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ABSTRACT: The intricate hierarchical architectures in
natural creatures are usually derived from assembly of
molecular building blocks into nanoscale structures that then
organize into micro- and macroscopic sizes. An example is the
complex structure in arthropods (crustaceans, insects)
constructed primarily of chitin. Because of chitin’s inherent
insolubility in common solvents, processes for mimicking the
fascinating natural chitin-based nanostructures are still at an
early stage of development. Here, we present a facile freezedrying approach to assemble chitin nanoﬁbers (20 nm
diameter) into a variety of structures whose size and
morphology are tunable by adjusting freezing temperature
and heat transfer characteristics. We show that reducing the freezing rate allows controllable formation of structures ranging from
oriented sheets to three-dimensional aperiodic nanoﬁber networks that mimic the size and interconnectivity of the white
Cyphochilus beetle cuticle. The formation of nanoﬁbrous structures is not predicted by the widely used particle encapsulation
model of freeze-drying. We reason that this structure occurs due to a combination of attractive interactions of the nanoﬁbers and
a slow freezing rate that encapsulates and preserves the network structure. The method outlined here is likely applicable to
creating ﬁne nanoﬁbrous structures with other polymers and materials classes with size ranges useful in diverse applications such
as tissue engineering, ﬁltration, and energy storage.

C

been demonstrated on chitin nanoﬁbers directly, but rather
they often require structure-directing additives (self-assembly)
or depolymerization and use toxic or volatile organic solvents
(electrospinning). These alterations detract from the sustainable nature of chitin.16−18 Often, chitin is deacetylated to form
chitosan, which is soluble in dilute acidic solutions. The
processing of chitosan into nanostructured materials has been
the subject of numerous investigations.1,2,19,20 In contrast, we
seek a method to assemble extracted chitin directly into
nanoﬁbrous structures with controlled size and interconnectivity, without any other additives or pretreatments that alter the
polymer structure.
Freeze-drying has attracted intense interest as a general route
to fabricate porous materials for a wide range of applications.
Starting with a solution, emulsion, or dispersion, freezing causes
solute or solids to be excluded by an advancing ice front into
the interstitial spaces between ice crystals. Subsequent
sublimation leads to porous structures. By controlling
concentration and freezing direction, complex hierarchical
morphologies are produced, including well-aligned channels,
honeycombs, and brick-mortar-bridges.21−27 Most studies focus

