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1. Introduction 

Chemotherapy is the traditional treatment for clinical cancer patient 
[1,2]. However, the therapeutic effect is often severely limited by the 
multidrug resistance (MDR) [3,4], which was commonly mediated by 
inactivating drugs, increasing efflux, stimulating DNA repair mecha-
nisms, and/or activating detoxification pathways [5–7]. Recent studies 
are committing to develop reasonable strategies for intervention of the 
molecular pathways mediating MDR, of which P-glycoprotein (P-gp) has 
been widely investigated [8]. So far, several kinds of P-gp inhibitors, 
including verapamil [9],vitamin E [10], cyclosporin A [11], and small 
interfering RNA (siRNA) [12], have been used to increase the intracel-
lular accumulation of chemotherapeutic drugs. However, there is still a 
vigorous requirement to develop novel bioactive inhibitors, which could 
not only decrease the expression of P-gp thus increasing the intracellular 
accumulation of antitumor drugs, but also have effective tumor inhibi-
tion effect by its-self. 

Nitric oxide (NO), an endogenous gaseous molecular messenger, 
demonstrated great potential in inhibiting carcinogenesis and tumor 
growth [13,14]. Increasing evidences showed that NO could directly kill 
cancer cells through multiple pathways [15], including producing of 
oxidative and nitrosative stress [16], damage mitochondria and DNA 
[17], enhance lipid peroxidation and impaired cellular function [18]. In 
particular, oxidative stress induced antitumor mechanism was mainly 
attributed to mitochondrion-mediated apoptotic pathways [19]. Firstly, 
NO induced ROS elevation by down-regulate the core proteins of 
mitochondria respiratory chain (MRC) complex I and IV, resulting in the 
suppression of MRC complex I and IV activity and further ROS pro-
duction [20]. Then, the upregulated ROS could induce oxidative 
stress-mediated mitochondrial dysfunction, such as the loss of mito-
chondrial membrane potential, and eventually mitochondrion-mediated 
apoptotic pathway was turn on [21]. Importantly, recent studies 
demonstrated that NO has chemosensitization effect by decreasing the 
P-gp expression levels [22,23]. Hence, when combined with antitumor 
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drugs, NO should have great potential for combating multidrug resis-
tance cancer by direct antitumor effect and indirect chemosensitization 
effect, achieving synergistic cancer chemotherapy. 

So far, several intravenously administrated nano NO delivery sys-
tems have been developed [24,25], aiming at realizing tumor target 
delivery and tumor microenvironment stimuli-triggered NO release, 
however, the therapeutic effect was often limited by the low tumor 
accumulation and bioavailability [26,27]. Alternatively, supramolecu-
lar hydrogel based on self-assembling peptides has been attracted a great 
interest in drug delivery systems [28], due to their synthetic accessi-
bility, high bioavailability and smart responsiveness to pathological 
signals [29,30]. Among them, the integration of peptide gelator with 
certain bioactive molecules could feasibly modulate the self-assembling 
behaviors and biological effects, such as induction of cancer cell 
apoptosis [31,32], immunoregulation [33,34], tissue regeneration [35, 
36], etc. 

Inspired by the virtue of supramolecular hydrogels, herein, a kind of 
NO prodrug-based oligo-peptide-based hydrogels was developed, which 
could not only serve as direct therapeutic agent but also provide a facile 
and effective platform for the codelivery of chemotherapeutic drugs 
with the capacity of overcoming MDR. As depicted in Scheme 1, the 
GSH/GST-responsive NO prodrug alkynyl-JSK was conjugated onto the 
tactical NapFFGEE-N3 hydrogelator sequence by facile click reaction, 
obtaining the NO functional peptide (NapFFGEE-JSK), which could self- 
assemble into nanofiber supramolecular hydrogel due to the non-
covalent hydrophobic and hydrogen-bonding interactions. To our 
consideration, both the NO prodrug JSK and NapFF peptide gelator were 
hydrophobic, where EE amino acids with two carboxylic acid (COOH) 
residues were introduced to not only tune the hydrophile-lipophile 
balance for driving gelation assembly but also provide electrostatic 
binding point for doxorubicin (DOX). Upon uptake by the MCF-7 ADR 
cells, the nanofibers were expected to response to the overexpressed 
GSH/GST and trigger NO release locoregionally and sustainedly, 
resulting in intracellular amplification of oxidative stress due to the 
superior GSH consumption and the excellent ROS production synchro-
nously. Subsequently, oxidative stress involved mitochondrion medi-
ated cell apoptotic was expected to achieve excellent antitumor effect. 
Except from the direct antitumor effect of NO, this supramolecular 
hydrogel could serve as a facile and effective platform for the codelivery 
of DOX, which could self-assemble with the polypeptide nanofiber 
though electrostatic and hydrophobic interactions. This system is 

expected to achieve GSH/GST triggered NO release and pH-sensitive 
DOX release in a locoregional and synergetic manner. Based on such 
design, NO not only killed tumor cells through mitochondrion mediated 
cell apoptotic pathway, but also sensitized MDR breast cancer cells for 
DOX by reversing the P-gp mediated efflux pathway, which were ex-
pected to obtain synergistic antitumor effect on drug-resistant breast 
cancer. 

2. Experimental methods 

2.1. Synthesis of NO prodrug functional peptide NapFFGEE-JSK 

First, the peptide NapFFGEE was prepared by typical solid-phase 
synthesis (SPPS) [32]. Afterwards, the peptide hydrogelator 
NapFFGEE-N3 was synthesized by condensation reaction. 1.0 mmol 
(795.3 mg) of peptide NapFFGEE, 1.1 mmol (416.9 mg) of HBTU and 
2.2 mmol of DIPEA (284.4 mg) were dissolved in 2 mL of DMF, then 1.1 
mmol of 3-azidopropylamine (100 mg) were added to the above solu-
tion. After stirring at room temperature (25 ◦C) over night, the reaction 
liquid was directly sent to HPLC purification, finally got about 75% 
yield. The chemical structure of NapFFGEE-N3 was determined by 1H 
NMR. 

The NO prodrug alkynyl-JSK was synthesized according to previ-
ously reported method [14]. The chemical structures of alkynyl-JSK 
were verified by 1HNMR. Then, the NO prodrug functional peptide 
NapFFGEE-JSK was synthesized by click chemistry. Briefly, 
NapFFGEE-N3 (1 × 10− 3 mol, 1.3 g) was dissolved in H2O (15 mL) in the 
presence of CuSO4 (5 × 10− 4 mol, 0.125 g) and sodium ascorbate (1 ×
10− 3 mol, 0.196 g) under the protection of nitrogen atmosphere. 
Alkynyl-JSK (1.5 × 10− 3 mol, 1.58 g) dissolved in THF (5 mL) was added 
to the peptide solution, which was conducted at 37 ◦C for 24 h. After the 
reaction was finished, the products were dialyzed against deionized 
water. The chemical structure of NapFFGEE-JSK was analyzed by 1H 
NMR, ATR-FTIR spectroscopy, UV spectrum and Circular dichroism. 

