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KEY WORDS Abstract Enzyme-catalysis self-assembled oligopeptide hydrogel holds great interest in drug delivery,
which has merits of biocompatibility, biodegradability and mild gelation conditions. However, its applica-
tion for protein delivery is greatly limited by inevitable degradation of enzyme on the encapsulated proteins
leading to loss of protein activity. Moreover, for the intracellularly acted proteins, cell membrane as a pri-
mary barrier hinders the transmembrane delivery of proteins. The internalized proteins also suffer from

Protein delivery;
Oligopeptide hydrogel;
Nanogel;

Enzymatic catalysis;

Cytochrome c; acidic and enzymatic degradation in endosomes and lysosomes. We herein develop a protease-
Apoptosis; manipulated hybrid nanogel/nanofiber hydrogel for localized delivery of intracellularly acted proteins.
Local administration; The embedded polymeric nanogels (CytoC/aNGs) preserve activity of cytochrome ¢ (CytoC) that is an
Cancer therapy intracellular activator for cell apoptosis as a model protein against proteolysis, and do not affect the gelation

properties of the protease-catalysis assembled hydrogels. The injectable hydrogel (CytoC/aNGs/Gel) serves
as a reservoir to enhance intratumoral retention and realize sustainable release of CytoC/aNGs. The
released CytoC/aNGs increase cellular uptake of CytoC and enhance its intracellular delivery to its target
site, cytoplasm, resulting in favorable apoptosis-inducing and cytotoxic effects. We show that a single local
administration of CytoC/aNGs/Gel efficiently inhibit the tumor growth in the breast tumor mouse model.
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1. Introduction

Protein therapeutics with high specific bioactivity have demon-
strated their considerable potential for the treatment of many
diseases including cancer'. However, a host of protein drugs and
drug candidates have limitations that enormously hamper their
exploitation and application, such as poor stability, vulnerable to
enzymatic degradation and short half-life>. For the intracellularly
acted proteins, cell membrane as a major barrier greatly impedes
the delivery of proteins to their intracellular targets. To address
these issues, micro- and nanotechnology-based drug delivery
systems are increasingly being developed, such as polymeric
micro/nanoparticles™, nanogels®’, inorganic nanoparticles®’,
microneedles'™'", and hydrogels'>'?. Hydrogels with high water
capacity and porous structure offer a more benign environment for
encapsulation of biologics, including proteins and cells'.

Peptide hydrogels that are formed by self-assembly of nano-
fibers from short peptides (oligopeptides) open an avenue for the
construction of semisolid biomaterials with good biocompatibility
and biodegradability, which have extensively been applied for
drug delivery'>'® and tissue engineering'”'®. Oligopeptide-based
gelators assemble into nanofibers by non-covalent interactions,
including H-bond, hydrophobic, electrostatic, #—m stacking, and
B-sheet interactions. Stimuli used for precursor-to-gelator forma-
tion contain temperature'’, pH*>*', ionic strength®*>*, solvent
polarity>*, and enzymatic catalysis”*°. Among them, enzymatic
reaction provides unique region/enantio-selectivity for the
hydrogel assembly, and has mild conditions, such as aqueous
environment, neutral pH, and body temperature, which are
favorable for fragile therapeutics, particularly for proteins.

The enzymes involved in manipulating the hydrogel assembly
cover from protease’””,  phosphatase®’®, and trans-
glutaminase’ >, to lipase®”. Proteases with numerous varieties
and diverse specific recognition sites attract more and more at-
tentions to induce the formation of hydrogels, such as thermoly-
sin**? 5, matrix rneta\lloproteinase3 6.3 7, and thrombin®®. However,
application of protease-instructed self-assembled hydrogels for
protein delivery is greatly restricted, since the proteases would
inevitably digest the protein payloads leading to loss of protein
activity. Meanwhile, for intracellularly acted proteins, they
released from the hydrogel still suffer from delivery barriers, such
as cell membrane and endocytotic vesicles®”. Accordingly, it re-
mains elusive for local delivery of intracellularly-acted proteins by
the protease-instructed self-assembled oligopeptide hydrogels.

