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Multi-triggered and enzyme-mimicking graphene
oxide/polyvinyl alcohol/G-quartet supramolecular
hydrogels†
Jiaxing Zhang,a Na Lu, *a Hongzhen Peng,b,c,d Jie Li,a Ruohong Yan,a
Xuerong Shi,a Pan Ma,a Min Lv,b,c Lihua Wang, b,c Zisheng Tang*e,f,g and
Min Zhang *h
Supramolecular hydrogels with stimuli-responsive behaviors under aqueous environments are attractive
for their potential applications in controlled drug delivery, clinical diagnostics, and tissue engineering.
However, there still remain challenges in developing multicomponent hydrogels as a new generation of
“smart” soft materials with multiple intelligent functions toward complex biochemical stimuli. In this work,
a three dimensional (3D)-nanostructured supramolecular hydrogel was fabricated using a simple and
facile strategy via the self-assembly of graphene oxide (GO) nanosheets, poly(vinyl alcohol) (PVA) chains,
and G-quartet/hemin (G4/H) motifs. The as-prepared GO/PVA/G4/H hydrogel exhibited a honeycomblike 3D GO network architecture as well as excellent mechanical properties. Importantly, the hydrogel
demonstrated pH-inducing reversible and cyclic phase transitions between solution and hydrogel states,
which could be used as “ink” for injectable 3D printing of diﬀerent shaped patterns. Also, binary AND and
OR logic gates were successfully built by encapsulating enzymes into the hydrogels, which responded to

Received 23rd December 2019,
Accepted 16th January 2020

a variety of biochemicals. In addition, the hydrogels showed excellent peroxidase-like activity, achieving
the ultrasensitive detection of H2O2 at a concentration as low as 100 nM by their deposition on an
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electrochemical electrode. The design of multicomponent hydrogels opens up an avenue to fabricate
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novel “smart” soft matter for biological and medical applications.

Introduction
Soft matter, capable of undergoing reversible phase transitions
between solution and hydrogel states into an observable
change under external stimuli,1–3 has drawn tremendous atten-
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tion in materials science and biological engineering. In particular, stimuli-responsive hydrogels with the ability to function under aqueous environments are appealing for their
potential applications in controlled drug delivery,4,5 clinical
diagnostics,6,7 and tissue engineering.8,9 Generally, stimuliresponsive hydrogels are switched under simple external triggers, e.g. pH,10,11 temperature,12 light,13,14 stress,15 or chemical
agents.16 However, diverse biochemical stimuli,17–19 occurring
in living biological systems, play crucial roles in the maintenance of homeostasis. For example, the levels of biochemicals
in body fluid, e.g., glucose in diabetes and trace elements in
growth and development, are considered as important physiological indicators of human health.20–22 As such, it is of great
importance but still challenging to fabricate multicomponent
hydrogels and develop a new generation of “smart” soft
materials with multiple intelligent functions.
Graphene, a unique two-dimensional (2D) structure with
outstanding physicochemical properties,23–25 has emerged as a
desirable nanoscale building block for the fabrication of
supramolecular hydrogels. The construction of graphene
sheets into macroscale architectures26,27 translates the intrinsic features of individual nanosheets into the resulting macro-
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scopic materials with structural specialities for a wide ranging
of applications. Of particular note, the combined characteristics of the planar structure and abundant functional surface
groups of graphene oxide (GO) nanosheets enable them to be
assembled into hierarchical architectures with advanced
performance.28,29 Moreover, graphene sheets as scaﬀolds
combine with diﬀerent functional guest materials (e.g. polymers, biomolecules) via diﬀerent intermolecular interactions,
and the resulting materials possess excellent properties as well
as novel functionalities. Recently, conductive polymers and GO
sheets have been assembled into hybrid hydrogels as a fibershaped electrode for supercapacitors.30 Super fatigue-resistant
graphene-based nanocomposites have been fabricated by
synergistic interfacial interactions of polydopamine, Ni2+, and
GO sheets.31 Despite the increasing interest in this exciting
field, there has been limited research on the three-dimensional (3D) self-assembly of multifunctional multicomponent
graphene-based architectures for biological applications.
DNA has been utilized as an ideal candidate for supramolecular gelation because its hybridization makes it reversible via
non-covalent interactions.32–34 Nevertheless, the high cost of
large amounts of DNA used in hydrogel preparation makes its
large-scale production diﬃcult.35 The utilization of nucleobases
and their analogs as alternatives becomes an eﬀective
solution.36–38 As an example of such success, the cation-templated assembly of guanosine-quadruplex (G4) has been demonstrated to form hydrogels, which can be simply fabricated by the
physical bridge connection of borate between G4 motifs.39,40 In
addition, the combination of G4 with hemin mimics the function of artificial enzymes, showing enzyme-like activities and
good biocompatibility.41 Consequently, the G4 motif is considered to be an excellent building block to construct hydrogels.
Herein, we reported a simple and facile strategy for the selfassembly of multifunctional GO-based supramolecular hydrogels by simultaneously incorporating G-quartet/hemin (G4/H)
motifs and poly(vinyl alcohol) (PVA) molecules.42,43 The 3Dnanostructured GO/PVA/G4/H hydrogel exhibited a honeycomb-like network feature and excellent mechanical properties. It was found that pH induced reversible phase transitions between the solution and hydrogel states, thus allowing
cyclic switching and direct 3D printing of the hydrogel.44–46
Furthermore, we successfully built binary AND and OR logic
gates that responded to a variety of biochemicals. Besides,
resulting from the combination of G4/hemin conjugates, the
hybrid hydrogels revealed peroxidase-like activity and achieved
the ultrasensitive detection of H2O2 by electrochemical
measurements.47 In view of their diversity, the hybrid hydrogels are expected to be a promising soft material for biological
and medical applications.

