained according to simulation results. It should be noted that
the values matched well with experimental results, e.g., the water
content was around 20% when RH = 80% according to dynamic vapor
sorption (DVS) measurements (Supplementary Fig. 35).

The glass transition temperature dramatically decreased with
rising water content, indicating higher mobility of polymer chains
(Fig. 3c). Because the storage modulus of obtained xerogel fibers
under different RH markedly decreased (T=25 °C), when RH was up to
~80% (Supplementary Fig. 17), k=6 would be the reasonable descrip-
tion of hydroplastic behaviors of our system. Herein, the calculated T,
of the xerogel fibers was around 20 °C at the RH of ~-80%, while it could
exceed 95 °C at the RH near 30% (close to normal environmental RH).
This also explains the phenomenon that the curved xerogel fibers were
found under conditions with high environmental RH (Supplemen-
tary Fig. 17).

Deborah number (De) was then introduced to investigate the
generation of heterogeneity in xerogels, in which both the relaxation
time and interaction time were identified:

De= = @

tint

where 1 is the relaxation time and ¢, is the interaction time*. The
Voigt-Kelvin model was used to describe the stress relaxation
behaviors of polymer networks, and the t was obtained from fitted
results (Supplementary Fig. 18)***. In combination with the distinct
distributions of RH and water contents during the formation of xerogel
fibers, we comprehensively compared the stress relaxation behaviors
in the inner part and outer part (Fig. 3d). Regardless of the mediums,

the hydrogels behaved with similar mechanical properties (Supple-
mentary Fig. 19). As we mentioned before, the mobility of polymer
chains remains sufficiently high at around room temperature when the
water content was over 20%. Taking the time between the beginning of
drying and the point where water content reached 20% (to,) as the
interaction time, the disparate De with significance was obtained. The
same dynamic crosslinked network endowed different samples with
similar relaxation time (-210s), while the various mediums inside
varied the evaporation speed of samples (Supplementary Fig. 20).
Specifically, for 10% ethanol samples with a higher evaporation speed,
the water contents were lower than 20% for the outer part and inner
part at t;,, of 190 and 310 s, respectively. As a result, De <1 happened in
the inner part while for outer part was obvious of De>1. Meanwhile,
the heterogeneous structures were found in formed xerogel fibers. In
contrast, for the 5% glucose sample De <1 were present for both the
inner and outer part, resulting in the homogeneous xerogel fibers. For
the xerogels with heterogeneous core-sheath structures originating
from buffer samples, De was about 1.02 for the outer part, and De was
about 0.65 for the inner part, indicating that the divergence of De
occurred together with the emergence of heterogeneity in the
xerogels as well. Therefore, such a transition from homogeneous to
heterogeneous structure and the formation of heterogeneity is highly
correlated with the divergent De values adapted to the hydrogels.

It is considered that De is more than 1, the material is relatively
solid; if De is lower than 1, the material is relatively liquid*. In this
system, the mechanism for this divergent De-determined transition
from homogeneity to heterogeneity can be proposed as follows. As for
the inner part or at certain conditions with De <1, the interaction time
was longer than the relaxation time, so the polymer chains at transit
equilibrium and have sufficient time to reorganize, leading to less
ordered structures (Fig. 3a). For the outer part with De>1, polymer
chains were quickly frozen due to fast dehydration, so that the rela-
tively well-ordered CNCs could be reserved, thus the orientation
degree in the outer part was higher than that in the inner part. For
example, the xerogels from 10% ethanol and buffer samples contain
such heterogeneous core-sheath structures. In comparison, the xer-
ogel fibers from 5% glucose samples were of homogenous structure
and lower orientation degree of CNCs. By knowing the effect of the De,
the heterogeneous structures were also fabricated in non-prestretched
xerogel fibers by tuning the interaction time (Supplementary Fig. 21).
Specifically, these xerogel fibers can be prepared by undergoing the
creep and air drying process so that the stratification was induced by
distinct arrangement process of polymer networks during the whole
preparation.

The dynamic process of generating heterogeneity in the process
can be systematically verified. Here, we took the xerogel fibers origi-
nating from buffer solution with the 7=213.0+7.2s as an example
(Fig. 3e). The SEM images after the lyophilization of fibers revealed that
the microstructure of the hydrogel fibers was homogeneous in the
early stage of air drying, for instance at the evaporation time less than
60 s, which was consistent with the output of simulation. Stratification
appeared and the sheath layer emerged after ~200 s evaporation. With
the increasing evaporation time, the heterogeneity was also enhanced.
The T/R values increased from almost O (not detectable) to 1.9% and
2.2% when evaporation time changed from 60s to 300s and 600s,
respectively. In contrast, as-prepared hybrid hydrogels (without
stretching and air drying) only contained the typical porous structure
with homogenous distribution, with the same thickness of boundary
layer and internal pore walls (Supplementary Fig. 6). Therefore, by
defining the interaction time, we demonstrated that the key parameter
to tune the formation of heterogeneity in xerogel fibers was the tran-
sition of De from large to small values. Moreover, the turning point was
around De=1.

