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Abstract Halloysite nanotubes (HNTs) were added
to cellulose NaOH/urea solution to prepare composite
hydrogels using epichlorhydrine crosslinking at an
elevated temperature. The shear viscosity, mechanical
properties, microstructure, swelling properties, cyto-
compatibility, and drug delivery behavior of the
cellulose/HNT composite hydrogels were investi-
gated. The viscosity of the composite solution
increases with the addition of HNT. The compressive
mechanical properties of composite hydrogels are
significantly improved compared with pure cellulose
hydrogel. The compressive strength of the composite
hydrogels with 66.7% HNTs is 128 kPa, while that of
pure cellulose hydrogel is only 29.8 kPa in compres-
sive strength. Rheological measurement suggests the
resistance to deformation is improved for composite
hydrogels. X-ray diffraction and Fourier transform
infrared spectroscopy show that the crystal structure
and chemical structure of HNT are not changed in the
composite hydrogels. Hydrogen bonding interactions
between HNT and cellulose exist in the composites. A
porous structure of the composite hydrogels with pore
size of 200-400 um was found by scanning electron
microscopy. The addition of HNT leads to decreased
swelling ratios in NaCl solution and pure water for the
composite hydrogels. Cytotoxicity assays show that
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the cellulose/HNT composite hydrogels have a good
biocompatibility with MC3T3-E1 cells and MCF-7
cells. Curcumin is further loaded into the composite
hydrogel via physical adsorption. The curcumin-
loaded composite hydrogels show a strong inhibition
effect on the cancer cells. All the results illustrate that
the cellulose/HNT composite hydrogels have promis-
ing applications such as anticancer drug delivery
systems and anti-inflammatory wound dressings.
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Introduction

In the last decade, natural occurred biopolymers with a
well-defined structure have gained more and more
attention due to their many advantages such as low
toxicity, biocompatibility, degradation, and good
fiber-forming, film-forming abilities. Among them,
cellulose is the most abundant linear polysaccharide
polymer on the earth, which represents an important
material for producing biocompatible products (Eich-
horn et al. 2010; Klemm et al. 2005). Cellulose has
been widely applied as biodegradable plastics, fibers
and clothes, drug delivery carriers, bone repairing
materials, and foods (De Oliveira Barud et al. 2016;
Wan et al. 2017). However, raw cellulose is hard to
process into materials due to the strong intra- or inter-
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molecular hydrogen bonds. Cellulose cannot be dis-
solved in water and general organic solvents. It is also
hard to process in melt because of the closed melting
temperature and degradation temperature. Zhang et al.
invented a new high-efficient dissolving method for
cellulose using alkali/urea systems, which promotes
the practical applications of cellulose-related materi-
als in various areas (Cai and Zhang 2005; Cavallaro
etal. 2014; French 2014). Transparent cellulose alkali/
urea solution can be transferred into films, hydrogels,
fibers, and porous scaffolds, which have shown
promising applications in biomedical areas (Meibom
et al. 2004; Pandey et al. 2017; Price et al. 2001).
However, the weak mechanical strength, lack of
interactions with cells, and poor drug loading ability
of cellulose limit its application.

Incorporation of nanoparticles to the cellulose is an
efficient solution to address these shortcomings. The
many hydroxyl groups in the cellulose chains can be
used to bond the nanoparticles via hydrogen bonding,
which always leads to significantly improved mechan-
ical properties and new functions (Cai et al. 2012; Liu
et al. 2016a, 2016¢; Miao and Hamad 2013; Yu et al.
2013). Many types of nanoparticles, including
organic, metal, and inorganics, have been used to
compound with cellulose to obtain high performance
or functional composites. For example, cellulose
nanocrystals exhibited significant reinforcement char-
acteristics for the storage modulus in cellulose acetate
butyrate matrixes. Cellulose—silver nanocomposites
fabricated by reducing silver nitrate in ethylene glycol
method possess a high antimicrobial activity against
Escherichia coli and Staphylococcus aureus (Li et al.
2011). Composite film composed of gold nanorods
and cellulose acetate can be used as biosensors of
glucose (Ren et al. 2009). Metallic nano-oxides such
as zinc oxide were also added to the cellulose to
increase the antibacterial activity of the material for
wound dressing applications (Maneerung et al. 2008).
Inorganic nanoparticles are incorporated into cellulose
to improve the strength and toughness of the material.
Cellulose—silica composite aerogels prepared via
solution mixing exhibited a reinforcing effect
(Demilecamps et al. 2014). Good dispersion and
alignment of multiwalled carbon nanotubes
(MWCNTs) in cellulose was also achieved by disso-
lution in an ionic liquid and subsequent grinding and
spinning. The regenerated-cellulose/MWCNT com-
posite fibers exhibited improved mechanical
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properties and thermal stability (Zhang et al. 2007).
Regenerated cellulose/graphene composite films pre-
pared by dispersing graphene into cellulose solutions
in DMAC/LiCI also showed improved thermal stabil-
ity, electrical conductivity, and mechanical properties
of the composite materials (Zhang et al. 2012).
Although these nanoparticles can be successfully
applied for preparation of cellulose composites, novel
nanoreinforcements with good biocompatibility and
low price still are needed for practical applications in
biomedical areas.

