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Hierarchical construction of a mechanically stable 
peptide-graphene oxide hybrid hydrogel for drug 
delivery and pulsatile triggered release in vivo†  

Junhua Wua,b, Aiping Chenb, Meng Qina, Rong Huangb, Guang Zhangc, Bin Xuea, 
Xiang Gaoa, Ying Li*d, Yi Cao*a and Wei Wang*a 

Design hydrogels with controllable drug-release properties 
remains challenging. Here we report a hydrogel made of 
hierarchical graphene oxide sheets and peptide assemblies for 
on-demand drug release. The hydrogel possesses high drug-
sustainability and the release of drugs can be precisely and 
remotely controlled through external stimuli.   

Hydrogels have been extensively explored as promising biomaterials 
for biosensor,1-3 tissue engineering,4-6 and drug delivery,7-12 because 
of their great biocompatibility, environmental responsiveness, and 
tunable mechanical and bioactive properties mimicking the natural 
extracellular matrices.13-15 For drug delivery, supramolecular 
hydrogels may be advantageous over polymeric ones, because they 
are often injectable and can be precisely delivered to the lesion.11, 16-

23 However, many supramolecular hydrogels are of low mechanical 
stability and high erosion rates, and therefore are unstable in vivo.24-

28 This greatly hinders the application of supramolecular hydrogels 
for drug delivery and controlled release. On the other hand, the 
release of drugs from the hydrogel matrix is typically through the 
physical diffusion or gradual decomposition of the hydrogel.29 It is 
difficult to regulate the drug release in a predictable fashion and on-
demand.30-32 Especially, examples of drug delivery system that can 
perform both “on” and “off” switch for drug release are scarce. 
Hence, it is highly desirable to formulate new types of hydrogels that 
can overcome these limitations for efficient drug delivery. To this 
end, here we report a hierarchical construction approach for novel 
peptide-graphene hybrid hydrogels that combines properties such as 
high mechanical stability, syringe-injectability, low erosion rate, and 
near-infrared light triggered release functionalities. The hydrogel 
possesses high drug-sustainability and the release of drugs only 
occurs in the presence of external stimuli. These allow to precisely 
and remotely controlling the dose of drugs in the lesion. We 
anticipate such hydrogels can find broad applications in drug 
delivery. 

The design of this peptide-graphene hybrid hydrogel is depicted in 
Fig. 1. The peptide contains a graphene binding motif (pyrene) 33-35 

at the N-terminus, a glycine-alanine (GA) repeat sequence derived 
from Bombyx mori silk at the center, capable of forming antiparallel 
β sheets in solution,36, 37 and a tyrosine residue at the C-terminus, 
which can be photo-crosslinked by a ruthenium catalyzed reaction.38, 

39 The peptide is named as PyGAGAGY hereafter. Owing to strong 
π-π stacking between pyrene and graphene, the peptides can be non-
covalently linked to the surface of graphene oxide sheets (GOS). 
Subsequently, the formation of β sheets between GA repeats 
facilitates the inter-sheet crosslinking among various GOS. Further 
photo-crosslinking of the terminal tyrosine motif leads to the 
formation of strong hydrogels. In such a design, different types of 
interactions of hierarchical strength were entailed in the hybrid 
hydrogel. The covalent crosslinks (i.e. dityrosine adducts) serve as 
permanent joints, imparting high stability, whereas weak bonds (e.g. 
hydrophobic interactions between pyrene and GOS, and hydrogen 
bonds among GA repeats) are environmental sensitive and can be 
used for triggered drug release. Moreover, GOS is well-known for its 
photo-thermal property due to its near-infrared (NIR) absorption 
ability.40-42 The local temperature increase upon NIR irradiation 
could result in partially unfolding of β sheets formed by GA repeats 
and weakening of the π-π interactions between pyrene and GOS, 
triggering the release of encapsulated drugs. 