The transition from homogeneity to heterogeneity in the air-
drying process of hydrogels was also studied under different
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conditions on samples of various shapes (Supplementary Figs. 22-26).
The homogeneity and heterogeneity in the resulting xerogels also
follow the divergent De-induced structural transitions.

The heterogeneous structures originating from the organization
modality of polymeric hydrogel networks were further demonstrated
by humidity sweep tests on dynamic thermal mechanical analysis
(DMTA). The xerogels without sheath layers, such as 5% glucose and
buffer-P fibers, exhibited a single glass transition with increasing RH
(Supplementary Fig. 27). The isothermal sorption curves of xerogels
showed a typical type B hysteresis loop*®™*’ (Supplementary Figs. 28,
34, 35a-c), indicating the presence of slit-shaped pore structure. This is
also in agreement with the formation of xerogel fibers, in which CNCs
were organized along the stretching direction while the porous
structures were formed (Fig. 3a).

In order to better illustrate the water vapor sorption and
desorption behaviors of heterogeneous structures, obtained xerogel
fibers were systematically investigated under constant RH (Supple-
mentary Fig. 29). Here, the xerogel fibers prepared from buffer were
taken as examples. A typical water vapor sorption and desorption
process under constant RH is shown in Fig. 4a. The water vapor could
penetrate into xerogel fibers via both surface and cross section, and
the geometric parameters of xerogel fibers were evaluated by aspect
ratio (L/D). Xerogel fibers with 3 different geometries were used: L/D of
38.1, 9.4 and 3.5. They have similar diameters but different lengths

Supplementary Figs. 30-32). Regardless of the geometrical para-
meters, the equilibrium water contents of these xerogel fibers were
almost the same around ~21.4% (Fig. 4b). Therefore, the water holding
capacity was mainly dominated by the microstructures of the xerogels
themselves. In contrast, if the outer layer of xerogel fibers was peeled
off, the equilibrium water content increased to 23%. This demonstrates
the higher water-holding capacity of the inner part of the xerogel fibers
than the outer layer. The higher degree of orientation by CNCs in the
outer layer causing less accessible surface area could be partially the
reason for the lower water capacity®’. To accurately show the time to
reach equilibrium status, we normalized the time by dividing the actual
time by the mass of the corresponding sample. Obviously, the
decrease in L/D would accelerate the water transmission process
(Fig. 4c), and the xerogel fiber with the L/D = 3.5 exhibited the fastest
sorption-desorption speed. Moreover, dislodging the outer layer of
xerogel fibers apparently promoted the speed of water transmission.
E.g., xerogel fibers with L/D =38.1-P needed much less time to reach
equilibrium compared to xerogel fibers with L/D = 38.1, indicating the
barrier function of the outer layer toward water vapor transmission.

The water sorption process of xerogel fibers can be quantitatively
described using three common models, pseudo-first-order model
(Eq. 3), pseudo-second-order model (Eq. 4) as well as Weber and Morris
intraparticle diffusion (IPD) model (Eq. 5)°"°.

showing distinct water-holding capacities (Supplementary Table 2, n(Q, — Q) =InQ, — kit 3)
a b c
—_ 600 -
X — Sorption
;\;\ 24 o SOrptiOn g 24+ \\8: 500 Desorption
= o} o Desorption =2 o
(] - c
5 18 o S 2l £ 400
® = ko]
£ 1l s . [ 300
2 S r T 200
:_E 5T 1 = 100
ok 3 o0 0
0 600 1200 1800 w 38.1 38.1-P 94 3.5 38.1 38.1-P 94 35
Time (s) Aspect ratio (L/D) Aspect ratio (L/D)

Q
o

24

12

Q, (a.u.)

Fig. 4 | Water vapor sorption/desorption behaviors of various xerogel fibers.
a A typical sorption-desorption curve of xerogel fibers. Inset: schematic illustration
of water vapor diffusion into xerogel fibers. b Equilibrium water content of xerogel
fibers (n =3 independent experiments). ¢ Normalized time for various samples to
reach the equilibrium status through the water vapor sorption-desorption process

e
Surface diffusion

L]
Inner diffusion Equilibrium
(n=3independent experiments). d The kinetic analysis of the water vapor sorption
process via intraparticle diffusion model. e SEM images of different areas of a
xerogel fiber at distinct stages of water vapor sorption. Scale bars: 2 um. Note that
38.1-P means the sheath layer of samples was peeled off. Error bars are SD.
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where ¢ means the sorption time, Q, means the adsorption capacity at
equilibrium, and Q, means the adsorption capacity at time point ¢.

