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a b s t r a c t

Since self-assembled peptide hydrogels can solve the problems such as low solubility, poor selectivity

and serious adverse effects of traditional chemotherapy drugs, they have been widely used as carrier

materials for drug delivery. In this study, we developed a novel and injectable drug delivery platform

for the antitumor drug doxorubicin (DOX) using a pH-responsive ionic-complementary octapeptide FOE.

This octapeptide could self-assemble into stable hydrogel under neutral conditions, while disassemble un-

der the tumor microenvironment. Especially, at pH 5.8, its micromorphology displayed a transition from

nanofibers to nanospheres with the change of secondary structure, which enhanced cellular uptake of

DOX. In addition, FOE hydrogel serves as a smart drug reservoir by localized injection to achieve sus-

tained drug release and improve antitumor efficacy. This octapeptide opens up new avenues for promot-

ing the clinical translation of anticancer drugs on account of excellent injectable properties and economic

benefits of simple and short sequence.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Cancer is the leading cause of the increasingly mortality world-

wide. Chemotherapy is one of the most commonly used treatments

for cancer [1]. Among all the anticancer chemotherapy drugs, the

small molecular chemotherapy drugs such as DOX are the most

classic and prevalent. However, the clinical application of them has

been limited due to its low solubility, poor target specificity, large

side effects and short biological half-life [2–4]. To address these

issues, a variety of polymer nano-carriers such as nanoparticles,

liposomes and micelles have been designed, but they still have

following limitations: low drug loading capacity, poor biocompati-

bility and low selectivity toward tumor tissue [5–7]. Accordingly,

there is an urgent need to develop novel drug delivery systems

(DDSs) to deliver anticancer drugs efficiently.

Hydrogels are defined as three-dimensional hydrophilic poly-

mer networks which could absorb water and then swell in aque-

ous solution [8]. Several researches have revealed that hydrogels

play a major role in biomedical applications, such as tissue en-

gineering, vaccine preparations and drug delivery carriers, due to
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their tunable physicochemical properties [6,9,10]. Especially, local-

ized drugs delivery using injectable hydrogels has attracted more

interests since it could provide a sustained release of drugs at the

target site [11,12]. Peptides, important structural elements of the

hydrogel networks, possess remarkable properties of low immuno-

genicity, versatile functionality, as well as inherent biocompati-

bility and biodegradability [13–15]. Self-assembled peptides can

spontaneously organize into well-ordered nanostructures via hy-

drogen bonding, π-π stacking, electrostatic and hydrophobic in-

teractions [16]. Furthermore, due to the diversity in amino acid

side chains, self-assembled peptides with specific secondary struc-

tures and properties could be designed by changing their sequence

[17–19]. For instance, Webber et al. reported a peptide amphiphile

(KRRASVAGK[C12]-NH2) containing the specific consensus substrate

for protein kinase A to achieve targeted drug release at the tumor

site [20]. Liang et al. also proposed a peptide amphiphile-based

DDS consisting of mimicking peptide (DRQI KIWF QNRR MKWKK)

and stearic acid, which exhibits the advantage of pH-induced con-

formational/structural transition to release antitumor drugs specif-

ically into tumor cell [21]. More intriguingly, peptide-based hy-

drogels can change their properties upon external stimuli, such as

temperature, pH, enzyme, so as to accumulate drugs in specific ar-
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Fig. 1. Characterization of FOE octapeptide under different pH conditions. (A) Appearance of FOE solution (15 mg/mL); (B) TEM images of blank FOE hydrogel (0.10 wt%),

scale bar: 200 nm; (C) Dynamic light scattering (DLS) and (D) zeta potential curves of FOE hydrogels; (E) CD spectrum of blank FOE; (F) Cumulative release of DOX from

FKE and FOE hydrogels. One-way ANOVA, mean ± SD, ∗P <0.05, ∗∗ P <0.01 and ∗∗∗ P < 0.001, n = 3.

eas [22,23]. Regardless of the remarkable progress, self-assembled

peptides are still facing the difficulty that cannot form the stable

secondary structure owing to irregular charge and hydrophobicity

distribution of their sequence, thereby failing to improve assem-

bly efficiency and mechanical strength of the hydrogel [24]. For

this problem, ionic-complementary peptides consisting of alternat-

ing hydrophilic and hydrophobic amino acids have attracted exten-

sive attention recently. Their self-assembly is mainly regulated by

intermolecular hydrophobic interactions and charged residue inter-

actions [25,26]. However, problems such as low purity of the sam-

ple and the difficulty of synthesizing large quantities of peptides at

a relatively low cost hinder the further application of this type of

peptides [27].