 
Fig. 1 The design of the hybrid hydrogel. (A) The peptide sequence. (B) The 
hierarchical construction scheme for the hydrogel. 
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Fig. 2 Structural characterization of the hydrogel. (A) The images for 
PyGAGAGY solution, dispersed GOS/PyGAGAGY complex and the hydrogel. 
(B) SEM image of lyophilized hydrogel with low magnification. The diameters of 
GOS are ~10-20 µm. (C) SEM image of lyophilized hydrogel with high 
magnification. The surface of GOS is rough due to the presence of peptide layer. 
The peptide fibers show strong interactions with GOS. (D) Direct view of the 
interconnected peptide fiber network between graphene layers. (E) TEM image of 
the hydrogel indicates the hydrogel network is connected by both GOS and 
peptide fibrils. (F) High magnification TEM image indicates that peptide fibrils 
are mainly attached to GOS surfaces in the hydrogel. (G) FTIR spectra of GOS, 
PyGAGAGY, and Hydrogel. Hydrogel shows IR signals from both GOS (1723 
nm: ν(C=O); 1623 nm: ν(COO-); 1051 nm: ν(C-O-C)) and the peptide (3293 nm: 
ν(N-H); 1653 nm: ν(C=O); 1540 nm: δ(N-H); 844 nm: ν(C=C from pyrene)). 

We first studied the formation of PyGAGAGY-GOS hybrid 
hydrogel. The peptide was synthesized using the standard Fmoc-
based solid phase method, purified by HPLC, and characterized by 
mass spectrometry (Fig. S1 and S2). Then the peptide was dissolved 
in double distilled water (ddH2O) to make a final concentration of 20 
mg mL-1 (Fig. 2A). Subsequently, GOS was added into the 
PyGAGAGY solution and dispersed by sonication for 60 minutes to 
get a GOS final concentration of 10 mg mL-1 (Fig. 2A). 
PyGAGAGY significantly improved the solubility of GOS by the 
formation of GOS-peptide complexes, in which the hydrophobic 
surfaces of GOS were weaved with amphiphilic peptides. 
Subsequently, Ru(bpy)3Cl2 (3.0 µL, 1 mM) and ammonium 
persulfate (APS, 15.0 µL, 600 mM) were added into 300 µL of the 
GOS dispersed PyGAGAGY solution. The mixture was vigorously 
vortex-mixed prior to light irradiation. After irradiation with white 

light (using a Panasonic PT-UX10 projector with a 220-W lamp as 
the light source) for 1 minute, the dark brown hydrogel was formed 
(Fig. 2A), due to the formation of dityrosine adducts (Fig. S3). The 
formation of interconnected porous hydrogel network was confirmed 
by scanning electron microscope (SEM). As shown in Fig. 2B, the 
GOS of diameters of ~10-20 µm were densely packed to form the 
framework of the hydrogel. The surface of GOS was quite rough, 
which is probably due to the presence of a peptide layer (Fig. 2C). 
The fibers can tightly attached to the GOS surface through the strong 
interactions between pyrene and graphene. In the absence of the 
peptide, the GOS surface was much smoother (Fig. S4). In between 
GOS layers, the peptide formed interweaved fibrous networks, 
giving rise to the high integrity and stability of the hydrogel (Fig. 
2D). The attachment of peptide fibers to GOS surface in the 
hydrogel was further confirmed by transmission electron microscope 
(TEM) (Fig. 2E and 2F). Majority of peptide fibers are attached to 
GOS instead of being suspended in the hydrogel. The integration of 
GOS and the peptide in the hydrogel was further confirmed using 
Fourier transform infrared (FT-IR) spectroscopy (Fig. 2G). The 
hydrogel samples showed IR signals from both GOS and the peptide. 
It is worth noting that the structure of this GOS-peptide hybrid 
hydrogel is distinct from other GOS-peptide hydrogels reported 
previously.43, 44In those hydrogels, peptides self-assemble into fibrils 
first, and only a small portion interacts with GOS. The major gel 
backbone is the peptide fibers instead of the graphene-peptide 
complexes. Therefore, the resulting hydrogel is not mechanically 
stable enough for triggered-release. In our designed hybrid hydrogel, 
the peptide alone cannot form hydrogel due to the strong 
hydrophilicity of the GAGAGY sequence (Fig. 2A and S5). GOS 
alone and with pre-crosslinked peptides also cannot form hydrogel 
due to the lack of sufficient peptide-GOS interactions (Fig. S6, S7 
and S8). Therefore, the interactions between peptides and GOS are 
crucial for the formation of the hydrogel and are maximized in this 
system through increasing the hydrophilicity of the peptide to 
disfavor inter-peptide interactions. The advantage of such design is 
that there are multiple parallel connections between various GOS 
layers. Partially breaking of these interactions will not cause the 
disassembly of the hydrogel. Therefore, the hydrogel is robust upon 
external perturbation and suitable for triggered drug release. It is 
worth mentioning that such a hydrogel design is also advantageous 
over GOS-drug hybrid hydrogel 45, which is not mechanically strong 
enough for triggered drug release and may decompose when drug is 
partially released. 