It was found that both the pseudo-first-order model and pseudo-
second-order model fitted well with experimental results (Supple-
mentary Fig. 33, Supplementary Table 3). First, the k; parameter, as the
time-scaling factor the value of which decided how fast the equilibrium
in the system can be reached, was demonstrated to increase from
0.0627 to 0.1178 due to the decrease of L/D, in agreement with the
observational results. Then, the k, constant value of the xerogel fibers,
which was usually strongly dependent on the applied initial solute
concentration, was almost the same (-0.002) due to the same applied
RH. The IPD model also well described the water sorption process of
xerogel fibers when RH=80% (Fig. 4d). The intraparticle diffusion
constants (k;z, kis» and k;43) were related to different stages of water
vapor sorption. The change of k;4, in stage i was induced by the surface
sorption of water vapor. The k;4, in stage ii was higher than k4 in stage
i, which could be attributed to the internal slit-shaped pores. Mean-
while, the increasing k;4, with lower L/D values indicates the hampering
effect of the existing outer layer on the water transmission (Supple-
mentary Table 3), which is consistent with the above-mentioned result.
Stage iii was also found when the sorption of the porous structure
approached saturation. In comparison with k., the values of k;;; were
much lower. Based on these results, the water vapor should have been
adsorbed on the surface of xerogel fibers at first (Fig. 4e), while the
surface diffusion could largely affect the total speed of water trans-
mission. Then, the inner diffusion determined the overall time for
xerogel fibers to be saturated until the equilibrium. At the same time,
the heterogeneous structures with the existing outer layer promoted
the water-holding capacity of xerogel fibers, which will prevent fast
loss of water with great practical potentials (Supplementary Fig. 35).
Regarding the hysteresis loop, the mathematic area increased with the
increasing sheath layer, demonstrating the important role of sheath
layer in tuning water sorption-desorption process as well. Further-
more, Pore Size Distribution (PSD) of the xerogel samples was ana-
lyzed via the BJH method. It was found that the xerogels (10% ethanol
and buffer) with heterogeneous structures have primary and second-
ary pore diameters, which are centered at 2.6 nm and 8.1nm. This
result indicates the distinct pore structures for outer part and inner
part (Supplementary Fig. 36). In contrast, the homogenous xerogels
(5% glucose) show that the primary, secondary and tertiary pore dia-
meters are centered at 2.6nm, 4.5nm and 8.1nm, respectively.
Moreover, the distributed frequency (dVp/dRp) of the smallest pores is
quite low, which may explain the undetected outer layer in the 5%
glucose xerogel fibers. The same largest pore diameter for all these
samples indicates a similar porous structure inside. The total pore
volumes of different samples also indicate that the disappearance of
the outer layer results in an increase in pore volume. Therefore, the
higher density of the outer layer (1.23 g/cm?) and the lower inner layer
(L.11g/cm?®) should be induced by the different pore structures and
total pore volumes (Supplementary Fig. 37).

Discussion

In summary, inspired by the formation of heterogeneous structures of
natural plants, xerogel fibers with heterogeneous structures were
prepared after sequential uniaxial stretching and subsequent air dry-
ing. The observation reveals distinct properties of the inner part as
core and outer layer as a sheath in one single sample. The outer layer
was dense with stronger orientated microstructures, while the inner
part was porous and uniform. By adapting De to the air drying of

hydrogels as interaction time, the formation of heterogeneous struc-
tures can be correlated with the divergent De, while tuning De values
can trigger the transition from homogeneity to heterogeneity in xer-
ogel fibers. Specifically, the turning point was around De = 1. Combin-
ing numerical modeling and experimental investigation, the
mechanism behind the association between De and heterogeneity is
water content-dependent glass transition. By quantitatively analyzing
the results in DVS tests, this unique heterogeneous structure was
demonstrated to be the key parameter in tuning the water transmis-
sion and the capacity of water holding. Herein, based on the physi-
cochemical process in the modified dehydration process of dynamic
hybrid hydrogels, we provide a new angle to understand the formation
of heterogeneous structures in soft matter. A number of fields,
including bionics design, soft-bodied robots and even tissue engi-
neering, will draw their inspiration.