To this end, a novel anticancer DDS based on octapeptide FOE

(FOFOFRFE) with ionic self-complementarity was designed and

DOX-loaded octapeptide hydrogel was prepared for peritumoral

administration herein. The octapeptide sequence is composed of

alternate hydrophobic (phenylalanine (F)) and hydrophilic (or-

nithine (O), arginine (R) and glutamic acid (E)) amino acids, which

endows the octapeptide with pH-sensitivity. The octapeptide is

able to self-assemble into cross-linked β-sheet nanofibers to

form hydrogels in aqueous solution in vitro. After peritumoral

administration, the octapeptide hydrogel disassembles under

acidic microenvironment (pH 5.8), accompanied by the change of

microstructure from fiber networks to nanospheres, which will

enhance the cellular uptake of drugs. In vitro, excellent gelation

properties, injectability and biocompatibility of FOE hydrogel were

confirmed. In vivo, FOE-based DDS was verified to be an effective,

sustained, and controllable anticancer drug delivery pathway

for targeting tumor sites and limiting cytotoxicity to normal

cells.

We synthesized FOE and its analogues using a solid phase pep-

tide synthesis technique shown in Fig. S1 (Supporting informa-

tion). The ultra-performance liquid chromatography (UPLC) chro-

matograms, peak data, and Mass Spectrometry confirmation of FOE

and its analogues are presented in Figs. S2, S3 and Table S1 (Sup-

porting information). The purity of the designed octapeptides was

over 98%, as determined by quantitative UPLC analysis.

Several studies were performed to characterize the self-

assembly of FOE octapeptide under different pH conditions. It can

be seen that FOE octapeptide self-assembled to form a stable hy-

drogel under neutral conditions, whereas it was still in a solution

state under acidic condition (pH 5.8) (Fig. 1A and Fig. S4 in Sup-

porting information). Under slightly acidic conditions (pH 6.5), the

solution gradually became a viscous liquid, indicating the transi-

tion process from sol to gel. Meanwhile, transmission electron mi-

croscope (TEM) images revealed the morphology of FOE peptide

at the microscopic levels (Fig. 1B). The microstructure of the oc-

tapeptide solution was uniform nanospheres at pH 5.8, and the

nanospheres shrank and gathered with each other to form fine

fibers when pH increased to 6.5. When the pH continued to rise

to 7.4, FOE octapeptide thickened into strands, and formed a fi-

brous network structure with uniform pores distributed in the net-

work structure, which could be used to encapsulate drugs. These

TEM data confirmed that the typical state of FOE octapeptide un-

der neutral and acidic conditions, namely gel and sol, and directly

reflected the pH responsiveness of FOE octapeptide, indicating that

FOE can self-assemble into hydrogel at pH 7.4, and disintegrate at

pH 5.8.

We further studied the size, zeta potentials and secondary

structure (Figs. 1C-E) of the self-assembled octapeptide nanostruc-

tures. The particle size of FOE solution was 1506.05 ± 12.64 nm,

and the zeta potential was 7.31 ± 0.18 mV at pH 7.4, whereas the

former reduced to 237.82 ± 5.20 nm and the latter increased to

22.4 ± 1.71 mV at pH 5.8. The most likely explanation was that

the side chain of ornithine was protonated and the electrostatic

repulsion between the same charges increased when the pH of the

solution was lower than its isoelectric point (pI), which caused the

electrostatic repulsion between the octapeptides to exceed the hy-

drophobic interaction, thereby resulting in the disintegration of the

hydrogel and the bending of peptide molecular layer. Interestingly,

as shown in Fig. S5 (Supporting information), the incorporation
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Fig. 2. Rheological study of blank FOE hydrogels and DOX-loaded hydrogels. (A) Photographs of FOE octapeptide during the circle sweep; (B) Dynamic strain sweep of FOE

hydrogels with or without DOX; (C) Dynamic frequency scanning of FOE hydrogels with or without DOX; Circle sweep of (D) FOE hydrogels with DOX and (E) FOE hydrogels

without DOX.

of DOX led to finer nanofiber networks under neutral conditions.

