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ABSTRACT: Chitin nanocrystals (ChNCs), prepared by acid
hydrolysis of chitin, exhibit a uniform needlelike morphology and
high dispersion stability in aqueous solutions, which makes them
good candidates for drug delivery. Porous ChNC scaffolds were
freeze-dried from different concentrations of ChNC dispersions and
then cross-linked by a reaction with glutaraldehyde. Various
techniques, including scanning electron microscopy, Fourier trans-
form infrared spectroscopy, X-ray diffraction, thermogravimetric
analysis, and testing of mechanical properties, porosity, and swelling
properties, were used to characterize the structure of chemically
cross-linked chitin nanocrystal (XChNC) scaffolds. The compressive
mechanical strength, density, porosity, and water absorption rate of
XChNC scaffolds were dependent on the concentration of ChNCs.
XChNC scaffolds showed interconnected pores with a mean pore
size of ∼65 μm diameter. Curcumin was used as a model drug and loaded into the XChNC scaffold by encapsulation in Tween
20 micelles. The drug release period from XChNC scaffolds was determined to be 540 min in phosphate-buffered saline (PBS)
at pH 5.3 and 780 min in PBS at pH 7.4. Cytotoxicity experiments using human breast adenocarcinoma cells (MCF-7) revealed
that released curcumin inhibited the proliferation of MCF-7 cells. All of the results show that XChNC scaffolds exhibit great
potential for tissue-engineering and drug-delivery applications.
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■ INTRODUCTION

Renewable and biodegradable biopolymers are popular in the
fields of medical engineering and biotechnology. Several
promising biopolymers from natural sources have been
extracted and studied for tissue engineering and drug delivery,
including collagen, cellulose, silk fibroin, chitin, starches, and
natural rubbers. Among them, chitin is a readily available
polysaccharide obtained from living organisms, such as crabs,
shrimp, and insects, and chitin nanocrystals (ChNCs) are used
to support their exoskeleton.1−3 Chitin is composed of 2-
acetamido-2-deoxy-D-glucose and consists of crystalline and
amorphous domains, such as cellulose and starch.4,5 ChNCs
can be obtained by acid hydrolysis,6 TEMPO-mediated
oxidation,7 and mechanical treatments8 to degrade the
amorphous domains of chitin. In comparison with bulk chitin,
rodlike ChNCs with high aspect ratios and high longitudinal
moduli9 are employed as filling materials to enhance the
mechanical properties of polymers.10,11 ChNCs exhibit a
uniform needlelike morphology with lengths and widths of
100−500 and 15−30 nm, respectively. The aspect ratio of
ChNCs is 3−16. The high aspect ratio of ChNCs is a critical
factor for self-organization into chiral nematic liquid-crystal
phases. Needlelike ChNCs have a high modulus and strength
along their long axes, ensuring their high reinforcing ability.1

Needlelike ChNCs also have a high specific lateral surface area,

endowing them with appropriate adsorption characteristics for
drug molecules. Moreover, amino groups on needlelike
ChNCs are prone to reacting with cross-linking agents, and a
network structure between adjacent ChNC molecules tends to
form. Because of their excellent properties of low density,
abundant surface hydroxyl groups and good biocompatibility,
ChNCs have been extensively studied as sensors, biorecogni-
tion elements, oil-in-water emulsions, and tissue scaffolds. For
example, ChNCs have been used as a reinforcing material for
rubber to enhance the tensile strength of conductive
composites.12 ChNCs functionalized by a fluorescent imida-
zoisoquinolinone dye have been shown to result in selective
interactions with their corresponding binding proteins.13 Oil-
in-water emulsions have been stabilized by ChNCs because
they have an interdroplet network structure.14 ChNCs have
also been combined with poly(3-hydroxybutyrate-co-3-hydrox-
yvalerate) to form porous composites with macro- and
micropores, which were used as tissue-engineering scaffolds
for enhancing the adhesion of human adipose-derived stem
cells.15 However, to the best of our knowledge, no research has
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been published on the development of ChNCs for drug-
delivery applications.16,17

ChNCs and cellulose nanocrystals are similar in chemical
structure and morphology, while the only difference is the side
group on site C2. The C2 of cellulose nanocrystals is
connected to a hydroxyl group (−OH), while the C2 of
ChNCs is connected to an acetamido group (−NHCOCH3).
To date, many studies have been conducted in the field of
cellulose nanocrystals for drug-delivery carrier applica-
tions.18−21 Cellulose nanocrystal films loaded with curcumin
have been used as an antimicrobial drug-delivery system in a
diabetic wound dressing, and the drug was steadily released
from the film for 36 h with a total release of 98.9%.22 Cellulose
nanocrystals have also been incorporated into chitosan
nanoparticles as a carrier system for the controlled release of
repaglinide.23 As alternative polysaccharide nanocrystals,
ChNCs also have high surface areas, biocompatibility,
anticoagulant properties, and antibacterial properties. There-
fore, ChNCs are promising nanomaterials for drug delivery
both in vitro and in vivo.
Porous polymer scaffolds are commonly used to improve the

drug-loading capacity because of their high porosity. Generally,
porous nanocrystal scaffolds have been prepared by freeze-
drying, solvent extraction, freeze extraction, freeze gelation,
powder compaction, and phase inversion.24 Porous nanocrystal
scaffolds not only have ultralow densities and high strength
properties but also have interconnected pore structures and a
high degree of porosity for loading bioactive drug molecules.25