Methods

Materials

Acrylamide was purchased from MP Biomedicals LLC (France, purity >
99%, acrylamide acid <0.001%), lithium bromide (=99%), sodium bro-
mide (299%), sodium bicarbonate (>99.5%), methacrylate anhydride
(99%), N,N’-Methylenebisacrylamide (MBAA, purity > 99.5%), micro-
crystalline cellulose (MCC, size exclusion, ca 50 pm particle size),
2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO, 98%), phenylboronate
acrylamide (PBAAm, 98%), phosphotungstic acid hydrate (PTA, <
0.002% total nitrogen), 2,4,6-trimethylbenzoyl chloride (97%) were
bought from Sigam-Aldrich (Germany). Dimethoxyphenylphosphine
(97%), dopamine hydrochloride (99%) and 2-butanone (99%) were
received from Alfa Aesar (Germany). Sodium hydroxide (99%), borax-
NaOH buffer (pH =10.00, accuracy: = 0.02 pH, reference temperature
20 °C) and sodium hypochlorite solution (14%, active chlorine) were
purchased from TH Geyer (Germany). DI water (conductivity <1 pS/cm,
room temperature) was used in all steps and all solvents were used
directly from TH Geyer (Germany) without further treatment. Dopa-
mine methylacrylate (DMA) and lithium phenyl-2,4,6-tri-
methylbenzoylphosphinate (LAP) were prepared using the reported
method***.

Synthesis of DMA

Typically, 10 g of sodium and 4 g of NaHCO3 were dissolved in 100 mL
of Dl water, bubbling with Argon for 15 min. Then, 5 g of dopamine-HCI
was added, followed by the dropwise addition of 4.7 mL of metha-
crylate anhydride in 25 mL of THF, during which the pH was kept above
8 via adding NaOH (aq) as necessary. The reaction was stirred over-
night at room temperature under Argon atmosphere. The aqueous
mixture was washed twice with 100 mL of ethyl acetate. Then the pH of
the solution was reduced to below 2 and extracted with 100 mL of
ethyl acetate. The final ethyl acetate layers was dried over MgSOy,, then
300 mL of hexane was added with vigorous stirring and the suspension
was stored at 4 °C overnight. The product was recrystallized from
hexane and dried to yield 1.7 g of grey power. 'H-NMR spectroscopy
(400 MHz, DMSO-d): & 6.62-6.58 (m, 2H), 6.42 (d, 1H), 5.62 (s, 1H), 5.30
(s, 1H), 3.27-3.20 (m, 2H), 2.56 (t, 2H), 1.84 (s, 3H). The peak assign-
ments can be found in Supplementary Fig. 38. Shift of all peaks are
consistent with expected values.

Synthesis of LAP

At room temperature and under argon, 3.2 g (0.018 mol) of 2,4,6-tri-
methylbenzoyl chloride was added dropwise to 3.0g of dimethyl
phenylphosphonite with stirring. The reaction mixture was stirred for
18 h. Then a four-fold excess of lithium bromide in 100 mL of
2-butanone was added to the reaction mixture. Later, the mixture
solution was heated to 50 °C. After 10 min, a solid precipitate formed.
The mixture was cooled to ambient temperature, allowed to rest for
4 h and then filtered. The filtrate was washed and filtered three times
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with 2-butanone to remove unreacted lithium bromide and excess
solvent was removed by vacuum. The product obtained was a white
solid. 'H- NMR spectroscopy (400 MHz, D,0): 6 7.66 (m, 2H), 7.51 (m,
1H), 7.41 (m, 2H), 6.83 (s, 2H), 2.18 (s, 3H), 1.96 (s, 6H). The peak
assignments can be found in Supplementary Fig. 39. Shift of all peaks
are consistent with expected values.

Isolation of CNCs
CNCs were synthesized via TEMPO-mediated oxidation with MCC as
raw materials®®. The CNC suspension in water was stored in refrigerator
at 4 °C before use.

Preparation of CNC hybrid hydrogels

The CNC hybrid hydrogels were prepared according to the reported
work?. Usually, the precursor of hydrogels consists of CNCs, 2M
acrylamide (142 mg/mL), 1.25mol% PBAAmM/DMA (based on acryla-
mide) and solvents. The solvents were prepared as (1) a binary solvent
system of borax-NaOH buffer solution containing 10 vol% ethanol,
named 10% ethanol, (2) borax-NaOH buffer solution at pH 10 and (3)
borax-NaOH buffer solution containing 5wt% glucose dissolved in
borax-NaOH buffer solution, named 5% glucose. The CNC suspensions
were prepared first by redispersion in these solvents under sonication
for about 3 min before the other components were added. The final
concentration of CNCs in the precursor is 2wt%. The ratio between
monomer and CNCs was about 7:1. After adding 0.5 wt% LAP into the
hydrogel precursor solutions under sonication, photo-initiated radical
polymerization was carried out with a 15W UV light (A =356 nm, irra-
diance around the precursor solution is 1.8 mW/cm?) for 30 min, after
the precursors with LAP were transferred into the mold. A cylindrical
plastic tube with an internal diameter of 4.60 mm was used as the mold
for shaping the hydrogels. The covalently crosslinked hybrid hydro-
gels with similar crosslinked density (-~ 3.85 mg/mL) were prepared by
using MBAA as crosslinker, and the other compositions were kept
the same.

