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Purpose: Combined chemotherapeutic drug and protein drug has been a widely employed

strategy for tumor treatment. To realize both tumor accumulation and deep tumor penetration

for drugs with different pharmacokinetics, we propose a structure-transformable, thermo-pH

dual responsive co-delivery system to co-load granzyme B/docetaxel (GrB/DTX).

Methods: Thermo-sensitive hydrogels based on diblock copolymers (mPEG-b-PELG) were

synthesized through ring opening polymerization. GrB/DTX mini micelles (GDM) was

developed by co-loading these two drugs in pH-sensitive mini micelles, and the GDM-

incorporated thermo-sensitive hydrogel (GDMH) was constructed. The thermo-induced

gelation behavior of diblock copolymers and the physiochemical properties of GDMH

were characterized. GDMH degradation and deep tumor penetration of released mini

micelles were confirmed. The pH-sensitive disassembly and lysosomal escape abilities of

released mini micelles were evaluated. In vitro cytotoxicity was studied using MTT assays

and the in vivo antitumor efficacy study was evaluated in B16-bearing C57BL/6 mice.

Results: GDMH was gelatinized at body temperature and can be degraded by proteinase to

release mini micelles. The mini micelles incorporated in GDMH can achieve deep tumor

penetration and escape from lysosomes to release GrB and DTX. MTT results showed that

maximum synergistic antitumor efficacy of GrB and DTX was observed at mass ratio of

1:100. Our in vivo antitumor efficacy study showed that GDMH inhibited tumor growth in

the subcutaneous tumor model and in the post-surgical recurrence model.

Conclusion: The smart-designed transformable GDMH can facilitate tumor accumulation,

deep tumor penetration, and rapid drug release to achieve synergistic chemo-protein therapy.

Keywords: structure-transformable, thermo-pH dual responsive, hydrogel, chemo-protein

combination therapy

Introduction
Malignant tumors are a major public health problem worldwide.1–3 Protein drugs are one

of the most potent biotherapeutics and have shown tremendous potential in cancer

therapy. Protein drugs have the advantages of high therapeutic activity, high selectivity,

and low toxicity to healthy cells.4,5 Many apoptotic proteins, including TRAIL, hercep-

tin, and granzyme B (GrB), have been investigated for use in cancer therapy.6 GrB is

considered a direct “weapon”, able to kill tumor cells in the immune system and has great

potential to become a novel cytokine for tumor therapy.7,8 GrB is a serine proteinase

mainly secreted by immunologic effector cells including natural killer cells and cytotoxic

T lymphocytes. GrB binds to target cells and is endocytosed with the help of perforin.9,10
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The apoptosis of target cells is induced by internalized GrB

mainly via caspase-dependent pathways.11–14 However, the

therapeutic use of single protein drugs faces serious challenges

including drug degradation, elimination following intravenous

injection, poor tumor accumulation, low tumor penetration,

and reduced antitumor efficacy.6,15,16 Many studies have been

conducted on the combination of protein and chemotherapy

drugs using drug delivery systems, which effectively deliver

different drugs to the tumor site where they have synergistic

antitumor efficacy.17–20 For example, the TRAIL and gambo-

gic acid co-loaded folate-modified core/shell nanoparticulate

complex, which exerts combined tumor therapy by regulating

both intrinsic and extrinsic apoptotic pathways, was developed

for cancer therapy.21 Additionally, Zhang developed cytokine

interleukin-2 (IL-2) and doxorubicin co-loaded nanovesicles

(NV-DOXIL-2) for cancer immunochemotherapy. After intra-

venous injection into melanoma-bearing mice, NV-DOXIL-2

accumulates in tumors and suppresses tumor growth.22 These

studies were designed to deliver anticancer drugs to tumor

sites through active or passive tumor targeting following sys-

temic administration, and have shown satisfying antitumor

effects. However, the systemic administration of GrB, as

a protein drug, has serious challenges including drug degrada-

tion and systemic toxicity.10,23-25 Therefore, it is necessary to

choose a suitable drug-delivery system for GrB.

For GrB, peritumoral therapeutic platforms based on local

delivery systems may provide a promising alternative to sys-

temic administration. These advantages of peritumoral thera-

peutic platforms include precise administration, higher drug

concentration at the tumor site, and significantly lower sys-

temic toxicity.26–28 Hydrogel has attracted considerable atten-

tion as a potential local delivery system for cancer

treatment.29,30 In recent years, the design of temperature-

sensitive hydrogels for controlled drug release has received

considerable research attention because of its facile in situ

gelation process at body temperature.31,32 For example, three

kinds of drug (containing IL-2, IFN-γ, and doxorubicin)-

incorporating hydrogels were successfully prepared by Chen

and coworkers, and showed synergistic anticancer efficacy

through acting on different pathways in xenograft tumor-

bearing mice.33 Despite its potential, peritumoral therapy

remains far from satisfactory. An important issue in this

approach is the poor penetration of agents within tumors due

to their dense tissues and high pressure.34 Accumulating data

suggest that small-sized nanoparticles (less than 50 nm) exhi-

bit significant benefits for deep tumor penetration, but often

suffer from poor tumor accumulation.35,36 Therefore, there is

a need for a delivery system that combines the advantages of

in situ-forming hydrogels and small-sized nanoparticles to

achieve both tumor accumulation and deep tumor penetration.