To this end, we developed a hybrid nanogel/hydrogel com-
posite assembled by protease catalysis for local delivery of
intracellularly active protein therapeutics (Fig. 1). Cytochrome ¢
(CytoC) was selected as a model protein, which can activate
caspases-dependent apoptosis by binding apoptotic protease acti-
vating factor-1 in the cytoplasm®™*'. WQ9-2*%, a metalloprotease
is chosen as a model protease, which can induce bond formation
between the Fmoc-Phe (Fmoc-F) and Phe-Phe-Dopa (FF-Dopa)
precursors. The synthesized Fmoc-FFF-Dopa hydrogelators self-
assemble to form nanofiber-based hydrogel. However, WQ9-2
can degrade a variety of proteins owing to its broad substrate
specificity (Fig. 1A). To protect CytoC against the WQ9-2-
mediated hydrolysis during the hydrogelation process, CytoC
was pre-loaded in polymeric nanogels (denoted as CytoC/aNGs)
using emulsion polymerization. The nanogels provide a protective
cage for CytoC from degradation by spatially hindering WQ9-2 to
reach CytoC, and therefore preserve the activity and function of

the encapsulated CytoC. Addition of the nanogels does not lead to
any significant impairment on gel-forming properties. The
hydrogel (denoted as CytoC/aNGs/Gel) can be acquired by a
facile and gentle method, which is prepared by simply mixing the
solution containing CytoC/aNGs and precursors with the WQ9-2
solution (Fig. 1A). Of note, the obtained CytoC/aNGs/Gel is
injectable, which minimizes the burst release of in situ gelated
hydrogels and avoids the implantation surgery of non-injectable
hydrogels.

To pursue efficient delivery of CytoC to cytoplasm, 2-(dime-
thylamino)ethyl methacrylate (DMAEMA) monomer and glycerol
dimethacrylate (GDA) crosslinker are used for preparation of
CytoC/aNGs in addition to acrylamide (AAm). The acid-
degradable GDA crosslinker enables CytoC/aNGs to release
CytoC in acidic endo-lysosomes in a controllable manner, while
the introduction of DMAEMA provides CytoC/aNGs with many
tertiary amine groups for endo-lysosomal escape of the released
CytoC by proton sponge effect’’. The locally-injected CytoC/
aNGs/Gel as a depot supports prolonged retention and sustainable
drug release at the tumor site. The released CytoC/aNGs from the
hydrogels increase cellular uptake of CytoC, liberate CytoC in the
endo-lysosomes and promote transport of the released CytoC to
the cytoplasm, therefore producing efficient apoptosis-inducing
effect to suppress tumor growth (Fig. 1B).

2. Materials and methods
2.1.  Materials

Fmoc-F and FF-Dopa were provided from GL Biochem Co., Ltd.
(Shanghai, China). CytoC was purchased from Sigma—Aldrich
LLC. (Shanghai, China). AAm, DMAEMA and N,N'-methylene
bisacrylamide (MBA) were purchased from Aladdin Bio-Chem
Technology Co., Ltd. (Shanghai, China). GDA was purchased
from TCI Development Co., Ltd. (Shanghai, China). WQ9-2 from
Bacillus cereus was expressed and purified as previously
described**.

2.2.  Preparation and characterization of CytoC/aNGs

CytoC/aNGs were prepared by single emulsion method as previ-
ously described**. In brief, PBS (pH 7.4) containing CytoC (2 mg),
AAm (45 mg), DMAEMA (25 mg) and GDA (15 mg) was added
dropwise into 5 mL of hexane containing dioctyl sulfosuccinate
sodium salt and Brij L4 under stirring for 10 min at 4 °C.
Ammonium persulfate and tetramethylethylenediamine were added
successively to initiate the polymerization. After 2 h of reaction,
hexane was removed by evaporation, and the residuals were washed
with absolute ethanol. CytoC/aNGs were obtained after vacuum
drying. CytoC/aNGs were resuspended in PBS, dispersed by
ultrasonication and washed by buffer exchange using ultrafiltration.
The CytoC-loading capacity was ~2%. The CytoC-encapsulated
non-degradable nanogels (CytoC/nNGs) were prepared by AAm
and MBA instead using the same method. The particle sizes of the
nanogels were determined by zetasizer (Malvern, Nano ZS90, UK).
The morphology was characterized by transmission electron mi-
croscope (TEM, Hitachi, HT7700, Japan).

The peroxidase activity was measured by 2,2’-azino-bis(3-
ethylbenzthiazoline-6-sulfonic acid, ABTS) assay*’. CytoC and
CytoC/aNGs (1 mg/mL) were incubated with WQ9-2 (CytoC/
WQ9-2, 5:1, w/w) for 0.5 h, respectively. 100 puL of the sample
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was then mixed with 400 pL of H>O, (25 mmol/L) and 500 pL
ABTS (1 mg/mL). The absorbance spectra of samples were
recorded at 418 nm by microplate reader (Tecan, Infinite M1000
Pro, Switzerland). The untreated CytoC and CytoC/aNGs were
taken as controls.

