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Osmotic squat actuation in stiffness adjustable bacterial cellulose 
composite hydrogel
Chen Qian, Taka-Aki Asoh*, Hiroshi Uyama*

Mechanically adaptive hydrogels can change their mechanical characteristics in response to external stimuli and show 
potential applications in biomechanical fields. To eliminate the undesired swelling/shrinkage in the responding process, 
poly(acrylic acid) (PAA) was grafted to acryloyl chloride (AC)-modified bacterial cellulose (BC) by free-radical polymerization. 
The obtained BC-g-PAA composite hydrogels showed adjustable stiffness in compression, kept soft at pH lower than 6 
(compression strain over 49% at a stress of 0.1 MPa), and stiffened when pH reached 7 (compression strain lower than 27% 
at a stress of 0.1 MPa), while the volume change ratio was consistently lower than 15%. Based on this, the hydrogel showed 
interesting squat actuation to lift a weight. The BC composite hydrogel exhibited dual pH-responsiveness after grafting PAA 
with poly[2-(dimethylamino)ethyl methacrylate], confirmed the general availability of this strategy in fabricating 
volumetrically stable and mechanically adaptive hydrogels. The surrounding solution-independent softening of BC-g-PAA 
hydrogel was observed in 8 min under UV irradiation via a photo-triggered pH jump reaction. By virtue of the selective UV 
irritation, the spatiotemporally controllable softening with actuation in BC-g-PAA hydrogel was realized. The developed pH-
responsive mechanically adaptive BC composite hydrogels with high dimensional stability and UV-activated spatiotemporal 
squat actuating capability are expected to provide more options in developing novel bioimplants and smart structures.

1. Introduction
Smart materials are well-designed materials that can adjust 
their characteristics in response to external stimuli, show 
extensive applications in actuators, sensors, biomedical devices, 
and other smart structures1-4. Among them, smart hydrogels, 
which have the advantages of high water content, soft tissue-
mimicking consistency and high permeability to metabolites 
and oxygen, showed widespread applications in biomedical 
devices and soft actuators5-9.

Recently, attempting to design novel smart hydrogels with 
tunable mechanical properties has generated considerable 
research interest. In response to external stimuli, the smart 
hydrogels were expected can dynamically adjust their 
mechanical characteristics to match human soft tissues or 
regulate cell proliferation and differentiation, which could 
facilitate the application of hydrogels in biomedical devices, 
drug delivery, cell proliferation, and tissue engineering10-12. 

Continuous attempts have been made by scientists to 
develop novel mechanically adaptive hydrogels through 
different strategies, such as utilizing hydrogen bonding13, ionic 
cross-linking14, conformational changes in proteins15 and other 
dynamic bonds to regulate the topology of a hydrogel network16. 
Up to now, the mechanical adaptivity of hydrogels still relies 
mainly on the variation of crosslinking density in hydrogel 
network or tuning conformation of polymer chains between the 

crosslinking points, which will give rise to a concomitant 
1swelling/shrinkage with mechanical property change. The 
concurrent drastic swelling and shrinkage would restrict their 
applications in biomechanical fields, because the undesired 
volume change hinders the precise control of the shape in 
hydrogel implant, moreover, causes displacement from the 
installation site, irritation and even damage to the surrounding 
tissues17-19. Thus, successes in developing mechanically 
adaptive hydrogels with high dimensional stability could 
promote the design of the next generation of body implant 
materials11.
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On the other hand, smart hydrogels with stimuli-responsive 
swelling/shrinkage have been developed as soft actuators, 
which attracted increasing attention due to their promising 
potential applications in biomedicine, and soft robotics, and as 
artificial muscles20, 21. The main principle of actuation 
performance in hydrogel actuators is based on the asymmetric 
swelling of their various inhomogeneous structures22, 23. Based 
on the most well-known reversible bending and folding in 
laminated layer hydrogel actuators24-28, more sophisticated 
shape deformations of the advanced hydrogel actuators can be 
programmed by assembling hydrogel building blocks29, 30 and 
photolithographic patterning31, 32. However, subject to the 
nonuniform swelling mechanism, shape deformations in 
common hydrogel actuators happen in at least two directions, 
makes them unable to operate even simple unidirectional 
actuation instead. Unidirectional actuation of hydrogels, such 
as squat or vertical lifting, would provide more options in soft 
robotics and smart structure design.

An ionic strength-responsive stiffness adjustable bacterial 
cellulose (BC)/poly(sodium styrene sulfonate) (PSS) composite 
hydrogel based on a new mechanism was reported in our 
previous study33. It utilized BC as a matrix and grafted PSS as an 
osmotic pressure generator, showed significant stiffness 
change without any obvious volumetric changes in prepared 
BC-g-PSS composite hydrogel. BC is a biocompatible hydrogel 
consisting of highly developed cellulose nanofibrillar structures, 
which is usually obtained by microbial fermentation in static34, 

35. The stable cellulose nanofibrillar network in BC could 
eliminate the potential swelling/shrinkage, while the grafted 
ionic strength-responsive PSS causing a variation in interior 
osmotic pressure to adjust the stiffness of the BC-g-PSS 
composite hydrogel.