Combining the advantages of hydrogels and small-sized

nanoparticles, a novel structure-transformable thermo-pH

responsive co-delivery system to deliver co-loaded chemo-

protein drugs to the tumor site, transport drugs deep into the

tumor tissue, and rapidly release drugs in tumor cells were

successfully developed. Thermo-sensitive hydrogels based on

diblock copolymers (mPEG-b-PELG) were synthesized using

ring opening polymerization. GrB/DTXmini micelles (GDM)

were developed by co-loading the two drugs in pH-sensitive

mini micelles, then GDM-incorporated thermo-sensitive

hydrogel (GDMH) was constructed. The developed GDMH

was expected to have the advantages of: (1) directly co-

locating different drugs within the tumor and diverting the

drug from non-target organs to reduce toxicity and increase

antitumor efficiency; (2) achieving deep tumor penetration due

to the mini-sized nanoparticles; and (3) co-delivering GrB and

DTX into the same tumor cells and rapidly releasing them to

improve synergetic therapeutic effects (Figure 1). We believe

that the developed smart-designed transformable GDMH can

pave a new way for designing co-delivery system to facilitate

tumor accumulation, deep tumor penetration, and rapid drug

release to achieve synergistic chemo-protein therapy.

Herein, the pH-sensitive poly (γ-glutamic acid)-poly

(L-histidine) (PGA-PLH) was employed to prepare GDM.

PGA is a negatively charged polyanion polymer in physio-

logical environment. PLH possesses “proton pump effect”

due to the side-chain imidazole groups, and its solubility

could be affected by pH change (hydrophobic: uncharged,

pH ~7.4; hydrophilic: positive charge, pH <5.5). GrB and

DTXwould be co-loaded in the pH-sensitive PGA-PLHmini

micelles via electrostatic adsorption and hydrophobic inter-

action, respectively. Temperature-sensitive poly (ethylene

glycol)-poly(γ-ethyl-L-glutamate) diblock copolymer

(mPEG-b-PELG) was synthesized and applied to obtain

transformable GDMH. The physical and chemical properties

of mini micelles-incorporated hydrogel were characterized.

The deep penetration capacity, lysosomal escape ability, co-

delivery efficiency, in vitro and in vivo antitumor efficacy

were investigated, respectively. In addition, the preliminary

safety evaluations were also performed.

Materials and Methods
Materials
DTXwas purchased fromDalianMeilun Biotechnology Co.,

LTD. (Dalian, China). Cytochrome C (CC) (Mw=12,384)
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was purchased from Sigma-Aldrich (St. Louis, MO, USA).

PGA-PLH (degrees of polymerization of PGA and PLH are

14 and 28, respectively) was synthesized by Nanjing Leon

Biological Technology Co.,LTD. (Nanjing, China). Murine

GrB (Mw=28.9 kDa) was purchased from PeproTech, Inc.

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-

mide (MTT) is the product of Solarbio (Shanghai, China).

All other reagents were of analytical purity grade or higher,

obtained commercially.

Cell Cultures
Murine melanoma cells (B16) were purchased from the

Chinese Academy of Sciences (China). Cells were cul-

tured in RPMI-1640 medium, supplemented with 10%

FBS, 1% penicillin and 1% streptomycin at 37 °C in an

environment containing 5% CO2.

Animals
Female C57BL/6 mice (weight: 20–22 g) were supplied by

SPF (Beijing) Biotechnology Co.,Ltd. (Beijing, China).

The animals were fed with a standard diet and allowed

water ad libitum. All experiments were carried out in

compliance with the Animal Management Rules of the

Ministry of Health of the People’s Republic of China and

the Animal Experiment Ethics Review of Shandong

University (Approval No. 18002).

Synthesis of mPEG-b-PELG
mPEG-b-PELG was synthesized according to our previous

literature.37 As shown in Figure S1, mPEG-NH2 (3 g) was

dissolved in toluene and residual water was removed by

azeotropic distillation. Anhydrous N,N-dimethylformamide

(DMF) and γ-ethyl-L-glutamate N-carboxyanhydride (ELG-

A

B

Figure 1 Schematic diagram of transformable injectable hydrogel as the local GrB/DTX co-delivery system for combination therapy. (A) The construction of structure-

transformable hydrogel (GDMH). (B) The structure-transformable hydrogel could achieve sequentially responsive delivery: ①–③ The GrB/DTX pH-sensitive mini micelles

(GDM) were incorporated into thermo-sensitive hydrogel (GDMH); ④ GDMH was degraded by proteinase and released mini micelles to achieve deep tumor penetration

after be injected peritumorally; ⑤–⑦ Mini micelles disassembled and escaped from lysosomes via proton sponge effect to release GrB and DTX, then GrB and DTX played

synergistic chemo-protein antitumor efficacy.
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NCA) (4.23 g) were then added to the flask. The polymeriza-

tion was performed at 30 °C for 72 h under N2 atmosphere.

Then the solution was precipitated into cold diethyl ether. The

reaction product was washed two times with diethyl ether and

dried under reduced pressure.