Likewise, the diameter of nanospheres formed by the DOX-loaded

FOE was smaller than that of FOE at pH 5.8. A possible reason was

that the hydrophobic drug DOX could enhance hydrophobic inter-

action between the octapeptides, which made the fiber networks

denser and the nanospheres smaller [28]. Then, circular dichroism

(CD) spectrum was acquired to investigate the secondary structure

of FOE octapeptide. The result exhibited that the secondary struc-

ture of the peptides varied from random coil at pH 5.8 to coexis-

tence of β-sheet and random coil at pH 7.4, suggesting that FOE

octapeptides gradually changed from the solution state to hydro-

gel at a macroscopic level. This finding corresponds to the change

in the appearance of the FOE octapeptide solution, suggesting that

FOE peptides have a pH-triggered structural transition.

Subsequently, in vitro drug release studies of FOE hydrogel were

conducted to verify the pH-responsiveness of FOE hydrogel. We de-

signed the other 2 different octapeptides based on FOE to compare

with FOE octapeptide. The basic amino acid ornithine (pI = 10.80)

in FOE was replaced with lysine (K, pI = 9.74) to get FKE (FK-

FKFRFE). And FOR (FOFOFRFR) was designed by replacing glu-

tamic acid with arginine. The gelation properties of these octapep-

tides were investigated under different conditions. Interestingly,

FOR octapeptide cannot self-assemble under the selected condi-

tions (Fig. S6 in Supporting information), possibly due to the fact

that hydrophilic amino acids in this octapeptide are all basic amino

acids. Thus, the electrostatic repulsion between the same charges

is much greater than the hydrophobic force of the amino acid side

chains, which was consistent with previous study [29]. Both FKE

and FOE could self-assemble at pH 7.4 and form a stable hydrogel,

but the gel formation rate of FOE was faster than that of FKE. The

reason may be that the side chain of lysine is longer than that of

ornithine, causing the larger steric hindrance of self-assembly.

We then compared the drug release properties of FOE hydrogel

with that of FKE hydrogel. The cumulative DOX release of FOE hy-

drogel at pH 5.8 (35.58%) was approximately 3.67-fold higher than

that at physiological pH (9.69%) (P < 0.001) (Fig. 1F), implying that

the FOE octapeptide offered a sustained and pH-induced drug re-

lease. In comparison to FKE, cumulative DOX release from FOE hy-

drogel was less in neutral condition and more in acidic condition,

suggesting that the hydrogel formed by FOE had better pH sen-

sitivity and higher stability. This phenomenon may be due to the

substitution of basic amino acids (lysine) in FKE by ornithine with

a higher pI, making the amino acid side chains more susceptible

to pH reduction and easier to protonate. Besides, it was found that

there was no drug burst release at the initial phase. The overall

results suggested that FOE octapeptide provided much more sus-

tained and efficient drug release.

Rheological tests were performed to characterize the mechan-

ical properties and injectability of FOE hydrogel. The photographs

of FOE octapeptide during the cyclic sweep directly showed that

even when the gap between the rotor and the sample disk was

only 0.5 mm, and the strain was as high as 50%, the hydrogel

quickly recovered its morphology after shearing (Fig. 2A), suggest-

ing that FOE formed a stable hydrogel and had good shear-thinning

properties. In dynamic strain sweep, both storage modulus (G’) and

loss modulus (G’’) of DOX-loaded FOE hydrogel were greater than

those of blank FOE hydrogel (Fig. 2B), confirming that the incorpo-

ration of DOX reinforced the mechanical strength of FOE hydrogel

[28]. We fixed the strain to 1% and performed the dynamic fre-

quency scanning on the sample. It was found that the values of G’