Naturally occurred halloysite nanotubes (HNTS)
possess unique empty lumen tubular morphology in
nanoscales with high aspect ratio, high strength, and a
similar chemical formula with kaolinite (Al,Si,Os5
(OH)4-nH,0), which show a promising application in
polymer composites. The advantages of HNT used for
biomedical composites include high adsorption abil-
ity, low toxicity, good biocompatibility, and being
inexpensive (Liu et al. 2007, 2014a, b, 2013a, 2010).
For example, it can be used as drug delivery carriers
for curcumin, doxorubicin (DOX), DNA, protein, and
antibacterial agents (Abdullayev et al. 2012; Yang
et al. 2016). HNTs can protect the drug from enzyme
degradation and can enter the cell for delivery of the
drugs. HNTs have diameters of 20-50 nm and lengths
of 200-1000 nm, which give a high aspect ratio of
10-100. So, HNTs can be incorporated into polymer
porous scaffolds for high-performance tissue engi-
neering scaffolds and wound dressing materials (Liu
et al. 2013a, 2014b, Pandey et al. 2017). Patterned
HNT nanosurfaces can also been used to capture
circulating tumor cells from peripheral blood, which
shows promising application in cancer early diagnose
(Ariga et al. 2011; Liu et al. 2016b; Lvov et al. 2008;
Yang et al. 2016). Recently, HNTs were added into
cellulose to improve the mechanical properties of the
cellulose composite hydrogel by dissolving the cellu-
lose in ionic liquid (Hanid et al. 2014; Soheilmoghad-
dam et al. 2013). However, the low dissolution
efficient and the high cost of ionic liquids limit their
practical applications.

In this work, cellulose/HNT composite hydrogels
were prepared by dispersing HNT powder into cellu-
lose alkali/urea solutions and then forming hydrogels
using epichlorhydrine crosslinking at elevated tem-
peratures. The physical properties, chemical structure,
and cytocompatibility, of the composite hydrogels are
characterized. HNTs can significantly improve the
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mechanical properties of cellulose composites and
show good cytocompatibility. Furthermore, curcumin
was used as a model drug to study the drug-release
properties of the composite hydrogels (Cavallaro et al.
2014; Lvov et al. 2016; Price et al. 2001). The
curcumin-loaded composite hydrogels show a strong
inhibition effect on the cancer cells. It is expected that
the biocompatible composite hydrogel with high
strength can be used in an anticancer drug delivery
system and anti-inflammatory wound dressings.

Experimental
Materials

High-purity halloysite nanotubes (HNTs) were pur-
chased from Guangzhou runwo materials technology
Co., Ltd, China. The cellulose powder with particle
size of 25 pm and other reagents were purchased from
Aladdin (Shanghai, China). Ultrapure water was
used from a Milli-Q water system (resistivity >18
MQ cm™ ). Acridine orange-ethidium bromide (AO-
EB), a Cell Counting Kit-8 (CCK-8), and Fluorescein
isothiocyanate isomer I (FITC) were purchased from
Nanjing Keygen Biotech Co., Ltd.

Preparation of cellulose/HNT composite hydrogels

Cellulose was dissolved in alkali/urea solutions
according to the references (Cai and Zhang 2005).
Briefly, cellulose powder was dispersed in 4 wt%
LiOH and 7 wt% urea solution via mechanical
stirring. Subsequently, the dispersion was frozen at
—20 °C overnight. Then the dispersion was thawed
out and stirred at 5 °C to form a transparent cellulose
solution with 4 wt% cellulose concentrations. The
clear and colorless cellulose solution was centrifuged
at 5 °C at 7000 rpm for 15 min to remove the air
bubbles. Cellulose/HNT composite hydrogels were
prepared by adding 1, 2, 4, and 8 g HNT powder
into a 100 mL cellulose solution by ultrasonic treat-
ment (50 W x 10 min) and mechanically stirring
(1000 rpm x 30 min) to obtain a series of cellulose/
HNT composite solutions (the weight ratio of HNT
and cellulose was 4:1, 2:1, 1:1, and 1:2). Then 3 mL
epichlorhydrine (ECH) was added into the above
cellulose/HNT composite solution and stirred at room
temperature for 30 min. The resultant solution was

