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ABSTRACT: Multi-stimuli-responsive and structured hydro-
gels represent promising materials with a broad application
spectrum, such as drug delivery, sensors, and bionic machinery.
However, the preparation of hydrogels starting from highly
reactive compounds still needs an efficient approach for
homogeneous distribution of each component within hydro-
gels. In addition, a method for in situ preparation of multiblock
hydrogels is still lacking. Herein, we report the formation of
uniform, multi-stimuli-responsive, and multiblock hydrogels via
a novel, simple, but very efficient method by aerating ammonia
gas into the solution of dialdehyde cellulose (DAC) with cross-
linkers containing diamine groups. Obtained hydrogels exhibited uniform microscopic and chemical structure. Due to abundant
aldehyde groups on DAC chains, diverse diamines can be used for the preparation of distinct stimuli-responsive hydrogels. For
instance, 1,6-hexanediamine dihydrochloride and cystamine dihydrochloride formed hydrogels responsive to pH values as well as
redox conditions. Moreover, the process of aerating ammonia gas (NH3 gas) is controllable, which allows the in situ formation of
multiblock hydrogels. By using cystamine dihydrochloride, aminoethyl rhodamine spiroamide, and fluorescein isothiocyanate as
reaction counterparts, 3-block hydrogels were prepared, and each block was specifically responsive to factors such as pH
variation, redox condition, and/or UV illumination.

KEYWORDS: Hydrogel, Multiblock, Responsive, Cellulose, NH3 gas

■ INTRODUCTION

With the establishment of the first synthetic hydrogels by
Wichterle and Lim in 1954,1 diverse hydrogels have been
developed to be applied in many fields, such as medicine,2

agriculture,3 and other industry branches.4 Because the required
functionalities can be realized by the careful predesign and
precise control of the chemical components, various functional
hydrogels have been prepared and used in the frontier
research.5,6 In the past two decades, the development of
hydrogels and their applications are strongly represented by the
studies on stimuli-responsive hydrogels. Stimuli-responsive
hydrogels can adapt to surrounding environments, as well as
change their physical and chemical properties to suit the
requirement, such as pH,7 redox,8 temperature,9 light,10 and
electric and magnetic fields.11 Dong and co-workers used
hydrogels based on poly(N-isopropylacrylamide), acrylic acid,
and 2-(dimethylamino)ethyl methacrylate to design a liquid
lens system that allows for autonomous focusing. Such hydrogel
lens system could mimic human eyes and easily focus on
different distances.12 Takashima et al. prepared a photo-
responsive supramolecular actuator reminiscent of natural
muscle with cyclodextrin and azobenzene compounds via
host−guest interaction.13 Miyata et al. used the reversible
binding between an antibody and an antigen in a semi-

interpenetrating hydrogel network for biomedical applica-
tions.14

These stimuli-responsive hydrogels were used in various
fields that needed delicate control. The demand for the more
precise adjustment of the function or structure of hydrogels
increased rapidly during the past few years. A uniform chemical
structure with the homogeneous distribution of functional
groups within the hydrogel should increase the efficiency
during the application due to the fulfillment of most
functionality. At the same time, adjustable microscopic
hydrogel structure, such as hydrogels with multilayers, will
provide more feasibilities to include more functions in
sequence.15

Polymeric hydrogels demonstrate particular advantages due
to their wider range of monomers containing diverse
functionalities.2,16 However, the preparation of hydrogels with
successively introduced functionalities can be difficult. For this
purpose, the gelation process should be controllable, and a
sufficient amount of reactive groups should be present within
the hydrogels, i.e., along the polymer chains. In addition, the
reaction for the introduction of new groups during the
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postmodification should not affect the hydrogel network.
Moreover, concerns arise due to the cost of raw materials
derived from fossil resources and low biodegradability over the
last years.17,18