hitin is a renewable and biodegradable polymer that
assembles into crystalline nanoﬁbers that are utilized by
animals (arthropods) and fungi through organization into many
sophisticated hierarchical structures. Being the second-most
abundant naturally produced biopolymer (second to cellulose),
1010 to 1011 tons of chitin is produced each year in nature.
However, chitin biomimicry remains a signiﬁcant and unsolved
challenge.1−3 Chitin-based structures include the high-stiﬀness
twisted plywood structure of lobster shells.4 Another example is
the Cyphochilus “white” beetle, which has unique whiteness
arising from the chitin-rich three-dimensional aperiodic network structure within its cuticle.5 This kind of porous
nanoﬁbrous structure is signiﬁcant to a wide range of practical
applications, including white paints and coatings, tissue
engineering, catalysis, sensors, ﬁltration, absorbents, actuators,
structural materials, and energy storage (supercapacitors and
batteries).6−15 Constructed primarily of chitin and some
protein, the white beetle cuticle is a model for mimicry to
produce such porous nanoﬁbrous materials from a renewable
resource.
However, owing to its insolubility in common solvents and
strong molecular interactions, chitin is challenging to process
into controlled nanostructures.1−3 Previously, man-made
processes have not been reported to use chitin directly to
reproduce the intricate cuticle structure. While self-assembly
and electrospinning are potential candidates, they have not
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on directional freezing under liquid nitrogen, but nondirectional, aperiodic nanoﬁbrous structures similar to that of the
white beetle have not been achieved by freeze-drying. In this
letter, we demonstrate that adjusting variables expected to
control freezing rate (freezing temperature or heat transfer
characteristics) allows tuning the dimensions and connectivity of
the chitin structures formed from an aqueous chitin nanoﬁber
(CNF) dispersion. Depending on freezing conditions this
method allows a broad variety of structures to be formed from
chitin, from nanoﬁbrous networks that mimic the white beetle
to micrometer-scale oriented and random sheets. The general
principle of reducing ice growth rate to achieve ﬁner control of
porous network structures, applied here to chitin, is likely
applicable to other polymer and materials classes to produce
structures of relevance to many practical applications, as noted
above.6−15
CNFs were fabricated via ﬁbrillation of puriﬁed chitin by
high shear homogenization, as described in the experimental
section of the Supporting Information. After homogenization,
the CNF dispersion exhibits high optical transparency, and
CNF has a zeta potential of +57.5 mV at pH 4.1, which
originates from protonated −NH3+ groups and stabilizes the
dispersion via electrostatic repulsion. Figure 1a and Figure S1
(Supporting Information) illustrate that single CNFs are
present in water with an average diameter (davg) of 20 nm
distributed over a range of 5−50 nm and lengths that vary
between ∼100 nm and several micrometers. When allowed to
dry at room temperature, the CNF dispersion forms an
optically transparent ﬁlm that is composed of relatively densely
packed nanoﬁbers (Figure 1b and 1c). Dense structures like
these are typically formed when ﬁbrous materials are dried from
water under ambient conditions, due to compaction and
adhesion of ﬁbers that occur as solids concentration increases
and additionally due to pore shrinkage in the late stages of
drying due to the high surface tension of water.
All freeze-dried structures were produced at −20 °C, −80
°C, and −196 °C (liquid N2), using a CNF aqueous
suspension. The freeze-dried chitin prepared at −20 °C
freezing temperature is white and opaque (Figure 2a) and
consists of a three-dimensional aperiodic ﬁbrous network
structure with davg = 220 nm, ranging from 150 to 350 nm
based on top, bottom, and cross-sectional SEM images (Figure
2b−e). These results show that single CNFs assemble into
larger, randomly oriented interconnected ﬁbril bundles during
freezing, very similar to the white beetle scale structure (ﬁbrous
network structure with ﬁber diameter of around 250 nm).5
While the ﬁber size and interconnectivity of freeze-dried chitin
are similar to the white beetle structure, the synthetic structures
are much more porous (>90% in Table 1) than the beetle
structure (∼30%) (pore size distribution listed in Figure 2f).
CNF suspensions were also frozen at −80 °C and −196 °C
(liquid nitrogen), but these conditions do not produce ﬁbrous
structures. At −80 °C, the frozen chitin has a random porous
architecture (Figure 3a and 3b) consisting of sheetlike
structures, while parallel-walled structures result from liquid
nitrogen freezing (Figure 3d). Oriented and sheet-like porous
structures, similar to those derived here at −80 °C and −196
°C, have been reported before by utilizing diﬀerent starting
materials, and their structure formation mechanism has already
been established.22−24,28 Reports of freeze-drying chitosan (not
chitin) at high temperature (−20 °C) have demonstrated
macroporous sheet-like structures19,20 but not ﬁne nanoﬁbrous
structures created herein with chitin. As discussed below, we

Figure 1. (a) SEM image of chitin nanoﬁber fabricated via ﬁbrillation
of puriﬁed chitin by high shear homogenization; (b) SEM image, and
(c) photo of chitin nanoﬁber ﬁlm produced by drying a chitin
nanoﬁber/water dispersion at room temperature. The ﬁlm is sitting on
a printed background to illustrate its transparency.

propose that the solubility of chitosan likely leads to
precipitation into large domains during freezing, whereas
starting with insoluble chitin nanoﬁbers leads to a preservation
of the nanoscale features.
Ice crystallization is well-characterized and consists of two
successive processes: crystal nucleation and growth. The rate of
ice nucleation is determined by the degree of supercooling,
whereas the ice growth rate is largely controlled by the rate of
heat transfer from the crystal surface to the bulk water.29−31 A
suspended particle close to an advancing ice front is acted on by
two opposing forces: a repulsive force derived from van der
Waals forces and an attractive force owing to viscous drag. A
balance of these two forces yields a critical ice growth velocity
at which particle encapsulation by the ice occurs. Below this
velocity, particles repelled by ice should be pushed together
into the interstitial spaces between ice crystals; e.g., formed
structures are larger than the original particles. Above this
critical velocity, the structures are encapsulated as ice grows
186
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Figure 2. (a) Photo, (b) top, (c) bottom, (d) cross section, (e) enlarged top SEM images and (f) pore size distribution of freeze-dried chitin
produced under −20 °C freezing (aluminum dish).