Preparation of Co-Loaded Mini

Micelles-Incorporated Hydrogel
DTX loaded mini micelles (DM) were prepared by the

thin-film hydration method. In brief, PGA-PLH and DTX

were dissolved in methanol and placed in a round-bottom

flask. The solvent was removed by rotary evaporation at

40°C for 15 min to obtain a solid matrix. Residual metha-

nol was removed under vacuum overnight at room tem-

perature. The resultant thin film was hydrated with PBS

(pH = 7.4) at 40 °C for 10 min to obtain DM. Blank

micelles were prepared using the same method, without

the addition of DTX.

GrB was kept in an ice bath during the experiments to

prevent degradation caused by temperature changes. GrB

loaded mini micelles (GM) were prepared by adding GrB

solutions to blank micelles and incubating for 24 h at 4°C.

GDM was formed by adding GrB solutions to the DM pre-

pared above, then incubating for 24 h at 4°C. CC was

selected as the model GrB protein for some in vitro evalua-

tions. The preparation method of CC loaded mini micelles

(CM)was the same as that of GM. The preparationmethod of

CC/DTX co-loaded mini micelles (CDM) or Cy5.5-CC/C6

co-loaded mini micelles (CyC6M) was the same as that of

GDM. CDM was mixed with mPEG-b-PELG at room tem-

perature or below, and CDM-incorporated hydrogel

(CDMH) was obtained by increasing the temperature to 37°

C in vitro or by injection into the body.

Physicochemical Characterizations of

Co-Loaded Mini Micelles-Incorporated

Hydrogel
Morphology of co-loaded mini micelles was observed by

transmission electron microscopy (TEM) (HT7700, Japan).

Particle size and zeta potential were determined using

a Malvern Zetasizer Nano ZS instrument (ZS-90, Malvern,

UK). Morphology of lyophilized CDMH was observed via

scanning electron microscope (SEM) (JSM-6700F, Japan).

And lyophilized Cy5.5-CC/C6 co-loaded mini micelles-

incorporated hydrogel was sliced and observed via confocal

laser scanning microscopy (CLSM, LSM 780, Carl Zeiss,

Germany). Rheological measurements of the hydrogel were

performed by rheometer (MCR 302, Austria) using a parallel

plate (plate diameter = 25 mm, gap = 0.5 mm) in oscillatory

mode.

The concentration of DTX was determined by high-

performance liquid chromatography (HPLC) (SHIMADZU

LC-20AT, Japan). The concentration of CC was determined

by Ultraviolet-visible spectroscopy (UV-vis). Drug loading

efficiency (DL%) and entrapment efficacy (EE%) were cal-

culated using the following equations:

DL% ¼ WD

WT
�100% (1)

where WD is the weight of drug analyzed, and WT is the

total weight of drug and carrier added to the system.

EE% ¼ WD

WTD
�100% (2)

where WD is the weight of drug analyzed, and WTD is total

weight of drug added to the system.

In vitro Release of Cy5.5-CC and DTX
Fluorescently labeled CC is often selected as the model GrB

protein for in vitro evaluations. In vitro Cy5.5-CC and DTX

release from mini micelles-incorporated hydrogel was per-

formed using Transwell-24 (Corning). In brief, different

formulations (100 μL) were individually added to the 24-

well Transwell upper chamber and 1 mL of release medium

(PBS at pH 7.4, pH 6.5 or pH 5.5) was added to the lower

chamber. The Transwell-24 plates were placed at 37°C with

stirring at 100 rpm. At predetermined time intervals, the

release medium was completely withdrawn, and replaced

with fresh medium. The cumulative amounts of Cy5.5-CC

and DTX in the collected samples were determined using

a microplate reader and by HPLC, respectively. All mea-

surements were performed in triplicate.

In vivo Degradation and Biocompatibility

of mPEG-b-PELG
In vivo degradation and biocompatibility of hydrogel materi-

als mPEG-b-PELG were investigated using Kunming mice

(weight: 18–22 g, age: 6–8 weeks). mPEG-b-PELG aqueous

solution (0.1 mL, 6.0 wt%) was subcutaneously injected into

the back of mice. At selected time points, the mice were

sacrificed. Then, the in situ hydrogel and skin tissues sur-

rounding the hydrogel were surgically separated and

observed. Hydrogel selected at different time points was

weighed for in vivo characterization of hydrogel degradation,

Pang et al Dovepress

submit your manuscript | www.dovepress.com

DovePress
International Journal of Nanomedicine 2020:154742

http://www.dovepress.com
http://www.dovepress.com


and the skin tissues were analyzed using hematoxylin and

eosin staining for in vivo biocompatibility evaluation.

Deep Tumor Penetration of Mini Micelles

in vitro and in vivo
The mini micelles were labeled by green fluorescent dye C6

to investigate the deep tumor penetration ability in the B16

tumor sphere. The preparation method of C6 loaded mini

micelles (C6M) was the same as that of DM. C6M diluted

by 1640 culture, were added to the well containing B16

tumor sphere at predetermined time points. After inoculation

for 0.5 h, 2 h and 4 h, the tumor spheres were washed 3

times with cold PBS and were imaged by a CLSM.

For deep tumor penetration in vivo evaluation, B16

tumor-bearing C57BL/6 mice were treated with C6M-

incorporated hydrogel (C6MH) for 0.5 h, 4 h, 8 h, 12

h and 24 h. Then, the mice were sacrificed and the tumors

were collected for paraffin embedding and tumor sections.