cast on the test tube with inner diameter ~ 11 mm and
formed a hydrogel at 60 °C for 1 h. Subsequently the
hydrogels were taken out from the mold and thor-
oughly washed with deionized water to remove
remaining alkali/urea. The cellulose hydrogel without
addition of HNT was coded as Ce. The number in the
code of the composite hydrogel of Ce4N1, Ce2Nl,
CelN1, and CelN2 represented the weight ratio of
cellulose and HNT. All the hydrogels were stored in
deionized water at 4 °C before characterization.

Characterization

Firstly, 0.05 wt% of HNT aqueous dispersions was
dropped in a carbon membrane supported copper mesh
and dried naturally. The samples were then observed
on Philips Tecnai-10 transmission electron micro-
scopy (TEM) at an accelerating voltage of 100 kV.
Scanning electron microscopy (SEM) of HNT was
observed by dropping 0.05 wt% HNT aqueous dis-
persions in glass substrates and drying naturally.
Before observation, the sample was sputtered with a
layer of gold. The SEM images were obtained with a
Zeiss Ultra 55 SEM machine at 5 kV.

The dynamic viscosity of the cellulose and cellu-
lose/HNT mixture solutions was measured by a
rotating rheometer (Kinexus pro4, Malvern Instru-
ments, Malvern, UK) at 25 °C with the shear rate of
1-100 s—'. A SHIMADZU AG-1 machine was used to
test the compressive mechanical property of the
hydrogels under 25 °C at a speed of 2 mm/min. The
storage modulus of the hydrogels also was analyzed in
room temperature with strains sweep (0.1-100%) and
frequency scanning (0.1-100 Hz) by a rotating
rheometer (Kinexus pro+, Malvern Instruments, Mal-
vern, UK). The samples with a diameter of 15 mm
were cut into slices of ~0.1 cm thickness. The strain
sweep was carried out at a fixed frequency of 1 Hz,
and the frequency sweep was carried out at the fixed
strain of 0.5%. The pore structure of the hydrogels was
characterized by scanning electron microscopy (SEM)
(S-4800 FE, Hitachi) at a voltage of 2 kV. The wet
hydrogels were freeze—dried, sectioned, and sputtered
with gold before observation. The hydrogels were then
stained by FITC, freeze—dried, and observed using
fluorescent microscope (XDY-2, Yuexian optical
instruments, Guangzhou, China). X-Ray Diffraction
(XRD) profiles for samples were obtained using
an X-ray diffractometer (MiniFlex-600, Rigaku
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Corporation, Japan) at 25 °C. The scanning angle was
from 5° to 80° with a scanning speed of 10°/min at
40 kV voltages and 15 mA current. The milled
powder of freeze-dried hydrogel samples were ana-
lyzed in FTIR spectrometer (VERTEX 70, Bruker)
from 400 to 4000 cm™'. The swelling behavior of
hydrogels was determined in the water and a 0.1 M
sodium chloride solution. The equilibrium swelling
ratios (ESR) was determined as:

ESR = (W, — Wy) /Wy

where, W was the weight the swollen hydrogels at
37 °C, and Wy was the weight of the oven-dried
hydrogels.

Cytotoxicity

Mouse embryo osteoblast precursor cells (MC3T3-
E1) and human breast adenocarcinoma cells (MCF-7)
were cultured in Dulbecco’s Modified Eagle’s Med-
ium (DMEM). Hydrogel films 1 mm thick were
sterilized by autoclave sterilizers. After cultured for
48 and 72 h, the MC3T3-E1 cells on material were
stained with AO/EB and then observed under a
fluorescent microscope (XDY-2, Yuexian optical
instruments, Guangzhou, China). The CCK-8 assay
was used to investigate the cell activity in a Microplate
System (Thermo, Multiskn MK3, Shanghai, China).
Cells were seeded onto the material for 48 and 72 h,
and then 10 pL of CCK-8 solution was added to each
well and continuously incubated in the cell incubator
for another 4 h. The OD value was read at wavelength
450 nm in 96-well plates.