The strategy for preparing dimensionally stable stiffness 
adjustable BC composite hydrogel was retained in this study. 
New types of pH-responsive mechanically adaptive BC 
composite hydrogels were prepared, not only conventional 
single-pH responsiveness but also dual-pH responsiveness and 
remote UV-triggering were showed. Systems that can response 
to pH environment are of particular interest for biomedical 
applications as several locations in the body exhibit substantial 
pH changes during either normal function or as part of a disease 
state36. Furthermore, remote triggering would provide 
convenience and practicability. Poly(acrylic acid) (PAA) was 
grafted onto BC for responding to the pH change of surrounding 

solutions via dramatical protonation and ionization (illustrated 
in Fig. 1a). The stiffness of BC-g-PAA hydrogel can be adjusted 
by generating and eliminating internal osmotic pressure upon 
pH change without any obvious volumetric changes (illustrated 
in Fig. 1b). Most interestingly, BC-g-PAA hydrogel also showed 
a novel squat actuating capability with lifting a weight up and 
down reversibly (illustrated in Fig. 1c). Based on the BC-g-PAA 
hydrogels, poly[2-(dimethylamino)ethyl methacrylate] 
(PDMAEMA) was introduced and formed polyampholyte with 
PAA, extended the monotonous pH-responsibility in BC-g-PAA 
to a dually pH-responsive behavior in BC-g-Polyampholyte (BC-
PAmph) hydrogels. Moreover, the BC-g-PAA hydrogel showed 
surrounding solution-independent self-softening and 
spatiotemporal actuation upon UV stimulus by utilizing a photo 
triggered pH-jump reaction, which may facilitate their 
mechanical applications for smart structural materials.

Combining with the biocompatibility of BC, the presented 
pH-responsive BC composite hydrogels are expected to provide 
new options in therapeutic implants due to a large variety of 
physiological pH that exists not only in normal conditions such 
as the gastrointestinal tract but also in pathological conditions 
such as tumoral culture. Moreover, the exploration in remote 
UV-triggering and squat actuating could further extend the 
application of the BC composite hydrogels as a smart structural 
material. This fabrication strategy of mechanically adaptive 
hydrogel combining dimensionally stable hydrogel matrix with 
free-chain stimuli-responsive polymers exhibits generalizability 
and may open the door to an exploration of these materials as 
novel biomedical implants, smart structures, and soft robotics.

2. Experimental section
2.1 Materials

Bacterial cellulose (BC) pellicles were obtained from Fujicco Co., 
Ltd. N,N-dimethyl formamide (DMF), triethylamine (TEA) and 
acrylic acid (AA) monomer were purchased from Nacalai 
Tesque. Acryloyl chloride (AC), sodium hydroxide, hydrochloric 
acid, and sodium chloride standard solutions were all purchased 
from Wako Chemicals. 2-Nitrobenzaldehyde and 2-
(dimethylamino)ethyl methacrylate (DMAEMA) monomer were 
obtained from Tokyo Chemical Industry. Ammonium persulfate 
(APS) was purchased from Sigma-Aldrich. Besides, deionized 
(DI) water was used for all experiments.

Fig. 1 (a) Mechanism of pH-induced stiffness change behavior in BC-g-PAA hydrogels: protonation and ionization of PAA with internal osmotic pressure change. 
Illustration of the reversible pH-responsive (b) stiffness change and (c) squat actuation in BC-g-PAA composite hydrogels.
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2.2 Purification and quantification of BC

BC hydrogels were firstly thoroughly washed by DI water, then 
purified in 0.2 mol L-1 NaOH aqueous solution at 80 °C for 4 h, 
finally washed with DI water until the pH value was constantly 
neutral. In this work, all the pristine BC gels used were counted 
as a composition of 1 wt% cellulose and 99 wt% water. The 
concentrations of solutions were the final values after adding 
BC gels when BC was involved.

2.3 Modification of BC with AC

Prior to modification, the BC hydrogels were subjected to a 
solvent exchange, replacing interior water in BC by DMF. 
Specifically, BC was firstly immersed in abundant DMF for 12 h. 
Water in the BC/DMF mixture was eliminated by rotary 
evaporating at 50 °C with a pressure of 30 mbar. Until no water 
could be collected, the solvent exchange was considered as 
completed. After that, distilled TEA was added into the mixture 
of BC and DMF, excess AC (a mole ratio of 10:1 to the hydroxy 
groups in cellulose) was added dropwise in the mixture while 
stirring in an ice bath. The reaction was conducted at room 
temperature for 24 h until adding deionized water to terminate 
the reaction. The resultant AC modified BC (ACBC) gels were 
purified by washing with deionized water completely.

2.4 Preparation of BC-g-PAA and BC-g-PAmph hydrogels

The PAA was grafted from ACBC via free-radical polymerization 
by using APS as initiator. The required amount of AA (was partly 
neutralized by NaOH) with 1.0 mol% APS (corresponding to AA 
monomer) was added to the mixture of ACBC and deionized 
water. The mixture was well homogenized by stirring for about 
8 h in an ice bath before purging with gaseous N2. Then the free-
radical polymerization was initiated by transferring the mixture 
into a 65 °C oil bath. The polymerization was continued for 24 
h. After that, the obtained BC-g-PAA composite gels (BC-g-PAA) 
were completely washed with deionized water before 
characterizations. The BC-g-PAA samples were denoted as BC-
PAA-x-y, where x represents the concentration of AA in graft 
polymerization, y presents the neutralization degree of AA 
monomer before polymerization. BC-0 is designated as pristine 
BC gel. Moreover, BC-g-polyampholyte (BC-PAmph) hydrogels 
were prepared through graft copolymerization of equal AA and 
DMAEMA monomer in the presence of ACBC and APS, the 
details were consistent with the preparation of BC-PAA but 
without the neutralization of AA by NaOH. The BC-PAmph 
samples were designated as BC-PAmph-z, where z represents 
the overall molar concentration of monomers in graft 
polymerization.