Preparation of xerogel fibers

The xerogel fibers were prepared via uniaxial stretching (Z3 micro
tensile test machine, Grip-Engineering Thiimler GmbH, Germany) of
cylinder-shaped hybrid hydrogels and following air drying in constant
conditions (illustrated in Supplementary Fig. 5). A cylinder cavity with
ca. 4.3 mm of inner diameter was used as the model so as to fix the
initial shape of hydrogels. The elongation ratio was set as 15 (defor-
mation ratio 1500%). The crosshead speed was 6 mm/min, and the
initial strain rate was 0.025s™.

Simulation of water evaporation in porous materials

A COMSOL Multiphysics® software was utilized to simulate the eva-
poration process of water in porous materials. The parameters,
including porosity, permeability, thermal conductivity, and matrix
heat capacity, were set according to the literatures®*' (Supplementary
Table 1). The density of the porous matrix was established at
1200 kg/m®.

Dynamic water sorption (DVS)
A DVS apparatus (DVS Advantage, surface measurement systems,
London, UK) was used to evaluate the dynamic water vapor sorption
behaviors of xerogel fibers. The xerogel fibers originating from various
solvents with various lengths and weights of several milligrams were
used for measurements. All measurements were carried out at con-
stant temperature of 25 °C and a nitrogen flow of 200 sccm (standard
cubic centimeter at 0 °C, 100 kPa per minute according to IUPAC). BJH
method was applied to calculate the Pore Size Distribution®.

Two procedures were applied. First, xerogel fibers were dried at
0% RH before the RH was increased to 80% and afterward decreased to

0% (Supplementary Fig. 29). In the next step a typical isothermal
sorption-desorption process was executed (Supplementary Fig. 34).
First, the samples were dried at 0% RH before the RH was increased
stepwise in the following sequence: 5, 15, 25, 35, 45, 55, 65, 75, 85, and
95% RH (absorption curve), which was followed by a decrease to 0% RH
in the reverse order (scanning desorption curve). During this proce-
dure, the sample was regarded as saturated under a certain RH, thus
reaching its equilibrium state, when the mass change per min (dm/dt)
was lower than 0.001% min™ over a period of 10 min. The moisture
content at each RH was calculated on the basis of the initial dehydrated
mass of the xerogel fibers.

Characterization

The irradiance of UV light was determined by sliver line UV-radiometer
(CON-TROL CURE® UV SENSORS, Germany). The mechanical proper-
ties of the materials were recorded using a Z3 micro tensile test
machine, which was equipped with a 50 N load cell. Young’s modulus
of hydrogels was calculated from strain-stress curves in the strain
range from 0% to 100%. DMTA measurements were carried out using a
DMA GABO EPLEXOR system (NETZSCH GABO Instruments GmbH).
The measurements were conducted with a contact force of 0.2N, a
static strain of 0.5+0.1% and a dynamic strain of 0.1+0.05%. The
rheological properties of hybrid hydrogels were tested using a HR 20
rheometer (TA Instruments, USA) with the UV accessory (OmniCure,
Germany). A parallel plate with 20.00 mm diameter was applied and
the gap was set to 300 um. Humidity sweep tests were carried out with
RH increasing rate of 2% min™ at 25°C. The geometric shape and
dimensions of CNCs were determined employing a CM 12 transmission
electron microscope (Philips, the Netherlands) with the help of a
negative stain method (2 wt% Phosphotungstic acid). A LEO supra-35
high-resolution field emission scanning electron microscope (Carl
Zeiss AG, Germany) was used to characterize the microstructure of
various samples and the targeted voltage was 5 kV. The oblique cutting
xerogel samples were prepared by manual operation with the help of a
stereomicroscope. The vertical cutting xerogel samples were pro-
duced using the Leica HistoCore BIOCUT system. The alignment
structures of xerogel fibers were demonstrated under crossed polar-
ization with an Eclipse 600 microscope from Nikon. An LV100 micro-
scope with Berek compensator from Nikon was used to calculate the
birefringence of materials. The number of carboxyl groups was mea-
sured by conductometric titration of the CNC suspensions®’.

Data availability

The data generated in this study are provided in the Supplementary
Information/Source Data file. All other relevant data supporting the
findings of this study are available from the corresponding authors
upon request. Source data are provided with this paper.

References

1. Helbig, R., Nickerl, J., Neinhuis, C. & Werner, C. Smart skin patterns
protect springtails. PLoS ONE 6, 25105 (2011).

2. Attia al Hagrey, S. Geophysical imaging of root-zone, trunk, and
moisture heterogeneity. J. Exp. Bot. 58, 839-854 (2007).