Drug loading and release studies

The Ce and Ce2N1 hydrogels with thickness of 1 mm
were vacuum-dried at 60 °C for 24 h to remove any
residual moisture. Afterwards, the dried hydrogels was
incubated in 10 mL (1 g/mL) of curcumin/ethanol
solution for 48 h in the darkness. The determination of
loading capacity and drug entrapment efficiency of
hydrogels were based on a standard curve method
using the formula.

Loadingcapacity = (Wlotal - Wremain)/Wsample x 100%
Entrapmentefficiency = (Wit — Wremain)
/ Wiotal X 100%
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where, Wiotal, Wremain» and Wampie represent the initial
curcumin content, the amount of the remaining
curcumin in the solution, and the total mass of
hydrogel sample after drug-loading, respectively.

Drug loaded hydrogels were soaked in 50 mL pure
ethanol medium in incubator shakers at 37 °C. A
0.5 mL solution was taken out for absorbance deter-
mination every 2 h, and 0.5 mL fresh ethanol solution
was added to replenish the original solution. The
amount of curcumin was assayed using an UV-visible
spectrometer (UV-2550, Shimadzu Instrument Ltd.,
Suzhou, China) at 420 nm. The released amount was
obtained by calculating the drug amount in an ethanol
medium by comparing with the standard curve.

For in vitro cytotoxicity study, the hydrogels
containing curcumin was taken out from ethanol
solution and swollen in sterile water at 60 °C to
remove excess ethanol. MC3T3-E1 cell and MCF-7
cells were seeded in hydrogels at approximately
50,000 cells/well and culture 48 and 72 h. Then the
cells on the materials were stained with AO/EB and
then observed under a fluorescent microscope. The
cell viability was also assessed using the CCK-8
method as described above.

Results and discussion

Characterization of HNT and the cellulose/HNT
composite solution

TEM and SEM images of the used HNTs are shown in
Fig. 1. It can be seen that HNTs show tubular
morphology with empty lumen. The length and
diameter of HNT vary widely in size. The length
ranges from 20 to 1500 nm, while the outer diameter
ranges from 20 to 70 nm. The high aspect ratio of
HNT is beneficial to improve the stability of the
cellulose/HNT composite solutions and the mechan-
ical properties of the composite hydrogels. HNT
surface is negatively charged with zeta potential of
—25.0 mV. Also, the cellulose carries a small negative
charge due to the presence of some carboxylic acid
groups from oxidation at the primary hydroxylic sites.
So, HNTs were dispersed in cellulose solution by
continuous ultrasonic treatment and mechanical stir-
ring. The viscosity of polymer solution can be
increased by the addition of HNT (Huang et al.
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Fig. 2 a Photographs of cellulose and cellulose/HNT compos-
ite solution. b The shear viscosity curve of cellulose and
cellulose/HNT composite solution

2017; Liu et al. 2013a). A similar trend was also found
in the cellulose/HNT composite solution. As shown in
Fig. 2a, the pure cellulose solution is a clear and
transparent liquid with low viscosity. As the content of
HNT increases, the solutions become turbid and
opaque with increased viscosity. This is attributed to
the thickening effect of HNT by the formed HNT
network in the solution. The effect of HNT on the
solution viscosity of cellulose is quantitatively

compared in Fig. 2b. When the shear rate increases
from 0.1 to 100 s™', the viscosity of the composites
solution is higher than that of the cellulose solution.
For example, the Ce1N2 solution shows 187.7 mPa s
viscosity, which is only 16.7 mPa s for a cellulose
solution at the shear rate of 40 s~'. For the composite
solution, the viscosity decreases with the increase of
shear rate. For example, the viscosity of CelN2
solution decreases from 789.4 to 151.3 mPa s. This
suggests that the composite solutions exhibit a shear-
thinning effect. In contrast, the shear viscosity of pure
cellulose solution is almost unchanged. No filler
network is present in the pure cellulose solution, so
the viscosity is not dependent on the shear rate. The
viscosity significantly decreases with the increase of
the shear rate in the composite solution, suggesting the
formation of a HNT network in the cellulose matrix.
The hydrogen bonding interactions between HNT and
cellulose may also contribute to the increase in the
viscosity, which will be shown in the following
section.