2.2. Preparation and characterization of NapFFGEE-JSK hydrogel and 
NapFFGEE-JSK/DOX hydrogel 

NapFFGEE-JSK hydrogel was prepared according to the following 
process. 2.0 mg of NapFFGEE-JSK and 1.5 equiv. of Na2CO3 were firstly 
suspended in 200 μL phosphate buffer saline (PBS, pH = 7.4), and the 

Scheme 1. The design of glutathione/ 
glutathione S-transferase responsive NO 
prodrug based-supramolecular hydrogel 
for combating multidrug resistance in 
synergistic cancer chemotherapy. (A) the 
formation of NapFFGEE-JSK/DOX supramo-
lecular hydrogel by self-assembly, and 
further loading with DOX by electrostatic 
and hydrophobic interactions. (B) The syn-
ergistic antitumor mechanism of NapFFGEE- 
JSK/DOX supramolecular hydrogel for 
combating multidrug resistance. Firstly, 
GSH/GST-triggered NO release locoregion-
ally from NapFFGEE-JSK result in intracel-
lular superior GSH depletion and the 
excellent ROS production, the cascade 
amplification of oxidative induced mito-
chondrion mediated cell apoptosis, thereby 
demonstrating direct antitumor effect. 
Moreover, in this codelivery system, NO 
sensitize drug-resistant cancer cells by 
reversing the P-gp mediated MDR effect, 
facilitating the intracellular DOX accumula-
tion, which finally resulting in significant 
synergistic antitumor effect.   

J. Zhang et al.                                                                                                                                                                                                                                   



Bioactive Materials 6 (2021) 3300–3313

3302

suspensions were heated to form clear solutions. Then, the sample was 
transferred to a 2 mL flat-bottomed vial and cooled to room temperature 
for gelation. 

The DOX loaded NapFFGEE-JSK/DOX hybrid hydrogel was prepared 
using the same method as NapFFGEE-JSK hydrogel. 0.1 equiv. of DOX 
was mixed well with NapFFGEE-JSK solution, after gelling process, the 
hybrid hydrogel was soaked in PBS solution to remove the unbounded 
DOX. Then, the encapsulation efficiency of DOX in NapFFGEE-JSK/DOX 
hybrid hydrogel was monitored and calculated with UV spectrum. 

The critical micelle concentration (CMC) of NapFFCEE-JSK was 
studied by dynamic light scattering (DLS). Different concentrations of 
the NapFFCEE-JSK solution were tested, of which the light scattering 
intensity was measured. The rheological properties of the hydrogel were 
investigated on a rheometer (Thermo Scientific HAAKE RheoStress 
6000) at 25 ◦C, at an angular frequency of 6.282 rad/s and strain of 
1.0%. 

The nanostructure of NapFFGEE-JSK hydrogel was evaluated by 
Transmission Electron Microscopy (TEM). To study the involvement of 
electrostatic interactions in the co-assembled hydrogel of DOX and 
NapFFGEE-JSK, NapFFGEE-JSK/DOX supramolecular hydrogel (1 wt%) 
was diluted to NapFFGEE-JSK/DOX solution (0.1 wt%) by PBS. Absolute 
values of zeta potential of the NapFFGEE-JSK/DOX solution was 
measured on Zetasizer Malvern 3000HS (UK). 

2.3. NO release in vitro 

Qualitative JSK-decomposition triggered by GSH/GST was moni-
tored by UV spectrum. NapFFGEE-JSK hydrogel or alkynyl-JSK (25 μM) 
in 3 mL PBS was added appropriate amount of GSH/GST (10 mM GSH 
and 5 μg/mL GST), and the absorb peak attributed to NO prodrug at 325 
nm was monitored. 

Quantity of NO release was determined by standard Griess assay. NO 
release of NapFFGEE-JSK in comparison to alkynyl-JSK (20 μM) was 
monitored at 37 ◦C in PBS buffer with different pH in the presence or 
absence of 10 mM GSH and 5 μg/mL GST. Griess reagent (50 μL) mixed 
with the 50 μL sample was incubated for 10 min at room temperature. 
The full wavelength scans were examined by UV spectrum. 

Cellular uptake of peptide was evaluated by monitoring FITC-labeled 
NapFFGEE-FITC peptide. MCF-7 ADR cells (105 cells/well) were seeded 
in 35 mm2 confocal dishes and incubated for 24 h. Then, the cells were 
subsequently incubated with NapFFGEE-FITC peptide (60 μM) for 4 h, 
which were washed with cold PBS, fixed in 4% paraformaldehyde and 
stained with DAPI. The fluorescence signal of NapFFGEE-FITC peptide 
was evaluated by confocal laser scanning microscopy. 

Intracellular release and distribution of NO in MCF-7 ADR cells was 
qualitatively monitored with DAF-FM DA probe. The intracellular NO 
release and distribution were analyzed using confocal laser scanning 
microscopy. In addition, the sustained NO release of NapFFGEE-JSK 
hydrogel in MCF-7 ADR cells was tested using the same method with 
prolonged time point at 2 h, 6 h and 12 h. Furthermore, the quantitative 
of NO fluorescence intensity was further determined by flow cytometry 
assay. 

2.4. The cytotoxicity and apoptosis assays of NapFFGEE-JSK hydrogel in 
vitro 

The cytotoxicity of NapFFGEE-JSK hydrogel was conducted against 
MCF-7 ADR cells using CCK-8 assay. MCF-7 ADR cells were cultured and 
incubated with medium containing NapFFGEE-JSK hydrogel or alkynyl- 
JSK at serial concentrations of 8, 16, 32, 64, 128, 256 μM for 24, 48, 72 
h, respectively. Then cells were collected and the cytotoxicity of MCF-7 
ADR cells was determined using CCK-8 assay. 

MCF-7 ADR cells (104 cells/well) were cultured and incubated with 
PBS, alkynyl-JSK and NapFFGEE-JSK (62 μM) for 24 h, cells were 
collected and washed with PBS, and stained with annexin V-fluorescein 
isothiocyanate (FITC) and propidium iodide for 15 min. The percentage 

of apoptosis cells was quantified by flow cytometry. 

2.5. Intracellular ROS and GSH/GSSG level 

MCF-7 ADR cells (104 cells/well) were seeded in a 6-well plate for 24 
h. After treatment with PBS, alkynyl-JSK, NapFFGEE-JSK hydrogel for 
48 h, cells were collected and incubated with serum-free medium con-
taining DCFH-DA for 20 min. DCF fluorescence intensity was deter-
mined by flow cytometry. In addition, cells were harvested and lysed by 
two successive rounds of freezing and thawing. After centrifuging, the 
supernatant was obtained and analyzed for GSH and glutathione disul-
fide (GSSG) levels using the GSH and GSSG Assay Kit. 