dominated those of G’’, and FOE hydrogel exhibited weak depen-

dence on the frequency ranging from 1 rad/s to 100 rad/s (Fig. 2C),

which proved that FOE hydrogel formed a solid-like hydrogel with

strong rigidity. In order to study the injectability of FOE hydrogel,

cyclic sweep experiment was used to simulate the injection pro-

cess (Figs. 2D and E). The results demonstrated that FOE hydrogel

could recover its structure quickly after repeated destroyed by ex-

ternal force, indicating that FOE peptide was a stable drug carrier

that could be dynamically reorganized repeatedly. Consequently,

this octapeptide has the potential to be used in the field of bio-

logical self-assembly injectable carrier materials.

A MTT assay was used to study the cytotoxicity and biocompat-

ibility of FOE hydrogel to human umbilical vein endothelial cells

(HUVECs). The cell viability after co-incubation with blank FOE hy-

drogel (up to 600 μg/mL) for 48 h was above 95% (Fig. 3A), re-

vealing that FOE has almost no carrier toxicity to normal cells in

this concentration range. Then the in vitro anti-proliferation effi-

cacy of DOX-loaded FOE hydrogel (DOX-FOE) to mouse breast can-

cer (4T1) cells was compared with those of free DOX. The cell vi-

ability decreased gradually with increasing DOX concentration. It

was found that the inhibitory efficacy of DOX-FOE surpassed that

of free DOX (Fig. 3B). IC50 is a commonly used parameter to eval-

uate the cytotoxicity of preparations, and the lower the IC50 value,

the better the proliferation inhibition effect of the preparation. The
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Fig. 3. (A) Cell viability of HUVECs co-incubated with FOE octapeptide hydrogel

(n = 6); (B) Cell viability of 4T1 cells co-incubated with free DOX or DOX-loaded

hydrogel (n = 6).

IC50 values of free DOX and DOX-FOE supported above observation,

with 9.410 μg/mL in the DOX group and 5.625 μg/mL in the DOX-

FOE group. The overall results indicated that DDS based on FOE

hydrogel improved efficacy of hydrophobic drugs in vitro to a cer-

tain extent. The reasons may be that: (1) Nanofibers were internal-

ized by cells, thus increasing the cellular uptake of DOX adsorbed

on the surface of nanofibers [30,31]; (2) Compared with the pas-

sive diffusion of free DOX, the FOE hydrogel disintegrated under

acidic conditions, resulting in the encapsulation of DOX in spher-

ical nanogels, in which the endocytosis of nanospheres enhanced

the cellular uptake of DOX [32,33]; (3) In the tumor microenviron-

ment, the octapeptide exhibited a positive charge which attracted

the negative charge of the cell membrane to reinforce the ability

of cancer cells to absorb the octapeptide [34].

Next, we assessed the anti-tumor efficacy of DOX-FOE in vivo.

All animal experiments herein were approved by the Ethics Com-

mittee of China Pharmaceutical University (Nanjing, China) and

carried out specifically in accordance with guidelines evaluated

and approved by this Committee. The changes of tumor volume

and body weight of tumor-bearing mice after peritumoral admin-

istration of normal saline (NS), DOX and DOX-FOE were monitored

to evaluate toxicity and tumor growth inhibition of the formula-

tions (Figs. 4A and B). Compared to the significant growth of tumor

volume for the NS-treated mice, the tumor volume in DOX group

showed a slower growth to 328.01 mm3, and that in DOX-FOE

group remained relatively stable (167.07 mm3) within 7 days. The

results clearly meant that the tumor inhibitory effect of DOX-FOE

was more obvious than that of free DOX (P < 0.05). Additionally,

the mice in NS group showed an obvious increase in body weight

after peritumoral administration (Fig. 4B). However, the change of

body weight of the mice in DOX-FOE and DOX groups showed a

downward trend. The average body weight of mice in DOX-FOE

group decreased from 18.63 g to 18.26 g within 7 days, while that

of mice in DOX group showed a significant decreased from 19.08 g

to 17.17 g, suggesting that the toxicity of DOX was markedly re-

duced after being wrapped in FOE hydrogel. The reason may be

that small molecular anticancer drugs cannot be selectively con-

centrated in tumor cells, whereas the drug-loaded hydrogel forms

a "drug repository" around the tumor, which can target and re-

lease the drug continuously and slowly, thereby reducing the toxi-

city and side effects.