CytoC dissolved in the sodium bicarbonate buffer (50 mmol/L,
pH 9) was reacted with rhodamine bisothiocyanate in DMSO (1:1,
mol/mol) at 4 °C for 8 h. The solution was then dialyzed against
water after 24 h. The rhodamine-labeled CytoC (Rho-CytoC) was
obtained, and Rho-CytoC/aNGs were prepared. To assess the
in vitro release of CytoC, Rho-CytoC/aNGs placed into a dialysis
tube (50K MWCO) were incubated in the HEPES (10 mmol/L, pH
7.4) or acetate buffer (10 mmol/L, pH 5) at 37 °C over time,
respectively. The Rho fluorescent intensity in the buffer was
detected at Aex/Aemn = 552/585 nm by microplate reader. Rho-
CytoC/nNGs were taken as control. In addition, the released
CytoC was analyzed by circular dichroism (CD) spec-
tropolarimeter (Jasco, J-810, USA).

The pH-buffering capacity of CytoC/aNGs was assayed by
acid titration method*®. 5 mL of CytoC/aNGs (I mg/mL) was
adjusted to pH 10 by sodium hydroxide (0.3 mol/L). 40 pL aliquot
of hydrochloric acid (0.02 mol/L) was then added into the CytoC/
aNGs solution dropwise until reaching pH 4. The volume of added
hydrochloric acid was recorded. CytoC/nNGs were taken as
reference.

2.3. Preparation and characterization of CytoC/aNGs/Gel

800 pL of PBS (pH 7.4) containing CytoC/aNGs, Fmoc-F and FF-
Dopa was mixed with 200 pL. of WQ9-2, and then incubated for
4 h to obtain CytoC/aNGs/Gel. The final concentrations of CytoC
and WQ9-2 were 1 and 0.2 mg/mL, respectively, while that of
Fmoc-F and FF-Dopa were 10 and 20 mmol/L, respectively. The
morphology of the hydrogel was characterized by TEM and
scanning electron microscope (SEM, Hitachi, S4800N, Japan).

The rheology of CytoC/aNGs/Gel was studied. 1.6 mL of the
solution containing CytoC/aNGs and precursors was placed on a
parallel plate (50 mm diameter) with a gap of 0.8 mm. After
addition of WQ9-2 (0.4 mL), dynamic time sweeps were recorded
at 37 °C (frequency: 2 Hz, strain: 2%) by rheometer (Anton Paar,
MCR302, Austria).

To investigate the in vitro release of the hydrogel, Rho-CytoC/
aNGs/Gel was added into the bottom of the tube and left to stand
for 1 h, followed by gentle addition of PBS on the top of the
hydrogel. The tube was incubated at 37 °C in a shaker (Crystal,
IS-RDV1, USA). The supernatant was collected after different
time and replaced with fresh buffer. The fluorescence intensity of
Rho-CytoC in the supernatant was detected at Aex/Aey, = 552/
585 nm by microplate reader.

2.4. Cell culture

Human breast cancer (MCF-7) cells provided by the Cell Bank of
Chinese Academy of Sciences were cultured in DMEM containing
fetal bovine serum (10%) at 37 °C with 5% CO,.

2.5.  Cellular uptake

MCF-7 cells were incubated with Rho-CytoC/aNGs and Rho-
CytoC at 37 °C for different time, respectively. The cells were
then washed by ice-cold PBS and disrupted by cell lysate, fol-
lowed by centrifugation. The Rho fluorescence intensity in the

supernatant was detected by microplate reader, while the con-
centration of cell proteins was quantified by BCA assay kit
(Thermo Scientific).

2.6.  Endocytosis pathway

MCF-7 cells were pre-incubated at 4 °C or in the presence of
different endocytosis inhibitors, such as chlorpromazine (CPZ,
10 pmol/L), methyl-G-cyclodextrin (MCD, 3 mmol/L), amiloride
(AMI, 1 mmol/L) and nystatin (NYS, 25 pg/mL) for 1 h, followed
by incubation with Rho-CytoC/aNGs or Rho-CytoC/nNGs for
additional 2 h. The cells were then washed by ice-cold PBS and
disrupted by cell lysate, followed by centrifugation. The Rho
fluorescence intensity and the concentration of cell proteins were
determined, respectively. The cells incubated with the corre-
sponding nanogels at 37 °C for 2 h were taken as control.