2.5 Determination of the composition of BC-0 and BC composite 
hydrogels

The composition of BC gels was determined by weighting as 
follows. For BC composite gels, the initial weight of the used 
pristine BC gels was first recorded before modification. After 
grafting of stimuli-responsive polymers, the weight of 

corresponding composite gels was measured again. Then, the 
BC composite gels were dried in an oven at 80 °C up to a 
constant mass, and the dried weights were measured. For BC-0 
gels, the wet and dry weight were also measured.

The mass percent of water (Rw), cellulose nanofibers (Rc) and 
grafted polymer (Rp) in BC gels could be calculated with the 
recorded weight of hydrogels at hydrate and dried state, 
according to Eqs. (1), (2) and (3), respectively33.

(1)𝑅𝑤 =
𝑊0 ― 𝑊𝑑

𝑊0
× 100%

(2)𝑅𝑐 =
𝑊𝑐

𝑊0
× 100%

(3)𝑅𝑝 =
𝑊𝑑 ― 𝑊𝑐

𝑊0
× 100%

In the equations, Wd is the dry weight and W0 is the wet 
weight of gels. Wc is the weight of cellulose nanofibers in gels. 
For BC-0 gels, no grafted polymer is involved, Wc is exactly the 
Wd. However, it is unable to determine Wc in BC composite gels 
by measuring the weight directly. Therefore, the Wc in BC 
composite gels was estimated on the basis of initial wet weight 
(pristine BC gels before any modifications) with the Rc of BC-0 
gels.

2.6 Characterization of BC hydrogels

Attenuated total reflection Fourier transform infrared (ATR-
FTIR) spectroscopy (Thermo Scientific Nicolet iS 5, USA) was 
used to confirm the successful preparation of BC-g-PAA and BC-
g-PAmph composite hydrogels. The samples for FTIR were 
frozen by liquid nitrogen and then dried in a vacuum freeze-
drier for ATR-FTIR measurement. 

The vertical sections of the BC and BC composite hydrogels 
were observed using scanning electron microscopy (SEM) 
(Hitachi SU3500, Japan). The hydrogel samples were freeze-
dried and sputtered with gold by using an MSP-1S magnetron 
sputter (Vacuum Device Inc, Japan). The samples were observed 
under a high vacuum at an acceleration voltage of 1.50 kV.

2.7 Compression test

For the compression test, the samples were cut into cylinders 
(10 mm in diameter and 10 mm in height). The compressing 
testing of BC gels was performed by applying the respective 
compressive stress along the growth direction (weaker 
direction) of BC. The required strain to achieve a deformation 
speed of 3.0 mm∙min-1 was measured in a 500 N load cell with a 
material tester (Shimadzu EZ Graph, Japan) at room 
temperature.

2.8 pH-responsive behavior of BC composite hydrogels

The original volumes of BC composite gels in DI water were 
firstly measured via volume displacement method using a 
measuring cylinder. Subsequently, BC composite gels were 
separately immersed in different pH aqueous solutions but with 
the same ionic strength of 0.01 mol L-1, which can be readily 
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obtained by compounding 0.01 mol L-1 NaCl solutions with 0.01 
mol L-1 HCl or 0.01 mol L-1 NaOH solutions. After 24 h, took out 
the BC gels, gently removed the excess of solution and 

measured their equilibrium volumes. Afterward, the 
compression properties of samples were measured according 
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Table 1 The composition of BC-g-PAA hydrogels and pH of their corresponding monomer solutions.

Sample
pH of monomer 

solution
Water content 

(wt%)
Cellulose content 

(wt%)
Grafted polymer 

content (wt%)

BC-0 - 99.4 0.6 0
BC-PAA-1.0-0 2.1 58.5 0.5 41.0

BC-PAA-1.0-60 4.5 99.0 0.6 0.4
BC-PAA-1.0-95 5.5 99.3 0.6 0.1

to the preceding method. The volume change ratio (VCR) of BC 
gels in ionic responding was calculated as followed: 

(4)𝑉𝐶𝑅 =
𝑉e ― 𝑉0

𝑉0
× 100%

Where the Ve is the equilibrium volume of BC composite gels 
after being immersed in corresponding solutions and V0 is the 
original volume of the as-prepared BC composite gels in DI 
water.

3. Results and discussion
3.1 BC-g-PAA composite hydrogels prepared with different 
monomer neutralization degrees

The preparation process of BC-PAA hydrogels is illustrated in 
Fig. 2a. Firstly, the acrylate groups were introduced into BC by 
reacting the surface hydroxyl groups of BC with acrylate 
chloride in the presence of TEA33. The graft polymerization of 
acrylic acid onto BC was conducted in water by using APS as 
initiator at 65 °C.