Cellulose, the most common natural polymer on earth, is
considered as an inexhaustible raw material for the increasing
demand for sustainable and biodegradable products.19 Due to
the good biocompatibility and rich derivatives of cellulose,20−25

more cellulose-based hydrogels were used recently for drug
delivery,26 antimicrobial wound dressing,27 and other functional
materials with tunable physical and chemical properties.28,29

Naseri et al. used 50 wt % cellulose nanocrystals to reinforce
the sodium alginate and gelatin double cross-linked inter-
penetrating hydrogels which could be used as a substitute for
cartilage.30 Duan et al. fabricated bilayer hydrogels using
chitosan and cellulose/CMC showing shape-changing proper-
ties in response to pH-triggered swelling/deswelling.31 Such
hydrogels could be applied in diverse fields, such as
biomedicine and biomimetic machines. Thus, with sustainable
and excellent biocompatible cellulose-based materials, hydro-
gels with various functions can be prepared. However,
dialdehyde cellulose (DAC) with reactive aldehyde groups
along cellulose backbone has not been used for this purpose.
In this work, we present the preparation of smart, multi-

stimuli-responsive hydrogels with a successively controllable
multiblock structure based on dialdehyde cellulose (DAC) and
diamines. DAC was synthesized after the oxidization of
microcrystalline cellulose with sodium metaperiodate
(NaIO4). The hydrogels were formed constantly and at the
same time controllably during the introduction of NH3 gas into
the solution of DAC and diamines. Using 1,6-hexanediamine
dihydrochloride (HMDA·2HCl) and cystamine dihydrochlor-
ide (AED·2HCl) as reaction counterparts for DAC in water, we
prepared novel uniform hydrogels that were responsive to pH
and redox conditions. By consequently adjusting the
compositions of hydrogels with diverse di-/amine compounds,
we could prepare stimuli-responsive hydrogels with micro-
scopic multiblock structure. As an example, 3-block hydrogels
were prepared with different functions within each block.

■ MATERIALS AND METHODS
Materials. Microcrystalline cellulose (MCC), HMDA·2HCl,

dithiothreitol (DTT), hydroxylamine hydrochloride, rhodamine, and
fluorescein isothiocyanate isomer (FITC) were received from Sigma-
Aldrich. NaIO4, ethylene glycol, aqueous hydrochloric acid (HCl, 37%
w/w), sodium hydroxide (NaOH), aqueous ammonium hydroxide
(28% w/w), and AED·2HCl were purchased from VWR. All chemicals
were of analytical grade or higher. Deionized water (conductivity: 0.05
μs/cm) was used throughout the experiments. Aminoethyl rhodamine
(AERhB, Figure S3 and S4) was prepared using the method as shown
in Supporting Information.31

Periodate Oxidation of Cellulose. MCC (1 g) and NaIO4 (1.65
g) were mixed in 50 mL of water at room temperature, which showed
a pH value of ∼3.8. Then, the reaction bottle was wrapped with several
layers of aluminum foil to keep the system in dark. The periodate
oxidation was performed at room temperature under stirring at a speed
of 250 rpm for 3 days. At the end of the reaction, the pH value was
measured as around 3.1. Ethylene glycol was added to this mixture to
quench the residual NaIO4.

32,33 After that, the oxidized cellulose was
thoroughly purified via dialysis in water using the dialysis membrane
from Thermo Fisher Scientific with a molecular-weight cutoff of 3500
Da. After the dialysis, the DAC suspension was gently stirred at 80 °C
in an oil bath for 4 h, before the sample was centrifuged at 14 000 rpm
(Thermo scientific Multifuge X3 FR, F15−6·100y) for 30 min to

remove residual solid. Then, the supernatant was collected and stored
at 4 °C.