2.7.  Intracellular distribution

MCEF-7 cells were incubated with Rho-CytoC/aNGs and Rho-
CytoC/nNGs at 37 °C for 1 and 4 h, respectively. The cells were
then washed by ice-cold PBS, and further incubated with Lyso-
Tracker Green (50 nmol/L) at 37 °C for 45 min. After washed by
ice-cold PBS, the cells were observed by confocal microscope
(Zeiss, LSM 700, Germany).

2.8.  Activation of apoptosis

MCEF-7 cells were incubated with CytoC, CytoC/nNGs and
CytoC/aNGs (20 pg/mL) at 37 °C, respectively. The incubation
time was 8 h for annexin V-FITC/PI (BD Pharmingen, USA) and
active caspase 3 staining (Servicebio, China), and 18 h for
TUNEL staining (Roche Life Science, Switzerland). The
following procedures were performed according to the manufac-
turers’ protocols. The cells were observed by fluorescent micro-
scope (Olympus, IX51, Japan), and analyzed by flow cytometer
(BD, Accuri C6, USA).

2.9.  Invitro cytotoxicity

MCF-7 cells were incubated with CytoC, CytoC/nNGs, CytoC/
aNGs, BSA/aNGs and blank aNGs at 37 °C for 24 h, respectively,
and then incubated with methylthiazolyldiphenyl-tetrazolium
bromide (0.5 mg/mL) for additional 4 h. The supernatant was
removed and dimethyl sulfoxide was added. The absorbance of the
solution was determined at 570 nm, and the cell viability was
calculated.

2.10.  Animal and tumor mouse model

All experimental procedures were executed according to the pro-
tocols approved by Nanjing Tech University Animal Care and Use
Committee. BALB/c nude mice (female, 6 weeks) were provided
by Qinglongshan Animal Center (Nanjing, China). The xenograft
tumor mouse model was established as previously described*’. The
tumor length and width were measured by vernier caliper.

2.11.  In vivo tumor retention
CytoC/aNGs was labeled with Cy5.5. In brief, CytoC/aNGs dis-

solved in the sodium bicarbonate buffer (pH 8.5) was added with
Cy5.5 NHS ester (1:1, mol/mol). After reaction at 4 °C for 8 h,
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Cy5.5-CytoC/aNGs was obtained after repeated buffer exchange
with PBS. The tumor-bearing mice were intratumorally adminis-
trated with Cy5.5-CytoC/aNGs/Gel or Cy5.5-CytoC/aNGs
(5 mg/kg, 0.1 mL). The mice were imaged by in vivo imaging
system (PerkinElmer, Lumina II, USA).

2.12.  In vivo antitumor activity

MCEF-7 tumor-bearing mice received a single intratumoral
administration of CytoC, CytoC/aNGs and CytoC/aNGs/Gel
(5 mg/kg, 0.1 mL), respectively. The tumor volume and body
weight were measured every other day. The mice were euthana-
tized 14 days after administration. The tumors and normal tissue
were harvested, and stained by hematoxylin and eosin (H&E) for
the histological examination. The activated caspase 3 in the tumor
was examined by immunofluorescence staining. The stained sec-
tions were imaged by microscope (Olympus).

2.13.  Immune response evaluation

CytoC/aNGs/Gel (5 mg/kg, 0.1 mL) was subcutaneously injected
into the normal mice. On the other hand, WQ9-2 (1 and 10 mg/kg)
was intravenously injected into the normal mice. The blood
samples were harvested after different time. The cytokines in the
serum, such as tumor necrosis factor (TNF)-«, interleukin (IL)-18,
IL-6 and IL-10 were assayed by the corresponding ELISA kit
(Cloud-Clone, USA).

3. Results and discussion

3.1.  Preparation and characterization of CytoC/aNGs/Gel

CytoC/aNGs were prepared by single emulsion method, which

AAm, DMAEMA and GDA. The obtained CytoC/aNGs had an
average hydrodynamic diameter of ~44 nm (Fig. 2A) and poly-
dispersity index (PDI) of ~0.208. CytoC/nNGs were prepared by
AAm and MBA, a non-degradable crosslinker, which had a par-
ticle size of ~38 nm (Supporting Information Fig. S1) and PDI of
~(0.224. To demonstrate the protective effect of aNGs on CytoC
against the WQ9-2-mediated degradation, the activities of CytoC/
aNGs in the absence and presence of WQ9-2 were determined by
ABTS assay. CytoC/aNGs treated with WQ9-2 maintained a
comparable activity to the untreated CytoC/aNGs (Supporting
Information Fig. S2). However, the activity of the free CytoC
incubated with WQ9-2 dramatically reduced to 33.1% of the un-
treated one, suggesting that WQ9-2 can rapidly degrade CytoC,
leading to loss of its activity. These findings indicate that the
polymeric shells of CytoC/aNGs impede spatially the encapsu-
lated CytoC access to the WQ9-2 protease and therefore protect
CytoC against enzymatic degradation.