Before polymerization, the acrylic acid monomer was pre-
neutralized to different percent neutralization by sodium 
hydroxide aqueous solution. The composition of BC-g-PAA 
hydrogels prepared with the same AA concentration of 1.0 mol 
L-1 and different pre-neutralization degrees was recorded in 
Table 1. The amount of grafted PAA in the BC-PAA composite 
hydrogels showed a strong dependence on the percent 
neutralization under the same monomer concentration, 
decreased with increasing percent neutralization from 0 up to 

95%. The pH values of the monomer solutions before 
polymerization were recorded. 1.0 mol L-1 AA solution without 
neutralization showed a pH of 2.1 at room temperature, which 
was much lower than the pKa of AA, as known as about 4.3. In 
this case, AA monomers kept the initial protonated state and 
associated with the BC surface prior to polymerization by the H-
bonded interactions between AA monomers and surface 
hydroxyl groups of BC. During the polymerization, the H-
bonding between AA monomers could promote the 
polymerization rate, resulting in a formation of PAA network 
inside BC hydrogels37, 38. Thus, the highest PAA content of 41.0 
wt% was found in BC-PAA-2.0-0 gels.

With the neutralization degree increase, the PAA content of 
BC composite hydrogel dramatically decreased. The most likely 
explanation was that the ionic repulsion between the monomer 
and growing polymer increased, due to the increasing of ionized 
monomer37-39. Especially for BC-PAA-1.0-95, since the monomer 
solution showed a much higher pH, most of the monomers were 
ionized in aqueous solution. Therefore, BC-PAA-1.0-60 and BC-
PAA-1.0-95 showed a fairly low PAA content of 0.4 and 0.1 wt%, 
respectively.

Moreover, it was found that the BC-g-PAA hydrogels 
(without washing by water) with different monomer percent 
neutralization showed an obvious difference in their spectra 
(Fig. 2b). In the spectrum curve of BC-PAA-1.0-0, the peak of 
C=O stretching located at 1720 cm-1 indicated the grafting of 
non-neutralized poly(acrylic acid) 33, 40. With the percent 
neutralization increasing up to 60% and 95%, the peak of C=O 
stretching in carboxyl groups gradually became weaker, and a 

Fig. 2 (a) Schematic presentation of the preparation of BC-g-PAA. (b) ATR-FTIR spectra of BC-0, ACBC, and BC-g-PAA hydrogells. (c) Compression stress-strain curves of 
pristine BC and BC-g-PAA hydrogels at pH 7. SEM images of freeze-dried (d) BC-0, (e) BC-1.0-0, (f) BC-1.0-60, (g) BC-1.0-95 at 3000× magnification (scale bar: 10 μm)
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new peak of -COO- asymmetric stretching vibration at 1575 cm-1 
arose and enhanced, confirmed the different contents of 
ionized carboxylate groups in BC-g-PAA hydrogels.

With the different contents of PAA, BC-PAA composite 
hydrogels showed different mechanical properties at pH 7 in 
their compression stress-strain curves (Fig. 2c). Pure BC is well-
known as an ultra-soft hydrogel in compression, owing to the 
interior porous cellulose nanofiber network (Fig. 2d), which is 
too weak to resist the external compression force. As a result, 
BC-0 exhibited two-region in its compression curve, which 
mainly includes the first plateau with stress nearly 0, and the 
last densification region with sharply increasing stress.

However, BC-PAA-1.0-0 showed obviously different 
mechanical characteristics in compression owing to the 
presence of PAA. As observed in Fig. 2e, individual cellulose 
nanofibers could rarely be observed; the massive PAA filled in 
the nanocellulose network of BC and tremendously 
strengthened the composite hydrogels. As a result, relatively 
high stress was shown in the low strain region rather than a low-
stress plateau in Fig. 2c. Furthermore, with the filling of PAA in 
the internal porosities of the nanocellulose network, the 
morphology of solid phase in BC-PAA-1.0-0 was harder to self-
adjust in compression, thus the sample was easily crushed at a 
low strain of 24.8%. In comparison with BC-0, an approximate 
linear elastic deformation region can be recognized between 
the first plateau and later densification region in the 
compression curve of BC-PAA-1.0-60, due to the strengthening 
effect of PAA in the composite hydrogel. Comparing to BC-PAA-
1.0-0, the lyophilized BC-PAA-1.0-60 remained a porous 
cellulose nanofiber network with locally aggregated PAA as 
observed in Fig. 2f. BC-PAA-1.0-95, with the lowest PAA 
content, exhibited almost the same micromorphology (Fig. 2g) 
and a similar two-region compression curve with BC-0 but 
showed an earlier appeared densification region.

The strengthening effect of PAA in BC-g-PAA composite 
hydrogels can be divided into two parts. Firstly, the carboxylic 
groups of grafted PAA would get deprotonated at a pH > pKa, 
and Na+ counterions (introduced during the pre-neutralization 
process of monomer) would disperse to the abundance of 
water, negatively charged carboxylate ions would be generated 
in BC-PAA composite, as illustrated in Fig 1a. In this case, the 
BC-PAA hydrogels would be highly strengthened because of the 
large osmotic pressure generated inside by the presence of the 
carboxylate ions, arising a stress increase in the low strain 
region. Secondly, the grafted PAA polymer would enhance the 
nanocellulose network of BC matrix through the physical 
entanglement of BC and PAA chain along with the formation of 
hydrogen bonds or directly filling in the voids and gaps of the 
nanocellulose network. Thus, the densification region would 
appear earlier in compression curves.

3.2 pH-responsiveness of BC-g-PAA composite hydrogel

The pH-responsive mechanical adaptivity of the BC-g-PAA 
composite hydrogels was preliminarily studied at pH 2, 7 and 
12. The underlying mechanism was illustrated in Fig. 1a. When 
the pH of the surrounding solution decreased from 7 to 2, the 

ionized carboxylic acid groups of grafted PAA would be 
protonated. The amount of negatively charged groups in BC-
PAA gels would dramatically decrease due to the 
transformation from carboxylate groups to carboxy groups. 
Therefore, the generated osmotic pressure in BC-PAA would 
disappear, and further turn BC-PAA to its soft state. 