2.6. Measurement of mitochondrial membrane potential and ATP 
production 

Mitochondrial membrane potential was detected by the JC- 
1Mitochondrial Membrane Potential Assay Kit and analyzed by flow 
cytometry. MCF-7 ADR cells (104 cells/well) were treated with PBS, 
alkynyl-JSK, NapFFGEE-JSK hydrogel for 48 h. Then, cells were lysed at 
4 ◦C. After centrifuging, the supernatant was obtained and analyzed for 
ATP levels using an ATP Assay Kit. 

2.7. pH-sensitive DOX release in vitro 

The pH triggered DOX release from NapFFGEE-JSK/DOX was 
investigated in vitro. DOX release study was carried out by soaking 
NapFFGEE-JSK/DOX hydrogel in PBS in different pH values of 7.4, 6.4 
and 5.0 with or without 10 mM GSH and 5 μg/mL, respectively. To 
obtain the DOX release profile, 1 mL of NapFFGEE-JSK/DOX hydrogel 
were incubated in 5 mL of PBS at 37 ◦C. At scheduled time point. 5 mL of 
PBS was taken out for testing DOX release by UV spectrum, and another 
5 mL fresh PBS was added to proceed experiment. 

2.8. Synergistic anticancer effect and mechanism of NapFFGEE-JSK/ 
DOX 

The cell cytotoxicity of NapFFGEE-JSK/DOX hybrid hydrogel against 
MCF-7 ADR cells for 24, 48, 72 h was determined using CCK8 assay. The 
combination index (CI) values were calculated by Chou-Talalay analysis 
of the fraction affected (Fa). The apoptosis assays of NapFFGEE-JSK/ 
DOX hybrid hydrogel was conducted using Annexin V-FITC Apoptosis 
Detection Kit. 

To explore the synergistic mechanism of NapFFGEE-JSK/DOX 
against drug resistant cell, the reverse effect of NO on P-gp expression 
was studied using western blot analysis. MCF-7 ADR cells were cultured 
and treatment with PBS, free DOX or NapFFGEE-JSK/DOX (DOX, 5 μg/ 
mL, JSK, 5 μg/mL) for 24 h, respectively. Then the inhibition of P-gp 
induced enhancing DOX accumulation in MCF-7 ADR cells was further 
investigated by monitoring DOX fluorescence intensity and distribution 
by confocal laser scanning microscopy. The quantitative fluorescence 
intensity of intracellular DOX was further determined by flow cytometry 
assay. The experiment group was DOX, NapFFGEE-JSK/DOX hydrogel, 
respectively. 

2.9. Antitumor activity in vivo 

The in vivo antitumor efficiency of NapFFGEE-JSK/DOX hydrogel 
was assessed in NOD-SCID immune-deficient mice bearing MCF-7/ADR 
orthotopic xenografts. The injectable hydrogel NapFFGEE-JSK/DOX 
was prepared firstly according to the following process: 20 mg 
NapFFGEE-JSK (JSK-based) and 20 mg DOX were firstly suspended in 
20 ml phosphate buffer saline (PBS with 1.5 equiv. of Na2CO3), the 
suspensions were heated to form clear solutions and then cooled to room 
temperature for gelation. Then the tumor with a size of ~50 mm3 were 
used for peritumoral injection with division into four groups (n = 5): (1) 
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control injected with saline, (2) free DOX, (3) NapFFGEE-JSK, (4) 
NapFFGEE-JSK/DOX. The dose for alkynyl-JSK and DOX for all formu-
lations was 5 mg kg− 1 and 5 mg kg− 1 for each injection in the same 
volume (100 μL), respectively. The mice received two injections at 1 and 
7 days respectively over the therapeutic period of two weeks. On the 
15th day post treatment, all groups were sacrificed and the tumor tissues 
were harvested for antitumor efficiency evaluation, including tumor 
volume, weight. Tissue sections (5 μm in thickness) were harvested and 
then stained with H&E after deparaffinization. In addition, major organs 
(including heart, liver, spleen, lung and kidney) were also harvested for 
the biosafety evaluation of the NapFFGEE-JSK/DOX hydrogel 

formulation. 

3. Results and discussion 

3.1. Synthesis and characterization of NapFFGEE-JSK peptide 

Supramolecular hydrogels often served as an excellent nanoplatform 
for drug delivery [37–39]. Nap-FFG has been demonstrated to be a good 
hydrogelator due to its self-assembling ability from diphenylalanine (FF) 
with aromatic capping groups [40–42]. To realize the delivery of the 
hydrophobic NO prodrug (alkynyl-JSK), the Nap-FFG was further 

Fig. 1. The synthesis and characterization of NapFFGEE-JSK peptide. (A) Synthetic route of NO-prodrug conjugated NapFFGEE-JSK peptide. (B) 1H NMR, (C) 
ATR-FTIR, (D) UV spectra and (E) CD spectra of NapFFGEE-N3 and NapFFGEE-JSK, respectively. 
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designed by introducing double glutamic acids (EE) into the N-terminal 
of the sequence, which was expected to serve as the nano-carrier for 
alkynyl-JSK by self-assembly into supramolecular hydrogel. As illus-
trated in Fig. 1A, NapFFGEE peptide was synthesized by SPPS method 
[43,44], which was followed by the condensation reaction-mediated 
coupling between 3-azido-1-propanamine and NapFFGEE, yielding 
N3-NapFFGEE with good selectivity and conversion rate (~82%). Then, 
NO prodrug conjugated peptide NapFFGEE-JSK was obtained by the Cu 
(I) catalyzed click reaction between azide group on N3-NapFFGEE and 
alkyne group on JSK. The final product of NapFFGEE-JSK peptide was 
characterized by 1H NMR, FTIR, UV–vis spectroscopy and Circular di-
chroism (CD), respectively. As shown in Fig. 1B, the characteristic 
magnetic resonance peak of alkynyl-JSK at 7.0–9.0 ppm assigned to the 
ArH of alkynyl-JSK could be clearly identified, indicating the successful 
conjugation of alkynyl-JSK onto NapFFGEE peptide. FTIR spectroscopy 
also verified the successful conversion of azide groups (Fig. 1C), where 
the characteristic absorption peak of –N3 on the NapFFGEE-N3 at 2100 
cm− 1 almost disappeared after click reaction, while two new peaks 
assigned to the benzene groups of alkynyl-JSK at 1647 cm− 1 and 1599 
cm− 1 were clearly observed. In the UV–visible spectroscopy, the disap-
pearance of the peak at 280 nm assigned to azide groups of N3-NapFF-
GEE and the new absorption peak of diazeniumdiolate bonds at 300 nm 
of NapFFGEE-JSK confirmed the successful conjugation of alkynyl-JSK 
onto N3-NapFFGEE (Fig. 1D). To further demonstrate the secondary 
structure of the peptide in aqueous solution, circular dichroism (CD) 
spectrum was obtained at a peptide concentration of 1 mg/mL. The 
results showed that similar β-sheet secondary structures with positive 
peaks at 195 nm and negative ones at 219 nm before or after alkynyl-JSK 
conjugation to NapFFGEE were observed (Fig. 1E), demonstrating that 
the alkynyl-JSK conjugation had no influence on the secondary struc-
tures of NapFFGEE. It was noticed that the ellipticity of NapFFGEE-JSK 
diminished after alkynyl-JSK conjugation, which was possibly attributed 
to the decrease of its water solubility, leading to low absorbance and 
curve fluctuation. 