Determination of Aldehyde Content by Titration. Before the
titration, the pH value of the aqueous DAC solution was adjusted to
3.5 using aqueous HCl solution of 1 mol/L. Then, 10 mL of
hydroxylamine hydrochloride solution (5% w/w) was added into the
mixture. The pH of the solution was kept at 3.5 by adding NaOH
solution (0.05 mol/L) until no decrease of pH was observed. The
aldehyde groups content was calculated by the consumption of the
aqueous NaOH solution according to32

=
C V

m
DO

/162
NaOH NaOH

(1)

,where DO is the degree of oxidation of the samples, CNaOH is the
concentration of the aqueous NaOH solution, VNaOH is the volume of
the used NaOH solution, m is the mass of DAC, and 162 is the
molecular weight of repeating unit in cellulose.

Preparation of Hydrogels Using HMDA·2HCl and AED·2HCl.
Before the gelation, the solution of HMDA·2HCl (0.5 mL, 1 mol/L)
or AED·2HCl (0.5 mL, 1 mol/L) was mixed with DAC solution (2
mL, 52 mg/mL) at room temperature directly. Then, NH3 gas that
was obtained by heating the solution of aqueous ammonium hydroxide
at 80 °C in an oil bath was introduced to the solution. A thin hydrogel
layer on the top of the solution was first formed at the interface of
liquid and gas phase. With the introduction of more NH3 gas, the
hydrogel layer became thicker and thicker, until the whole solution
became a white hydrogel.

Disassembly and Reassembly of Hydrogels. Hydrogels were
treated by introducing HCl gas which was obtained by heating the
solution of aqueous HCl at 80 °C in an oil bath into the closed
container for 30 min. During the process, the top part of the hydrogels
began to become liquid. With the introduction of more HCl gas, the
junction area of solid and solution phase moved slowly to the bottom,
while the hydrogel simultaneously turned into a solution. Finally, the
whole hydrogel was converted into the solution. For the reformation
of hydrogels, the solutions were treated by aerating NH3 gas, and the
hydrogels formed successively until the whole solution turned into
hydrogels. In the case of using AED·2HCl as cross-linker within
hydrogels, the disassembly of hydrogels was also carried out by adding
an aqueous solution of reducing agent DTT (0.4 mL, 1 mol/L) to the
hydrogels. As-obtained solutions could be reversibly transformed into
hydrogels by adding aqueous NaIO4 solution (0.7 mL, 1 mol/L).

Fabrication of Multiblock Hydrogels. Before the preparation of
multiblock hydrogels, a mixture was prepared by adding 1 mL of
aqueous AED·2HCl solution (1 mol/L) to 8 mL of aqueous DAC
solution (52 mg/mL), which is referred to as MS0. Then, 0.24 g (0.5
mmol) of AERhB was dissolved in 2 mL of MS0, resulting in solution
MS1. At the same time, another solution MS2 was prepared by
dissolving 0.097 g (0.25 mmol) of FITC in another 2 mL of MS0. For
the formation of multiblock hydrogels, 1.5 mL of MS1 was added into
a hollow tube. One end of the tube was covered with a plug. By
aerating NH3 gas into the solution for a certain time, ∼0.5 mL of
solution became a hydrogel. The introduction of NH3 gas was
immediately stopped, and the tube was reversed. The remaining
solution was taken out, and 1 mL of MS0 was injected into the tube.
Then, NH3 gas was aerated into the solution, until another ∼0.5 mL of
solution was converted into hydrogel. Thereafter, the remaining
solution of MS0 was replaced by MS2, and ∼0.5 mL of MS2 turned
hydrogel during the aeration of NH3 gas. After that, the multiblock
hydrogel was taken out from the container and placed into water. The
water was regularly changed until no change of the conductivity
occurred.

Light Microscopy. The morphology images were recorded on
ZEISS Axioplan 2 imaging microscope with a Nikon DS-Fi2 camera.
The dried hydrogels were prepared by immersing hydrogels into the
liquid nitrogen directly and subsequent freeze-drying.