Experimental section
Materials and reagents
GO was purchased from Xianfeng Nanomaterials Technology
Co., Ltd (Nanjing, China). PVA was purchased from Aladdin
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Bio-Chem Technology Co., Ltd (Shanghai, China). Glucose
oxidase, galactosidase and urease were purchased from
Sangon Biotech Co., Ltd (Shanghai, China). 30% H2O2 and
3,3′,5,5′-tetramethylbenzidine (TMB) were obtained from
Sinopharm Chemical Reagent Co., Ltd (Shanghai, China). The
remaining reagents were purchased from Adamas Reagent Co.,
Ltd (Shanghai, China). All reagents were used directly without
further purification. Milli-Q water (18 MΩ cm) was used for all
the experiments.
Instrumentation
Scanning electron microscopy (SEM) images were obtained
using a field emission scanning electron microscope (FESEM,
JSM-7500F, JEOL, Japan). Raman spectra were obtained using
a Raman spectrometer (LabRAM HR Evolution, HORIBA,
France). The rheological properties of the hydrogel were
characterized using a rheometer (Thermo Scientific™
HAAKE™ MARS™, Thermo Fisher, America). The electrochemical properties of the hydrogel were characterized using
an electrochemical workstation (CHI600E, Chen Hua, China).
Preparation of the GO/PVA/G4/H hydrogel
The desired amount of guanosine (100 mM) was weighed into
a tube, followed by the addition of H3BO3 solution (50 mM).
The mixture was sonicated for 40 s, and then an appropriate
amount of KOH solution (50 mM) was added, followed by heat
treatment at 95 °C in a water bath until guanosine was dissolved and the solution was clear. Then, the resulting solution
was then cooled to 60 °C, followed by the addition of hemin
(100 μM). The hydrogel was aged at room temperature for a
few minutes to form the G4/H precursor. After that, the as-prepared G4/H precursor was quickly added into the mixture of
GO dispersion (4.7 mg mL−1) and PVA solution (2.4 mg mL−1)
at room temperature. Finally, after stirring for a few minutes,
GO/PVA/G4/H hydrogels were obtained.
Preparation of the enzyme-loaded GO/PVA/G4/H hydrogel and
logic-gate assay
The G4/H precursor, glucose oxidase (GOx) solution (55 μM),
and urease solution (60 μM) were quickly added into the
mixture of GO nanosheet dispersion (4.7 mg mL−1) and PVA
solution (2.4 mg mL−1), which was incubated at room temperature for a few minutes to form the GOx and urea-loaded GO/
PVA/G4/H hydrogels. Thereafter, glucose solution (55 mM) and
FeCl3 solution (10 mM) were added to the hybrid hydrogels
as input signals. After hydrogel formation, a urea solution
(60 mM) was added to make it return to the solution state.
Preparation of the enzyme/Fe3+-loaded GO/PVA/G4/H hydrogel
and logic gate assay
The G4 precursor, GOx solution (55 μM), galactosidase solution (20 μM), urease solution (60 μM) and FeCl3 solution
(10 mM) were quickly added into the mixture of GO nanosheet
dispersion (4.7 mg mL−1) and PVA solution (2.4 mg mL−1),
which was incubated at room temperature for a few minutes to
obtain GOx, galactosidase, urease and Fe3+-loaded GO/PVA/G4/
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H hydrogels. Then, glucose solution (55 mM) and lactose
solution (60 mM) were added to the prepared hybrid hydrogels as input signals. When the reaction was completed,
the state of the system was restored by adding urea solution
(60 mM).
Characterization of peroxidase-like activity
The peroxidase-like properties of GO/PVA/G4/H hydrogels were
studied through an electrochemical workstation using a threeelectrode system. GO/PVA/G4/H hydrogels were coated on a
cleaned ITO glass which was used as the working electrode,
while platinum and Ag/AgCl electrodes were used as the
counter and reference electrodes, respectively. A HEPES buﬀer
solution (10 mM, pH 7.4, KCl 50 mM) was employed as the
electrolyte. For electrochemical detection, a series of H2O2
ranging from 100 nM to 100 mM was immediately added to
TMB solutions and reacted for 3 min at room temperature.
Finally, for GO/PVA/G4/H hydrogel-based sensors, typical cyclic
voltammetry (CV) plots were measured at a scan rate of
100 mV s−1.