3. Crice, E. A. et al. Topographical and temporal diversity of the
human skin microbiome. Science 324, 1190-1192 (2009).

4. Wang, J., Cheng, Q. & Tang, Z. Layered nanocomposites inspired by
the structure and mechanical properties of nacre. Chem. Soc. Rev.
41, 1111-1129 (2012).

5.  Mao, L.-B. et al. Synthetic nacre by predesigned matrix-directed
mineralization. Science 354, 107-110 (2016).

6. Wiedenhoeft, A. Structure and function of wood. Wood Handbook:
Wood as an Engineering Material, Ch. 3. General Technical Report
FPL-GTR-190 (US Department of Agriculture, Forest Products
Laboratory, 2010).

Nature Communications | (2023)14:6003



Article

https://doi.org/10.1038/s41467-023-41738-0

10.

.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

20.

Roth-Nebelsick, A., Uhl, D., Mosbrugger, V. & Kerp, H. Evolution and
function of leaf venation architecture: a review. Ann. Bot. 87,
553-566 (2001).

Sam, O., Jerez, E., Dell’Amico, J. & Ruiz-Sanchez, M. C. Water stress
induced changes in anatomy of tomato leaf epidermes. Biol. Plant.
43, 275-277 (2000).

Matsuda, T., Kawakami, R., Namba, R., Nakajima, T. & Gong, J. P.
Mechanoresponsive self-growing hydrogels inspired by muscle
training. Science 363, 504-508 (2019).

Shi, Z., Graber, Z. T., Baumgart, T., Stone, H. A. & Cohen, A. E. Cell
membranes resist flow. Cell 175, 1769-1779.1713 (2018).

Zhu, J. & Marchant, R. E. Design properties of hydrogel tissue-
engineering scaffolds. Expert Rev. Med. Devices 8, 607-626 (2011).
Takashima, Y. et al. Expansion-contraction of photoresponsive
artificial muscle regulated by host-guest interactions. Nat. Com-
mun. 3, 1-8 (2012).

Hua, M. et al. Strong tough hydrogels via the synergy of freeze-
casting and salting out. Nature 590, 594-599 (2021).

Grigoryan, B. et al. Multivascular networks and functional intra-
vascular topologies within biocompatible hydrogels. Science 364,
458-464 (2019).

Liang, Y., Zhao, X., Hu, T., Han, Y. & Guo, B. Mussel-inspired, anti-
bacterial, conductive, antioxidant, injectable composite hydrogel
wound dressing to promote the regeneration of infected skin. J.
Colloid Interface Sci. 556, 514-528 (2019).

De France, K. J., Hoare, T. & Cranston, E. D. Review of hydrogels and
aerogels containing nanocellulose. Chem. Mater. 29,

4609-4631 (2017).

Mendez, J. et al. Bioinspired mechanically adaptive polymer nano-
composites with water-activated shape-memory effect. Macro-
molecules 44, 6827-6835 (2011).

Annamalai, P. K. et al. Water-responsive mechanically adaptive
nanocomposites based on styrene-butadiene rubber and cellulose
nanocrystals-processing matters. ACS Appl. Mater. Interfaces 6,
967-976 (2014).

Li, K. et al. Alignment of cellulose nanofibers: harnessing nanoscale
properties to macroscale benefits. ACS Nano 15, 3646-3673 (2021).
Mittal, N. et al. Multiscale control of nanocellulose assembly:
transferring remarkable nanoscale fibril mechanics to macroscale
fibers. ACS Nano 12, 6378-6388 (2018).

Babaei-Ghazvini, A. & Acharya, B. Influence of cellulose nanocrystal
aspect ratio on shear force aligned films: physical and mechanical
properties. Carbohydr. Polym. Technol. Appl. 3, 100217 (2022).
Wang, X. et al. Structural colors by synergistic birefringence and
surface plasmon resonance. ACS Nano 14, 16832-16839 (2020).
Huang, H. et al. Liquid-behaviors-assisted fabrication of multi-
dimensional birefringent materials from dynamic hybrid hydrogels.
ACS Nano 13, 3867-3874 (2019).

Tardy, B. L. et al. Exploiting supramolecular interactions from
polymeric colloids for strong anisotropic adhesion between solid
surfaces. Adv. Mater. 32, 1906886 (2020).

Figueiredo, T. et al. Boronic acid and diol-containing polymers: how
to choose the correct couple to form “strong” hydrogels at phy-
siological pH. Soft Matter 16, 3628-3641 (2020).

Kesavan, S. & Prud’Homme, R. K. Rheology of guar and (hydro-
xypropyl) guar crosslinked by borate. Macromolecules 25,
2026-2032 (1992).