Fluorescence Microscopy. Fluorescence imaging was performed
on a Nikon Eclipse E6000 imaging microscope. The excitation
wavelength was 400 nm, and the emission wavelength was 505−540
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nm. The signals were collected by Nikon DS-Fi1c camera in a dark
room.
TGA. Thermogravimetric analysis using a thermobalance from

NETZSCH (TG209F1 iris) was operated under nitrogen flow.
Samples (5−10 mg) in the crucible were generally used for the
measurement. The temperature range for the measurement was 20−
700 °C, and the heating rate was 20 °C/min.

■ RESULTS AND DISCUSSION
DAC was synthesized after the periodate oxidation of cellulose.
The linkage between the C2 and C3 of the anhydroglucose
units of cellulose is cleaved during the periodate oxidation.
Then, the secondary hydroxyl groups at these positions are
transformed into two aldehyde groups (Figure 1a).32,34 The
product after the periodate oxidation was purified via dialysis,
and a transparent solution was obtained by heating at 80 °C for
4 h. The FTIR spectrum of DAC confirmed the introduction of
carbonyl groups by showing two new characteristic peaks at
1730 and 880 cm−1 ascribed to stretching vibration of carbonyl
groups and vibration of hemiacetal linkages, respectively
(Figure S1).32 The degree of oxidation (DO) of DAC used
for hydrogels was determined to be 1.57 ± 0.03 according to
titration, meaning a content of aldehyde groups of 9.69 ± 0.19
mmol/g in DAC. This value is very close to the result from
elemental analysis, which is often used for the determination of
DO of DAC (Supporting Information).
Hydrogels were further prepared after the reaction between

DAC and a cross-linker containing diamine groups, such as
HMDA·2HCl or AED·2HCl. Due to the presence of HCl, a
base is needed to neutralize the ammonium salts of diamines.
Herein, we used a novel method by aerating NH3 gas into the
DAC solution, which allows the process of forming hydrogels
to be more controllable due to the successive propagation of
the hydrogel block (Figure 1b,c). With the formation of
primary amine groups, Schiff base groups are formed instantly
(Figure S1), i.e., imine groups between aldehyde groups of

DAC and diamine groups, as shown by using HMDA·2HCl for
the cross-linking (Figure 1b). The solutions gradually became
hydrogels along with the formation of more Schiff base groups.
During the aeration of ammonia gas, a thin hydrogel layer

was first formed at the interface of liquid and gas phase. This
hydrogel layer stayed on the top of the solution, while it is
porous and still accessible for NH3 gas and hydroxide to
penetrate (Figure 1c). With the introduction of more NH3 gas,
the hydrogel layer became thicker and thicker, until the whole
solution became a hydrogel. Thus, the thickness of formed
stable hydrogels can be easily adjusted, e.g., between 0 and 10
mm by treating the solution with NH3 gas for 5, 10, or 20 min
(Figure 1c).
In addition, the resulting hydrogels exhibited uniform

microscopic and chemical structure. Common methods for
preparing hydrogels include (1) direct mixing of the
components leading to gels, (2) premixing the components
homogeneously and then changing one condition (pH value,
temperature, etc.), or (3) using initiator to cross-link the
components forming gels.9,35 In particular, for the highly
reactive compounds, the latter methods are more appropriate
for the formation of uniform hydrogels. As DAC contains
numerous aldehyde groups, it has to be mixed with diamines
homogeneously in advance before a base is added. For example,
we used hydrochloride salts of diamines to avoid the Schiff base
reaction at the first contact so that we could dissolve DAC and
any other diamines of any molar ratios. Otherwise, if a diamine
(not in its salt form) is directly used for the dissolution, then a
nonuniform distribution of the components within hydrogels
will occur, due to the fast reaction between aldehyde and amine
groups (Figure S2).
Adding a base solution, such as an aqueous NaOH solution,

is a general method for postadjustment of pH values of
solutions. However, due to the high amount of hydroxyl groups
within the NaOH solution and thus the fast reaction between