After fixing the samples and staining the nuclei with

DAPI, the sections were imaged by a CLSM.

Lysosomal Escape of GrB
To make the lysosomal escape visualized, Cy5.5-CC was

selected as fluorescent labeled protein to replace GrB.

Briefly, B16 cells were cultured in glass bottom dish at

a density of 1 × 105 cells per well. After overnight incubation,

the cells were incubated with Lyso Tracker Red at 37 °C for

2 h to label the lysosomes. After that, cells were treated with

Cy5.5-CC loaded mini micelles (CyM) diluted by 1640

culture for 2 h or 4 h at 37 °C in an incubator. Then, the

cells werewashed 3 times with cold PBS andwere imaged by

a CLSM.

In vitro and in vivo Co-Delivery Study of

Co-Loaded Micelles-Incorporated

Hydrogel
Cy5.5-CC and C6 were selected as the fluorescent dyes to

label the micelles for co-delivery study, in which Cy5.5-CC

was in place of GrB, and C6 was in place of DTX. CyC6M

and CyC6M-incorporated hydrogel (CyC6MH) were pre-

pared for in vitro and in vivo co-delivery study, respectively.

For in vitro co-delivery study, three groups were stu-

died including (1) Mixture of free C6 and Cy5.5-CC; (2)

Mixture of C6M and CyM; (3) CyC6M. B16 cells were

cultured in glass-bottom dish at a density of 1 × 105 cells

per well. After overnight incubation, the cells were incu-

bated with different formulations diluted by 1640 culture

for 0.5 h, 2 h or 4 h at 37 °C in an incubator. Then, the

cells were washed 3 times with cold PBS and were imaged

by a CLSM.

For in vivo co-delivery study, three groups were studied

including (1) Mixture of free C6 and Cy5.5-CC-incorporated

hydrogel; (2) Mixture of C6M and CyM-incorporated hydro-

gel; (3) CyC6MH. B16 tumor-bearing C57BL/6 mice were

treated with above formulations for 0.5 h, 4 h, 8 h, 12 h and

24 h. Then, the mice were sacrificed and the tumors were

collected for paraffin embedding and tumor sections. After

fixing the samples and staining the nuclei with DAPI, the

sections were imaged by a CLSM.

In vitro Cytotoxicity of GDM
In vitro cytotoxicity was evaluated on B16 cells via MTT

assay. B16 cells were seeded in 96-well plates at a density of

5000 per well in 150 μL of RPMI-1640 medium. After

overnight incubation, the cells were treated with different

formulations (50 μL) at different concentrations and incu-

bated for 48 hrs. Then 20 μL of MTT (5 mg/mL) was added

to each well for another 4 h incubation, dimethyl sulfoxide

(DMSO) (150 μL) was added to dissolve the formazan

crystals, and absorbance value was determined at 570 nm.

Cell viability was calculated according to the following

formula:

Cell viability %ð Þ ¼ Abssample � Absblank
� �

�100%=ðAbscontrol � AbsblankÞ
(3)

where Abs control, Abs sample, Abs blank represented the

absorbance at 570 nm of the control, sample, blank,

respectively.

Based on the cell viability values, concentration inhi-

biting half of the cells (IC50) were calculated. Moreover,

the synergistic effect between GrB and DTX was evalu-

ated by the combination index (CI) assay. CI values were

calculated according to the following formula:38

CI ¼ D1=Dm1 þ D2=Dm2 (4)

where D1 or D2 was the concentration of drugs 1 or 2

when the combination of drug 1 and drug 2 produced 50%

inhibition of cells. D m1 or D m2 was the concentration of

the drug 1 or 2 when the drug produced 50% inhibition of

cells via administered singly. The CI values lower than,

equal to, and higher than 1 denote synergism, additivity

and antagonism, respectively.
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In vivo Antitumor Efficacy of GDMH
B16 tumor-bearing female C57BL/6 mice model was estab-

lished to demonstrate in vivo antitumor efficacy. And inhibi-

tion of tumor recurrence after surgery was studied

simultaneously. 1 ×106 B16 cells were transplanted into the

right flanks of mice. Five days after, all of the mice were

randomly divided into two groups: Group Awas divided into

nine groups (n=5);32,39 mice of Group B were anaesthetized,

fixed to the board and visible tumors were resected by using

sterile instruments, then were divided into nine groups (n=5).

Nine groups in Group A or B included: ①Normal Solution;

②Free DTX; ③DTX loaded mini micelles (DM); ④GrB

loaded mini micelles (GM); ⑤GrB/DTX co-loaded mini

micelles (GDM); ⑥Blank hydrogel; ⑦DM-incorporated

hydrogel (DMH); ⑧GM-incorporated hydrogel (GMH);

⑨GDM-incorporated hydrogel (GDMH). One day after sur-

gery, both Group A and B were treated with different for-

mulations mentioned above (DTX: 2.5 mg/kg; GrB: 0.95

nmol/kg) via local injection (peritumoral injection for

A and surgical tumor bed injection for B). Ten days later,

the second administration was conducted according to the

first operation. Body weights and tumor volumes were

recorded every other day. Tumor volumes were measured

using a vernier caliper every other day by using the formula:

(length×width2)/2, where length was the longest dimension

and width was the widest dimension.38 At the 14th day after

the first administration, the mice were sacrificed and anato-

mized. The excised tumors were weighed and analyzed via

H&E, Ki67, Caspase-3 and Tunel staining.