We then tested whether the hydrogel is mechanically stable. We 
measured the rheological properties of the hydrogel. The storage 
modulus (G’) of the hydrogel is ~0.25 MPa, outperforming many 
peptide-based supramolecular hydrogels and comparable to many 
polymeric ones (Fig. 3A).24, 28, 46 The hydrogel showed a linear 
viscoelastic region below 5% strain and can be completely destroyed 
at strains higher than 20% (Fig. S9). We also studied the effect of 
GOS contents on the mechanical properties of the hybrid hydrogels. 
It seems that the GOS concentrations of 10-15 mg mL-1 are the 
optimum of the overall mechanical strength of the hydrogel (Fig. 
S10). Moreover, the hydrogel can quickly reform upon mechanical 
agitation. As shown in Fig. 3B, we destroyed the hydrogel using a 
100% strain and then monitored the recovery of the hydrogel by 
decreasing the strain back to 1%. The G’ can be almost fully 
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recovered within a few seconds after the mechanical agitation was 
removed. This provides direct evidence that the hydrogel is suitable 
for triggered drug release, during which the hydrogel structure may 
be temporarily destroyed to release the trapped drugs. Moreover, the 
rapid recovery of the hydrogel upon mechanical agitation makes the 
hydrogel injectable. As shown in Fig. 3C, the hydrogel can be 
readily pushed through a syringe tip and quickly reformed after 
injection (within 5 s). Although the hydrogel is formed mainly 
through non-covalent interactions, it is quite stable in phosphate 
buffer saline (PBS, 10 mM). The hydrogel remained intact without 
significant changes in its shape for at least two months and no  

 
Fig. 3 Mechanical properties of the hybrid hydrogel. (A) The rheological 
measurement in the dynamic frequency sweep mode for the hydrogel. (B) Three 
destroy-recovery cycles of the hydrogel. (C) The hydrogel is syringe-injectable 
and can vertically hang on a petri dish cover without dropping after injection. 

measurable erosion of the peptide was detected using UV absorption 
at 220 nm. The superb stability of the hybrid hydrogel makes it 
suitable to serve as drug carriers. In order to test the drug releasing 
property of the hydrogel, we loaded a model anticancer drug, 
doxorubicin (DOX, 2 mg mL-1) in the hydrogel (Fig. S11 and S12). 
More than 95% of the drugs in the buffer can be gradually loaded 

into the hydrogel by simply placing the hydrogel in the drug solution 
(Fig. S11 and S12). The drug-loaded hydrogel showed extremely 
slow spontaneous drug release (Fig. 4C). Such strong drug-
sustaining ability allows drugs to be stored in the hydrogel for a long 
period of time without leaking after being delivered to the lesion in 
vivo. 

Having studied the structure, stability and mechanical properties of 
the peptide-GOS hybrid hydrogel, we further investigated its 
triggered drug release properties. As the photo-thermal effects of 
graphene upon NIR irradiation has been well established (Fig. S13), 
we measured the NIR irradiation triggered release of DOX from the  

 
Fig. 4 Triggered-release properties of the hybrid hydrogel. (A) Illustrative scheme 
of the 808-nm near Infrared laser irradiation triggered release. (B) Thermal 
melting of PyGAGAGY monitored by circular dichroism. (C) Laser-triggered 
release of DOX at different laser power and for different time. The laser was 
turned on every 60 min. 