Sgrensen, B. E. A revised Michel-Lévy interference colour chart
based on first-principles calculations. Eur. J. Mineral. 25,

5-10 (2013).

Dumanli, A. G. et al. Controlled, bio-inspired self-assembly of cel-
lulose-based chiral reflectors. Adv. Opt. Mater. 2, 646-650 (2014).
Wang, P.-X., Hamad, W. Y. & MacLachlan, M. J. Structure and
transformation of tactoids in cellulose nanocrystal suspensions.
Nat. Commun. 7, 1-8 (2016).

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44,

45,

46.

47.

48.

49.

50.

51.

Schmidt, G., Nakatani, A. ., Butler, P. D., Karim, A. & Han, C. C.
Shear orientation of viscoelastic polymer-clay solutions

probed by flow birefringence and SANS. Macromolecules 33,
7219-7222 (2000).

Beiermann, B. A. et al. The effect of polymer chain alignment and
relaxation on force-induced chemical reactions in an elastomer.
Adv. Funct. Mater. 24, 1529-1537 (2014).

Chaudhuri, O. et al. Hydrogels with tunable stress relaxation
regulate stem cell fate and activity. Nat. Mater. 15, 326-334
(2016).

Nam, S., Hu, K. H., Butte, M. J. & Chaudhuri, O. Strain-enhanced
stress relaxation impacts nonlinear elasticity in collagen gels. Proc.
Natl Acad. Sci. USA 113, 5492-5497 (2016).

Moreland, J., Wilkes, G. & Turner, R. Viscoelastic behavior of flexible
slabstock polyurethane foams: dependence on temperature and
relative humidity. I. Tensile and compression stress (load) relaxa-
tion. J. Appl. Polym. Sci. 52, 549-568 (1994).

Halder, A., Dhall, A. & Datta, A. K. Modeling transport in porous
media with phase change: applications to food processing. J. Heat.
Transf. 133, 031010 (2011).

Datta, A. Porous media approaches to studying simultaneous heat
and mass transfer in food processes. I: Problem formulations. J.
Food Eng. 80, 80-95 (2007).

Fornasiero, F., Ung, M., Radke, C. J. & Prausnitz, J. M. Glass-transition
temperatures for soft-contact-lens materials. Dependence on water
content. Polymer 46, 4845-4852 (2005).

Gordon, M. & Taylor, J. S. Ideal copolymers and the second-order
transitions of synthetic rubbers. . Non-crystalline copolymers. J.
Appl. Chem. 2, 493-500 (1952).

Johari, G., Hallbrucker, A. & Mayer, E. The glass-liquid transition of
hyperquenched water. Nature 330, 552-553 (1987).

Yuen, H., Tam, E. & Bulock, J. Analytical Calorimetry, Ch. 2 (Plenum
Press, 1984).

Tran, T., Lin, C., Chaurasia, S. & Lin, H. Elucidating the relationship
between states of water and ion transport properties in hydrated
polymers. J. Membr. Sci. 574, 299-308 (2019).

Ooi, S. K., Cook, W. D., Simon, G. P. & Such, C. H. Effects of com-
position on the water uptake and hydroplasticisation of the glass
transition temperature of methacrylate copolymers. Eur. Polym. J.
38, 903-910 (2002).

Reiner, M. The Deborah number. Phys. Today 17, 62 (1964).

Ko, S.-C., Lee, S. & Hsueh, C.-H. Viscoelastic stress relaxation in
film/substrate systems—Kelvin model. J. Appl. Phys. 93,
2453-2457 (2003).

Epaarachchi, J. Creep and Fatigue in Polymer Matrix Composites,
Ch. 17. (Woodhead Publishing, 2011).

De Boer, J. Structure and Properties of Porous Materials. Colston
papers (Butterworths, 1958).

Labani, M. M., Rezaee, R., Saeedi, A. & Al Hinai, A. Evaluation of pore
size spectrum of gas shale reservoirs using low pressure nitrogen
adsorption, gas expansion and mercury porosimetry: a case study
from the Perth and Canning Basins, Western Australia. J. Pet. Sci.
Eng. 112, 7-16 (2013).

Park, J. et al. Stabilization of hexaaminobenzene in a 2D conductive
metal-organic framework for high power sodium storage. J. Am.
Chem. Soc. 140, 10315-10323 (2018).

Xue, B. et al. Micro-pore structure and gas accumulation char-
acteristics of shale in the Longmaxi formation, Northwest Guizhou.
Pet. Res. 1, 191-204 (2016).

Sheokand, S., Modi, S. R. & Bansal, A. K. Dynamic vapor sorption as a
tool for characterization and quantification of amorphous content in
predominantly crystalline materials. J. Pharm. Sci. 103,
3364-3376 (2014).