freezing rate generally results in larger ice crystals.26,31,35,36
However, the pore size of freeze-dried chitin observed from
Figure 2b−e and Figure 3a,b is smaller at −20 °C than at −80
°C (pore size distribution shown in Table 1 and Figures 2f and
3e), which indicates that they are not controlled by ice crystal
size. This implies that CNFs are encapsulated and are not
pushed to interstitial boundaries. Hence, the observation of
smaller pore size at −20 °C contradicts the prediction of the
particle encapsulation model. We suggest that this discrepancy
is due to the fact that CNFs do not behave as independent
particles but experience signiﬁcant interactions. For example,
chitin nanocrystals exhibit strong van der Waals attraction and
electrostatic interactions and are known to form nematic gels
with increasing concentration in water.37
The proposed mechanism for formation of ﬁbrous network
structures under −20 °C freezing is illustrated in Figure 4. First,
CNFs are well dispersed in water at pH 4 due to strong
electrostatic repulsion. When the CNF suspension is supercooled suﬃciently, ice starts to nucleate and grow. Initially,
isolated CNFs are pushed together by the advancing ice fronts,
leading to ﬁber−ﬁber interactions such as van der Waals
attraction, electrostatic repulsion, and hydrogen bonding. At
this stage we propose that individual CNFs assemble into
interconnected nanoﬁber bundles between 150 and 350 nm in
diameter. As ice continues to grow slowly, these bundles do not

Table 1. Pore Size and Porosity of Freeze-Dried Chitin
temperature (°C)

mold

−20
−80
−196
−20

aluminum
aluminum
aluminum
stainless steel

pore size (μm)

porosity (%)

±
±
±
±

98.5
99.5
99.5
99.6

3.2
96
59
0.33

0.4
12
7.6
0.05

around the particles.24,32,33 The formation of large (>10 μm)
porous structures at −80 °C and −196 °C (Figure 3e and 3f),
starting with 20 nm CNFs, indicates that ice front velocity was
below the critical encapsulation velocity. At −196 °C, the CNF
suspension is subject to a signiﬁcant temperature gradient in
the thickness direction, leading to fast ice crystallization in this
direction to the orthogonal, leading to oriented porous
structures (Figure 3c and 3d). Under −80 °C freezing, there
was no preferred growth direction, likely due to the reduced
temperature gradient, and CNFs were expelled by ice fronts to
form large, disoriented sheet-like structures.
Ice growth rate should be slower at −20 °C than at −80 °C
or −196 °C based on the reduced driving force for heat
removal.30,34 Thus, the ice growth velocity at −20 °C will be
even further below the critical velocity for encapsulation of
CNFs than at −80 °C. Hence, we expect that ice crystal size at
−20 °C should be larger than that at −80 °C because slower
187
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Figure 3. SEM images of freeze-dried chitin: (a) top and (b) cross section of sample produced at −80 °C freezing and (c) top and (d) cross section
of sample produced under liquid nitrogen freezing. Pore size distributions of freeze-dried chitin: (e) −80 °C freezing and (f) liquid nitrogen freezing.

Figure 4. Schematic representation of assembly of chitin nanoﬁbers under −20 °C freezing: (a) chitin nanoﬁber/water dispersion; (b) advent of ice
nuclei; and (c) chitin nanoﬁber bundles encapsulated in ice.

aggregation). A previous report showed that chitosan dissolved
in acetic acid formed large macroporous sheet structures under
−20 °C freezing.20 Because chitosan was dissolved, ﬁbers were
not initially present to form a network in the early stages of
freezing. Rather, the chitosan formed phase-separated micrometer-sized structures as solution concentration increased in
the interstitial spaces. Hence, formation of the ﬁne network
structure likely depends on the initial presence of ﬁne insoluble
chitin ﬁbers.
Above, we have shown that tuning freezing temperature
results in adjustable pore structure and have argued that this is