However, BC-PAA-1.0-0 showed an unanticipated stiffness 
change behavior along with pH (Fig. 3a). It is noticeable that the 
content of PAA in BC-PAA-1.0-0 was 41.0 wt%, because of the 
strong H-bonding effect between unneutralized AA monomers 
and BC. The PAA-dominated structure of BC-PAA-1.0-0 was well 
observed in Fig. 2e. As aforementioned, it could be considered 
that PAA well filled the nanocellulose network in BC as a 
secondary hydrogel, rather than simply grafting on the surface. 
BC-PAA-1.0-0 showed a stiff state at pH 7 because of the high 
solid content in the composite hydrogel, which played a 
dominant role in BC-PAA-1.0-0. After pH increased to 12, PAA 
started to swell because of the electrostatic repulsion 
generating from the negatively charged carboxylate groups, 
broke the barrier of BC, made BC-PAA-1.0-0 swollen to 273.7% 
of its original volume and turned the composite gel to brittle, 
just like the common pH-responsive poly(acrylic acid) 
hydrogels41, 42. Conversely, BC-PAA-1.0-0 shrank to 87.3% of its 
original volume and got tough at pH 2. BC-PAA-1.0-0 softened 
with swelling at high pH and stiffened with shrinking at low pH, 
showed a pH-responsive behavior similar to conventional PAA 
hydrogels, but exactly opposite to other prepared BC-PAA 
composite hydrogels.

In comparison, BC-PAA-1.0-60 showed an ultra-soft state at 
pH 2 (Fig. 3b). The densification region appeared in the 
compression curve of BC-PAA-1.0-60 without prior stress 
increase, owing to the disappearance of interior osmotic 
pressure. On the other hand, with the increase of pH to 12, BC-
PAA-1.0-60 did not show further stiffening than at pH 7, which 
can be ascribed to the pKa of PAA, which was generally lower 
than 7. Thus, the ionization degree of the carboxylic groups did 
not increase significantly with the pH increasing to 12. With an 
extremely low amount of PAA, BC-PAA-1.0-95 gels showed 
similar pH-responsive behavior with BC-PAA-1.0-60 but in a 

Fig. 3  Compression stress-strain curves of (a) BC-PAA-1.0-0, (b) BC-PAA-1.0-
60, (c) BC-PAA-1.0-95 at pH 2, 7 and 12.

0204060801000.00.10.20.30.40.5pH=12pH=2Stress (MPa)Strain (%)pH=7
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more inconspicuous way (Fig. 3c), which can be ascribed to its 
low carboxyl group amount. Moreover, because of the steady 
structure of the BC interior network, no obvious swelling or 
shrinkage was observed during the stiffness change both BC-
PAA-1.0-60 and BC-PAA-1.0-95.

According to these results, it clearly showed that the pre-
neutralization degree of the AA monomer would influence the 
content and morphology of grafted PAA in BC-g-PAA composite 
hydrogels. Meanwhile, the appropriate structure and amount 
of PAA in BC-PAA composite hydrogels are prerequisites for 
realizing effective mechanical adaptability in BC-g-PAA 
composite hydrogels.

Table 2 The compression properties and volume change ratio (VCR) of BC-PAA-2.0-60 at 
different pH.

pH
VCRa 
(%)

εb
b

(%)
σb

c

(MPa)
ε0.1

d

(%)

2 -14.3 - - 82.7±2.4

3 -13.3 - - 79.4 ± 2.3

4 -12.6 83.3 ± 0.3 0.59 ± 0.07 66.1 ± 2.9

5 -9.2 77.4 ± 0.2 0.49 ± 0.02 57.2 ± 0.9

6 -6.4 66.5 ± 0.6 0.40 ± 0.03 49.1 ± 2.0

7 0 41.6 ± 0.1 0.23 ± 0.01 23.8 ± 1.2

10 0.4 46.2 ± 0.4 0.22 ± 0.01 25.7 ± 0.2

12 0.3 39.53 ± 1.5 0.16 ± 0.02 25.7 ± 0.9

a: volume change ratio, b: fractured strain, c: compression strength, 
d: strain at the stress of 0.1 MPa.

The pH-responsive behavior of BC-g-PAA hydrogels at 
various pH was further studied in BC-PAA-2.0-60. With the 
concentration of AA monomer increased from 1.0 to 2.0 mol L-

1, the content of PAA, which plays a pivotal role in mechanical 
properties and mechanical adaptivity of BC-g-PAA hydrogels, 
increased from 0.4 wt% in BC-PAA-1.0-60 to 1.2 wt% in BC-PAA-
2.0-60.