Figure 1. Schematic representation for (a) the periodate oxidation of cellulose and (b) the preparation of hydrogels by aerating NH3 gas into
aqueous solution of DAC/diamine and the mechanism for the formation of hydrogel; (c) representative optical images of starting solution of DAC/
diamine as well as hydrogels; and (d) representative SEM image of a freeze-dried hydrogels formed after aerating NH3 gas into aqueous solution of
DAC and 1,6-hexanediamine dihydrochloride for 20 min.
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aldehyde and amine groups at the moment of the contact with
NaOH solution, aggregates were formed due to the rapid
reaction between DAC and HMDA. These aggregates are
optically visible (Figure 2a). TG measurement confirms the
heterogeneous distribution of imines within hydrogels on a
molecular level (Figure 2b). Different thermal degradation
curves were recorded for the samples from randomly selected
distinct locations within the same hydrogel, which means
different chemical compositions for these areas and thus a
nonuniform hydrogel. In addition, these aggregates result in
lots of defects and cracks after drying, as measured for dried
hydrogels via light or fluorescence microscopy (Figure 2d-i−
iii). In particular, big cracked aggregates are obvious within
dried hydrogels, indicating the previous nonuniform structure
within hydrogels.
In comparison, our new method of aerating NH3 gas into the

solution of DAC and diamine to neutralize hydrochloride led to
homogeneous hydrogels (Figure 2c). Due to the uniform
distribution of NH3 molecules and thus homogeneous contact
with the whole solution surface, a layer of hydrogel could be
formed rapidly after the first contact between the NH3 gas and
the aqueous solution of DAC/diamine. Thus, the aggregation
of DAC chains was avoided, in contrast to the method of
adding aqueous NaOH solution. The TG analysis of different
areas within hydrogels displayed nearly the same degradation
curves and thus confirmed the homogeneous chemical

compositions on the molecular level (Figure 2b). The light
microscopic and fluorescence microscopic images of dried
hydrogels also showed uniform samples without significant
aggregates or cracks after freeze-drying (Figure 2d-iv−vi). Thus,
aerating NH3 gas into the solution of DAC and diamines
demonstrates an efficient method for preparing homogeneous
hydrogels with adjustable thickness. Such hydrogels with
homogeneous structure are of particular interest for diverse
application, such as for catch-and-release system, hybrid
materials, bionic hydrogels, and bio-/catalysis.12,36−38

Furthermore, these hydrogels based on Schiff base groups
between DAC and diamines showed stimuli-responsive proper-
ties due to the pH-responsive character of Schiff base. The
Schiff base groups can be cleaved and reformed by decreasing
and increasing the pH values, respectively. Depending on the
type of diamines that can contain further functional groups,
further functionalities can be easily introduced, e.g., using AED·
2HCl containing a disulfide linkage.
We started with the preparation of pH stimuli-responsive

hydrogels using HMDA·2HCl as cross-linker for DAC (Figure
3a). Hydrogels were obtained after aerating NH3 gas for 30
min. By introducing HCl gas for 20 min, the hydrogel was
destroyed and became a solution again. During the introduction
of HCl gas, the Schiff base groups were cleaved, and the
diamine groups turned into ammonium salt again. At the same
time, a color change of the solution from colorless to brown

Figure 2. Characterization of hydrogels. (a) Hydrogels formed by adding aqueous NaOH solution into solution of DAC/HMDA·2HCl and optical
images of hydrogels. (b) TG curves of two different kinds of hydrogels. (c) Hydrogels formed by aerating NH3 gas into solution of DAC/HMDA·
2HCl and optical images of hydrogels, (d) i: fluorescence microscopic image of hydrogel/NaOH, ii and iii: optical images of freeze-dried hydrogels/
NaOH, iv: fluorescence microscopic image of hydrogel/NH3, v and vi: optical images of freeze-dried hydrogels/NH3.