For instance, it has been reported that a basic fibroblast growth
factor and curcumin entrapped in gelatin microspheres were
loaded into porous collagen/cellulose nanocrystal scaffolds,
and the drug was sustainably released from scaffolds for skin
tissue engineering and burn infection treatment.26,27 Chitosan
and gelatin composite sponges also had suitable pore
structures, and the percent release of curcumin loaded into
these sponges reached a maximum of 91% in 96 h.28 Attributed
to a regular pore size and fibrillar structure, a chitosan/sodium
alginate sponge as a drug carrier has been loaded with
curcumin and showed long-term drug release for 20 days.29

ChNCs can be nanocomponents for reinforcing polymer
scaffolds for different biomedical applications. For example,
electrospun chitosan-based nanocomposite mats have been
reinforced with ChNCs for wound dressings.30 Previously, we
also prepared chitosan/ChNC composite scaffolds by solution
mixing and freeze-drying for tissue-engineering applications.9

However, it is a challenge to prepare porous scaffolds using
ChCNs by themselves.
In this study, rodlike ChNCs were prepared by acid

hydrolysis, and the morphology, liquid-crystalline behavior,
and rheological properties of the ChNC dispersion were
studied. Porous ChNC scaffolds prepared by freeze-drying
were further cross-linked by glutaraldehyde to improve their
stability in aqueous solution. Subsequently, curcumin encapsu-
lated in Tween 20 was loaded into cross-linked ChNC
(XChNC) scaffolds. A series of characterizations of the
scaffolds were conducted to evaluate the chemical composi-
tion, crystal structure, and mechanical and thermal behavior.
Furthermore, the release behavior of curcumin from porous
XChNC scaffolds was studied in vitro. Curcumin showed a
noticeable effect of inhibiting the growth of human breast
adenocarcinoma cells (MCF-7). Therefore, porous XChNC
scaffolds could become promising materials for drug-delivery,
tissue-engineering, and wound-dressing applications.

■ MATERIALS AND METHODS
Materials. Crab shells were supplied by Wuhan Hezhong

Biochemical Manufacturing Co., Ltd., China. Curcumin powder
(purity of ∼95%) was obtained from Nanogong Sanxin Natural
Pigment Ltd., China. Acridine orange/ethidium bromide (AO/EB)
staining reagent was purchased from Beijing Solarbio Science &
Technology Co., Ltd., China. CCK-8 reagent was supplied from
BestBio Biology Co., Ltd., China. Water was filtered by a Milli-Q
water system (resistivity >18.2 MΩ/cm). Other chemicals of
analytical grade were purchased from Aladdin Industrial Corp.

Preparation of the ChNC Powder and ChNC Dispersion. The
ChNC powder was prepared by acid hydrolysis according to a
previous study.31 Briefly, 20 g of crab shells and 3 mol/L HCl were
added to a three-necked flask with oil bath heating at 104 °C for 3 h.
After acid hydrolysis, the mixture was washed by centrifugation with
ultrapure water at 4000 rpm for 10 min. This process was repeated
three times to remove excess acid and the amorphous phase. The
suspension was then dialyzed in running water until the pH value of
the suspension was near 7.0. Finally, the ChNC powder was collected
by a SCIENTZ-12ND vacuum freeze-dryer (Ningbo Scientz
Biotechnology Co., Ltd., China). The ChNC powder was then
added to ultrapure water to obtain the ChNC concentrations of 2, 3,
5, 10, and 15 wt %. To prepare a homogeneous dispersion with
uniformly distributed nanocrystals, the ChNC dispersion was treated
by an ultrasonic cell disruptor (JY99-IIDN, Ningbo Scientz
Biotechnology Co., Ltd., China).