Nanoscale

Results and discussion
Fabrication of the GO/PVA/G4/H hydrogel
As illustrated in Scheme 1, a simple and facile strategy was
used to fabricate three dimensional (3D)-nanostructured
supramolecular hydrogels via self-assembling of graphene
oxide (GO) nanosheets, poly(vinyl alcohol) (PVA) chains,
and G-quartet/hemin (G4/H) motifs. In a typical procedure, a
G-quartet motif incorporated with hemin with an enzyme-like
nanofibrous structure was formed by cation-templated selfassembly with guanosine, KB(OH)4 and hemin. During this
process, guanosine and 0.5 equiv. of B(OH)3 first yielded
G-boronate diesters, which bridged guanosine molecules vertically and acted as important building blocks in the fabrication
of G4 nanostructures. Next, the introduction of K+ ions gave
rise to the cation-templated formation of G4 motifs, and then
stacked into fibrous nanostructures by the simultaneous combination of hemin.28,41 Subsequently, the prepared precursor
containing G4/H supramolecules was quickly added into the
mixture of GO nanosheet dispersion and PVA solution, and

Scheme 1 Schematic illustrations showing GO/PVA/G4/H hydrogel formation. (A) G4/H was formed by the self-assembly of guanosine with the
help of B(OH)3 and K+, followed by the combination of hemin as well as stacking of G-quartet motifs. (B) Self-assembly of a GO/PVA/G4/H hydrogel
using a simple mixing method. The inset photograph shows an inversion tube containing the GO/PVA/G4/H hydrogel.
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Fig. 1 Characterization of the three samples. (A–F) Schematic illustrations and SEM images of GO/PVA/G4/H (A, D), GO/PVA (B, E), and GO/G4/H
nanocomposites (C, F). (G) Raman spectra of GO/PVA/G4/H, GO/PVA, and GO/G4/H nanocomposites. (H) XPS spectra of GO/PVA/G4/H nanocomposites. (I, J) XPS of N 1s (I) and C 1s (J) spectra of GO/PVA/G4/H nanocomposites.

then reacted for a few minutes at room temperature to form
the GO/PVA/G4/H hydrogel (Scheme 1B), which was verified by
a tube inversion test (the inset in Fig. 1).
To explore the possible interactions, three representative
hydrogels, including GO/PVA/G4/H, GO/PVA, and GO/G4/H
systems, were prepared, respectively (Fig. 1A–C). After freezedrying treatment, the hydrogel samples were characterized for
morphological study by scanning electron microscopy (SEM).
For the GO/PVA/G4/H sample, typical honeycomb-like 3D GO
networks were clearly observed, where GO nanosheets came
into contact with each other (Fig. 1D). The lyophilized GO/PVA
sample displayed an irregular GO network (Fig. 1E), due to the
strong interaction between GO and PVA which has been previously reported. Moreover, a porous and discontinuous GO
microstructure was seen in the GO/G4/H sample (Fig. 1F). The
control experiments revealed that the GO/G4/H hydrogel still
showed a liquid state resembling GO dispersions without the