hydrogel (Fig. 4A). The temperature change of the hybrid hydrogel 
upon irradiation using an 808-nm laser was studied in detail to find 
the optimal triggering conditions (Fig. S13). The local temperature 
of the hydrogel can be adjusted by using different power or different 
irradiation time. Because the melting temperature of the β sheet 
structure of PyGAGAGY is ~ 47°C (Fig. 4B), we chose 1.5 W and 2 
W for the irradiation. Under these conditions, the β sheet structures 
can be partially unfolded. The rise of temperature upon NIR 
irradiation can also disrupt the π-π stacking between pyrene and 
GOS, which further facilitate the release of drugs. The hydrogel 
containing 2 mg mL-1 of DOX was alternately irradiated using the 
808-nm for either 1 min or 2 min at different powers and then stored 
still for an hour to monitor the drug release (Fig. 4C). DOX showed 
a burst release upon laser irradiation. The release was terminated 
once the laser was turned off. Therefore, such triggered release can 
be applied on-demand. The amount of DOX released each time is 
also tunable by adjusting the laser power as well as theirradiation 
time. Moreover, the amount of DOX released after each trigger was 
proportional to the total amount of DOX remained in the hydrogel 
and the dose of the drug can be precisely controlled. In the end of the 
triggered-release experiment, the amount of DOX in the solution and 
in the gel reached equilibrium. The residual DOX in the hydrogel 
was estimated to be less than 20%. It is worth noting that the 
hydrogel remained intact after more than 5 cycles of triggered 
release (Fig. S14). 

The cytotoxicity of the hydrogel to normal cell lines LO2 was also 
evaluated. Hydrogels were fractured to millimeter size and 
suspended in the growth media. Our preliminary data indicated that 
the hydrogel exhibited high biocompatibility and low cytotoxicity to 
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normal cell lines (Fig. S15 and S16). As shown in Fig. S17, S18 and 
S19, both the reactants and the leachable components were safe to 
the growth of normal cell lines LO2, indicating that the hydrogel is 
promising for biomedical applications. We further tested the 
cytotoxicity of the hydrogel to a model cancer cell line, human 
hepatocarcinoma cell line SMMC-7721, seeded on a 24-well plate 
on the application of NIR laser irradiation (Fig. 5). The hydrogel 
alone did not show any appreciable cytotoxicity. The cell 
morphology also did not change in the presence of DOX-loaded 
hydrogels. These indicated the low toxicity and great drug 
sustainability of the hydrogel. Upon NIR irradiation for 2 min, the 
released DOX could lead to drastic decrease of cell viability (Fig. 5). 
This is consistent with the in vitro drug release experiments.  

 
Fig. 5 Laser-triggered cytotoxicity of the DOX-loaded hybrid hydrogel. (A) 
Photographs of the hepatocarcinoma cell line SMMC-7721 grown on a 24-well 
plate at a density ~1 × 104 cells per well in 1.0 mL of DMEM medium (10% FBS, 
100U mL-1 penicillin, and 100 µg mL-1 streptomycin) at 37 °C in a humidified 
atmosphere containing 5% (v/v) CO2. After growth for 24 h, 0.1 mL of fractured 
hydrogel or DOX-loaded hydrogel (containing 0.2 or 2.0 mg mL-1 DOX) were 
added to the desired wells. The irradiation was performed using an 808-nm NIR 
laser with a spot diameter of ~ 14 mm at 1.5 W for 2 min. All the cells were 
cultured for additional 4 h and the floating fractured hydrogels were removed by 
rinsing with DMEM medium before taking the photographs. (B) Cell viability 
assessed by the MTT method after the photographs were taken. The control group 
using DOX solution was performed using the same procedure. The final DOX 
concentrations in the media were 0.4 and 2.0 µg mL-1, respectively. ** indicates p 
< 0.01, compared with 7721 control group. 

Ultimately, we evaluated whether the designed hybrid hydrogel is 
suitable for in vivo on-demand anticancer drug release and possesses 
the antitumor efficiency. Thanks to the thixotropic character, the 
DOX-loaded hybrid hydrogel can be directly delivered to the desired 
locations in the nude mice through subcutaneous injection (Fig. 6A). 
The fluorescence of DOX can be used to monitor the drug release ex 
vivo. Due to the high drug sustainability of the hydrogel, the 
delivered drug did not show any measurable release in 2 h without 
external stimuli (Fig. S20A-D). However, upon NIR irradiation, the 
drug showed burst release and the drug level at the lesion can be 
retained for at least 2 h (Fig. S20E-H). We also studied the long-term 
on-demand release of DOX in nude mice. The “on” and “off” switch 
of DOX release can be repeatedly demonstrated for several cycles 

(Fig. 6B and S21). The hybrid hydrogel remained stable in vivo for 
at least 13 days after injection. The majority of the released drug can 
be taken off from the lesion through circulation in ~2-3 days, while 
the newly released drug triggered by external stimuli can bring back 
the drug concentration to the original level.  