Fabrication of XChNC Scaffolds. Different concentrations of the
ChNC dispersion obtained from the previous step were poured into a
24-well plate. Different amounts of ChNC scaffolds were obtained

Figure 1. Schematic illustration of the synthesis of the XChNC scaffold and the process of drug release from the curcumin-XChNC scaffold.
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after freeze-drying. To prepare XChNC scaffolds, ChNC scaffolds
were immersed in 2.5 vol % glutaraldehyde for 12 h at room
temperature, subsequently washed with absolute ethanol and
ultrapure water, and then freeze-dried.32,33

Preparation of Curcumin-Loaded XChNC (Curcumin-
XChNC) Scaffolds. Using a high-speed blender, a curcumin aqueous
solution with a concentration of 1.0 mg/mL was prepared with Tween
20 as an emulsifier.34 Dry XChNC scaffolds were soaked in a
curcumin/Tween 20 solution in the dark for 24 h. The curcumin-
loaded scaffolds were gently blotted with filter paper before drying
them at 40 °C. Curcumin has strong interactions with ChNCs, so the
adsorption of curcumin on the surfaces of the scaffold was considered
uniform with the soaking method. Washing the drug-loaded scaffold
with ethanol may lead to some of the curcumin being lost. This would
yield inaccurate data for drug-release studies. The synthesis of the
XChNC scaffold and the process of drug release from the curcumin-
XChNC scaffold are schematically illustrated in Figure 1.
Characterization of the ChNC Dispersion. The morphology of

ChNCs was analyzed by transmission electron microscopy (TEM;
JEM-2100F, JEOL Ltd., Japan), scanning electron microscopy (SEM;
Ultra 55, Zeiss, Germany), and atomic force microscopy (AFM;
Bioscope Catalyst Nanoscope-V, Bruker Instruments Ltd., USA). The
particle size distribution and ζ potential of the ChNC dispersion were
obtained using a Nano ZS ζ-potential analyzer (Malvern Instruments
Co., U.K.). The samples for TEM, SEM, AFM, particle size
distribution, and ζ-potential testing were prepared with a dilute
ChNC solution of 0.05 wt %. Images of the ChNC dispersion were
observed with a polarized optical microscope (BX51, Olympus,
Japan). The rheological behavior of the ChNC dispersion was
measured by a hybrid rheometer (TA Discovery HR-2, USA) using
parallel plates with a diameter of 40 mm at 30 °C. The shear rate of
the dynamic viscosity was measured from 10−3 to 103 s−1, while the
dynamic frequency sweep of the storage modulus (G′) and loss
modulus (G′′) were analyzed from 10−1 to 102 rad/s.
Characterization of the Scaffolds. Stability Evaluation. To

compare the stability of the ChNC and XChNC scaffolds, the
scaffolds (5 mm in height and 10 mm in diameter) were immersed in
a 10% serum solution and a phosphate-buffered saline (PBS) solution
(pH 7.4) and observed for 14 days.
Mechanical Property Tests. A compressive performance of the

XChNC scaffolds was conducted using a mechanical testing
instrument (UTM-Q422, China) at room temperature with a speed
of 2 mm/min. Before the compression of scaffolds in a wet state was
tested, the samples were immersed in a PBS solution (pH 7.4) at
room temperature for 24 h. According to Hooke’s law, in the stage of
material elastic deformation, stress is positively correlated to strain,
and the correlation coefficient is referred to as the elastic modulus.
The elastic modulus of each sample was obtained by fitting a line with
software. All results were reliably obtained by testing five replicate
samples.
Density, Porosity, and Water Absorption Measurements.

Cylinder-shaped XChNC scaffolds were used to determine the
density, porosity, and water absorption. The density of the XChNC
scaffolds was calculated using the formula

m
d h

density
( /2)

100%2π
= ×

where m, d, and h are the weight, diameter, and height of the samples,
respectively.
The porosity test of the scaffolds was analyzed by a liquid

displacement method with absolute ethanol according to a previous
study.9 Different amounts of XChNC scaffolds were soaked in
absolute ethanol at room temperature for 24 h. Excess ethanol was
removed from the sample surfaces before being measured. The
porosity of the XChNC scaffolds was determined by the formula

m m
V

porosity 100%2 1

1ρ
=

−
×

where m2, m1, ρ, and V1 are the weight of the samples after and before
immersion in absolute ethanol, the density of absolute ethanol, and
the volume of the samples before immersion, respectively.

To determine the water absorption of the scaffolds, the samples
were prepared via immersion in ultrapure water for 24 h. Excess water
was removed from the sample surfaces before being measured. The
water absorption rate of the scaffolds was determined by the equation

m m
m

water absorption 100%2 1

1
=

−
×

where m2 and m1 are the weight of the sample after and before
immersion in ultrapure water, respectively. Both the mean and
standard deviation were reliably obtained by testing five parallel
samples.

SEM. The porous morphology of the XChNC scaffolds was
analyzed by SEM (Ultra 55, Zeiss, Germany) at a voltage of 5 kV. The
samples were prepared by coating a thin layer of gold on the samples
prior to characterization.

Fourier Transform Infrared (FTIR) Spectroscopy. The FTIR
spectra of ChNCs, XChNCs, curcumin, and curcumin-XChNCs
were acquired on a Thermo FTIR instrument (Nicolet iS50, Thermo
Fisher Scientific Ltd., USA) with a KBr tablet. The scanned
wavenumber range was from 4000 to 500 cm−1.