We further evaluated the acid-triggered degradability of
CytoC/aNGs by directly monitoring the morphologic variation
under acidic condition. The TEM images showed that disruption
of CytoC/aNGs was observed after incubation with acidic buffer
solution (pH 5) for 12 h, while no significant change in the
morphology of CytoC/nNGs incubated at the same condition
(Supporting Information Fig. S3), suggesting that acidity, such as
endo-lysosomal acidities, can trigger the cleavage of GDA
accompanied by the disassembly of CytoC/aNGs. Subsequently,
to demonstrate whether this acid-responsive dissociation of
CytoC/aNGs could promote the release of CytoC, we determined
the release profiles of Rho-CytoC from aNGs and nNGs at pH 7.4
and 5 by dialysis method, respectively. 53.1% of Rho-CytoC was
released from aNGs at pH 5 compared with 13.5% at pH 7.4
within 24 h, while no significant difference in the release behavior
of Rho-CytoC from nNGs between two pH values (Supporting
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(A) Schematic diagram of preparation of CytoC/aNGs/Gel that was obtained by mixing CytoC/aNGs and precursors (Fmoc-F and FF-

Dopa) with the WQ9-2 protease. (B) Schematic diagram of CytoC/aNGs/Gel as a drug depot for localized delivery of CytoC, which prolonged
tumor retention and supported sustainable release of CytoC/aNGs. (1) The released aNGs from the hydrogel was endocytosed by the tumor cells,
and responsively released encapsulated CytoC in the acidic endo-lyosomes; (2) the released CytoC transported into the cytoplasm by endo-
lysosomal disruption caused by aNGs with the proton sponge effect; (3) CytoC in the cytoplasm activated the intrinsic apoptosis pathway to

cause the tumor cell death.
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collected, followed by respective examination via CD spectrum
and ABTS assay. The CD spectrum of the released CytoC was
consistent to that of the native CytoC (Supporting Information
Fig. S5), deducing that the released CytoC has the similar sec-
ondary structure to the native one. The ABTS assay results
showed that the released CytoC still remained its activity relative
to the native CytoC (Supporting Information Fig. S6). These data
suggest that there is no significant conformational variations and
activity loss of CytoC in the encapsulation and release process.
Taken together, the nanogel can hamper the enzymatic hydrolysis,
preserve the activity of CytoC, and responsively disassemble
under acidic environment to release the active CytoC.
CytoC/aNGs/Gel was obtained by WQO9-2-triggered self-
assembly of oligopeptide precursors. The solution containing
CytoC/aNGs and two precursors, the Fmoc-F and FF-Dopa pep-
tides was added with WQ9-2 (Supporting Information Fig. S7).
The hydrogel formation was investigated by detecting the
rheology change of the solution (Fig. 2B). Upon addition of WQ9-
2, noticeable elevation of the storage (G’) and loss moduli (G")
was observed over time. The G’ value increased to reach a plateau
of ~10> Pa, which was about 10-fold that of the G” value,
indicating that the hydrogel is formed with a high mechanical
strength. Incorporation of CytoC/aNGs was found to enhance the
elasticity of hydrogel, as shown by a plateau with the higher G/
value, and to slow down the speed of hydrogel formation, as

A 25-

Hﬂpn

0 .

10 100 1000
Hydrodynamic diameter (nm)

indicated by prolonged period of time reaching a plateau™®. The
morphology of the assembled CytoC/aNGs/Gel was visualized by
TEM and SEM. The TEM images showed that CytoC/aNGs had
spherical structures, while the hydrogel presented nanofiber ar-
chitecture as elementary units (Fig. 2C). As shown in the TEM
image of CytoC/aNGs/Gel, CytoC/aNGs were dispersed around
the entangled nanofibrils of the hydrogel. The SEM image dis-
played that the lamellar structure formed by fiber bundles sup-
ported the structure of CytoC/aNGs/Gel, and a large number of
CytoC/aNGs were encapsulated in the hydrogel (Fig. 2D).