3.2. Preparation of NapFFGEE-JSK supramolecular hydrogel 

Subsequently, the gelation ability of NapFFGEE-JSK peptide was 
evaluated. NapFFGEE-JSK (1 wt%) had poor solubility in phosphate- 
buffered saline (PBS, pH = 7.4) at room temperature, but it turned 
into a transparent solution upon increasing to 80 ◦C under ultrasound. 
After cooling to 25 ◦C, the transparent peptide solution transformed to 

opaque hydrogel within 5 min, which might be due to the self-assembly 
of NapFFGEE-JSK. The micro-structure of NapFFGEE-JSK hydrogel 
showed that the hydrogel was constituted by the enlaced and long nano- 
fibers in diameters of 20–40 nm, in contrast to the amorphous aggre-
gates in solution status (Fig. 2A). The formation of supramolecular 
nanofiber hydrogel might be due to the noncovalent hydrophobic and 
hydrogen bond interactions between NapFFGEE-JSK peptide [45]. 
Furthermore, we investigated the critical aggregation concentration 
(CAC) of NapFFGEE-JSK by DLS. The results showed that the CAC value 
of NapFFGEE-JSK was significantly lower than that of NapFFGEE, which 
should be attributed to the fact that the introduction of alkynyl-JSK 
facilitated the self-assembly behavior of NapFFGEE-JSK (Fig. 2B). 
Furthermore, compared with the UV absorption at 310 nm of 
NapFFGEE-JSK solution in DMSO, the UV adsorption of NapFFGEE-JSK 
nanofibers in PBS occurred at 352 nm, exhibiting obvious red-shift 
(Fig. 2C), clearly confirming the π–π stacking of the aromatic rings 
ascribed to alkynyl-JSK in the internal core of self-assembled nanofibers 
[46]. Finally, we employed rheometer to characterize the mechanical 
properties of the hydrogel at 37 ◦C. The values of storage moduli (G′) 
were five times higher than loss moduli (G’’) (Fig. 2D), confirming the 
formation of stable and homogeneous hydrogel. The storage modulus of 
the hydrogel was about 400 Pa, due to the low strength of the hydrogel, 
it could be in favor of peritumoral tumor injection through suitable 
syringe. Collectively, these results confirmed the successful 
self-assembly of NapFFGEE-JSK peptide into supramolecular hydrogel, 
which could serve as an efficient NO delivery platform. 

3.3. GSH/GST-triggered NO release in vitro 

In order to mimic the intracellular GSH/GST stimuli-triggered NO 
release, we evaluated the NO release manner from the NapFFGEE-JSK 
hydrogel and alkynyl-JSK in PBS with the presence of GSH/GST 
(Fig. 3A). As displayed in Fig. 3B, the maximal absorbance at 326 nm 
attributed to alkynyl-JSK decreased sharply within 2 h after incubation 
with GSH (10 mM) and GST (5 μg/mL) at 37 ◦C, suggesting the quickly 
decomposition of small molecular NO prodrug. However, the absor-
bance at 326 nm of NapFFGEE-JSK hydrogel can still be detected even 
after incubation for 24 h. The decelerated the reaction between 
NapFFGEE-JSK hydrogel and GSH/GST may be attributed to the 
encapsulation of JSK into a hydrophobic core in the nanofibers, which 
restricted the interaction with GSH/GST. As shown in Fig. 3C, the NO 
release profiles of NapFFGEE-JSK gels demonstrated a time-dependent 

Fig. 2. The self-assembly of NapFFGEE-JSK peptide into supramolecular hydrogel. (A) TEM images of NapFFGEE-JSK (1 wt%) solution and corresponding 
supramolecular hydrogel after sol-gel transitions by heating-cooling process. (B) The CAC values of NapFFGEE-JSK and NapFFGEE-N3 in PBS. (C) UV spectra of 
NapFFGEE-JSK peptide solution in DMSO and PBS. (D) The storage moduli (G′) and the loss moduli (G’’) of NapFFGEE-JSK hydrogel. 
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and sustained NO release profiles in the presence of GSH (10 mM) and 
GST (5 μg/mL), which could be extended to 72 h with cumulative NO 
release of approximately 47.85%. In contrast, the cumulative NO release 
in the other two control group of NapFFGEE-JSK gels without GSH/GST 
treatment or only with GSH (10 mM) treatment was 4.5% and 22.25%, 
respectively. These results indicated that the NO release from 
NapFFGEE-JSK should be triggered collaboratively by GSH and GST, 
which co-presented within cancer cells. In addition, we also assessed the 
cumulative NO release of NO prodrug, the results showed that alkynyl- 
JSK exhibited a rapid NO release behavior with 39.2% NO release in the 
first 6 h and 49.5% total NO release after 72 h, such rapid NO release 
fashion was difficult to maintain sustained cytotoxicity of NO against 
tumor cell. Notably, although the NO release rate of NapFFGEE-JSK 
hydrogels was delayed in comparation with alkynyl-JSK, the total cu-
mulative NO release amount showed no significant difference. There-
fore, this kind of NO release pattern of NapFFGEE-JSK hydrogel is 
expected to be beneficial for NO therapy with an effective dose in a 
prolonged time period. TEM images further revealed the influence of 
GSH/GST-responsive NO release on the morphology changes of 
NapFFGEE-JSK nanofibers (Fig. 3D), where swelling and rupture of the 
long nanofibers could be observed after treatment for 12 h, and even 
cracked into a lot of flocs after treatment for 24 h. The dis-assembly of 
NapFFGEE-JSK peptide with GSH/GST treatment may be attributed to 
the fact that the hydrophobic and hydrogen interaction was destroyed 
and the solubility of residual peptide was dramatically improved after 
NO release. 