As can be seen in Fig. 4a, BC-PAA-2.0-60 stiffened with the 
pH of surrounding solutions raising from 2 to 12. To be specific, 
when the pH increased from 2 to 7, BC-PAA-2.0-60 continuously 
stiffened. It was manifested in the compression curves that the 
strain hardening behavior occurred at lower strains with pH 
increasing. As a weak polyelectrolyte, the deprotonation degree 
of the carboxyl groups from PAA would increase with pH. The 
protons of carboxylic acid groups would diffuse to the 
surrounding solution, make the polymer backbone charged and 
cause a difference in osmotic pressure between the gel and 
surrounding solution, result in stiffening in the BC-PAA-2.0-60 
hydrogels. In the case of a conventional pH-responsive 
hydrogel, the generation of osmotic pressure inside results in 
swelling as water permeates into the hydrogel network, which 
causes the hydrogel to become mechanically weaker or brittle36, 

41. In stark contrast, the BC-g-PAA hydrogels showed stiffening 

behavior without any obvious volume changes. For BC-g-PAA 
hydrogels, the interior highly developed nanocellulose network 
of BC acted as a steady scaffold to resist the swelling/shrinkage 
caused by osmotic pressure. Consequently, the swelling or 
shrinking ratio (volume change) of BC-PAA-2.0-60 at pH from 2 
to 12 kept lower than 15% as recorded in Table. 2. Meanwhile, 
the generated osmotic pressure in BC-g-PAA hydrogel hardened 
the composite hydrogel consequently. As shown in Table 2 and 
Fig. 4a, BC-PAA-2.0-60 sample stiffened with pH increase, 
became able to resist external compression rather than 
completely complying with external compression. 

As the BC-PAA composite hydrogels were soft material, no 
definite moduli could be obtained from their compression 
curves. To evaluate the stiffness change of BC-PAA-2.0-60, the 
compression strains at a constant stress of 0.1 MPa (noted as 
ε0.1) at different pH were recorded, which indicates the 
deformation extent of the samples under the same stress at 
different pH values. As shown in Fig. 4b and Table 2, ε0.1 of BC-
PAA-2.0-60 was 82.7% at pH 2, exhibited the high softness of 
BC-PAA-2.0-60 sample at pH 2, as a high deformation already 
occurred under low stress of 0.1 MPa. With the increase in pH 
from 2 to 7, ε0.1 of BC-PAA-2.0-60 gradually decreased from 
82.7% to 23.8%, showing a stiffening process of the BC-g-PAA 
hydrogels. Notably, ε0.1 of BC-PAA-2.0-60 reached 23.8% at pH 
7 but did not show further decreases with pH increased to 12. 
The acid dissociation constant (pKa) of grafted PAA in BC-PAA-
2.0-60 was confirmed as 6.2 through titration, which was 
generally agreed with other works43, 44. The ionization ratio of 
carboxylic acid groups could be estimated according to 
Henderson-Hasselbalch equation45-47. When pH increased to 7, 
the ionization ratio of carboxylic acid groups in PAA reached 
86.3%, it was suggested that ionized carboxylate groups already 
occupied the majority. Thus, BC-PAA-2.0-60 showed an 
approximate linear elastic part after the compression strain 
reached 13.5% in the compression curve at pH 7. However, the 
ionization ratio of carboxylic acid groups in PAA was only 38.7% 
at pH 6. The hydrogel still maintained the softness, showed a 
ε0.1 of 49.1% without obvious elastic deformation in the 
compression curve. In addition, owing to the probable 
disruption of H-bonding between nanocellulose in BC and PAA 
at pH 12, BC-PAA-2.0-60 was easier be crushed at pH 12 and 
showed a lower compression strength. These results showed 
that the prepared BC-PAA-2.0-60 hydrogels could respond to pH 
change and adjust their mechanical characteristics 
spontaneously without obvious volume change in a reversible 
way.

The reversibly pH-responsive BC-PAA-2.0-60 was used as a 
squat actuator to operate a 200-g weight (see Fig. 4c). BC-PAA-
2.0-60 was immersed in about 100 ml pure water and retained 
its original thickness under a 200-g weight, showed a stiff state. 
With the addition of 1.0 ml of 1 mol L-1 HCl solution, the 
hydrogel gradually turned to its soft state in c.a. 20 min, while 
flattened and lifted down the weight horizontally and smoothly. 
Subsequently, 1.1 ml of 1 mol L-1 NaOH solution was added and 
turned the solution to alkaline. After the hydrogel reached its 
equilibrium state, BC-PAA-2.0-60 hydrogel almost completely 
recovered to the original thickness with lifting the weight up to 
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the original height, due to the regeneration of internal osmotic 
pressure. The reversible stiffness change-based unidirectional 
actuation implied that the BC-PAA-2.0-60 hydrogel could act as 
a squat actuator to lift weights reversibly in a controllable way. 
Meanwhile, the hydrogel would not show any obvious 
volumetric changes at different pH values without a weight as 
shown in Fig. 4d, owing to the steady structure of cellulose in 
BC.

3.3 Dual pH-responsiveness of BC-g-PAmph composite hydrogels

As above, the pH-responsive mechanically adaptivity of BC-g-
PAA hydrogels can be generally described as monotonously 
hardening with pH increasing over pKa. The work pattern of BC-
g-PAA hydrogels may be restricted by this humdrum pH-
responsive behavior to a certain extent. On the other hand, 
polyampholyte hydrogels composed of anionic and cationic 
groups showed larger variety in pH-responsive behavior, like 
the dual pH responsiveness, suggested higher working flexibility 
in a broader pH range48. Here, we copolymerized 2-
(dimethylamino)ethyl methacrylate with acrylic acid to form a 
polyampholyte system, which was grafted onto BC and realized 
a dually pH-responsive behavior in the obtained BC-g-PAmph 
hydrogels (Fig. 5a).

To balance the charge between the cationic and anionic 
monomers, the molar ratio of DMAEMA to AA was 1:1 in the 
preparation of BC-g-PAmph hydrogels. Fig. 5b displays the FT-
IR spectra of lyophilized BC-g-PAmph and BC-g-PAA hydrogels. 