X-ray Diffraction (XRD). The XRD patterns of ChNCs, XChNCs,
curcumin, and curcumin-XChNCs were characterized by an X-ray
diffractometer (MiniFlex-600, Rigaku Corp., Japan). The scanning
angle was from 5° to 50° with a scanning speed of 10°/min.

Thermogravimetric Analysis (TGA). To study the thermal stability
and composition of the materials, 5 mg each of ChNCs, XChNCs,
curcumin, and curcumin-XChNCs were tested with a TGA instru-
ment (Mettler Toledo, Switzerland). The range of the heating
temperature was from 50 to 500 °C with a heating rate of 10 °C/min
under a nitrogen atmosphere.

Loading Efficiency and Entrapment Efficiency. Dried XChNC
scaffolds were placed in a 10 mg/mL curcumin/Tween 20 solution in
the dark for 24 h. The concentration of the curcumin solution was
determined using an ultraviolet spectrophotometer (UV-2550,
Shimadzu Instrument Ltd., China) at 425 nm. The drug-loading
efficiency and entrapment efficiency of the XChNC scaffolds were
quantified using the following equations:

loading efficiency
amount of loaded curcumin

weight of curcumin loaded XChNC scaffold

100%

=

×

entrapment efficiency
total amount of curcumin free curcumin

total amount of curcumin
100%= − ×

In Vitro Drug-Release Study. Curcumin-XChNC scaffolds were
immersed in 25 mL of PBS (pH 7.4 and 5.3) and incubated in a
shaker (HS-100B, Shanghai Hanqiang Instrument Co., Ltd., China) at
37 °C with a speed of 60 rpm. After a certain time of release, 0.5 mL
of the release solution was taken from the release medium, and 0.5
mL of fresh PBS was returned to the release medium. The released
drug was quantified by an ultraviolet spectrophotometer at a
wavelength of 425 nm. The drug-release behavior was evaluated by
the relative curcumin release ratio according to the equation35

C
C

relative release ratio 100%t= ×
∞

where Ct is the concentration of the released curcumin at time t and
C∞ represents the concentration of the released curcumin at 18 h.

Cytotoxicity. First, 1-mm-thick slices of scaffolds were sterilized by
γ irradiation with an irradiation dose of 2.5 kGy. MCF-7 cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco/
Thermo Fisher Scientific Ltd., USA) in a humidified atmosphere with
5% CO2 at 37 °C. Then, MCF-7 cells were seeded on the scaffolds in
96-well plates (5 × 103 cells/well). After the MCF-7 cells were
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incubated with scaffolds for 24 and 72 h, an AO/EB staining assay was
used to observe dead and living cells using a fluorescence microscope
(XDY-2, Guangzhou Liss Optical Instrument Co., Ltd., China).
Similarly, CCK-8 assay was performed after cells were cultured for 1,
3, and 5 days. Cells were washed with fresh PBS. Then, fresh DMEM
and CCK-8 reagent (volume ratio = 10:1) were added to the wells of
the 96-well plates. The absorbance was measured using a microplate
reader at a wavelength of 450 nm. The cell viability was calculated as
the absorbance ratio of the sample to the control group.

■ RESULTS AND DISCUSSION
Characterization of the ChNCs. ChNCs were success-

fully prepared from crab shells by acid hydrolysis. ChNC
concentrations of 2−15 wt % aqueous solution were dispersed
homogeneously by ultrasound, as shown in Figure 2a. Because

of their high viscosity, 10 and 15 wt % ChNCs in bottles
maintained their shape when inverted, while the dispersion
with a concentration below 5 wt % was fluid. Therefore, ChNC
dispersions with concentrations greater than 10 wt % are
injectable by a syringe with a needle diameter of 0.6 mm
(Figure 2b). The ChNC dispersion with a concentration of
0.05 wt % was used for morphology analysis and particle size
distribution determination. The morphology of ChNCs was
then characterized by TEM, SEM, and AFM (Figure 2c−e).
ChNCs exhibited a uniform needlelike morphology, showing a
wide length and a width distribution of 100−500 and 15−30
nm, respectively. Therefore, ChNCs had an aspect ratio of 3−
16. These results are consistent with a previous study.31 Figure
2f shows the size distribution of the ChNC dispersion after
sonication. The distribution of the particle size ranged from 51
to 295 nm with a mean size of 106 nm, and the ζ potential of
the ChNC dispersion was +44.7 mV. The size distribution of