3.4. Intracellular NO release and in vitro cytotoxicity evaluation 

To verify the self-assembled nanofibers of hydrogel can be inter-
nalized by cancer cell, the cellular uptake of FITC-labeled NapFFGEE 
(termed as NapFFGEE- FITC) was first evaluated by confocal laser 
scanning microscopy. After incubation MCF-7 ADR cells with 
NapFFGEE-FITC (5 μg mL-1) for 4 h, obvious fluorescence from FITC- 
NapFFGEE (green) could be observed in the cytoplasm (Fig. S1), 
which suggested that the self-assembled nanofibers could be certainly 
internalized by MCF-7 ADR cancer cells through endocytosis [43]. The 
cancer drug candidate JSK, can be potentially activated by intracellular 
GSH/GST, which widely overexpressed inside tumor cells with about 
1000 fold/10 fold higher than that of extracellular matrix, respectively 
[13,47]. Hence, for intracellular NO release, GSH/GST triggered NO 
release in the MCF-7 ADR cells was monitored by NO probe (4-ami-
no-5-methylamino-2′,7′-difluorofluorescein diacetate, DAF-FMDA). As 
shown in Fig. 4A, obvious green fluorescent signal was obtained after 
treatment with NapFFGEE-JSK hydrogel for 4 h, suggesting that the 
successful intracellular release of NO. More intensive fluorescence was 
detected in the alkynyl-JSK group, which was mainly due to the rapid 
diffusion into cancer cell, which was also consistent with its rapid NO 
release in vitro. Meanwhile, no obvious fluorescence signal was observed 
for the cells treated only with the hydrogelator. The fluorescent intensity 
of NO was further quantificationally confirmed by flow cytometry, of 
which the signal intensity of cells treated with NapFFGEE-JSK was 
1.21fold lower than alkynyl-JSK. It may be attributed to the slow 
endocytosis of supramolecular nanofibers. Subsequently, the intracel-
lular sustained NO release of NapFFGEE-JSK hydrogel was tracked at 2 
h, 6 h, 12 h, respectively. As illustrated in Fig. 4B, the fluorescence 

Fig. 3. GSH/GST-triggered NO release in vitro. (A) The chemical mechanism of GSH/GST responsive NO generation from NapFFGEE-JSK upon the nucleophilic 
attack by GSH and catalyzed by GST. (B) The time-dependent UV spectra after incubation NapFFGEE-JSK hydrogel or alkynyl-JSK (100 μM) with GSH (10 mM) and 
GST (5 μg/mL). (C) In vitro NO release of NapFFGEE-JSK hydrogel (100 μM) after treatment with various GSH and GST concentrations and determined with Griess 
reagent. (D) TEM images of NapFFGEE-JSK hydrogel (1 wt%) incubated in PBS containing GSH (10 mM) and GST (5 μg/mL) for 0, 12 and 24 h, respectively. 
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intensity gradually increased from 2 h to 12 h, indicating the sustained 
NO release in response to the overexpressed GSH/GST in the MCF-7 ADR 
cells. Flow cytometry analysis further quantificationally confirmed the 
sustained intracellular NO release profiles of NapFFGEE-JSK. Notably, 
an obvious morphological changes of cancer cell, membrane diffusion 
and nuclear shrinkage were observed at 12 h. It may be attributed to the 
fact that NO accumulation in cytoplasm and nuclei uniformly can induce 
cell apoptosis, which damage mitochondrial and DNA, respectively, 
resulting in the apoptosis and necrosis of MCF-7 ADR cells [18]. Hence, 
we further evaluated the antitumor activity of NapFFGEE-JSK against 
drug resistant MCF-7 ADR cell. According to Fig. 4C, the cell viability 
displayed concentration- and time-dependent patterns after treatment 
with both NapFFGEE-JSK hydrogel and JSK. The results showed that the 
IC50 for NapFFGEE-JSK hydrogel at 24, 48 and 72 h were 244.3, 132.66, 
72.72 μM, respectively, while those for alkynyl-JSK were 125.3, 98.24 
and 62.83 μM. The NO prodrug alkynyl-JSK showed a rapid tumor cell 
killing ability within 24 h and there was almost no increasement in the 
following 48 h. Notably, although the NapFFGEE-JSK hydrogel showed 
hysteretic cell cytotoxicity within 24 h in comparison with alkynyl-JSK, 
considerable treatment effect was obtained after incubation for 72 h, 
owing to the sustained NO release from supramolecular NapFFGEE-JSK 
hydrogel. 

Furthermore, to investigate the selective anti-proliferative activity of 
NapFFGEE-JSK hydrogel against MCF-7 ADR cells, the cytotoxicity of 
NapFFGEE-JSK hydrogel on normal NIH/3T3 cells were studied 
(Fig. S2). The result showed that the cell viability was higher than 90% 
when the dose of the NapFFGEE-JSK was up to 245.78 μM, while the cell 
viability of MCF-7 ADR cells was below 20%. It was reasonable that the 
overexpressed GSH/GST (~1000/5 fold compared with normal cell) in 
MCF-7 ADR cells can trigger the intracellular NO release from 
NapFFGEE-JSK hydrogel, while it was difficult to trigger NO release in 
normal cell with much lower GSH/GST level. Collectively, the above 
results indicated the superior and selective inhibition effect of supra-
molecular hydrogel on MCF-7 ADR cell instead of normal cells. 

3.5. In vitro apoptosis evaluation and mechanism assay 

Generally, apoptosis is a major factor accounting for killing cancer 
cell. As shown in Fig. 5A, a total apoptosis rate of NapFFGEE-JSK 
hydrogel treatment group was 39.34% (29.4% and 9.94% for early 
and late apoptosis, respectively), while the alkynyl-JSK treatment group 
showed an apoptosis rate of 69.8% (52.2% and 17.6% for early and late 
apoptosis, respectively), which was in line with the cell cytotoxicity 
results. Subsequently, the apoptosis mechanisms were further eluci-
dated. It has been reported that cell apoptosis was often induced by 
breaking the intracellular redox homeostasis [48,49]. Encouraged by 
the superior GSH consumptive fashion during the NO release and the 
excellent ROS production ability of NapFFGEE-JSK, it was expected that 
the GSH depletion could result in the amplification of intracellular 
oxidative stress and in sequence mediating NO-induced apoptosis of 
MCF-7 ADR cells. To verify this hypothesis, the GSH/GSSG level in 
MCF-7 ADR cells was monitored after receiving the treatment of 
NapFFGEE-JSK hydrogel and alkynyl-JSK for 48 h. As shown in Fig. 5B, 
the GSH/GSSG ratio of cell treated with NapFFGEE-JSK and alkynyl-JSK 
showed significant decrease, meanwhile ROS level exhibited significant 
increase. The GSH/GST responsive NO release mediated synchronous 
GSH depletion and ROS generation could induced directly intracellular 
oxidative stress amplification, which might result in mitochondrial 
dysfunction and subsequent mitochondria-mediated apoptosis. There-
fore, we further measured the mitochondrial membrane potential and 
intracellular levels of ATP. As shown in Fig. 5C, significant decrease of 
mitochondrial membrane potential and intracellular ATP levels were 
observed. 