Compared with the IR spectra of BC-g-PAmph and BC-g-PAA 
hydrogels, the peak of C=O in carboxyl groups at 1705 cm−1 
shifted to 1720 cm−1, and a new peak at 1575 cm−1 appeared in 
BC-g-PAmph, indicating that the ionic bonds formed between 
the carboxyl groups from AA and ammonium groups from 
DMAEMA48-50.

Table 3 The compression properties and volume change ratio (VCR) of BC-PAmph-0.75 
at different pH.

pH
VCRa 
(%)

εb
b

(%)
σb

c

(MPa)
ε0.1

d

(%)

2 0.2 78.7 ± 0.4 0.43 ± 0.01 56.4 ± 1.5

3 0.2 - - 63.7 ± 0.2

5 0 - - 68.7 ± 1.3

7 0 - - 68.6 ± 1.3

8 0 - - 68.2 ± 1.2

10 0 - - 68.1 ± 1.0

11 0.2 76.7 ± 0.2 0.56 ± 0.03 52.3 ± 1.4

12 0.4 68.7 ± 1.0 0.37 ± 0.01 45.9 ± 2.3

a: volume change ratio, b: fractured strain, c: compression strength, 
d: strain at the stress of 0.1 MPa.

Fig. 4 (a) Compression curves of BC-PAA-2.0-60 at different pH. (b) Strain at 0.1 MPa stress in compression of BC-PAA-2.0-60 as a function of pH. (c) Utilizing the 
reversible pH-responsiveness of BC-PAA-2.0-60 to lift a 200 g-weight. (d) No obvious volumetric changes in BC-PAA-2.0-60 were showed without external pressure.
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Fig. 5c and 5d show the pH-responsive compression 
properties of BC-PAmph-0.75, which prepared with a total 
monomer concentration of 0.75 mol L-1, showed a typical dually 
pH-responsive behavior in compression. The compression 
stress-strain curves exhibited that BC-PAmph-0.75 was soft and 
flexible enough to sustain a high compression strain up to the 
testing limit in general conditions. However, it would lose its 
softness when pH increased over 11 or decreased to 2. As same 
as BC-g-PAA hydrogels, the strains of BC-PAmph-0.75 at a stress 
of 0.1 MPa (ε0.1) in compression at different pH were also 
recorded as an indicator of stiffness in Table 3. The pH-induced 
ε0.1 change was exhibited in Fig. 5d, which showed an inverted 
U shape curve. The ε0.1 of BC-PAmph-0.75 is 68.6% at pH 7, 
showed no obvious changes at the pH interval from 5 to 10. 
When the pH decreased to 3, its ε0.1 decreased to 63.7% and 
then decreased to 56.4% at pH 2. Moreover, the ε0.1 of BC-
PAmph-0.75 showed an abrupt decrease from pH 10 to pH 11 
and further decreased to 45.9% at pH 12. The results suggested 
that the presence of the polyampholyte affords the BC-PAmph 
composite hydrogels capable of responding to pH in a dual way 
with stiffness change.

It is worth noting that the content of grafted polymer in BC-
PAmph-0.75 was only 0.8 wt%, much lower than BC-PAA-2.0-

60, which had a PAA content of 1.2 wt% as reported above. 
However, BC-PAmph-0.75 did not show an ultra-soft state in the 
full pH range from 2 to 12, which was observed in BC-PAA-2.0-
60 in acidic conditions. As the oppositely charged homo-
polyelectrolytes could form strong and tough hydrogels49, 51, 52, 
it is reasonable to hypothesize that interchain and intrachain 
ionic crosslinking would be formed between the carboxyl 
groups and ammonium groups in this randomly polymerized 
PAA-PDMAEMA polyampholyte (Fig. 5e). Therefore, the 
polymer network in BC-Pamph-0.75 was strengthened and no 
longer showed an ultra-soft state whatsoever. However, the 
ionic bonding between carboxyl groups and ammonium groups 
would be disrupted with pH increase and decrease, but the BC-
PAmph hydrogel would be further strengthened. As illustrated 
in Fig. 5e, a certain portion of the carboxyl groups would be 
protonated in acidic circumstances, while the PDMAEMA 
remained in a charged form. The presence of positively charged 
ammonium groups increased the interior osmotic pressure in 
the hydrogel, which was converted to resisting forces in 
compression with the no swelling BC matrix. As a result, the 
stiffness of BC-PAmph increased, although the ionic binding 
between the ammonium group and carboxylic groups was 
partially disrupted. Similarly, the ammonium groups turned to 

Fig. 5 (a) Chemical structure of BC-g-PAmph. (b) ATR-FTIR spectra of BC-PAA-1.0-0 and BC-PAmph-0.75. (c) Compression curves of BC-PAmph-0.75 at different 
pH. (d) Strain at 0.1 MPa stress in compression of BC-PAmph-0.75 as a function of pH. (e) The mechanism of dual-pH responsiveness of BC-g-polyampholyte 
hydrogels.
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electrically neutral in alkaline circumstances while the carboxyl 
groups kept a negatively charged state, which also resulted in 
stiffening in BC-PAmph hydrogels. The results showed that the 
internal osmotic pressure dominated the stiffness of the BC 
composite hydrogels, which can be utilized to design various 
stiffness adjusting protocols.