To demonstrate that the hydrogel could serve as a reservoir for
sustainable release of CytoC, we determined the release profiles of
Rho-CytoC/aNGs from the hydrogel at pH 7.4 (Fig. 3A). A pro-
longed release of Rho-CytoC/aNGs was observed after Rho-
CytoC/aNGs/Gel was incubated with PBS at pH 7.4, suggesting
that the hydrogel could sustainably release Rho-CytoC/aNGs. In
addition, the increased concentration of the peptide precursors
leads to a slower release rate. This result indicates that the release
rate of CytoC/aNGs from the hydrogel can be tuned on-demand by
adjusting the monomer concentration. The DMAEMA monomer
used for preparation of CytoC/aNGs contains tertiary amine
group, which endows CytoC/aNGs with proton sponge effect for
endosomal/lysosomal escape. To validate this, the pH-buffering
capacity of CytoC/aNGs was evaluated by monitoring the pH
value change after addition of acid (Fig. 3B). More volume of acid
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(A) Particle size distribution of CytoC/aNGs. (B) Changes in the moduli of the hydrogel after adding WQ9-2. (C) TEM images of

CytoC/aNGs (1), blank hydrogel (2) and CytoC/aNGs/Gel (3). Scale bar = 80 nm. (D) SEM images of CytoC/aNGs/Gel at low (1) and high (2)

magnification. Scale bars = 400 pm (1) and 400 nm (2).
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was added to make the pH value of the solution containing CytoC/
aNGs decrease from 7.4 to 4 compared with that of CytoC/nNGs,
indicating the stronger pH-buffering ability of CytoC/aNGs con-
taining numerous tertiary amine groups.

3.2.  Intracellular delivery and apoptosis-inducing effect

We estimated the cellular uptake of CytoC/aNGs on MCF-7 cell
model to demonstrate enhanced intracellular accumulation of
CytoC delivered by aNGs (Fig. 3C). Incubation with Rho-CytoC/
aNGs resulted in significantly higher fluorescent signals within
MCEF-7 cells at all the studied time points than incubation with the
free Rho-CytoC, indicating that CytoC/aNGs are efficiently taken
up by the cancer cells, which overcomes the cell membrane barrier

to the native CytoC and increases its concentration within the
cancer cells. Furthermore, the endocytosis pathway of the nano-
gels was explored by a competitive inhibition method. The uptake
of either Rho-CytoC/aNGs or Rho-CytoC/nNGs by MCF-7 cells
was compared with and without specific endocytosis inhibitors.
The presence of CPZ markedly reduced intracellular fluorescent
signals from both Rho-CytoC/aNGs and Rho-CytoC/nNGs
compared with other inhibitors (Fig. 3D and Supporting
Information Fig. S8), suggesting that both nanogels were inter-
nalized by MCF-7 cells via clathrin-mediated pathways**.
Considering that CytoC/aNGs are entrapped in the endo-
lysosomes after endocytosis and would be degraded by endo-
lysosomal acidities and enzymes, we further evaluated the endo-
lysosome-escaping potential of CytoC/aNGs. Intracellular
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Figure 3

(A) In vitro protein release profiles of Rho-CytoC/aNGs/Gel at different concentration of the Fmoc-F precursor. Data are presented as

mean + SD (n=3). (B) Acid titration profiles of CytoC/aNGs and CytoC/nNGs. (C) Cellular uptake of Rho-CytoC/aNGs and Rho-CytoC on
MCEF-7 cells after incubation for different time. Data are presented as mean £ SD, n=3; **P < 0.01, ***P < 0.001 versus Rho-CytoC. (D)
Relative uptake efficiency of Rho-CytoC/aNGs on MCF-7 cells under different conditions. Ctrl, untreated control; CPZ, chlorpromazine; MCD,
methyl-8-cyclodextrin; AMI, amiloride; NYS, nystatin. Data are presented as mean + SD, n=3; *P < 0.05, ***P < 0.001 versus Ctrl. (E)
Intracellular distribution of Rho-CytoC/aNGs and Rho-CytoC/nNGs on MCF-7 cells after incubation for different time monitored by confocal
microscope. Endo-lysosomes were stained by LysoTracker Green. Scale bar = 10 pm.
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distribution of Rho-CytoC/aNGs was monitored within MCF-
7 cells by confocal microscope (Fig. 3E). At 1 h post-incubation, a
high proportion of the Rho fluorescent signals (red) of Rho-
CytoC/aNGs were co-localized with that of endo-lysosomes
(green) suggesting that the internalized CytoC/aNGs suffer from
the endo-lysosomal entrapment. However, most of the Rho fluo-
rescent signals were observed to be dissociated from the endo-
lysosomal fluorescent signals after MCF-7 cells were incubated
with Rho-CytoC/aNGs for 4 h. In a stark contrast, a large range of
co-localization of the Rho and endo-lysosomal fluorescent signals
was visualized in the Rho-CytoC/nNGs group at 4 h post-
incubation. These results indicate that CytoC/aNGs can release
CytoC in the acidic endo-lysosomes, and meanwhile, cause the
endo-lysosomal disruption by the proton sponge effect to enable
transportation of the released CytoC from endo-lysosomes to
cytoplasm.