Furthermore, we explore the mechanism underlying NO induced 
apoptosis by mitochondrion-mediated pathway, including the regula-
tion of both pro-apoptotic proteins Bax and anti-apoptotic proteins Bcl-2 
in mitochondria, the release of cytochrome c (Cyt c) from mitochondria 
into the cytoplasm and the finally activation of the apoptosis protein 
Caspase 9 and Caspase 3. We studied the apoptotic process by incubating 

Fig. 4. Intracellular NO release and in vitro cytotoxicity evaluation. (A) Fluorescence microscopy images and Flow cytometer quantification of the MCF-7 ADR 
cells after incubation with NapFFGEE-N3, alkynyl-JSK, NapFFGEE-JSK hydrogel for 4 h. (B) Fluorescence microscopy images and Flow cytometer quantification of 
the MCF-7 ADR cells after incubation with NapFFGEE-JSK hydrogel for 2 h, 6 h, and 12 h, respectively (NO, green; DAPI, blue). The scale bar is 25 μm. The data are 
expressed as Mean ± SDs (n = 3). (C) In vitro antitumor efficacy evaluation. The concentration was in range of 8–256 μM and the cytotoxicity was determined by 
CCK8 assay. And IC50 values of NapFFGEE-JSK hydrogel and alkynyl-JSK prodrugs for 24 h, 48 h, 72 h were calculated. *p < 0.05, **p < 0.01 and ***p < 0.001. 
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MCF-7 ADR cells with NapFFGEE-JSK hydrogel or alkynyl-JSK for 48 h 
and then evaluated the related protein expression using western blot 
assay. The results revealed that NapFFGEE-JSK dramatically increased 
the relative expression level of pro-apoptotic Bax, Cyt C, Cleaved Cas-
pase 3 and Cleaved Caspase 9 while reduced the expression level of anti- 
apoptotic Bcl-2 in MCF-7 ADR cells (Fig. 5D). Collectively, these results 
confirmed that NapFFGEE-JSK hydrogel induced MCF-7 ADR cell 
apoptosis by synergetic oxidative stress amplification-mediated mito-
chondrion apoptotic pathways (Fig. 5E). 

3.6. Characterization of supramolecular hydrogel NapFFGEE-JSK/DOX 
and synergistic anticancer activity in vitro 

Although the NO prodrug-based supramolecular hydrogel exhibited 
excellent antitumor efficiency on MCF-7 ADR cell, the cell viability was 
still up to nearly 40% at 72 h, indicating that the therapeutic effect 
needed to be further improved with combined agents. As reported, 
mounting evidences showed that NO could reverse drug resistance and 
enhance the sensitivity of chemotherapy by inhibiting P-gp expression 
and thus increasing drug accumulation in cancer cells NO [50,51]. DOX, 
a model chemotherapeutic drug for various kind of tumors, was 
employed in this study. As can be found in the peptide sequence, the EE 
amino acids with carboxylic acid (COOH) residues were used as the 
hydrophilic region of the NapFFGEE-JSK for tuning the 
hydrophile-lipophile balance, of which with the negative charges could 

interact electrostatically with DOX and contribute to the formation of 
supramolecular hydrogel (NapFFGEE-JSK/DOX) [52]. Hence, this su-
pramolecular hydrogel was expected to provide a facile and effective 
platform for the codelivery of NO and DOX, which could achieve 
co-release by simultaneously response to the intracellular overexpressed 
GSH/GST and acid pH, respectively, aiming at obtaining synergistic 
therapeutic effect. 

Firstly, the co-assembly behavior between DOX and NapFFGEE-JSK 
was investigated. Inverting vials experiment suggesting the loading of 
DOX with NapFFGEE-JSK and the successful preparation of supramo-
lecular hydrogel (Fig. 6A). NapFFGEE-JSK/DOX hydrogel displayed the 
encapsulation efficiency of DOX was up to 85% and drug loading ca-
pacity was 4.2%. Given that DOX was interacted with the peptide by 
electrostatic interaction, we then investigated the zeta potential of 
NapFFGEE-JSK/DOX self-assembled nanofiber solution (0.1 wt%) 
diluted from NapFFGEE-JSK/DOX supramolecular hydrogel (1 wt %). 
The zeta potential of NapFFGEE-JSK/DOX nanofiber sharply decreased 
after the encapsulation of DOX (Fig. 6B), confirming the electrostatic 
interactions between amino group of DOX and carboxylic acid group of 
NapFFGEE-JSK. As showed in Fig. 6C, there was no significant changes 
of the storage modulus(G′) and loss modulus (G’’) after loading of DOX, 
indicating the DOX loading have negligible effect on the viscoelastic 
properties of the supramolecular hydrogel. 

The release profiles of DOX from NapFFGEE/DOX hydrogel in vitro 
was then examined in PBS at different pH 7.4, 6.4 and 5.0 with GSH (10 

Fig. 5. In vitro apoptosis evaluation and mechanisms assay. (A) Annexin V-FITC/PI apoptotic staining for MCF-7 ADR cells treated with NapFFGEE-JSK hydrogel 
or alkynyl-JSK prodrug (62 μM) at 48 h was evaluated by flow cytometry analysis, the percentages of early or late apoptosis are presented in the bottom right and top 
right quadrants, respectively. And right columns represent the average proportions of apoptotic cells. (*p < 0.05, **p < 0.01, ***p < 0.001; n = 3). (B) Intracellular 
oxidative stress-elevation of NapFFGEE-JSK hydrogel or alkynyl-JSK treatment at 48 h via GSH/GSSG ratio and ROS levels assays. (C) Mitochondrial dysfunction 
induced by oxidative stress from NapFFGEE-JSK or alkynyl-JSK treatment for 48 h was accessed by the analysis of the mitochondrial membrane potential and ATP 
production. (D) Western blotting for the apoptosis proteins expression of Bcl-2, Bax, Cytochrome c, Cleaved Caspase 9 and Cleaved Caspase 3. The levels of protein 
expression were detected using specific antibodies and assayed by Image J software. The data are expressed as Mean ± SDs (n = 3). *p < 0.05; **p < 0.01, ***p <
0.001. (E) Schematic illustration of the mitochondrion mediated apoptotic mechanism of NapFFGEE-JSK supramolecular hydrogel on MCF-7 ADR cells. 
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mM) and GST (5 μg/mL), simulating the physiological environments of 
normal tissue and intracellular compartments, respectively. As shown in 
Fig. 6D, accelerated DOX release was observed upon decreasing pH 
values from 7.4 to 5.0. The amount of DOX release from the hydrogel in 
the presence of GSH (10 mM) and GST (5 μg/mL) was slightly higher 
than that of GSH/GST free group. It was shown that the release profile of 
DOX was pH-independent, which was slightly affected by NO release. 