Ho, Y.-S. & McKay, G. Pseudo-second order model for sorption
processes. Process Biochem. 34, 451-465 (1999).

Nature Communications | (2023)14:6003

10



Article

https://doi.org/10.1038/s41467-023-41738-0

52. Wu, F.-C., Tseng, R.-L. & Juang, R.-S. Initial behavior of intraparticle
diffusion model used in the description of adsorption kinetics.
Chem. Eng. J. 153, 1-8 (2009).

53. Plazinski, W., Rudzinski, W. & Plazinska, A. Theoretical models of
sorption kinetics including a surface reaction mechanism: a review.
Adv. Colloid Interface Sci. 1562, 2-13 (2009).

54. Lee, H., Lee, B. P. & Messersmith, P. B. A reversible wet/dry adhesive
inspired by mussels and geckos. Nature 448, 338-341 (2007).

55. Fairbanks, B. D., Schwartz, M. P., Bowman, C. N. & Anseth, K. S.
Photoinitiated polymerization of PEG-diacrylate with lithium phe-
nyl-2, 4, 6-trimethylbenzoylphosphinate: polymerization rate and
cytocompatibility. Biomaterials 30, 6702-6707 (2009).

56. Saito, T. & Isogai, A. TEMPO-mediated oxidation of native cellulose.
The effect of oxidation conditions on chemical and crystal struc-
tures of the water-insoluble fractions. Biomacromolecules 5,
1983-1989 (2004).

57. Xu, S., Cai, S. & Liu, Z. Thermal conductivity of polyacrylamide
hydrogels at the nanoscale. ACS Appl. Mater. Interfaces 10,
36352-36360 (2018).

58. Davidson, S. R. H. & Sherar, M. D. Measurement of the thermal
conductivity of polyacrylamide tissue-equivalent material. Int. J.
Hyperth. 19, 551-562 (2003).

59. Grattoni, C. A., Al-Shariji, H. H., Yang, C., Muggeridge, A. H. & Zim-
merman, R. W. Rheology and permeability of crosslinked poly-
acrylamide gel. J. Colloid Interface Sci. 240, 601-607 (2001).

60. Prokop, A. F. et al. Polyacrylamide gel as an acoustic coupling
medium for focused ultrasound therapy. Ultrasound Med. Biol. 29,
1351-1358 (2003).

61. Raymond, C. & Ronca, S. Brydson’s Plastics Materials, Ch. 6 (But-
terworth-Heinemann, 2017).

62. Wu, M., Johannesson, B. & Geiker, M. Application of water vapor
sorption measurements for porosity characterization of hardened
cement pastes. Constr. Build. Mater. 66, 621-633 (2014).

63. Liu, P. et al. Structure selectivity of alkaline periodate oxidation on
lignocellulose for facile isolation of cellulose nanocrystals. Angew.
Chem. Int. Ed. Engl. 59, 3218-3225 (2020).

Acknowledgements

K.Z. thanks the German Research Foundation (DFG) and Lower Saxony
Ministry of Science and Culture for the project INST186/1281-1/FUGG.
D.X. thanks the China Scholarship Council (CSC) for the financial sup-
port. We thank Prof. Dr. Marcus Miiller from the Institute for Theoretical
Physics, Georg-August-University of Gottingen, for valuable suggestions
and discussion. We thank Dr. Kristian Hantke from the Max Planck
Institute for Dynamics and Self-Organization for providing technical
support in measuring the birefringence values. Mr. Siyuan Liu is
acknowledged for the comments on the figures.

Author contributions

K.Z. developed the concept. D.X. performed most of the experiments,
analyzed the experimental data and wrote the paper. Y.Y. supported the
preparation and analysis of hydrogels and their drying process. L.E.
helped to perform DVS measurements and analyzed the DVS data. D.X.,
Y.W. and K.Z. discussed the simulation. D.X. ran the simulation, and Y.W.
supported the simulation by improving the physical models. All authors
discussed the results and revised the manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-41738-0.

Correspondence and requests for materials should be addressed to Kai
Zhang.

Peer review information Nature Communications thanks the anon-
ymous reviewer(s) for their contribution to the peer review of this work.
A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Nature Communications | (2023)14:6003


https://doi.org/10.1038/s41467-023-41738-0
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Divergent Deborah number-dependent transition�from homogeneity to heterogeneity
	Results
	Discussion
	Methods
	Materials
	Synthesis of DMA
	Synthesis of LAP
	Isolation of CNCs
	Preparation of CNC hybrid hydrogels
	Preparation of xerogel fibers
	Simulation of water evaporation in porous materials
	Dynamic water sorption (DVS)
	Characterization

	Data availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