ChNCs was smaller than that measured by morphology
observation because the laser particle size analyzer is based on
the theory of a uniform sphere. The ChNC dispersion had
good stability and colloidal behavior because of the positive
charge of the protonated amino groups, verifying the ζ-
potential result.36 ChNCs exhibited a needlelike nanostructure
and were uniformly dispersed in aqueous solution, which is
beneficial for forming porous scaffolds by freeze-drying the
ChNC dispersion and is also a critical factor for improving the
mechanical properties of the scaffolds. A previous study
showed that ChNCs with a high longitudinal modulus (150
GPa) can be used as effective reinforcement materials for
alginate hydrogels.37

The behavior of rodlike ChNCs with good stability in
aqueous solution was further illustrated by polarized optical
microscopy (Figure 3). When the ChNC concentration was 3

wt % or less, no birefringence phenomenon was observed
because the ChNCs are in the isotropic phase. A small amount
of crystalline liquid surrounded by the isotropic phase was
observed in 5 wt % ChNCs; therefore, isotropic and liquid-
crystalline phases coexisted at this concentration. The liquid-
crystalline phase increased with increasing ChNC content. The
birefringence phenomenon and fingerprint texture were clearly
observed at a concentration of 10 wt %. The liquid-crystalline
phase was completely formed when the ChNC concentration
was greater than 10 wt %, which is attributed to a self-
assembling process of parallel alignments of the anisotropic
crystallites (chiral nematic order).38−40 The results from
polarized optical microscopy explain why rodlike ChNCs had
good stability in aqueous solution, and the dispersion was
injectable at high concentrations.

Figure 2. Appearance of different concentrations of ChNC aqueous
dispersions (a). Injectable hydrogel consisting of 15 wt % ChNCs (b).
TEM (c), SEM (d), AFM height phase (e), and particle size
distribution (f) of ChNCs. Figure 3. Polarized optical microscopy images of different

concentrations of ChNC dispersions with different magnifications of
50×, 100×, and 200×.
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The sol−gel transition of ChNC dispersions was charac-
terized by rheology testing. The storage modulus (G′) and loss
modulus (G′′) versus frequency curves are shown in Figure
S1a,b. The sol−gel transition of ChNC dispersions occurred
above a critical concentration, and the intersection of the G′
and G′′ curves was the gel point. Above the intersection point,
the state of a ChNC dispersion transformed from a liquid-like
state to a solid-like state.41 Both G′ and G′′ improved with
increasing frequency and sample concentration. This suggests
that a network structure was formed by fiber-like nanoparticles,
especially at high concentrations. In a comparison of the curves
of G′ and G′′, G′ values for all concentrations of ChNCs were
greater than the corresponding G′′ values. Furthermore, G′
and G′′ of 15 wt % ChNCs were nearly not dependent on the
angular frequency, suggesting the formation of a strong gel. G′
and G′′ with ChNC concentrations of 10 wt % or less
overlapped at a low angular frequency and gradually separated
with increasing angular frequency. This indicates that the
rheological characteristics were frequency-dependent for these
dispersions. The curve of the shear viscosity versus shear rate
of ChNC dispersions is shown in Figure S1c. The viscosity
slightly increased with increasing concentration of ChNCs,
suggesting strong molecular interactions between the chitin
chains. Moreover, the viscosity of different concentrations of
ChNC dispersions decreased with increasing shear rate,
indicating a typical shear-thinning behavior.42 A previous
study suggested that ChNCs are highly oriented in the shear
direction, resulting in a weakening of the hydrogen-bonding
interactions in the ChNC network.43

Stability Evaluation and Mechanical Properties of
Porous XChNC Scaffolds. It is important to study the
stability of ChNC scaffolds as drug-delivery carriers in
physiological fluids. As shown in Figure S2a, 2, 5, and 15 wt
% ChNC scaffolds absorbed water and swelled after immersion
in serum on day 14 compared to day 1. Moreover, the
structure of the 2 wt % ChNC scaffold was observed to be
loose and the surface collapsed, while some white pieces of the
5 and 15 wt % ChNC scaffolds dispersed in water without
shape collapse. Therefore, ChNC scaffolds without cross-
linking are not stable and tend to break up in water. This is due
to a large number of hydrophilic groups (hydroxyl, N-acetyl,
and a small number of amino groups) on the ChNC surface,
which hinders practical applications in loading and releasing
drugs in physiological fluids. Additionally, the broken pieces
affected the measurement of the drug concentration by
spectrophotometry. The amino groups on the surface of the
ChNCs were protonated in aqueous solution when the ChNC
scaffold was soaked in water. Electrostatic repulsion between