To evaluate the antitumor activity of NapFFGEE-JSK/DOX, the 
viability of the drug-resistant MCF-7 ADR cells treated with NapFFGEE- 
JSK, DOX, NapFFGEE-JSK/DOX for 48 h were assessed. As shown in 
Fig. 6E, although all three groups displayed concentration-dependent 
cytotoxicity on MCF-7 ADR cells, the NapFFGEE-JSK/DOX hydrogel 
group presented the much higher cytotoxicity than NapFFGEE-JSK 
hydrogel alone group or free DOX group, with the remaining cell 
viability at 48 h was 21.22%, 45.56%, 54%, respectively. The enhanced 
cytotoxicity of NapFFGEE-JSK/DOX should be attributed to the com-
bined therapeutic effect of NO and DOX. According to combination 
index (CI) in Fig. 6F, when Fa<0.7, synergistic effects (CI < 1) was 
observed from the combination of NO and DOX therapy at 48 h, 
demonstrating the synergistic anticancer effect of NO and DOX against 
drug-resistant MCF-7 ADR cells. The apoptosis results obtained by flow 
cytometry was consistent with the in vitro anti-tumor activity, where the 
total apoptosis rate of NapFFGEE-JSK/DOX treatment was up to 94% 
(Fig. 6G), resulting in a significantly higher cell apoptosis rate compared 
with single treatment of NapFFGEE-JSK hydrogel or DOX. 

3.7. Synergistic anticancer mechanism of NapFFGEE-JSK/DOX 

The excellent antitumor effect of NapFFGEE-JSK/DOX encouraged 
us to consider the synergistic treatment mechanism against MDR cell. 
Fig. 7A depicts the feasible mechanism that NO might act as a chemo-
sensitization agent by reverse P-gp-mediated drug resistance and 
increasing accumulation of intracellular DOX. Then, western blot anal-
ysis was used to access the expression of drug-resistant protein P-gp after 
treatment with NapFFGEE-JSK/DOX hydrogel for 24 h against MCF-7 
ADR cells. As shown in Fig. 7B, compared to the control group and the 
free DOX group, the NapFFGEE-JSK/DOX hydrogel treated group with 
NO generation significantly down-regulated the expression of P-gp, 
which were 0.72 fold and 0.68 fold lower than that of DOX and negative 
control group. This result was also consistent with the results of ATP 
assay, since P-gp was a class of ATP energy-dependent transmembrane 
protein [16], which consumed the energy produced by hydrolysis of ATP 
to transfer the drugs out of cell. Subsequently, to further verify the in-
hibition effect of NO on efflux of drugs, the intracellular DOX level in 
MCF-7 ADR cells was monitored. As demonstrated in Fig. 7C, the DOX 
fluorescence signal was weak and mainly distributed in the cytoplasm 
instead of the nucleus. On the contrary, significantly stronger red fluo-
rescence signals of DOX was found in the NapFFGEE-JSK/DOX hydrogel 
group, where DOX was mainly distributed in the nucleus, suggesting 
higher intracellular availability of DOX and excellent reversing effect of 
NO on MDR [53]. Flow cytometry analysis further confirmed the 
confocal data, where the fluorescence intensity of DOX in 

Fig. 6. Characterization of supramolecular hydrogel NapFFGEE-JSK/DOX and synergistic anticancer activity in vitro. (A) Optical images of NapFFGEE-JSK/ 
DOX supramolecular hydrogel formed by mixing NapFFGEE-JSK (1 wt%) solution with DOX. (B) Zeta potentials of NapFFGEE-JSK/DOX nanofiber solution (0.1 wt%) 
diluted from NapFFGEE-JSK/DOX supramolecular hydrogel (1 wt%). (C) Rheological measurement in dynamic time sweep mode of JSK-NapFGEE/DOX (1 wt%) 
hydrogel and JSK-NapFGEE hydrogel. (D) In vitro pH sensitive DOX release from NapFFGEE-JSK/DOX hydrogel in PBS at different pH with GSH/GST. (E) In vitro 
cytotoxicity of NapFFGEE-JSK, DOX and NapFFGEE-JSK/DOX at 48 h. The JSK concentration was in range of 8–256 μM and DOX dose was various from 0.45 to 
14.40 μg/mL. (F) Combination index (CI) values. (G) Cell apoptosis of MCF-7 ADR cells after treatment with PBS, NapFFGEE-JSK, DOX, NapFFGEE-JSK/DOX 
(62 μM). 
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NapFFGEE-JSK/DOX group was 1.85 fold in comparison with that of 
free DOX. Overall, these results showed that the GSH/GST responsive 
NO release from NapFFGEE/DOX could effectively reverse the P-gp 
mediated MDR and improve DOX accumulation in MCF-7 ADR cells, 
which enhanced the chemosensitivity effect of DOX and achieved syn-
ergetic antitumor effect. 

3.8. NO release and reverse DOX-resistant in vivo 

In order to evaluate the NO release from the supramolecular 
hydrogel in vivo, immunofluorescence staining of tumor slices was 
conducted [54]. As shown in Fig. 8, peritumoral injection with 

NapFFGEE-JSK hydrogel or NapFFGEE-JSK/DOX hydrogel showed 
remarkably intensive fluorescence of NO compared with DOX and 
negative control group, indicating the efficient NO release within tumor 
in vivo. Next, to confirmed the NO released from the hydrogel could 
serve as efficient inhibitor for efflux pump P-gp, the expression of P-gp 
on the tumor cell was detected. Intense yellow fluorescence ascribed to 
P-gp was clearly observed in the cell membrane of DOX and control 
group, while the fluorescence signal and intensity of both 
NapFFGEE-JSK hydrogel and NapFFGEE-JSK/DOX hydrogel group were 
dramatically reduced, indicating that the NO release from the 
NapFFGEE-JSK hydrogel and NapFFGEE-JSK/DOX hydrogel treated 
group significantly down-regulated the expression level of P-gp. To 

Fig. 7. Synergistic anticancer mechanism of NapFFGEE-JSK/DOX hydrogel. (A) Scheme illustration the chemosensitization effect of NO by downregulation P-gp 
expression and enhancing the intracellular accumulation of DOX. (B) Western blot and quantitative data of P-gp expression levels after treatment with PBS, DOX and 
NapFFGEE-JSK/DOX hydrogel (62 μM) for 24 h. (C) Confocal microscopy images and flow cytometric quantification after treatment with DOX and NapFFGEE-JSK/ 
DOX hydrogel for 8 h (NO, green; DOX, red; DAPI, blue). The data were expressed as Mean ± SDs (n = 3), *p < 0.05, **p < 0.01 and ***p < 0.001. 