In vivo Safety of GDMH
The heart, liver, spleen, lung, and kidney of the mice in

2.13 were treated with formalin, embedded in paraffin and

sectioned. Sections were stained with H&E for histopatho-

logical examination to characterize the in vivo safety.

Statistics Analysis
All experimental data were presented as the mean ± SD.

Statistical differences were evaluated with t-Test (Excel

2016, Microsoft). Differences were considered to be sig-

nificant when the p-value was less than 0.05.

Results
Characterization of PEG-b-PELG
Copolymer
The structure and molecular weight were confirmed by
1H NMR spectra on a Bruker AV 400 NMR spectrometer

using Trifluoroacetic Acid-d as a solvent. Gel permeation

chromatography (GPC) was performed using a series of liner

Tskgel Super columns (AW3000 and AW5000) and Waters

515 HPLC pump with OPTILABDSP Interferometric

Refractometer (Wyatt Technology) as the detector. The elu-

ent was dimethylformamide containing 0.01 M LiBr at

a flow rate of 1.0 mL/min at 50°C. Monodispersed poly-

ethylene glycol (Waters) solutions were used to generate the

calibration curve. Fourier Transform Infrared (FTIR) spec-

trum was recorded on a Bruker Vertex 70 Fourier Transform

Infrared spectrometer using a pressed KBr disk method. For
1H NMR and FTIR of PEG-b-PELG (Figures S2–S3), all

peaks have been well assigned. The molecular weight of the

resulting copolymer, determined by GPC, was 4890 Da with

a polydispersity index of 1.33 (Figure S4).

Preparation and Characterization of Mini

Micelles-Incorporated Hydrogel
Mini micelles were prepared and characterized based on

the different physicochemical factors of DTX and GrB.

The PGA hydrophilic segment was designed for absorbing

the positive GrB while the PLH pH-sensitive segment was

designed hydrophobic DTX loading.

CCwas replacedwith GrB as themodel protein for in vitro

evaluations. As shown in Figure 2A–C and Table S1, CDM

was near-

spherical and exhibited a small particle size (26.90 ± 0.99 nm)

with negatively charged surface (−14.53 ± 0.58 mV). The EE

% was 70.84 ± 1.53% for DTX and 90.95 ± 8.37% for CC,

respectively. The particle size and zeta potential of GDM or

CyC6M were basically identical to those of CDM (Table S2).

In this study, changes in the size of blank micelles at

different pH values indicate that micelle size was substan-

tially unchanged at pH values of 7.4 and 6.5, but rapidly

increased when pH value was 5.5 (Figure S5). This is

attributed to the pH sensitivity of PLH.

To demonstrate whether CC was loaded into the mini

micelles, CM (the mass ratios of PLH-PGA:CC were from

20:1 to 400:1) were analyzed using sodium dodecyl sulfate-

polyacrylamide gel electrophoresis. CC could be mostly

loaded in the micelles after 24 h of incubation when the

mass ratio was higher than 200:1 (Figure S6).

Due to the thermo-induced gelation behavior of mPEG-

b-PELG, the sol-gel phase transition was observed in CDMH

when the temperature changed from room temperature to

body temperature (Figure 2E). Mini micelles-incorporated

hydrogel rheology experiments (storage modulus, loss
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modulus, and viscosity) were performed and the results

indicated that there was a catastrophe point at around 35 °C

after which the hydrogel system changed with increasing

temperature (Figure 2G).

The hydrogel structure was studied using scanning

electron microscopy (Figure 2D) and confocal laser scan-

ning microscopy (Figure 2F), and CDM and CyC6M dis-

played uniform distributions in the lyophilized multilayer

hydrogel structure.

Drug Release in vitro and in vivo
To evaluate the pH-sensitive release behavior of both

drugs, in vitro release was performed at different pH

levels. Cy5.5-CC and DTX release profiles were quantified

using a microplate reader and HPLC, respectively.

Cy5.5-CC and DTX were rapidly released at pH 5.5, but

were slowly released at pH 7.4 and pH 6.5, which could be

attributed to the pH-sensitivity of the PLH. Moreover, at

pH 6.5, about 20% of DTX was released from the DMH or

CDMH, and 30% of Cy5.5-CC was released from the

CyM-incorporated hydrogel or CyDM-incorporated hydro-

gel within 4 days (Figure 3A–D). The in situ formed

mPEG-b-PELG hydrogel could be completely degraded

in vivo within 21 days (Figure 3E and F).

Furthermore, the deep tumor penetration ability of the

mini micelles in vitro and in vivo was validated. The mini

micelles showed a time-dependent deep tumor penetration

in the 3D B16-tumor sphere and in B16 tumor-bearing

female C57BL/6 mice (Figure 4A and B).

To demonstrate that GrB would not be degraded in the

lysosome and achieve lysosomal escape with the help of the

delivery carriers, Cy5.5-CC was selected as a model protein

to visualize intracellular delivery. Most CyM Cy5.5-CC could

escape from B16 cell lysosomes within 4 h (Figure 4C).