Figure 3. Stimuli-responsive hydrogels from DAC and HMDA·2HCl. (a) Schematic and optical images (i−iv) showing the switchable process
between hydrogel and solution by aerating NH3 gas and HCl gas, respectively. (b) Schematic illustration for the switching mechanism of pH-
responsive hydrogels during the introduction of NH3 and HCl gas.
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was visible. This color change should be due to the formation
of small molecular byproducts via the Maillard reaction.39 The
aeration of NH3 gas into solution led to the hydrogels again,
which is due to the transformation of the ammonium salt of
diamine and subsequent rapid reaction with aldehyde groups of
DAC (Figure 3b). Thus, pH-responsive hydrogels could be
prepared by introducing NH3 gas and could be reversibly
switched to solution by alternatively introducing HCl gas
(Figure 3a). The principal mechanism is the reversible
formation and cleavage of Schiff base groups and ammonium
salts, depending on the presence of acid or base (Figure 3b).
By using another diamine-containing further functionality,

more functions can be easily introduced into the pH-responsive
hydrogels. We used further AED·2HCl that contains a disulfide
group for multi-stimuli-responsive hydrogels. By aerating NH3
gas into the solution of DAC and AED·2HCl, a hydrogel is
formed instantly after several minutes (Figure 4a). Due to the
presence of disulfide group, the hydrogel network could be
dissociated into solution via the reduction of disulfide groups
using DTT as reducing agent. By adding oxidizing agents, such
as NaIO4, the hydrogel was reformed again. Thus, the hydrogel
was responsive to the redox condition. Due to the presence of
Schiff base groups within the hydrogel, it is also pH-responsive
as demonstrated above for the hydrogels containing HMDA as
cross-linker (Figure 4a,b).
On the basis of advantages of our method including

controllable gelation process and the presence of numerous
reactive aldehyde groups of DAC, multi-stimuli-responsive
hydrogels with microscopic multiblock structure can be
efficiently prepared. In addition, specific functions can be
preprogrammed into each single block of multiblock hydrogels,
e.g., distinct stimuli-responsiveness or fluorescence (Figure 5).
The procedure for the preparation of multiblock hydrogels is
illustrated in Figure 5a.
In this study, hydrogels with 3 blocks with a height of ∼5

mm for each block were prepared as example. Starting with the
solution of DAC, AED·2HCl, and aminoethyl rhodamine
(AERhB, referred to as MS1), block 1 was obtained via aerating
NH3 gas. Then, solution MS1 was replaced by the solution of
DAC and AED·2HCl (referred to as MS0). Aerating NH3 gas
into the tube led to the formation of block 2. By replacing MS0
with another solution of DAC, AED·2HCl, and FITC (referred
to as MS2) and subsequently aerating NH3 gas, block 3 within
the hydrogel was obtained. Thus, 3-block hydrogels with
diverse functions within each block were prepared.
In block 1, AERhB was immobilized, which provides this

block with tunable color change due to its responsiveness

against UV-illumination and pH value. By placing the hydrogel
in PBS solution with a pH value of 6.5 for 2 min or illuminating
the hydrogel with UV light of 365 nm for 10 min, the color of
block 1 became magenta (Figure 5b-i,ii), while the other blocks
did not show significant color change. The magenta color could
be switched back to yellow by treating the hydrogel using PBS
solution with a pH value of 7. Block 2 contains Schiff base
groups between DAC and AED·2HCl, as well as the disulfide
groups. This block is responsive to pH values as well as redox
condition. Moreover, because the whole hydrogel contains
these bonds, the whole hydrogel can be disassembled using
HCl gas or reducing agent DTT (Figure 5b-iii). In block 3,
FITC was fixed in the matrix, which enables this block to be
fluorescent, as shown by the image taken under the UV light
(Figure 5b-iv).
Thus, this method allows us to introduce various functions

and stimuli-responsive properties into multiblock hydrogels.
The aminoethyl rhodamine and fluorescein isothiocyanate

Figure 4. Stimuli-responsive hydrogels from DAC and AED·2HCl. (a) Schematic and optical images (i−v) showing the formation and dissociation
of pH and redox-responsive hydrogels; (b) schematic illustration for the cleavage/formation of disulfide linkages using DTT/NaIO4.