The apoptosis-inducing activities of CytoC/aNGs on MCF-7
cells were firstly assessed by annexin V-FITC/PI dual staining

(Fig. 4A). The cancer cells treated with the free CytoC solution
showed a limited apoptosis with a total apoptotic ratio of
~5.7%, which is attributed primarily to poor cell membrane
permeability of CytoC. Treatment with CytoC/nNGs also led to
only ~7.1% of cell apoptosis, which is due mainly to inefficient
CytoC release and endo-lysosomal escape of CytoC/nNGs in
spite of relatively higher cellular uptake. On the contrary, the
total apoptotic ratio of CytoC/aNGs was ~26.5%, much higher
than that of CytoC/nNGs. Accordingly, it is inferred that the
combination of effective cellular uptake, CytoC release and
intracellular delivery realized by aNGs potentiates the activities
of CytoC on inducing cancer cell apoptosis. To further confirm
the preferable apoptosis-inducing effects of CytoC/aNGs, acti-
vated caspase 3 and TUNEL assays were carried out, respec-
tively (Fig. 4B). Activation of caspase-mediated cascade is a
prerequisite for induction of apoptosis initiated by the cyto-
plasm distributed CytoC. As expected, the cancer cells after
treatment with CytoC/aNGs exhibited an extensive expression
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(A) Representative flow cytometric plots of MCF-7 cells after treatment with CytoC, CytoC/nNGs and CytoC/aNGs. The cells were

dually stained by annexin V-FITC and PI. (B) Fluorescent images of MCF-7 cells after treatment with CytoC, CytoC/nNGs and CytoC/aNGs. The
cells were stained by the active caspase 3 and TUNEL Kkits, respectively. Scale bar = 100 um. (C) Viability of MCF-7 cells after 24 h of treatment
with CytoC, CytoC/nNGs and CytoC/aNGs. Data are presented as mean = SD, n=35. (D) Cell viability of MCF-7 cells after 24 h of treatment
with the blank aNGs and BSA/aNGs. Data are presented as mean £+ SD, n=5.
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of activated caspase 3, a crucial executioner of apoptosis, while
the amount of caspase 3 within the cells treated with either
CytoC or CytoC/nNGs was extremely low. In addition, the
fragmentation of the nucleosome occurs during cell apoptosis.
Such signature apoptotic feature of massive DNA fragmentation
stained by the TUNEL assay was observable in the cancer cells
treated with CytoC/aNGs, compared with the negligible
apoptosis characteristics after treatment with both CytoC and
CytoC/nNGs. These results further confirmed elevation of
cancer cell apoptosis induced by CytoC/aNGs.

Subsequently, we appraised the in vitro cytotoxicity of CytoC/
aNGs toward MCF-7 cells (Fig. 4C). The dose-dependent increase
in the cytotoxicity of CytoC/aNGs against the cancer cells was
observed after 24 h of incubation. The half maximal inhibitory
concentration was calculated to be 28.9 ug/mL. By comparison,
neither CytoC nor CytoC/nNGs exhibited efficient cytotoxicity.
The viabilities were higher than 60% in both CytoC- and CytoC/
nNG-treated cancer cells at all the studied concentration. In
addition, the blank aNGs without CytoC and bovine serum albu-
min loaded nanogels (BSA/aNGs) displayed negligible toxic ef-
fects on MCF-7 cells (Fig. 4D).

Cy5.5- CytoC/aNGs

3.3.  In vivo tumor retention and antitumor efficacy

To demonstrate the prolonged intratumoral retention of CytoC
with the assistance of the hydrogel, the in vivo retention of Cy5.5-
CytoC/aNGs/Gel in the tumor was estimated. The MCF-7 tumor-
bearing mice were intratumorally administrated by Cy5.5-CytoC/
aNGs and Cy5.5-CytoC/aNGs/Gel, respectively. Change in the
fluorescent signal of Cy5.5 was monitored within a long period
time (Fig. 5A). In the Cy5.5-CytoC/aNGs/Gel group, the fluo-
rescent signal of Cy5.5 sustained in the tumor tissue within 4 days
after local injection, and there was still a high Cy5.5 fluorescent
signal as time increased to 8 days. In a sharp contrast, the
intratumorally-injected Cy5.5-CytoC/aNGs showed noticeably
reduction in the CyS5.5 fluorescent signal within 4 days, and very
weak signal was detectable at 8 days post-injection. These data
suggest that the oligopeptide hydrogel as a semisolid depot brings
about dramatically prolonged retention time of CytoC/aNGs at the
tumor site, which would render a long-term antitumor effect
produced by CytoC.