Figure 2 Characterizations of physical and chemical properties of CDM and CDMH. (A) Size distribution of CDM, for which the average size was 26.9±0.99 nm. (B) Zeta
potential distribution of CDM, for which the average zeta potential was −14.53±0.58 mV. (C) Representative transmission electron microscope (TEM) images of CDM. (D)

SEM images of lyophilized CDMH. (E) Photographs of the CDMH sol-to-gel transition with the increasing of temperature. (F) CLSM images of CyC6M-incorporated

hydrogel, for which red, green and yellow color represent the fluorescence of Cy5.5-CC, C6 and the merged images, respectively. Based on the SEM images and CLSM,

micelles could be homogeneously distributed in the hydrogel and could maintain the original structure for co-delivery. (G) Rheological properties of CDMH, for which G’

(①), G” (②) and η (③) represent the loss modulus, storage modulus and viscosity, for which 35°C could be the turning point of the CDMH system.
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Evaluation of Co-Delivery and Synergetic

Therapeutic Efficacy
Co-delivery of GrB and DTX into the same tumor cells is

necessary to achieve synergistic therapeutic efficacy.

CyC6M and CyC6MH were prepared to assess the co-

delivery ability of the developed system in vitro and

in vivo, respectively. B16 cells incubated with CyC6M had

the strongest yellow fluorescence signal and the highest co-

delivery efficiency (95.14%) at 4 h, compared with cells that

had a mixture of free C6 and Cy5.5-CC, or a mixture of C6M

and CyM (Figure 5A and B). Tumor sections from mice

treated with Cy5.5-CC and C6 labeled hydrogel were

observed using confocal laser scanning microscopy. The

yellow fluorescence observed in the CyC6MH group was

significantly stronger than that of the “mixture of free C6 and

Cy5.5-CC-incorporated hydrogel” and “mixture of C6M and

CyM-incorporated hydrogel” groups at 8 h and 12 h

(Figure 5C). These data show that the co-delivery system
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Figure 3 Characterizations of hydrogel for in vitro cumulative release profiles and in vivo degradation. (A) Cumulative release (%) behavior of DTX from DM and DMH at

different pH values. (B) Cumulative release (%) behavior of DTX from CDM and CDMH at different pH values. (C) Cumulative release (%) behavior of Cy5.5-CC from CyM

and CyMH at different pH values. (D) Cumulative release (%) behavior of Cy5.5-CC from CyDM and CyDMH at different pH values. (E) In situ hydrogel formation and

in vivo hydrogel degradation. Histological images of the subcutaneous tissues surrounding the hydrogels (HE staining) (200×). (F) In vivo remaining weight for the in situ-

forming mPEG-b-PELG (6.0 wt%) hydrogel.

Notes: For (A and B), ***p<0.001, DM pH=5.5 versus pH=6.5 and 7.4; CDM pH=5.5 versus pH=6.5 and 7.4; ###p<0.001, DM pH= 7.4 versus DMH pH=7.4; CDM pH= 7.4

versus CDMH pH= 7.4; CDM pH= 6.5 versus CDMH pH=6.5; ##p<0.01, DM pH= 6.5 versus DMH pH= 6.5; *p< 0.05, DMH pH=5.5 versus pH=6.5 and 7.4; CDMH pH=5.5

versus pH=6.5 and 7.4. For (C and D), ***p<0.001, CyM pH=5.5 versus pH=6.5 and 7.4; CyDM pH=5.5 versus pH=6.5 and 7.4; ##p< 0.01, CyMH pH=5.5 versus pH=6.5 and

7.4; CyDMH pH=5.5 versus pH=6.5 and 7.4; #p< 0.05, CyDMH pH=6.5 versus CyDMH 7.4, and CyDM pH=6.5 versus CyDM 7.4; For (F), the significant difference was

calculated by comparing the result of current weight with that of last weight, ***p<0.001, current weight (7 d) versus last weight (15 min), current weight (14 d) versus last

weight (7 d); **p<0.01, current weight (21 d) versus last weight (14 d).
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designed in this study has superior potential to co-deliver

different drugs into the same target cell/s.

The synergistic therapeutic efficacy of GrB and DTXwas

evaluated in B16 cells. Free GrB and PGA-PLH showed little

cytotoxicity in B16 cells across a wide concentration range

(Figure S7). Concentration-dependent cytotoxicity of free

DTX, GM, DM, or GDM was observed (Figure 5D). The

cytotoxicities of GrB and DTX at different mass ratios were

0.5 h

4 h 

2 h  

0 µm      15 µm    30 µm    45 µm    60 µm    75 µm    90 µm      115 µm     130 µm    145 µm      160 µm     175µm  

0.5 h 4 h 24 h 8 h 12 h

2000 µm

A

B

5 μm

Cy5.5-CC Lysosomes Merge

2 h

4 h

5 μm 5 μm

5 μm 5 μm 5 μm

C

Figure 4 Characterizations of deep tumor penetration and lysosomal escape ability of mini micelles. (A) In vitro penetration of C6M into the B16-tumor sphere at different

depths after incubation for 0.5,2 and 4 h, for which green color was from C6. (B) The sliced tumor tissues at different time points were recorded. The nuclei were stained

with DAPI (blue), green color was from C6 which loaded by micelles-incorporated in hydrogel. Scale bar: 2000 μm. (C) Lysosomal escape of CyM on B16 cells at 2 and 4 h,

in which red, green and blue colors represent CyM, lysosomes and the nucleus, respectively (magnification 40×, bar represents 5 μm).