This journal is © The Royal Society of Chemistry 2020

formation of G4/H (Table S1†). Therefore, PVA and G4/H acted
as two cross-linking agents in hydrogel formation. It could be
assumed that this hydrogel was assembled via strong intermolecular interactions among three components, GO, PVA,
and G4/H.
In addition, Raman and X-ray photoelectron spectra (XPS)
have also been used to characterize the structure and chemical compositions. For three samples, Raman spectra revealed
two prominent peaks of GO at 1343.4 and 1595.6 cm−1,
corresponding to the D and G bands, respectively (Fig. 1G).
This confirmed that GO sheets acted as a main elemental
component without any decomposition during the fabrication of the three hydrogels. Furthermore, XPS analysis of the
GO/PVA/G4/H sample displayed main elements of C and O, as
well as traces of N, K, and B, respectively (Fig. 1H). The
deconvoluted C 1s XPS spectrum exhibited three bonding
states located at 283.8, 285.1, and 286.1 eV (Fig. 1I), which
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corresponded to the C–C sp2, C–C sp3, and C–N (C–O) type
bonds, respectively. Moreover, the fitting of the N 1s XPS
spectrum could be deconvoluted into four contributions
appearing at 398.5 (NH2), 399.6 –Nv, 400.2 and 401.3 eV (C–
N) (Fig. 1J). The former two peaks were attributed to pyridinic
N (–Nv) and pyrrolic N (–NH–), while the peaks at high
binding energies corresponded to the positively charged N
(N+) in the bipolaron state and protonated amine in the polarizing state.
Concentration-dependent gel evolution experiments were
performed to understand the influence of the components on
the gelation process. At a fixed content of G4/H (3.8 mM), the
state diagram represented the concentration regimes of PVA
and GO for the hydrogel formation, respectively (Fig. S1†).
After the mixture was shaken violently, the hydrogel formed
within 30 s at a GO concentration of ≥4.8 mg mL−1 and a PVA
concentration of ≥2.4 mg mL−1, indicating a critical gelation
concentration for each component. The suspensions gelled
within 5 min at a high concentration of GO (≥6.0 mg mL−1),
while the aqueous mixture still remained in the liquid state
even after resting for 24 h at a low concentration of GO
(<4.8 mg mL−1). The results revealed that the gelation of the
GO/PVA/G4/H hydrogel occurred at a high concentration of
GO, indicating the crucial role of the amount of GO in the
gelation process. When the amount of GO was suﬃciently
high, a GO network was formed when the GO nanosheets
came into contact with each other, in agreement with the SEM

Nanoscale
image. In contrast, a lower or higher content of PVA could not
lead to gel formation. This suggested that PVA acted as a crosslinking agent in addition to being the principal component of
the hydrogel.
We next systematically studied the mechanical properties of
the four hydrogels, including GO/PVA/G4/H, GO/PVA, GO/PVA/
G4/H, and G4/H, by using rheological measurements. For
typical demonstrations, four hydrogels were subjected to
dynamic frequency sweeps at a fixed stress of 1 Pa (Fig. 2A). In
each case, the dynamic frequency curve showed that the
storage modulus (G′) was much higher than the loss modulus
(G″), confirming a solid-like state. Moreover, the storage
moduli (G′) of GO/PVA/G4/H and GO/PVA hydrogels were
∼14 000 Pa and ∼10 000 Pa, respectively, indicating both were
strong hydrogels. By contrast, both GO/G4/H and G4/H hydrogels showed a low storage modulus (G′), of ∼2600 Pa and
∼3000 Pa, respectively. This suggested that the introduction of
the G-quartet scaﬀold slightly improved the mechanical
strength, and the intermolecular interactions between GO and
PVA might be the dominant force in the formation of the GO/
PVA/G4/H hydrogel. Fig. 2B shows that all G′ values of the
hydrogels with diﬀerent contents of PVA represented a plateau
in the whole range of frequency, suggesting that the hydrogels
behaved as robust and elastic solids. As the proportion of PVA
was fixed at 29 wt%, the G′ value reached the maximum of
∼1.4 × 104 Pa, indicating that the strongest gel formed with a
medium PVA content. Clearly, the mechanical strength of the