After demonstrating the promising in vivo on-demand drug release 
of the hydrogel, we then investigated the antitumor properties of the 
DOX-loaded hydrogel. The hydrogels with different amount of 
loaded DOX were subcutaneously injected near the tumor lesion in 
the nude mice. DOX-L-gel and DOX-H-gel contain 1.0 and 5.0 mg 
mL-1 DOX, respectively. Apparently, the NIR-triggered on-demand 
release treatment could efficiently cure the tumor. The tumors in 2 
out of 5 treated mice using the DOX-L-gel (DOX-L-gel-irradiation  

 
Fig. 6 In vivo on-demand drug release and antitumor study. (A) 50 µL of DOX-
loaded hydrogel (containing 2 mg mL-1 DOX) was subcutaneously injected into 
two mice. The control site and the subcutaneous injection sites with or without 
irradiation for on-demand drug release were marked in blue circles in the figure. 
The fluorescence of DOX (excitation at 465 nm and emission at 570 nm) was 
used to monitor the drug release by imaging analysis. The on-demand DOX 
release was triggered by irradiating the raised skin caused by subcutaneous 
injection with an 808-nm near infrared laser at 2.0 W for 1 min. (B) The 
fluorescence intensities of the subcutaneous injection site before and after 
irradiation in different days (red square). The fluorescence intensities of the 
subcutaneous injection site without irradiation (green triangle) and the control site 
upon irradiation (blue circle) were also shown for comparison. (C) The image of 
tumors taken from 6 groups of sacrificed mice at day 23 (5 mice/group). In this 
experiment, tumor-bearing mice were injected by 50 µL of hydrogel containing 
1.0 or 5.0 mg mL-1 of DOX with (labeling as DOX-L-gel-irradiation and DOX-H-
gel-irradiation, respectively) or without irradiation (labeling as DOX-L-gel and 
DOX-H-gel, respectively). The mice without treatment (Control group) and that 
treated with DOX unloaded hydrogel (Gel-irradiation group) were also studied. In 
the DOX-L-gel-irradiation group, two mice had been cured and had no tumor, and 
in the DOX-H-gel-irradiation group, four mice had been cured and had no tumor. 
(D) The size of the tumors during the treatment. (**indicates p < 0.01, compared 
with control group.) 

group) and 4 out of 5 treated mice using the DOX-H-gel (DOX-H-
gel-irradiation group) were disappeared after a course of treatment of 
23 days (Fig. 6C). Moreover, the tumor size of the un-irradiated 
mice (DOX-L-gel and DOX-H-gel group) showed similar tumor size 
as the control group and the mice treated by DOX unloaded hydrogel 
(Gel-irradiation group), indicating that the anti-tumor efficiency of 
the hydrogel is through the on-demand release of the loaded drug 
instead of drug leaking due to the decomposition of the hydrogel. 
The weight of the tumor taken from sacrificed mice was summarized 
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in Fig. S22. The size of the tumor in different groups during the 
course of treatment were shown in Fig. 6D. The growth of the tumor 
in the NIR irradiated groups only took place after 15 days post 
injection (10 days post last irradiation). It is apparently possible to 
raise the drug concentration through additional irradiation at day 15 
to further improve the antitumor efficiency of the treatment. The 
beauty of the on-demand release system is its ability to actively 
control the drug level to achieve the optimum treatment while 
minimize the side effects of high dose. 

Conclusions 

In summary, we reported a peptide-graphene hybrid hydrogel 
for drug delivery and pulse-triggered release. The hydrogel is 
composed of graphene oxide sheets interconnected by 
hierarchical peptide interactions. The peptide and graphene are 
linked by π-π interactions and the peptide molecules are 
connected either by hydrogen bonds in the antiparallel β sheets 
or by direct covalent crosslinking. The strong interactions serve 
as permanent crosslinks that warrant the high stability of the 
hydrogel whereas the weak interactions could be temporarily 
broken upon external triggering. Such a design make the 
hydrogel mechanically and chemically stable, injectable, and 
suitable for being triggered by NIR irradiation. Moreover, the 
hydrogel exhibits low cytotoxicity and can be used in vivo. 
With these excellent traits, we anticipate that this type of hybrid 
hydrogels has high potential for broad biomedical applications. 
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