Figure 5 Characterizations of in vitro and in vivo co-delivery ability and in vitro cytotoxicity. For co-delivery study, Cy5.5-CC was selected for taking the place of GrB and

C6 was selected for taking the place of DTX, respectively. For (A and B), first group was mixture of free C6 and Cy5.5-CC, the second group was mixture of C6M and

CyM, and the third group was CyC6M. For (C), first group was mixture of free C6 and Cy5.5-CC-incorporated hydrogel, the second group was mixture of C6M and CyM-

incorporated hydrogel, and the third group was CyC6M-incorporated hydrogel. (A) CLSM images of cellular uptake at different time intervals on B16 cells, in which red,

green and yellow colors represent Cy5.5-CC, C6 and the merged images, respectively (magnification 63×, bar represents 20 μm, white arrow marked the two fluorescent

drugs were delivered to the same cell). (B) Co-delivery efficiency evaluation of the mini micelles by flow cytometric analysis in B16 cells. (C) CLSM images of tumor cyro-

sections after the mice were administrated with mixture of free drug (Cy5.5-CC and C6)-incorporated hydrogel (Lane 1), mixture of Cy5.5-CC-micelles and C6-micelles-

incorporated hydrogel (Lane 2), and CyC6MH (Lane 3), for which blue, red, green and yellow color represent the fluorescence of DAPI, Cy5.5-CC, C6 and the merged

images, respectively (magnification 63×, bar represents 20 μm). (D) In vitro cytotoxicity study of different formulations against B16 cells. Data were given as mean ± SD

(n = 3). The concentrations of DTX and GrB were shown in x-axis.
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characterized (Table S3). Maximum synergistic therapeutic

efficacy was observed at 1:100 (CI values = 0.87). Thus,

GDM (1:100) was applied in further experiments.

To investigate the synergistic therapeutic efficacy of the

co-delivery system in vivo, the B16 tumor-bearing female

C57BL/6 mice model was used, and post-surgical recurrence

was observed (Figure 6A). After the mice were administered

different formulations, the ninth group GDMH exhibited

better antitumor efficacy than did GDM or DMH (Figure

6F and G). The excised tumors were photographed and

weighed, and statistical analyses revealed that tumor weights

and volumes were basically identical (Figure 6B–D). The

body weights of the mice locally treated with GDMH did not

significantly change during the treatment (Figure S8). Thus,

GDMH treatment via peritumoral injection could effectively

inhibit tumor growth and post-surgical recurrence (two-fifths

of the mice in group ⑨ in Group B did not show tumor

recurrence). The excised tumors were analyzed using hema-

toxylin and eosin, Ki67, Caspase-3, and Tunel staining.

Compared with other groups, the group ⑨ both in Group

A and B showed more tumor cell necrosis, up-regulated

Caspase-3 levels, less tumor proliferation, and higher apop-

tosis levels (Figure 7). Histological analysis of organs har-

vested from the mice showed no obvious differences from

the control (Figure 8).

Discussion
Combining chemotherapy and protein drugs are a widely

employed strategy for tumor therapy. However, the appli-

cation of chemo-protein combination therapy is limited by

A

C

D E

F G

B

Figure 6 In vivo antitumor efficacy study. A: without surgery after tumor bearing; B: with surgery after tumor bearing. Nine groups in A or B including ① Normal Solution;

② Free DTX; ③ DM; ④ GM; ⑤ GDM; ⑥ Blank hydrogel; ⑦ DMH;⑧ GMH; ⑨ GDMH. (A) Time points of in vivo anti-tumor activity study. (B) Photographs of tumors in

A. (C) Photographs of tumors in B. (D) &&: p<0.01, group 5 versus group 3, group 9 versus group 8; ## :p<0.01, group 9 versus group 6; #: p<0.05, group 7 versus group 6

*: p<0.05, group 3 versus group 1, group 5 versus group 1, group 7 versus group 1, group 9 versus group 1. (E) &&: p<0.01, group 9 versus group 5, group 9 versus group 7,

group 9 versus group 8; #: p<0.05, group 9 versus group 6; *: p<0.05, group 3 versus group 1, group 5 versus group 1, group 7 versus group 1, group 9 versus group 1. (F)
Tumor volume of Group A. (G) Tumor volume of Group B. Data were given as mean ± SD (n=5).
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poor drug co-delivery efficacy, including low tumor accu-

mulation, low tumor penetration, and unsatisfactory drug

release due to the heterogenous nature of tumors and

pharmacokinetic differences in drugs 40. In this study, we

successfully developed a tumor site-located, transformable

hydrogel (GDMH) co-loaded with chemo-protein drugs.

First, GrB/DTX was effectively co-loaded in pH-sensitive

micelles (GDM), and incorporated thermo-sensitive hydro-

gel (GDMH). GDM showed mini size and pH-sensitive

disassembly, which allowed for deep tumor penetration

and rapid drug release (Figure 2A–D). GDMH underwent

sol-gel phase transition when the temperature changed

from room temperature to body temperature. The hydrogel

viscosity showed a catastrophe point at around 35°C,

indicating that the hydrogel would turn from solution to

gel at temperatures beyond 35°C, and facilitate the encap-

sulation and controlled release of drugs (Figure 2E–G).