ChNC molecules was caused by protonated amino groups
(−NH3

+),44 which forced the ChNC molecules in scaffolds to
disperse in water. Moreover, hydrophilic groups (hydroxyl, N-
acetyl, and amino groups) of ChNCs also made them easier to
disperse in water. Thus, problems with untreated ChNC
scaffolds immersed in water occurred, such as surface collapse,
crack formation, and shape deformation. To increase the
stability of the ChNC scaffolds, XChNC scaffolds were
prepared by cross-linking the amino groups of ChNCs with
a glutaraldehyde solution. XChNC scaffolds (2, 5, and 15 wt
%) were tested similarly to ChNC scaffolds. In a comparison of
day 14 to day 1, cross-linked scaffolds swelled slightly and
maintained a 3D structure without dissolution or disintegration
in serum. The reduction in the number of hydrophilic groups
on the ChNCs weakened their interactions with water
molecules.32 As shown in Figure S2b, the result of the stability
evaluation in PBS for 14 days was similar to that in serum.
Thus, the XChNC scaffold exhibited improved stability in
serum and PBS compared with the raw ChNC scaffold. This
suggests that the XChNC scaffold has potential applications in
vivo as a drug-delivery carrier.
As discussed above, XChNC scaffolds enable the stability in

serum and a PBS solution to be maintained for a period of
time. To further study the mechanical properties of XChNC
scaffolds, compressive stress−strain curves of XChNC scaffolds
in dry and wet states were investigated (Figure 4). The
mechanical properties of the XChNC scaffolds are shown in
Table S1. The inset pictures show the appearance of XChNC
scaffolds in the dry and wet states. Because of the formation of
a chromophoric imine group (−NC−) by the cross-linking
treatment, XChNC scaffolds showed a light-yellow-brown
color in the dry state, and the color became slightly darker in
the wet state. Either in the dry state or in the wet state,
improved stiffness was observed with an increase of the
concentration of ChNCs through tactile compression by
fingers. As shown in the compressive stress−strain curves in
the dry and wet states, the stress nearly linearly increased with
increasing strain during the initial stage because of elastic
deformation of the material. The stress in most curves
exponentially increased with increasing compressive strain
from 50% to 80%. Moreover, the compressive strength of
XChNC scaffolds in both the dry and wet states dramatically
increased with increasing concentrations of ChNCs. It can be
concluded that the mechanical properties for all scaffold
concentrations were clearly smaller in the wet state than in the
dry state. For instance, the compressive strength of the
XChNC scaffold with a 15 wt % ChNC concentration was
3237.58 kPa, while it was only 70.47 kPa for the 2 wt % sample

Figure 4. Compressive stress−strain curves of the XChNC scaffolds in a dry state (a) and in a wet state (b).
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in the dry state. In contrast, the compressive strength of the
XChNC scaffold was 33.17 and 347.83 kPa for 2 and 15 wt %
concentrations in the wet state, respectively. The maximum
load in the dry state of the XChNC scaffold with a 15 wt %
concentration was 430.25 N, which was 9.29-fold greater than
the result of 46.29 N in the wet state. Glutaraldehyde mainly
reacts with the amino groups of chitin, which results in the
formation of chromophoric imine groups (−NC−) among
ChNC molecules. As a result, ChNCs gradually form a stiff
network structure via cross-linking, thus increasing the
mechanical strength of the scaffolds.45 Briefly, the improved
mechanical integrity is satisfactory for applications in drug
delivery in the dry and wet states.
Morphology, Porosity, and Water Absorption Ratio

of XChNC Scaffolds. The morphology of the freeze-dried
XChNC scaffolds was observed with SEM (Figure 5). The

network structure of the XChNC scaffolds was composed of
interconnected pores with diameters of 30−100 μm, and the
formation of pores is attributed to the sublimation of ice
crystals during freeze-drying.46 With an increase in the
concentration of ChNCs, the mechanical properties of the
scaffolds became stiff and rigid. For instance, the pore wall of
the 2 wt % XChNC scaffold was smooth and thin, while the
pore wall of the 15 wt % scaffold was much thicker and stiffer.
As shown in Figure 5m, XChNC scaffolds formed uniformly
stratified pore structures at high nanocrystal concentrations.
Moreover, through observation of the SEM images at higher
magnifications (Figure 5c,f,i,l,o), it can be clearly seen that
countless needlelike ChNCs are interrelatedly overlapped and
uniformly distributed in the pore wall. Therefore, the freeze-
dried XChNC scaffolds exhibited interconnected pores with
high porosity, which is also described in the following analysis.

The pore structure of scaffolds with a high surface area is
beneficial for improving the drug-loading capacity.
The structural characteristics of the XChNC scaffolds are

listed in Figure 6. With an increase in the concentration of
ChNCs, the density of the XChNC scaffolds increased linearly
from 0.026 to 0.16 g/cm3 (Figure 6a). The ultralight weight of
the XChNC scaffolds was also demonstrated in a previous
study, where a scaffold was placed on a slender leaf tip without
crushing it.47 As previously stated, the density of the scaffold
also affects the mechanical properties. The compressive
strength of the scaffold increased with increasing scaffold
density. The porosity of the XChNC scaffolds was in the range
of 88.6−99.0% (Figure 6b), and the porosity slightly decreased
with increasing ChNC concentration due to the formation of a
more densely packed structure. The water uptake ratio of the 2
wt % scaffolds was 2377.7%, while it was 578.7% in the 15 wt
% scaffold (Figure 6c). Two factors affect the water absorption
ability of the scaffold. One factor is the hydrophilicity of the
polymers, and the other is the porosity. Because there is only
one component in the ChNC scaffold, the scaffold porosity
mainly affects the water absorption. The decreased porosity
leads to a decreased water absorption ratio because the spacing
for water entry decreases at high ChNC concentrations.
Therefore, the tunable porosity and water absorption ability of
the XChNC scaffolds can meet practical requirements for drug
delivery.