Fig. 8. NO release and reverse P-gp mediated DOX-resistant in vivo. Immunofluorescence images of tumor slices in the 2 mm3 part of tumor tissue stained with 
anti-NT (standard indicator of NO in vivo), anti-P-gp antibody, respectively. And Alexa Fluor 488-labeled secondary antibody were added subsequently. NO, Pgp and 
DOX fluorescence signals were recorded by fluorescence microscope, respectively (NO, green; P-gp, yellow; DOX, red; DAPI, blue). 
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further confirm the effect of down-regulating P-gp expression on intra-
cellular DOX accumulation, the tumor tissues slices were harvested. 
Slightly red fluorescence was observed in the mages of free DOX, which 
was mainly located in the cytoplasm instead of the cell nucleus, owing to 
the drug-resistant properties of MCF-7 ADR by pumping the majority 
DOX out of the tumor cell [55]. By contrast, in the NapFFGEE-JSK/DOX 
hydrogel treatment group, much stronger fluorescence signal especially 
in the cell nucleus was detected, which was expected to facilitate better 
therapeutic efficacy. Overall, the NapFFGEE-JSK/DOX hydrogel with 
NO releasing manner had a significant inhibition effect on the over-
expression of P-gp, which was expected to reverse the MDR of tumor 
cells and enhance the chemosensitivity of DOX. 

3.9. Antitumor activity in vivo 

The in vivo antitumor efficacy of the NapFFGEE-JSK/DOX hydrogel 
was studied in NOD-SCID immune-deficient mice bearing MCF-7 ADR 
xenografts models. As displayed in Fig. 9A, NapFFGEE-JSK/DOX 
hydrogel treatment group demonstrated significant tumor suppression 
effect, suggesting the synergistic anticancer effect of NO and DOX based 
on NapFFGEE-JSK/DOX co-delivery systems. In addition, the tumor 
inhibition ratio was evaluated by isolating and weighting tumor tissues 
at the endpoint. The NapFFGEE-JSK/DOX hydrogel treatment group 
exhibited the significantly higher tumor inhibition rate (Fig. 9B). This 
excellent antitumor activity of NapFFGEE-JSK/DOX could be ascribed to 
two aspects: one was the locoregionally sustained release of NO and 
DOX in tumor situ, another was the reversion effect of NO on MDR of 
tumor. Besides, to evaluate the biosafety of NapFFGEE/DOX hydrogel in 
vivo, the body weight of the mice was monitored. No obvious body 
weight fluctuation was observed among the control, NapFFGEE-JSK and 
NapFFGEE-JSK/DOX group, indicating no severe side effects (Fig. 9C). 
By contrast, the free DOX group suffered from dramatic body weight loss 
up to 62%, during which one mouse died on the 10th day. The systemic 
toxicity of the tested formulations was further accessed by H&E staining 
of the main organs. As shown in Fig. S3, the organs of the NapFFGEE- 
JSK/DOX, NapFFGEE-JSK treated group showed no obvious sign of 
abnormity, indicating that the supramolecular hydrogel have good 
biosafety. 

Furthermore, the histological changes of the tumor tissues after 
various treatments were evaluated though H&E staining (Fig. 9D). 
Compact cell arrangement was observed in control group receiving sa-
line. On the contrary, the treatment with free DOX and NapFFGEE-JSK 

hydrogel induced partly necrosis of tumor cells with pyknotic and dis-
appeared nuclei. In particular, the NapFFGEE-JSK/DOX group exhibited 
much more irregulated shaped necrotic regions in tumor sites, which 
presented the characteristics of cellular shrinkage and nuclear frag-
mentation. Immunohistochemical assays were conducted to access the 
expression of apoptosis-associated proteins, including Bcl-2, Bax and 
Caspase-3 in tumor tissues (Fig. 10). Cell positive to Bcl-2 and Bax 
markers illustrated blue-stained cell nuclei and brown blots in cyto-
plasm, while cells positive to caspase-3 displayed brown-stained nuclei 
and blue blots in cytoplasm. In NapFFGEE-JSK/DOX treatment group, 
the expression of pro-apoptotic protein Bax and anti-apoptotic protein 
Bcl-2 was considerably elevated and decreased, respectively, yielding 
signals of much more cell apoptosis [47]. The cleaved caspase-3 protein 
expressed the highest level in the NapFFGEE-JSK/DOX group, indicating 
the most activation of apoptosis. Subsequently, the TdT-mediated dUTP 
nick-end labeling (Tunel) staining also confirmed that 
NapFFGEE-JSK/DOX caused the most prominent apoptosis and cell 
death. Taken together, these results verified the synergistic treatment 
effect on MDR MCF-7 ADR tumor in vivo through the co-delivery of NO 
and DOX, based on a NO prodrug based supramolecular hydrogel de-
livery system. 

Although ROS based treatments (including photodynamic therapy 
[56,57], sododynamic therapy [58,59], and chemodynamic therapy 
[60,61]) have been vastly developed for cancer therapy, NO has its own 
advantages by involving in various pathological processes [62]. In this 
study, JSK-based supramolecular hydrogel was facilely developed, 
which could significantly improve the bioavailability through locore-
gionally sustained NO release. Importantly, activated by the intracel-
lular over-expressed GSH/GST, the JSK-based supramolecular hydrogel 
could induce the cascaded amplification of intracellular oxidative stress 
by the excellent production of reactive oxygen species (ROS) and su-
perior consumption of GSH synchronously, resulting in significant 
antitumor efficiency by mitochondrion-mediated apoptotic pathways 
[49]. Meanwhile, it demonstrated chemosensitization effect by 
decreasing the P-gp expression levels, facilitating the intracellular and 
nuclear accumulation of DOX, resulting in significantly synergistic 
antitumor effect on drug-resistant breast cancer. Thus, our findings 
provided a new strategy to prepare NO prodrug nanomedicine and also a 
new type of intracellularly stimuli-sensitive NO delivery platform, 
which could be served as a local therapeutic depot for efficient 
chemotherapy, holding great potential for synergistically combating 
drug-resistance cancer. 

Fig. 9. In vivo antitumor efficacy evaluation and pathology assays. (A) Changes in relative tumor volume, (B) tumor inhibition rates and (C) body weight of mice 
with MCF-7 ADR tumors in response to different treatments. (D) The H&E (hematoxylin and eosin) analysis of MCF-7 ADR tumor tissue excised from the mice after 
receiving various treatments, nuclei are stained blue while extracellular matrix and cytoplasm are stained red. Scale bars: 50 μm. 
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4. Conclusion 

In summary, we have successfully developed a kind of NO prodrug 
based-supramolecular hydrogel by self-assembly of NapFFGEE-JSK 
peptide. Due to the superior GSH depletion during GSH-consumption 
mediated NO release and the excellent ROS generation from NO, it 
synergetically amplified the intracellular oxidative stress and further 
induced mitochondrion mediated cell apoptotic pathway. Besides, this 
supramolecular hydrogel also provided a facile and effective codelivery 
platform for DOX, where the released NO could sensitize breast cancer 
cells to DOX by reversing the P-gp mediated MDR effect, achieving 
synergistic antitumor effect on drug-resistant breast cancer in vivo. 
Therefore, this GSH/GST-responsive NO prodrug based supramolecular 
hydrogel could be a promising platform for combating drug resistance in 
cancer chemotherapy. 
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