Mechanical properties of cellulose/HNT
composite hydrogels

Addition of nanoparticles with high aspect ratios
always leads to the improvement of the mechanical
properties. The effect of HNT content on the com-
pressive properties of cellulose hydrogels was inves-
tigated. Figure 3A shows a series of photographs when
putting pressure on Ce, Ce2N1, and CelN2 hydrogels
with the same bulk size. Ce and Ce2N1 hydrogels are
broken when the strain reaches 55%. However, the
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Fig. 3 A The compression behavior of the Ce, Ce2N1, and CelN2 before (a), during (b), and with 55% strain (c), recovery after
compression (d). B load-bearing determination of Ce and Ce2N1 hydrogel with a weight of 270 g

CelN2 hydrogel can quickly recover their original
shape without any rupture upon removing the load.
Similarly, when Ce and Ce2N1 hydrogels are loaded
(Fig. 3B) with a 270 g weight, the deformation of Ce
hydrogels is significantly larger than that of Ce2NI1.
This suggests that the incorporation of HNT can
greatly improve the strength and recovery of cellulose
hydrogel.

Figure 4 shows the curves of compressive mechan-
ical properties both in static and dynamic states of
cellulose/HNT composite hydrogels. The mechanical
properties of composite hydrogels are superior to pure
Ce hydrogel in strength and strain at fracture
(Table 1). When the HNT’s content increases, the
compressive strength of the composite hydrogels
improves from 29.8 kPa of pure cellulose hydrogel
to 128 kPa (Fig. 4a). From Fig. 4b, the compressive
modulus of the composite hydrogel is also increased
linearly with the content of HNT. Also, the CelN2
hydrogel exhibits the highest fracture strain in all the
experimental groups. This suggests that HNTs have
high reinforcing ability towards cellulose. The inset in
Fig. 4a shows the appearance of the hydrogels. The
pure cellulose hydrogel is totally transparent, while the
composite hydrogels exhibit gradually opaque due to
the presence of HNT. By touching them with finger, an
obviously improved stiffness of composite hydrogels
is found comparing with the pure cellulose hydrogel.
Furthermore, composite hydrogels are more easily
recoverable after stretching at 30, 40, and 50% strain
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than pure cellulose hydrogel under loading—unloading
cycles (Fig. 4c, d). The Ce2N1 hydrogel nearly can
recover its original shape after unloading for each
cycle, while the Ce hydrogel is broken at the strain of
47%. This confirms the addition of HNT can improve
both the strength and toughness of the cellulose
hydrogels.

The strength and deformation restorability of the
hydrogels were further investigated by rheology testing.
When the frequency is increased from 0.1 to 100 Hz
(Fig. 4e), the storage modulus (G’) of composite
hydrogels improves with HNT concentration especially
at relatively low frequency (below 10 Hz). For exam-
ple, the G* of CelN2 is 300 Pa at 1 Hz, which is three
fold of that of pure cellulose hydrogel. The differences
among the groups become negligible at high frequency,
which is attributed to all the hydrogels exhibiting
dramatically increased G’. The similar trend is also
found in previous studies (Liu et al. 2012, 2015).
Figure 4f further shows G’ curves in a strain sweep of
cellulose and cellulose/HNT hydrogels. Pure Ce hydro-
gel shows the lowest G among all the samples in the
entire determined strain region. All samples exhibita G’
platform at low strain and G’ subsequently decrease
with further increasing of strain. Ce1N2 hydrogel keeps
the structural stability until 8% strain, while the G’ of
pure Ce hydrogel starts to decrease at a strain of 2%.
The decrease in G* means a fracture of material or
network deformation. These results demonstrate that
the composite hydrogels have much higher mechanical
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hydrogels which causes an appreciable change in the
physical properties (Russo et al. 2007; Suzuki and
Hanabusa 2010; Zhu et al. 2006).
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Table 1 The mechanical properties of cellulose/HNT composite hydrogels

Hydrogel sample Compressive Strain at Storage modulus at frequency Storage modulus at strain of 1%

strength (kPa) break (%) of 1 Hz and fixed strain of and fixed frequency of 1 Hz (Pa)
0.5% (Pa)

Ce 29.8 51.3 100.2 107.1

Ce4N1 59.8 51.7 125.3 120.0

Ce2N1 69.2 52.1 154.7 178.4

CelN1 87.3 52.8 179.6 194.1

CelN2 128 55.5 300.5 236.2

Structural characterization of cellulose/HNT
composite hydrogels

The influence of HNT on the chemical structure and
crystalline structure of cellulose were further investi-
gated by FITR and XRD. As shown in Fig. 5a, the
broad absorption bands of the cellulose and cellulose/
HNT composite hydrogels at 3300-3400 cm™"' are
assigned to stretching of hydroxyl groups. The
absorption peaks of asymmetric and symmetric
stretching vibration of CH, of cellulose is appeared
at 2920 and 2869 cm~'. HNTs show characteristic
peaks at 3692 and 3621 cm™' attributed to the
stretching of inner-surface hydroxyl groups and inner
hydroxyl groups, respectively (Yuan et al. 2008). The
contents of the characteristic peaks at 3692 and
3621 cm™ ' of HNT increase with the increasing in
the HNT loading in the composite, which suggests the
successfully blending of these two components. There

N\
3692 3621

Ce

—OH L
12950 2869

Transmittance, a.u.