Chemical Structures of XChNC and Curcumin-XChNC
Scaffolds. To investigate the chemical structures of XChNC
and curcumin-XChNC scaffolds, the scaffold samples were
measured by FTIR, XRD, and TGA (Figure 7). The FTIR
spectra of ChNCs, XChNCs, curcumin, and curcumin-
XChNCs are shown in Figure 7a. Characteristic peaks of the
ChNCs were observed at 3463 cm−1 (O−H stretching), 3261
cm−1 (N−H stretching), 1661 and 1625 cm−1 (amide I), and
1559 cm−1 (amide II), which is consistent with the previous
work.48 In particular, the strong absorption bands at 1661 and
1625 cm−1 (amide I) suggest an α-chitin structure prepared
from crab shells.44 There was no significant difference between
the FTIR spectra of ChNCs and XChNCs, likely because the
new bonds of the imine bond (NC) at 1655 cm−1 and the
ethylenic bond (CC)49 at 1562 cm−1 after cross-linking
overlapped with the absorption bands of amide I and amide
II.32 In a comparison of the spectra of XChNCs and curcumin-
XChNCs, XChNCs incorporated with curcumin resulted in an
increase in the band intensity at 3447 cm−1 (O−H stretching
of XChNCs and curcumin) and 1074 cm−1(C−O−C
stretching vibrations of curcumin).50 The results indicate
that there were hydrogen-bonding interactions between
curcumin and XChNCs. As shown in the XRD patterns in
Figure 7b, the diffraction peaks of ChNCs appeared at 9.4°
(020 plane), 19.3° (110 plane), 20.8° (120 plane), and 23.4°
(130 plane), indicating the crystal structure of α-chitin.48 The
position and intensity of the XChNC diffraction peaks were
similar to those in the ChNC pattern, suggesting that ChNCs
retained their original crystalline structure after cross-linking
with glutaraldehyde. The main diffraction peaks of curcumin
appeared at 2θ = 17−28°, and an increase in the diffraction
intensity of curcumin-XChNCs was observed at 23.4° as a
result. Parts c and d of Figure 7 show thermal degradation of
ChNCs, XChNCs, curcumin, and curcumin-XChNCs. ChNCs
and XChNCs began to lose weight at 60 °C because of
moisture loss. The initial degradation temperatures of ChNCs,
XChNCs, curcumin, and curcumin-XChNCs were 234, 241,

Figure 5. SEM images of freeze-dried XChNC scaffolds with different
magnifications: 2 wt % XChNCs (a−c); 3 wt % XChNCs (d−f); 5 wt
% XChNCs (g−i); 10 wt % XChNCs (j−l); 15 wt % XChNCs (m−
o).
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169, and 252 °C, respectively, and the maximum decom-
position temperatures were 343, 356, 383, and 374 °C,
respectively. The degradation temperatures of XChNCs
increased by nearly 10 °C in comparison with those of
ChNCs because of heat absorption due to decomposition of
the NC bond. Curcumin-XChNCs demonstrated an
improved thermal stability compared to XChNCs as a result
of the presence of curcumin.51

Drug-Loading and In Vitro Drug-Release Studies. The
curcumin loading and release rate of XChNC scaffolds are

crucial for applications as drug-delivery carriers. Curcumin
with low water solubility was effectively loaded into scaffolds
and released from scaffolds in an aqueous medium because
curcumin was completely encapsulated in Tween 20 surfactant
micelles. Curcumin-XChNC scaffolds exhibited a uniform
yellow appearance (inset photograph in Figure 8a), suggesting
that curcumin was homogeneously loaded in the scaffolds. The
loading and entrapment efficiency of curcumin in XChNC
scaffolds were calculated as 0.36% and 7.35%, respectively.
Figure 8b shows the drug-release curves of curcumin-XChNCs

Figure 6. Density (a), porosity (b), and water absorption (c) of XChNC scaffolds.