3.4 UV-responsiveness of BC-PAA-2.0-60 composite hydrogel with 
2-nitrobenzaldehyde
In contrast to other physical stimuli that can be applied or 
removed instantaneously, the actuation of pH-responsive 
materials highly associated with the diffusion process53, 54. 
Therefore, triggering BC-g-PAA hydrogels independently and 
quickly remains a challenge in potential practical applications.

From this regard, we utilized a photoacid generator with 
generated proton by photo-irradiation to decrease the local pH 
of the solution in BC-g-PAA hydrogel. As the schematic 
illustration in Fig. 6a, 2-nitrobenzaldehyde (NBA) can release 
protons upon UV irradiation26, 53, 55, dramatically decrease pH 
inside the gel so that triggers the stiffness change of BC-PAA-
2.0-60. Here, a BC-PAA-2.0-60 strip was firstly immersed in 0.01 
mol L-1 NBA aqueous solution. After NBA dispersed into BC-PAA-
2.0-60, the hydrogel strip could maintain a horizontally straight 
state due to its original high stiffness in non-acidic solution (Fig. 
6c). A UV curing system (Eficet, 8332A, Japan) was used to 
irradiate the hydrogel strip, as illustrated in Fig. 6b. In this 
process, the protons were generated because of the pH jump 
reaction of NBA, and the hydrogel strip gradually softened and 
finally drooped down in 8 min, as shown in Fig. 6d. As the 
hydrogel was locally irradiated by UV, the limited shrinkage 

occurred only at the irradiated position, although the obvious 
drooping of the hydrogel strip was observed. As same as the pH-
responsive softening in acidic solution, the softened hydrogel 
strip here could also recover to the stiff state by washing with 
water or directly neutralizing with alkaline solutions. 

Furthermore, integrating a pH-jump reaction into BC-g-PAA 
hydrogel makes it possible to realize spatial control of softness 
change, i.e., spatial lift-down actuation is able. As shown in Fig. 
6e, the NBA containing BC-PAA-2.0-60 hydrogel can withstand 
the compression of two weights (c.a. 50 g of each) at both ends 
without obvious deformations. UV was only irradiated and 
focused on the right end of the hydrogel (Fig. 6f) for 8 min. After 
the region-selective UV irradiation, the softening only 
happened at the right end of the hydrogel strip, as shown in Fig. 
6g. The right end of BC-PAA-2.0- 60 was squished and lifted the 
50 g-weight down without in-plane displacements, while the 
other weight kept its original height at the unexposed left end. 
This spatiotemporally unidirectional actuation was unable to be 
operated in common hydrogel actuators because of inevitable 
bulking.

The integration of NBA realized remote and rapid UV-
response in BC-g-PAA hydrogel, meanwhile could weaken the 
dependency of its mechanical adaptivity on an external solution 
in further applications. Moreover, the remote UV stimulus 
could be transformed local signals in hydrogel and realize 
spatiotemporally controllable mechanical property change and 
actuation. The combination of pH-jump system and pH-
responsive mechanically adaptive BC composite hydrogel will 
provide opportunities for designing predictive and 
programmable hydrogel structural devices and actuators.

4. Conclusions
In summary, a new class of stimuli-responsive stiffness 
adjustable BC composite hydrogels was prepared by grafting 
pH-responsive polymers on the surface of BC nanofibers. After 
grafting PAA to BC, the stiffness of BC-g-PAA hydrogel could be 
reversibly adjusted by pH, owing to the pH-responsibility of 
PAA. Meanwhile, the potential volumetric changes in the 
mechanical adjusting process could be well suppressed by the 
steady structure of BC. Utilizing the unique property of BC-g-
PAA hydrogel, a prototype of squat actuator was designed to lift 
a weight up and down in a controllable manner. To extend the 
pH-responsive protocol, PDMAEMA was also introduced and 
formed a polyampholyte with PAA in BC composite hydrogel. 
The obtained BC-g-Polyampholyte hydrogel showed a dual pH-
responsibility, not only stiffened at basic pH but also at acidic 
pH. 

Furthermore, a photoacid generator, 2-nitrobenzaldehyde, 
was used to trigger UV-controlled softening in BC-g-PAA, 
realized a surrounding solution-independent remote control in 
these pH-responsive BC composite hydrogels. For specific 
interests in predictive and programmable soft structure, the 
partial softening and actuation of BC-g-PAA as a structural 
device can be activated by selective UV irradiation.

Fig. 6 (a) Photochemistry mechanism of 2-nitrobenzaldehyde. (b) Illustration of 
UV irradiation on BC-PAA-2.0-60 strip. (c, d) Photographs of UV-initiated softening 
of BC-PAA-2.0: the horizontally straight BC-PAA-2.0-60 hydrogel strip hung down 
after UV irradiation. (e, f, g) Spatial control of BC-PAA-2.0 softening by UV: two 
weights (c.a. 50 g) were put on both ends of BC-PAA-2.0-60 strip; UV irradiation 
was only applied to the right end of hydrogel strip; the height difference of the 
two weights showed the difference in stiffness between the two ends of BC-PAA-
2.0-60 strip.

Page 10 of 13Journal of Materials Chemistry B



Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 11

Please do not adjust margins

Please do not adjust margins

The success in preparing these low swelling stimuli-
responsive BC composite hydrogels confirmed the general 
availability of the design, which uses BC as a steady matrix 
scaffold and free-chain stimuli-responsive polymer as an 
osmotic pressure generator. It is also envisioned that this study 
might open new opportunities to develop other smart 
hydrogels for soft actuators.
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Stimuli-responsive stiffness change and squat actuation were realized in bacterial 
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