3372

4000 3500 3000 2500 2000 1500 1000
Wavenumber, cm"

is a down-shifting tendency of the absorption peaks of
hydroxyl groups in the cellulose chains for cellulose/
HNT composite hydrogels. The result indicates that
the hydrogen bonds existed between cellulose and
HNT. The hydrogen bond interactions in the compo-
nents composites endow the composites with higher
mechanical and thermal properties.

The XRD patterns for all the hydrogel samples are
presented in Fig. 5b. The regenerated cellulose clearly
exhibits a broad peak around 21° with full width at half
maximum (FWHM) of ~ 9.8°, which suggests that the
cellulose is amorphous (Ciolacu et al. 2011; French
2014). This is attributed to the alkali/urea aqueous
solution breaking the crystalline structure of cellulose.
The original HNT sample exhibited diffraction peaks
in20 = 11.7°,20.1°,24.7°, and 35° assigned to (001),
(020, 110), (002), (200, 130) plane, respectively
(Abdullayev et al. 2012; Liu et al. 2013a; Pandey
et al. 2017). No reflection peak near 10 A can be
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Fig. 5 FTIR spectra (a) and XRD patterns (b) of HNT, cellulose, and cellulose/HNT composites
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observed in all the samples, suggesting the dehydrated
state of HNT. It can be seen that the intensity of the
HNT diffraction peak increases with the loading of
HNT in the cellulose/HNT composites. The peak
assigned to cellulose gradually decreases with the
increase of HNT content, indicating strong interac-
tions between cellulose and HNT.

Morphology and swelling studies of cellulose/
HNT composite hydrogels

The pore structures of freeze-dried cellulose/HNT
composite hydrogels were characterized by SEM
images (Fig. 6a). It can be observed that the pore size
decreases from ~400 to ~200 pm with the increase
of HNT content. This is caused by the decreased water
content in the same volume hydrogels. Water is a
porogen in the present hydrogel system, and the
addition of HNT into the composite hydrogels leads to
the decrease in water content of the same volume
hydrogels. As a result, the addition of HNT results in
decreased pore size during the freeze-drying process
(Huang et al. 2017). After carefully observing the
SEM photographs, it can be found that the pore wall is
smooth. However, the pore surfaces of the composite
hydrogels are rougher with the increase in the
concentration of HNT and a small amount of granular

protrusion appears. This is due to presence of HNT and
HNT aggregates in the composites. The suitable pore
dimension with rough pore walls surfaces of the
composites can provide high surface areas for cell
attachments and drug loading because of the increased
interfacial interactions. Figure 6b shows the fluores-
cent images of a cross-section of pure cellulose and
cellulose/HNT composite hydrogels which are stained
by FITC. It also can be seen almost the pores exhibit
interconnected structures with pore diameter in the
range from ~200 to ~400 pum. The thickness of the
pore walls is in the range of ~20 to ~50 um. A
similar pore structure of HNT that incorporated
polymer hydrogels has also been previously reported
(Huang et al. 2017; Liu et al. 2013b).

The influence of HNT on the swelling ratios of the
cellulose/HNT hydrogels were further evaluated in
NaCl and water solution (Fig. 7). The Ce and cellu-
lose/HNT hydrogels were firstly placed in a vacuum
drying oven at 60 °C and dried for 24 h to obtain the
dry gels. The volume of hydrogels was sharply shrunk
after drying (Fig. 7A-a). Then the dry hydrogels were
placed in a 0.1 M NaCl solution to reach swelling
equilibrium (Fig. 7A-b). Figure 7B shows the curves
of swelling ratio changes with the swelling time for the
hydrogels. The composite hydrogels exhibit gradually
decreased swelling ratios with the increase of HNT

Fig. 6 a SEM images of a cross-section of pure cellulose and
cellulose/HNT composite hydrogels. Scale bar x50(400 pm),
%100 (200 pm). b Fluorescent images of a cross-section of pure

cellulose and cellulose/HNT composite hydrogels stained by
FITC. Scale bar 200 pm
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re-swelling in distilled water. From left, Ce, Ce4N1, Ce2Nl,

content with the same swelling time. For instance, the
CelN2 hydrogel shows an equilibrium swelling ratio
of 0.5 which is much lower than that of Ce hydrogel
(5.5). The decreased swelling ratio of composite
hydrogels is caused by the decreased hydrophilic
polymer content in the composites with the addition of
HNT. From the shape of the change ratio in the
Fig. 7A-b, a similar trend can also be found.