Figure 7. FTIR (a), XRD (b), TGA (c), and differential thermogravimetry (d) patterns for ChNCs, XChNCs, curcumin, and curcumin-XChNCs.
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in a PBS solution at pH 7.4 and 5.3. The scaffolds exhibited a
burst release in the first 60 min, and the release ratios reached
12 and 17% at pH 7.4 and 5.3, respectively. A burst release of
curcumin is beneficial in the treatment of wounds because the
drug can be released swiftly upon reaching the lesion area.
Then, as the release time increased, the drug release slightly
increased in PBS at the two different pH values. After 300 min,
the drug release ratio from the scaffold was 35% at pH 7.4, and
it was 45% at pH 5.3. At 500 min, 78% of curcumin was
released from the scaffold at pH 7.4, while 95% of curcumin
was released at pH 5.3. After 500 min, the drug release became
slower, and the release was observed to cease at 540 min (pH
5.3) and 780 min (pH 7.4). Briefly, the drug-release rate at pH
5.3 was much faster than at that at pH 7.4, indicating that drug
diffusion from scaffolds is related to the pH value of the
medium. This may be because the amino groups of ChNCs in
an acidic PBS solution are easily protonated. Electrostatic
repulsion was caused by cationic amino groups (−NH3

+) of
adjacent ChNC molecules, which makes the scaffold swell, and
a greater amount of curcumin can be released from a swollen
scaffold. Hence, the drug diffuses more easily from scaffolds at
a lower pH.52 All results suggest that XChNC scaffolds with
high porosity and nanostructure are beneficial to drug loading
and sustained release.
Cytotoxicity of Curcumin-XChNC Scaffolds. MCF-7

cells were used as model cells to evaluate the effect of
curcumin released from scaffolds in vitro because curcumin is
an anticancer drug. Figure 9 shows images of MCF-7 cells
stained with AO/EB reagent after cells were cultured on
XChNC and curcumin-XChNC scaffolds for 24 and 72 h.
MCF-7 cells exhibited good cell conditions, with no dead cells
observed in the control group after 24 h, and MCF-7 cells
proliferated exponentially after being cultured for 72 h. MCF-7
cells grew well on XChNC scaffolds and clearly proliferated for
72 h, suggesting that there was no toxicity caused by the pure
scaffold. In contrast, several orange cells were observed on
curcumin-XChNC scaffolds at 24 h, indicating that curcumin
released from scaffolds induced apoptosis of the cancer cells.
Furthermore, it can also be observed that there were fewer
proliferated MCF-7 cells on curcumin-XChNC scaffolds at 72
h than those on XChNC scaffolds, and almost all MCF-7 cells
were stained orange. These results indicate that released
curcumin can inhibit the growth of MCF-7 cells and has a
sustainable killing effect on cancer cells.
CCK-8 assay was used to evaluate the cell viability of MCF-7

cells cultured on XChNC and curcumin-XChNC scaffolds. As

shown in Figure 10, the cell viabilities on XChNC scaffolds at
1, 3, and 5 days were 79.8, 80.7, and 81.2%, respectively,

indicating that there was no anticancer activity observed with
XChNCs. In contrast, the cell viabilities on curcumin-XChNC
scaffolds at 1, 3, and 5 days were 53.2, 41.3, and 40.1%,
respectively. Compared to XChNC scaffolds, the cell viability
of drug-loaded XChNC scaffolds was much lower. The cell
viability significantly decreased after 5 days of culture due to

Figure 8. Drug-loading capacity and entrapment efficiency of XChNC scaffolds (the inset photograph shows the appearance of the original and
drug-loaded XChNC scaffolds) (a) and drug-release curves of curcumin-XChNC scaffolds in PBS at pH 7.4 and 5.3 (b).

Figure 9. Fluorescence images of MCF-7 cells on XChNC and
curcumin-XChNC scaffolds.

Figure 10. Cell viability of MCF-7 cells incubated with XChNC and
curcumin-XChNC scaffolds for 1, 3, and 5 days.
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the effects of the drug. These CCK-8 results are consistent
with the fluorescence images shown above. Overall, all of these
results indicate that curcumin-XChNC scaffolds have good
anticancer properties and are a potential material for anticancer
drug-delivery carriers.

■ CONCLUSIONS
ChNCs with a rodlike morphology were successfully prepared
from biodegradable crab shells and then used for the
fabrication of porous ChNC scaffolds by freeze-drying.
XChNC scaffolds were then obtained by cross-linking
ChNCs with glutaraldehyde to enhance their stability in
water. ChNC dispersions had good stability and colloidal
behavior, which improved the physicochemical properties of
porous XChNC scaffolds. The XChNC scaffold exhibited
excellent properties, such as high mechanical strength,
ultralight density, high porosity, and a tunable water
absorption rate. The release study indicated a burst release
of curcumin from scaffolds in the first 60 min, and sustained
release was achieved in PBS until 600 min (pH 5.3 and 7.4). In
vitro cytotoxicity assays showed that released curcumin could
sustainably inhibit the proliferation of MCF-7 cells. All of the
results suggest that porous XChNC scaffolds are promising
materials for tissue-engineering and drug-delivery applications.
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