Fig. 2 Rheological characterization of GO/PVA/G4/H, GO/PVA, GO/G4/H, and G4/H hydrogels. (A) Dynamic frequency curves of the four hydrogels
at a ﬁxed stress of 1 Pa, respectively. (B) The storage modulus (G’) of the GO/PVA/G4/H hydrogel at varying contents of PVA. (C) Rheological stress
measurements of GO/PVA and GO/PVA/G4/H hydrogels at an angular frequency of 1 rad s−1. (D) Time-dependent step strain measurements of the
GO/PVA/G4/H hydrogel at a ﬁxed frequency of 1 rad s−1. The interval was kept constant at 5 min.
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hydrogel was significantly dependent on the PVA content,
resulting from their cross-linking eﬀect.
To gain an insight into the hydrogel thixotropy, rheological
stress measurements were carried out at an angular frequency
of 1 rad s−1 for both hydrogels. Fig. 2C shows that G′ and G″
remained constant in the low stress region (<0.25%), whereas
G′ rapidly decreased and a crossover of G′ and G″ was observed
as the shear stress increased up to 0.5%, confirming a collapse
of the gel state to a quasi-liquid state. As shown in Fig. 2D, in
order to access the shear-thinning behavior of the GO/PVA/G4/
H hydrogel, time-dependent step strain measurements were
performed under diﬀerent strains from 0.1% to 10%. Under
0.1% strain, the G′ value was obviously higher than the G″
value, which suggested gel formation. However, the two
moduli reversed as the strain increased to 10%, indicating gel
liquefaction. When the strain was back to 0.1%, the quasiliquid immediately recovered to the initial state within 5 min.

Paper
pH-Responsive sol-to-gel reversible transition
Fig. 3A shows the cyclic pH-triggered transitions between the
hydrogel ( pH 8.0) and the quasi-liquid shapeless state ( pH
5.0). After the addition of NaOH, the as-prepared GO/PVA/G4/H
hydrogel changed to a shapeless quasi-liquid state. Upon acidification, the quasi-liquid immediately recovered to the gel
state. The reversible gel-to-sol switchable transition could be
repeated for at least five cycles. Moreover, rheological experiments further confirmed the transition between the hydrogel
and the quasi-liquid state in the GO/PVA/G4/H composite
systems (Fig. 3B and C). The hydrogel at pH 5.0 exhibited a
high storage modulus, G′, of about 14 000 Pa; while the quasiliquid state showed a low storage modulus, G′, of about 100
Pa. The loss modulus G″ of the two states was about 1000 Pa
and 13 Pa, respectively.
To study the possible pH-stimulated mechanism, a series of
control experiments were carried out. For G4 or G4/H hydro-

Fig. 3 pH-Induced reversible phase transition. (A) Photographs corresponding to the cyclic pH-stimulated transitions between the hydrogel, state I,
and the quasi-liquid hydrogel, state II. The phase transition was repeated for ﬁve cycles. (B) Time-dependent step strain measurements of GO/PVA/
G4/H hydrogels between state I and sate II at a ﬁxed frequency of 1 rad s−1. (C) Cyclic changes of G’ and G’’ triggered by reversible pH-induced
phase transitions. The error bars represent the standard deviation from three measurements. (D) Photographs showing the successful formation of
diﬀerent shapes via 3D printing of the GO/PVA/G4/H hydrogel.
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gels, the addition of NaOH did not cause a gel-to-sol transition
(Fig. S2†), indicating that changing the pH would not lead to
the disassembly of G4 or G4/hemin. It is well known that
the G-quartet motif is built from Hoogsteen hydrogenbonded guanine bases; however, the G-quartet is also monovalent cation-dependent, which is formed by the strong negative electrostatic interaction with K+ located within the
guanosine channel.48 This endows it with good stability and
unique topologies, retaining its integrity under diﬀerent
conditions.49,50