Figs. 4C and D showed the average weight and photographs of

the excised tumors. The tumor weights of tumor-bearing mice in

NS, DOX and DOX-FOE groups were 1.62 ± 0.26, 1.01 ± 0.11 and

0.64 ± 0.06 g, respectively. Compared with the DOX group, the

anti-tumor effect of DOX-FOE group was more obvious, indicat-

ing that drug-loaded FOE hydrogel can significantly prolong the

effect of anti-tumor drugs, which is consistent with results of in

vitro studies. The results of hematoxylin and eosin (H&E) stain-

ing and TdT-mediated dUTP nick-end labeling (TUNEL) assay of tu-

mor sections were shown in Fig. 4E. There were almost no obvi-

ous necrotic areas in the tumor tissue of NS group. In contrast, ap-

parent necrotic areas were observed in DOX and DOX-FOE groups,

and the necrotic areas in DOX-FOE group were more widely dis-

tributed. TUNEL assay results showed that the brown area in DOX-

FOE group was larger compared with the NS and DOX group, indi-

cating a greater degree of tumor tissues apoptosis in the hydrogel

group, which supports the above results that DOX-FOE has good

anti-tumor properties.

The distribution of DOX in mice was observed by in vivo imag-

ing system using DiR fluorescent probe instead of DOX. The flu-

Fig. 4. In vivo anti-tumor assay of FOE hydrogel. Tumor volume (A) and body weight (B) change curve of 4T1 tumor-bearing BALB/c mice treated with NS, DOX and DOX-

FOE within 7 days; Average weight (C) and photographs (D) of tumors harvested from 4T1 tumor-bearing BALB/c mice treated with NS, DOX and DOX-FOE 7 days after

administration; (E) H&E staining and TUNEL assay of tumor sections harvested from 4T1 tumor-bearing BALB/c mice at 7 days posttreatment, scale bar: 100 μm. One-way

ANOVA, mean ± SD, ∗P < 0.05, ∗∗ P < 0.01 versus DOX.
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Fig. 5. In vivo biodistribution of free-DiR and Gel-DiR in 4T1-bearing mice. (A) In vivo fluorescence images of tumor-bearing mice at different times after peritumoral

administration of free-DiR and Gel-DiR; (B) Ex vivo fluorescence images of tumors and major organs at 24 h after peritumoral administration, including tumor, heart, liver,

spleen, lung, and kidney. DiR as the fluorescent probe.

orescence of DiR was significantly localized around the tumor in

DiR-loaded FOE hydrogel (Gel-DiR) group at different time points

(0, 1, 6, and 24 h) (Fig. 5A). However, in free DiR group, the flu-

orescence signal of the tumor site gradually weakened after 6 h,

while the signal of other tissues enhanced. Likewise, significant

signal appeared in the liver and lung of free DiR group after 24 h

(Fig. 5B). On the contrary, in the Gel-DiR group, signal was still en-

riched in the tumor site, and there was no obvious signal in other

organs, demonstrating that DOX-FOE could effectively prolong the

action time of DOX and enhance drug accumulation at the tumor

site, thereby reducing the side effects.

In summary, in order to overcome the challenges of hydropho-

bic chemotherapy drugs delivery, we designed and synthesized

an injectable pH-sensitive ionic-complementary octapeptide FOE

that could self-assemble to form hydrogel at pH 7.4 as a novel

drug carrier. Especially, under acidic conditions, the pH-induced

change of the secondary structure in the octapeptide led to the

morphological transformation from nanofibers to nanospheres,

which contributed to the achievement of controlled drug delivery

and enhanced drug uptake by tumor cells. Besides, FOE hydrogel-

based drug delivery system can be administered locally due to its

satisfactory mechanical strength, fluidity and viscoelastic, so as

to concentrate the anticancer drugs at the tumor site and reduce

systemic adverse effects. In addition to economic advantage owing

to the short and simple sequence, the octapeptide designed herein

also has a broad prospect in the clinical application of drug

delivery.
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