After accumulation at the tumor site, drug-delivery car-

riers need to be transported into deep tumor tissue. However,

tumor tissues are dense, with high pressure and lack of blood

vessels. This makes it difficult for carriers to deeply penetrate

into the tumor site and when administered intravenously they

only damage the cells around the blood vessels, limiting their

antitumor effect. Small-sized nanoparticles (less than 50 nm)

exhibited significant benefits for deep tumor penetration35.

We confirmed that the hydrogel could be completely

degraded within 21 days (Figure 3E and F), which is bene-

ficial for the release of mini micelles. Furthermore, we found

that the releasedminimicelles could deeply penetrate into the

tumor site (Figure 4A and B).

The synergistic therapeutic effects of combination ther-

apy drugs that act on tumor cells are dependent on their

ability to enter the same tumor cell while maintaining their

original structure and rapidly releasing into the tumor

cell38. We confirmed that the transformable co-loaded

hydrogel showed the highest co-delivery efficiency of the

groups examined in vitro and in vivo. Once delivered into

the tumor, the drugs should be effectively released to exert

55
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Figure 7 Representative microscopy images of H&E (200×), Caspase-3 (200×), Ki67 (200×) and Tunel (200×) stained tumor histological sections after treatment with

different formulations (A was for Group A, B was for Group B). ① Normal Solution; ② Free DTX; ③ DM; ④ GM; ⑤GDM; ⑥ Blank hydrogel; ⑦ DMH; ⑧ GMH; ⑨

GDMH.
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their antitumor efficacy. Our results show that the co-

loaded transformable hydrogels developed in this study

show rapid drug release under pH 5.5, and slower drug

release at pH 7.4 and pH 6.5. This could be attributed to

the pH-sensitivity of the PLH core (Figure 3A–D).

Furthermore, we observed that the co-loaded mini micelles

escaped from the lysosome, confirming that mini micelles

can protect GrB from lysosome-mediated degradation and

release GrB into the cytoplasm (Figure 4C).

To investigate the in vivo synergistic therapeutics of

GDMH, the B16 tumor-bearing female C57BL/6 mice

model was used, and post-surgical recurrence was observed.

The combination of GrB and DTX in transformable GDMH

exhibited the greatest tumor inhibition, and prevented post-

operative tumor recurrence (Figures 6A–G and 7). The

observed inhibition of tumor growth might result from: (i)

effective tumor accumulation of transformable hydrogel; (ii)

deep tumor penetration of the co-loaded pH-sensitive mini

micelles; or (iii) co-loaded pH-sensitive mini micelles inter-

nalization into the same tumor cell, then disassembly under

the acid environment and rapid drug release to synergistically

inhibit tumor cell growth. Histology analysis of organs

exhibited good biocompatibility and safety (Figure 8).

We report, for the first time, a transformable delivery

system to co-load GrB/DTX. The transformable hydrogel

could achieve sequentially responsive delivery by three

steps: (i) gelatinization of GDMH at body temperature to co-

locate two drugs at the tumor site; (ii) GDMH proteinase

degradation and mini micelle release to achieve deep tumor

penetration; and (iii) mini micelles disassembly and escape

from lysosomes to release GrB and DTX. The smart-designed

transformable GDMH will pave a new way for the design of

delivery systems to co-deliver drugs with different pharmaco-

kinetics, facilitate tumor accumulation, ensure deep tumor

penetration and rapid release of drugs, and achieve synergistic

chemo-protein therapy.

Conclusions
In summary, GDMH, a structure-transformable, thermo-pH

responsive co-delivery system that delivers co-loaded

chemo-protein drugs to tumor sites, transports drugs deep

into the tumor tissue, and rapidly releases drug in the tumor
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Figure 8 In vivo security evaluation. Representative microscopy images of H&E stained histological sections on mice after treatment with different formulations (100×)

(A was for Group A, B was for Group B). ① Normal Solution; ② Free DTX; ③ DM; ④ GM; ⑤ GDM; ⑥ Blank hydrogel; ⑦ DMH; ⑧ GMH; ⑨ GDMH.
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cells was successfully developed. GDMH is composed of

hydrogel material (mPEG-b-PELG) and mini micelles.

mPEG-b-PELG can be gelatinized at body temperature and

is gradually degraded by proteinase in vivo, allowing for the

exposure of mini-sized GDM with deep tumor-penetrating

ability. The exposed mini GDM, containing acid-sensitive

PGA-PLH, has properties of pH-sensitive drug release and

lysosomal escape due to the PLH side-chain imidazole

groups. GrB and DTX could be synchronously internalized

into the same tumor cells and had synergistic therapeutic

efficacy at the mass ratio of 1:100. More importantly, the

combination of GrB and DTX exhibited high tumor inhibi-

tion in both the subcutaneous tumor model and the post-

surgical recurrence model at a low dose. Additionally,

GDMH showed good biocompatibility and safety. These

results show that the clinical translation of combining che-

motherapy and protein drugs has great therapeutic potential.

The smart-designed transformable GDMH will pave a new

way for designing delivery systems for the co-delivery of

drugs with different pharmacokinetics, and facilitate tumor

accumulation, deep tumor penetration, and rapid drug release

to achieve synergistic chemo-protein therapy.
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