Nanoscale
The response behavior to pH variation of the three GObased composite systems, GO/G4/H, GO/PVA and GO/PVA/G4/H
hydrogels, was also examined. When the pH value increased to
the basic condition, pH 8.0, all of the three GO-based composite systems switched to a quasi-liquid state (Fig. S3†). Upon
acidification, both GO/PVA and GO/PVA/G4/H systems led to
the formation of a gel, and the switches were fully reversible,
whereas the GO/G4/H system did not lead to the formation of
a hydrogel. By comparison, we inferred that the force of the
phase transition of the GO/PVA/G4/H hydrogel was probably

Fig. 4 Logic-gate responses of the GO/PVA/G4/H hybrid gels by coupling with enzymes. (A) Schematic illustration of the AND logic gate based on
the GO/PVA/G4/H hydrogel encapsulating GOx and UOx. The AND input (glucose and Fe3+) was essential to construct a matrix induced sol–gel
change as the output. Urea was used to reset the hydrogel. Conditions: [Urea] = 60 mM, [Urease] = 60 μM, [glucose] = 55 mM, [GOx] = 55 μM,
[Fe3+] = 10 mM. (B) AND logic-gate response of the GO/PVA/G4 hybrid gel (left), truth table of the AND logic gate system (middle), and photographs
of the hybrid gel after responding to analytes (right). (C) Schematic illustration of the OR logic gate based on the GO/PVA/G4/H hydrogel by loading
galactosidase, GOx, Fe3+, and UOx. Lactose and glucose as the input to construct a matrix induced sol–gel change. The hybrid gel was reset by
urea. Conditions: [Urea] = 60 mM, [Urease] = 60 μM, [lactose] = 60 mM, [Galactosidase] = 20 μM, [glucose] = 55 mM, [GOx] = 55 μM, [Fe3+] = 10 mM.
(D) OR logic-gate response of the GO/PVA/G4/H hybrid gel (left), truth table of the OR logic gate (middle), and photographs of the hybrid gel after
responding to analytes (right).
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due to the interactions between GO and PVA, rather than
between GO and G4/H. The reversible behavior of the GO/PVA/
G4/H system could be explained by the assembling and disassembling of the hydrogen bond and electrostatic interactions
between the GO sheets and PVA chains, which could be regulated by varying the pH of the solutions. Nevertheless, further
studies on the exploration of the detailed mechanism are still
required.
In addition, the reversible switching of the sol-to-gel transition could be used for direct 3D printing. The sol state
allowed the components to easily pass through a needle, and
then a rapid shaping of pattern occurred under shear stress. In
a typical experiment, the liquid components in an alkaline
solution as an “ink” were injected into a medical syringe
“pen”, which was manually extruded for writing 3D-shaped
patterns in acid medium on a glass substrate. As shown in
Fig. 3D, the diﬀerent desired 3D shaped patterns were made
with defined modules, such as flower, star, and heart-shaped
patterns, as well as the abbreviation of our university, “SUES”.
Logic gates based on biochemical stimuli-responsive
switchable hydrogels
Proton ions are produced or consumed during the action of
many natural oxidases towards various physiological biochemicals. Inspired by this, if the oxidase is encapsulated into the

Paper
GO/PVA/G4/H hydrogel system, the in situ change of pH
through the oxidation of the substrates can trigger a sol–gel
transition. Thus, on this basis, we constructed binary logic
gates towards multiple biochemical stimuli as inputs. The
AND logic gate was built by combining glucose oxidase (GOx)
and urea oxidase (UOx) into the GO/PVA/G4/H hydrogel system
toward two inputs, namely glucose and Fe3+ (Fig. 4A). That is,
the addition of both inputs led to a sol–gel transition as the
output. The whole reaction chain was initiated from the conversion of glucose to gluconic acid by GOx, followed by Fe3+
chelation with gluconic acid, ultimately resulting in an acidic
pH system that induced the formation of the hydrogel
(Fig. 4B). In this procedure, it was necessary to add Fe3+ since
it could eﬀectively prevent the competitive hydrogen bonding
between gluconic acid and GO. In contrast, the OR logic gate
was constructed by coupling galactosidase, GOx, and Fe3+ into
the hydrogel system (Fig. 4C). Either one of the two inputs, i.e.
lactose and glucose, yielded gluconic acid, leading to gel formation as the output after Fe3+ chelation (Fig. 4D). More interestingly, the two logic gates could return to the original state
by the addition of the reset agent of urea with the help of
urease.
In addition, we examined the influence of the concentration of input or reset agent on the logic gate (Table S2†).
Taking the AND logic gate as an example, three typical concen-