The re-swelling capabilities of the hydrogels were
further evaluated by drying the swelled hydrogels and
immersing them in distilled water. It also can be seen
that the composite hydrogels exhibit gradually
decreased swelling ratios with the increase of HNT
content with the same swelling time. Compared with a
NaCl solution, all hydrogels exhibit a decreased
swelling ratio in water especially for the pure cellulose
hydrogel and the composite hydrogels with low HNT
loading. The swelling ratio of pure Ce hydrogel in
water is 4.5 while it is 5.5 in a NaCl solution (Fig. 7C).
There is a comparable swelling ratio for the CelN2
hydrogel, suggesting that the skeleton structure is
almost unchanged for the swelling-reswelling process.
So the swelling ratio of the cellulose hydrogel can be
tailored by addition of a different content of HNT. The
cellulose composite hydrogels with HNT can be used
as biomaterial scaffolds because of their excellent
structural stability in biological liquids.
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CelNI1, and Ce1N2. B Swelling kinetics of the Ce and cellulose/
HNT composite hydrogels in a 0.1 M NaCl solution at 37 °C.
C Re-swelling kinetics of the Ce and cellulose/HNT composite
hydrogels in distilled water at 37 °C

Biocompatibility valuation of cellulose/HNT
composite hydrogels

The cytotoxity of the composite hydrogels was
assessed by the MC3T3-El and MCF-7 cell lines.
Figure 8a shows fluorescent microscope images of the
MC3T3-El1 cells cultured on different hydrogels. For
AO/EB live/dead cell viability assays, live cells are
identified on the basis of intracellular esterase activity
(generating green fluorescence) and exclusion of the
red dye. Dead cells are identified by the lack of
esterase activity and non-intact plasma membrane
which allows red dye staining. It can be seen that all
the MC3T3-El1 cells on the hydrogel samples are in the
form of long fusiform shapes. For all the groups,
almost no dead cells can be found in the field of vision,
indicating high cytocompatibility for the composite
hydrogels. The number of living cells after 72 h are
more than that of cells cultured for 48 h, which reveals
that the good proliferation capacity of cells on the
hydrogel surfaces. The addition of HNT has little
effect on the cell viability from the morphological
observations. Figure 8b, ¢ show the CCK-8 cell
viability of MC3T3-E1 and MCF-7 cells grown on
the different hydrogels. Both kinds of cells show a
high cell relative viability after 48 h. The composite
hydrogels show much higher cell viability compared
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Fig. 8 a Fluorescent images of MC3T3-El cells on the Ce and cellulose/HNT composite hydrogels, Scale bar 100 pm. The MC3T3-
E1 and MCEF-7 cells viability of the hydrogels determined by CCK-8 at 48 h (b) and 72 h (¢)

with the pure cellulose hydrogel (except the Ce1N2).
Cells can proliferate with the increased incubation
time, demonstrating that the hydrogels have unbiased
biocompatibility. After 72 h, the composite hydrogels
show comparable cell viability with the pure cellulose
hydrogel. The relative viability of cells growth on the
CelN2 hydrogel surface is slightly lower than that of
other samples, which is probably due to the inhibition
effect on cell growth of excessive HNT in the
hydrogels (66.7 wt%)(Vergaro et al. 2010).

Drug-loading and release studies and cytotoxicity
of curcumin incorporated hydrogels

To evaluate the potential of the cellulose/HNT com-
posite hydrogel applied in biomaterials, the drug-
loading properties and cytotoxicity of the curcumin-
loaded hydrogels were assessed. The Ce and CelNl1
hydrogels were placed in curcumin ethanol solution to
adsorption equilibrium. Figure 9a compares the load-
ing capacity and entrapment efficiency of Ce and