Figure 5. Preparation of multiblock stimuli-responsive hydrogels. (a)
Schematic representation for the preparation of the multiblock
hydrogels. (b) Representative optical images and schematic
representations (i−iv) of multi-stimuli-responsive properties of a
multiblock hydrogel.
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isomer could be replaced by other functional reagents, which
allows the introduction of other functionalities into the
hydrogel. Moreover, the microscopic structure of hydrogels
can be simply adjusted by generating blocks of diverse numbers
and block lengths within the same hydrogels. The advantages of
multiblock hydrogels provide us more possibilities to design
functional materials to fulfill more complicated requirements,
ranging from tissue engineering to pharmaceutical applica-
tions.15,16,18,40

■ CONCLUSIONS
We show for the first time the preparation of multiblock and
multi-stimuli-responsive hydrogels with uniform chemical
structures using a controllable and efficient method by aerating
NH3 gas into the solution of DAC and di-/amines. The
hydrogels formed by DAC together with HMDA·2HCl, and
AED·2HCl could be tuned between solution and hydrogel
status, if certain stimuli such as changing pH (HCl and NH3
gas) or redox condition (DTT and NaIO4) were applied.
Furthermore, multiblock hydrogels could be prepared, and each
block could contain its particular functions by adjusting the
location of desired functionality. Thus, the exact location of
diverse functions could be generated either throughout the
whole hydrogels or within a certain block. In the present study,
the disulfide linkages and the Schiff base groups from the
reaction between AED and aldehyde groups were generated
within the whole multiblock hydrogels, while each block
contained another different function, such as fluorescence and
alternative optical color. Thus, we demonstrated in this work
the preparation of uniform multifunctional and multiblock
hydrogels via a novel efficient method, which enables a broad
spectrum of further promising stimuli-responsive functional
materials.
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Nydeń, M. Dissolution and gelation of cellulose in TBAF/DMSO
solutions: the roles of fluoride ions and water. Biomacromolecules 2009,
10 (9), 2401−2407.
(21) Kadokawa, J.-i.; Murakami, M.-a.; Kaneko, Y. A facile
preparation of gel materials from a solution of cellulose in ionic
liquid. Carbohydr. Res. 2008, 343 (4), 769−772.
(22) Chang, C.; Zhang, L. Cellulose-based hydrogels: present status
and application prospects. Carbohydr. Polym. 2011, 84 (1), 40−53.
(23) Liang, H.-F.; Hong, M.-H.; Ho, R.-M.; Chung, C.-K.; Lin, Y.-H.;
Chen, C.-H.; Sung, H.-W. Novel method using a temperature-sensitive

ACS Sustainable Chemistry & Engineering Research Article

DOI: 10.1021/acssuschemeng.7b00646
ACS Sustainable Chem. Eng. 2017, 5, 5313−5319

5318

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acssuschemeng.7b00646
http://pubs.acs.org/doi/abs/10.1021/acssuschemeng.7b00646
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.7b00646/suppl_file/sc7b00646_si_001.pdf
mailto:kzhang1@uni-goettingen.de
http://orcid.org/0000-0002-5783-946X
http://dx.doi.org/10.1021/acssuschemeng.7b00646