become oriented but rather form a three-dimensional aperiodic
network structure with ﬁber diameters averaging about 220 nm.
This network structure can apparently resist being broken by
the advancing ice fronts, and the growing ice crystals pass
around and encapsulate this network instead. Since the ice
growth rate is expected to be relatively slower at −20 °C than at
−80 °C, we argue that single CNFs have more time to reorient
and align into packed bundles at −20 °C, whereas the
advancing ice front more quickly expels CNFs and then
ruptures the developed network structure under −80 °C and
−196 °C freezing to form sheet-like structures (faster
188
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achieved directly by water-based freeze-drying because ice
fronts usually advance so quickly that solute or dispersed solids
are expelled to form large aggregates. Compared with −20 °C
freezing in the aluminum pans, we expect a slowing in ice
growth rate in the steel mold due to lower heat transfer rate.
The conductive resistance of the steel substrate wall is about
1000 times larger than that of the aluminum substrate (Ralum =
Δx/kalum = 0.2 mm/229 W·(m·K)−1 = 8.7 × 10−7 (m2·K)/W
versus Rsteel = Δx/ksteel = 14.2 mm/16 W·(m·K)−1 = 8.9 × 10−4
(m 2 ·K)/W, where Δx = thickness and k = thermal
conductivity).39 The further decrease in the ﬁber size and
pore size is consistent with the model proposed above since the
slower moving ice front (steel substrate) exerts less shearing
force on the CNF network structure (compared to an
aluminum substrate), allowing preservation of ﬁner structures
that form early in the CNF aggregation process.
In summary, we have produced the ﬁrst porous nanoﬁbrous
materials derived solely from chitin nanoﬁbers by using a facile
freeze-drying method. These structures mimic the size and
interconnectivity of the white Cyphochilus beetle cuticle but
with improved porosity well beyond that of the natural
structure (30% to >95%). The formation of such ﬁne
nanoﬁbrous structures is not predicted by the widely used
particle encapsulation model and has not been demonstrated
previously using freeze-drying. We reason that the nanoﬁbrous
network structure is made possible because chitin nanoﬁbers
are insoluble, and they experience signiﬁcant attractive
interactions. Combined with a slow freezing rate, the network
structure remains intact during freezing. We have shown that
versatile porous structures can be achieved by simply adjusting
freezing temperature or system geometry. Previously, supercritical drying and organic solvent-based freeze-drying have
been used to generate delicately porous ﬁbrous materials
because water-based freeze-drying usually results in signiﬁcant
aggregations of original building blocks. In contrast, our
ﬁndings show how to achieve such ﬁne structures by more
facile water-based freeze-drying. The innovative, sustainably
sourced chitin materials are of ideal size range to be useful in a
wide variety of applications, including as components of
thermal insulation, reﬂective energy-eﬃcient exterior coatings,
reinforcing phase for polymer composites, and a basic template
for sensors, tissue scaﬀolds, catalyst supports, ﬁltration,
absorbents, and energy storage materials.6−15,40 The freezedrying method outlined here should be applicable to tunable
assembly of nanoﬁbrous structures from other network-forming
water-dispersible polymers and other materials.

the result of adjustments in the ice crystallization rate. Hence,
tailoring the geometry and material of the freezing substrate to
achieve ﬁner control of cooling rate may allow further
opportunities to tune the freeze-dried structure. To investigate
this, the CNF/water suspension was frozen at −20 °C using an
indented stainless-steel mold that is considerably thicker than
the aluminum dishes used above (schematic in Figure S2,
Supporting Information). In Figure 5a and 5b, we observe that

■

Figure 5. SEM images of chitin freeze-dried using indented stainlesssteel mold: (a) bottom, (b) cross section in touch with stainless steel
wall; and (c) pore size distribution of freeze-dried chitin under −20 °C
freezing (stainless-steel mold).
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Experimental section, SEM image of a chitin nanoﬁber
fabricated via ﬁbrillation of puriﬁed chitin by high shear
homogenization, and a schematic of stainless-steel mold used
for −20 °C freezing of chitin nanoﬁbers. This material is
available free of charge via the Internet at http://pubs.acs.org.

the resulting freeze-dried chitin is comprised of a ﬁbrous
network structure with an average pore size of 326 nm (pore
size distribution listed in Figure 5c) and ﬁlament diameter near
40 nm, much smaller than the dimensions of chitin frozen in
the aluminum dish at −20 °C. The porosity of the structures
produced at −20 °C in the stainless-steel mold was 99.6%,
compared to 98.5% for the aluminum dish, which is consistent
with the ﬁner structures observed in the stainless-steel system.
Supercritical drying and organic solvent-based freeze-drying
have been shown to produce such ﬁnely porous materials
previously,13,38 but it is very rare that this ﬁne structure can be
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