CelN1 hydrogel. It can be seen that the two hydrogels
show nearly same loading capacity of 4.1% for
curcumin. However, the entrapment efficiency of
curcumin of the Cel1N1 hydrogel (21%) is well above
that of Ce hydrogel (17%). This should be attributed to
the synergistic effects of HNT with cellulose in the
composite hydrogels, as both the raw HNT and
cellulose have high adsorption ability for active
molecules (Luo et al. 2010; Wojnarovits et al. 2010).
The drug release behavior of curcumin-loaded hydro-
gels is shown in Fig. 9b. From the inset in Fig. 9b,
both the hydrogels can be uniformly stained with
yellow color by the loaded curcumin. Both Ce and
CelN1 hydrogels show a controlled release behavior
of curcumin up to 20 h, which suggests the hydrogels
can be a good carrier for drug delivery. Compared with
pure cellulose hydrogel, the drug in the CelNI1
hydrogel is released with a much slower rate. The
curcumin is not uniformly released from the Ce
hydrogel, and the release is almost completed after
12 h. In contrast, CelN1 exhibits a relatively slow
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Fig. 9 aDrugloading capacity and entrapment efficiency of Ce
and CelN1 hydrogels. b The drug-release curves of curcumin-
loaded Ce and CelN1 hydrogels in pure ethanol solution (inset

release behavior towards curcumin, which indicates
that the increased drug-materials interactions in the
composite hydrogels. HNTs exhibit a tubular structure
with large specific surface areas, so they have strong
drug adsorption properties. The loaded drug can
slowly escape from the tubular structures of HNT
due to a steric hindrance effect, which is extensively
used as a drug carrier (Levis and Deasy 2002; Lvov
et al. 2008). Therefore, the incorporation of HNT can
improve the drug-loading capacity and sustained-
release effect of cellulose hydrogel. The final drug
release ratio for Ce and CelN1 hydrogel after 20 h is
56.1 and 62.1%, respectively. Curcumin is believed to
have anti-inflammatory, antioxidant, and even anti-
cancer properties (Divakaran et al. 2016; Jiang et al.
1996; Mukhopadhyay et al. 2001; Ravindran et al.
2009). So, the cell viability of the curcumin-loaded
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shows the appearance of the drug-loaded hydrogels). ¢ The
MC3T3-E1 and MCF-7 cell viability of the curcumin-loaded
hydrogels determined by CCK-8

hydrogel was further evaluated by the CCK-8 method,
and the results are presented in Fig. 9c. Interestingly,
the MC3T3-El cells show a high relative activity and
proliferation ability for the curcumin-loaded hydro-
gels, while the MCF-7 cells appear to have a trend of
apoptosis with the increase of incubation time.
Besides, the relative activity of MCF-7 cells cultured
on CelNI1 hydrogel is slightly higher than that of cell
growth on Ce hydrogel, which is related to the release
rate of curcumin loaded on the Ce hydrogel is faster
than that of CelINI.

Figure 10 further demonstrates fluorescent images
of MC3T3-El and MCF-7 cells treated by curcumin-
loaded hydrogels. In the control group, the cells grow
and proliferate well but with different shape (MCF-7
cells grow in an inverted triangle shape and MC3T3-
El cells grow in an oval shape). The MC3T3-El cell
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Fig. 10 Fluorescent images of MC3T3-E1 and MCF-7 cells cultured on the curcumin-loaded hydrogels

growth on the curcumin-loaded hydrogel is almost
no different from that on the control group, illustrat-
ing that the loading of curcumin has no effect on the
growth of the normal cells. In contrast, the red color
in the MCF-7 cells increases markedly with the
increase of incubation time from 48 to 72 h,
indicating MCF-7 cells present the characteristic
morphology of apoptosis. This morphology results
are highly consistent with the CCK-8 results above.
In short, the cytotoxicity experiments demonstrate
that the curcumin-loaded hydrogels have a slight
effect on the normal cells while showing inhibition
effects for tumor cells growth. These hydrogels
provide a possible application as an anticancer drug
delivery system and as an anti-inflammatory wound
dressing.

Conclusions

HNTs are incorporated into cellulose NaOH/urea
solution to prepare composite hydrogels using
epichlorhydrine crosslinking at elevated temperature.
The viscosity of the composite solution increases with
the addition of HNT. The compressive mechanical
properties and resistance to deformation properties of
composite hydrogels significantly increase compared
to pure cellulose hydrogels. XRD and FTIR show that
the crystal structure and chemical structure of HNT are
not changed in the composite hydrogels. Hydrogen
bonding interactions between HNT and cellulose exist
in the composites. The addition of HNT leads to
decreased pore size and decreased swelling ratios in
NaCl solution and pure water. Both of the normal cell
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and the tumor cells show a high cell relative viability
on composites hydrogels. Curcumin can be success-
fully loaded into the hydrogels via physical adsorp-
tion. The curcumin-loaded composite hydrogels show
a strong inhibition effect on the MCF-7 cells while
showing good cytocompatibility for MC3T3-E1 cells.
All the results illustrate that the cellulose/HNT
composite hydrogels have promising applications
such as anticancer drug delivery systems and anti-
inflammatory wound dressings.
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