polymer (methylcellulose) to thermally gel aqueous alginate as a pH-
sensitive hydrogel. Biomacromolecules 2004, 5 (5), 1917−1925.
(24) Yu, A. C.; Chen, H.; Chan, D.; Agmon, G.; Stapleton, L. M.;
Sevit, A. M.; Tibbitt, M. W.; Acosta, J. D.; Zhang, T.; Franzia, P. W.;
et al. Scalable manufacturing of biomimetic moldable hydrogels for
industrial applications. Proc. Natl. Acad. Sci. U. S. A. 2016, 113, 14255−
14260.
(25) Yang, M.-J.; Chen, C.-H.; Lin, P.-J.; Huang, C.-H.; Chen, W.;
Sung, H.-W. Novel method of forming human embryoid bodies in a
polystyrene dish surface-coated with a temperature-responsive
methylcellulose hydrogel. Biomacromolecules 2007, 8 (9), 2746−2752.
(26) Dutta, S.; Samanta, P.; Dhara, D. Temperature, pH and redox
responsive cellulose based hydrogels for protein delivery. Int. J. Biol.
Macromol. 2016, 87, 92−100.
(27) Pandey, M.; Mohamad, N.; Low, W. L.; Martin, C.; Amin, M. C.
I. M. Microwaved bacterial cellulose-based hydrogel microparticles for
the healing of partial thickness burn wounds. Drug Delivery Transl. Res.
2017, 7 (1), 89−99.
(28) Yanamala, N.; Kisin, E. R.; Menas, A. L.; Farcas, M. T.;
Khaliullin, T. O.; Vogel, U. B.; Shurin, G. V.; Schwegler-Berry, D.;
Fournier, P. M.; Star, A.; Shvedova, A. A. In vitro toxicity evaluation of
lignin-(un) coated cellulose based nanomaterials on human A549 and
THP-1 cells. Biomacromolecules 2016, 17 (11), 3464−3473.
(29) Naseri, N.; Deepa, B.; Mathew, A. P.; Oksman, K.; Girandon, L.
Nanocellulose-Based Interpenetrating PolymerNetwork (IPN) Hydro-
gels for Cartilage Applications. Biomacromolecules 2016, 17 (11),
3714−3723.
(30) Duan, J.; Liang, X.; Zhu, K.; Guo, J.; Zhang, L. Bilayer hydrogel
actuators with tight interfacial adhesion fully constructed from natural
polysaccharides. Soft Matter 2017, 13 (2), 345−354.
(31) Zhao, L.; Li, W.; Plog, A.; Xu, Y.; Buntkowsky, G.; Gutmann, T.;
Zhang, K. Multi-responsive cellulose nanocrystal−rhodamine con-
jugates: an advanced structure study by solid-state dynamic nuclear
polarization (DNP) NMR. Phys. Chem. Chem. Phys. 2014, 16 (47),
26322−26329.
(32) Yang, H.; Chen, D.; van de Ven, T. G. Preparation and
characterization of sterically stabilized nanocrystalline cellulose
obtained by periodate oxidation of cellulose fibers. Cellulose 2015,
22 (3), 1743−1752.
(33) Kristiansen, K. A.; Potthast, A.; Christensen, B. E. Periodate
oxidation of polysaccharides for modification of chemical and physical
properties. Carbohydr. Res. 2010, 345 (10), 1264−1271.
(34) Kim, U.-J.; Kuga, S.; Wada, M.; Okano, T.; Kondo, T. Periodate
oxidation of crystalline cellulose. Biomacromolecules 2000, 1 (3), 488−
492.
(35) Sun, J.-Y.; Zhao, X.; Illeperuma, W. R. K.; Chaudhuri, O.; Oh, K.
H.; Mooney, D. J.; Vlassak, J. J.; Suo, Z. Highly stretchable and tough
hydrogels. Nature 2012, 489 (7414), 133−136.
(36) Sakai, T.; Matsunaga, T.; Yamamoto, Y.; Ito, C.; Yoshida, R.;
Suzuki, S.; Sasaki, N.; Shibayama, M.; Chung, U.-i. Design and
fabrication of a high-strength hydrogel with ideally homogeneous
network structure from tetrahedron-like macromonomers. Macro-
molecules 2008, 41 (14), 5379−5384.
(37) Vandermeulen, G. W.; Klok, H. A. Peptide/protein hybrid
materials: enhanced control of structure and improved performance
through conjugation of biological and synthetic polymers. Macromol.
Biosci. 2004, 4 (4), 383−398.
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