To substantiate the feasibility of CytoC/aNGs/Gel for cancer
treatment in vivo, the antitumor efficacy of CytoC/aNGs/Gel
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(A) In vivo imaging of the MCF-7 tumor-bearing mice after intratumoral injection of Cy5.5-CytoC/aNGs and Cy5.5-CytoC/aNGs/

Gel. (B) Relative tumor volume of the MCF-7 tumor-bearing mice after a single intratumoral injection of saline, CytoC, CytoC/aNGs and CytoC/
aNGs/Gel (n = 6 mice per group). (C) Weight of the tumors harvested from the mice at 14 days post injection of saline, CytoC, CytoC/aNGs and
CytoC/aNGs/Gel (n = 6 mice per group). ***P < 0.001 versus CytoC/aNGs/Gel. (D) Representative images of the tumor sections stained by
H&E and immunofluorescence at 14 days post injection of saline, CytoC, CytoC/aNGs and CytoC/aNGs/Gel. Scale bars = 100 um (upper) and

200 pm (lower).
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was assessed on the mouse models of xenograft MCF-7 tumors.
Tumor growth was suppressed to different extent after a single
intratumoral administration of various CytoC formulations
including the CytoC solution, CytoC/aNGs solution and CytoC/
aNGs/Gel, compared to saline as a negative control (Fig. 5B).
CytoC/aNGs produced a higher effect on tumor inhibition than
CytoC, which results mainly from improved intracellular de-
livery of CytoC provided by aNGs. More significantly, CytoC/
aNGs/Gel exhibited a dominant effect on inhibiting tumor
growth than the CytoC/aNGs solution, validating that the pro-
longed intratumoral retention and sustained release of CytoC/
aNGs actualized by the oligopeptide hydrogel allow CytoC to
produce a long-term antitumor effect. The lowest tumor weight
from the mice was determined in the CytoC/aNGs/Gel treat-
ment group 14 days after a single administration (Fig. 5C). The
inhibitory ratio of CytoC/aNGs/Gel was 74.9%, significantly
higher than 35.7% of the Cyto/aNGs solution. During the
treatment with CytoC/aNGs/Gel, the mice did not display any
significant body weight change (Supporting Information
Fig. S9). Remission of massive tumor cells after the CytoC/
aNGs/Gel treatment was examined by H&E staining. Moreover,
the immunofluorescence images displayed the highest level of
activated caspase 3 indicating cell apoptosis in the tumor har-
vested from the mice receiving CytoC/aNGs/Gel (Fig. 5D).
There were no significant pathological changes observed in the
normal tissues after the CytoC/aNGs/Gel treatment (Supporting
Information Fig. S10). We also performed safety evaluation
about immune response of the oligopeptide hydrogel-based
formulation. A single subcutaneous injection of CytoC/aNGs/
Gel did not cause any noticeable variation in the serum con-
centrations of typical inflammatory factors (Supporting
Information Fig. S11). Moreover, no significant changes in
the concentration of these inflammatory factors were deter-
mined after intravenous injection of WQ9-2 at the studied
dosages (Supporting Information Fig. S12).

4. Conclusions

In conclusion, we developed a hybrid nanogel/nanofiber hydrogel
for localized delivery of cytoplasm-targeted apoptotic protein,
CytoC. aNGs preserved the activity of CytoC against degradation
caused by WQ9-2, which catalyzed the bond-forming reaction
between the peptide precursors for assembly of the hydrogel. The
obtained hydrogel served as a CytoC storehouse to enhance
intratumoral retention and realize sustainable release of CytoC/
aNGs. CytoC/aNGs increased cellular uptake of CytoC and pro-
moted its intracellular delivery to the target site, cytoplasm,
leading to favorable apoptosis-inducing and cytotoxic effects. We
showed that CytoC/aNGs/Gel efficiently inhibit tumor growth
upon a single intratumoral administration. We also envision that
this formulation design, as a promising strategy, has the potential
of wide application in the delivery of other intracellularly-acted
protein therapeutics for long-term disease management.
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