Fig. 5 Enzyme-like activities of the GO/PVA/G4/H hydrogels for the ultrasensitive detection of H2O2. (A) Scheme of the GO/PVA/G4/H hydrogel as
a working electrode to detect H2O2. (B) Photographs of the hydrogel before and after H2O2 detection. (C) Cyclic voltammetry curves of the hydrogel-based electrochemical sensor with diﬀerent concentrations of H2O2, ranging from 100 nM to 100 mM. (D) The linear calibration plot for H2O2
detection. The error bars represent the standard deviation from three measurements. (E) Photographs corresponding to the hydrogel sensor at
diﬀerent concentrations of H2O2.
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trations of Fe3+, glucose, and urea were selected, respectively.
When the concentration of Fe3+ or glucose decreased by 2- and
10-fold, the gelation time increased 5- and 20-fold or even
more, respectively. This indicated that the concentration of
Fe3+ or glucose significantly influenced the speed of the phase
change. As the concentration of Fe3+ or glucose decreased, the
gelation time became longer, and the mechanical strength of
the hydrogel became more weakened. In the reset process, as
the amount of urea reduced by 2- and 10-fold, the reset time
increased by approximately 4.5- and 17-fold, respectively,
suggesting that the concentration of urea also significantly
aﬀected the decomposition rate.

hydrogels also demonstrated enzyme-like activities, enabling
the electrochemical detection of H2O2 with a limit of detection
as low as 100 nM. The designed hydrogels exhibiting multiple
intelligent functions, not requiring many hydrogels responsive
to each stimulus, oﬀer an opportunity for the design of
advanced soft materials for biomedical applications.

Peroxidase-mimicking activities for the ultrasensitive
detection of H2O2

Acknowledgements

Besides stimuli-responsive behavior, G4/hemin conjugate
and GO sheets cooperatively endowed the GO/PVA/G4/H
hydrogel with another interesting property of peroxidase-like
activity,51–53 which could oxidize the colorless substrates of
TMB (3,3′,5,5′-tetramethylbenzidine) into blue-colored products in the absence of H2O2 (Fig. 5A). Both the enzyme-like
and conductive properties of the hydrogel make it attractive
for the quantitative detection of H2O2 through electrochemical
measurements. By means of 3D printing, the as-prepared
hydrogel was immobilized on an indium tin oxide (ITO) substrate which was used as the working electrode (Fig. 5B).
Fig. 5C shows the typical cyclic voltammetry (CV) curves for
the hydrogel-based electrochemical sensor toward varying concentrations of H2O2. The appearance of two pairs of asymmetric peaks assigned to the two-electron redox reaction of
TMB confirms the occurrence of an electrocatalytic reaction.
The dynamic detection was in the range from 100 nM to
100 mM, spanning 7 orders of magnitude (Fig. 5D). Moreover,
an obvious color change from pale to dark blue was also
observed by visual inspection within minutes, as the concentration of H2O2 increased gradually (Fig. 5E). In this regard,
our proposed enzyme-like hydrogel holds great promise in the
fabrication of bioelectronics with novel functionalities.
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Conclusions
In summary, we have successfully developed a multifunctional
intelligent soft material fabricated through the macromolecular self-assembly of GO nanosheets, PVA chains and G4/H
motifs. This GO/PVA/G4/H hydrogel showed excellent mechanical robustness and high shear-thinning behavior. Particularly,
it demonstrated the ability to undergo reversible and cycling
sol–gel transitions under pH stimuli, which was ascribed to
the assembling and disassembling of intermolecular noncovalent interactions under diﬀerent pH conditions. Combing with
pH-responsive properties and enzymatic reactions, several
physiological and chemical stimuli have been converted into
switchable phase transitions by installing binary logic gates.
In addition, due to the synergistic enzyme catalysis arising
from G4/hemin conjugates and GO nanosheets, the proposed
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