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Background and Purpose: Cisplatin–paclitaxel (TP) combination chemotherapy as the 
first-line therapy for numerous cancers is hindered by its inadequate accumulation in tumors 
and severe side effects resulting from non-specific distribution. The aim of this study is to 
explore whether TMTP1-modified, cisplatin and paclitaxel prodrugs co-loaded nanodrug 
could improve cervical cancer chemotherapy and relieve its side effects through active and 
passive tumor targeting accumulation and controlled drug release.
Methods: TDNP, with capacities of active targeting for tumors and controlled drug release, 
was prepared to co-deliver cisplatin and paclitaxel prodrugs. The characteristics were 
investigated, including the diameter, surface zeta potential, stability and tumor microenvir
onment (TME) dependent drug release profiles. Cellular uptake, cytotoxicity, drug accumu
lation in tumors, antitumor effects and safety analysis were evaluated in vitro and in vivo.
Results: The oxidized cisplatin and the paclitaxel linked to the polymer achieved a high 
loading effciency of over 80% and TME-dependent sustained drug release. Moreover, 
TMTP1 modification enhanced cellular uptake of TDNP and further improved the cytotoxi
city of TDNP in vitro. In vivo, TDNP showed an extended blood circulation and increased 
accumulation in SiHa xenograft models with the aid of TMTP1. More importantly, TDNP 
controlled tumor growth without life-threatening side effects.
Conclusion: Our study provided a novel TP co-delivery platform for targeted chemotherapy 
of cervical cancer, which was promising to improve the therapeutic effcacy of TP and may 
also have application in other tumors.
Keywords: TME-responsive, targeted co-delivery, combined chemotherapy, cervical cancer

Introduction
Cervical cancer represents one of the major global health challenges, with an 
estimated 569,847 new diagnosed cases and 311,365 deaths worldwide in 2018.1 

Combination chemotherapy with platinum-based agents and paclitaxel (TP) is the 
dominant treatment for primary cervical cancer and perhaps the only choice for 
patients with recurrent cervical cancer who have a challenge on secondary surgery 
and a poor outcome resulting from the adverse effects of radiotherapy on the 
bladder, small bowel and rectum.2 However, platinum (PT(II)) applied in clinical 
medicine has deficiencies of drug resistance and dose-dependent toxicity resulting 
from non-specific distribution.3 Paclitaxel (PTX) also has a limited efficiency due to 
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the hydrophobicity and poor selectivity for the tumor.4 For 
further improvement in therapeutic index and biosafety of 
TP, nanoparticle-based drug delivery systems (NDDSs) 
have been developed due to its advantages of improved 
drug pharmacokinetics, reduced drug side effects, alle
viated drug resistance and combination therapy.5 Till 
now, variety of NDDSs have been developed for che
motherapeutics delivery.3,4,6–8 There are some nanodrugs 
for co-delivery of cisplatin and paclitaxel that have been 
developed to fight against non-small cell lung cancer, 
breast cancer, ovarian cancer and cervical cancer.9–16 

However, some drawbacks are associated with these nano
drugs, including low loading capacity, insufficient tumor 
accumulation and uncontrollable release of drugs. 
Challenges for precise targeted co-delivery of multi- 
drugs and controlled drug release behaviors are still 
existed and need to be tackled urgently.

Enhanced permeability and retention (EPR) effects are 
the classic tumor targeting mechanism of typical nano
drugs such as Abraxane and Doxil. However, the accumu
lation of nanodrugs in tumors caused by the EPR effect is 
highly variable because of tumor heterogeneity.17 Active 
targeting, which makes use of ligands decorated on the 
nanoparticles (NPs) to specifically bind the receptors over
expressed on tumors, can achieve precise spatial localiza
tion, further trigger receptor-mediated endocytosis and 
promote targeted delivery of drugs.18 TMTP1, a 5-amino 
peptide (NVVRQ) screened through the FliTrx bacterial 
peptide display system in our laboratory, can specifically 
target highly metastatic tumors.19,20 Using TMTP1 as 
a tumor-targeting peptide, we have successfully con
structed sTRAIL-TMTP1, TMTP1-TAT-NBD, TMTP1- 
GG-D(KLAKLAK)2 and DT390-TriTMTP1, which all 
exhibited excellent antitumor effects;21–24 the novel agents 
99mTc-HYNIC-TMTP1 and TMTP1-PEG4-ICG also 
exhibited targeted imaging in breast and cervical 
cancers.25,26 Therefore, TMTP1-modified nanocarriers are 
promising for targeting solid tumors. In our preliminary 
research work, TMTP1-modified indocyanine green- 
loaded polymeric micelles exhibited targeted imaging of 
cervical cancer and metastatic sentinel lymph node.27

Tumor-targeted peptides can promote drug accumulation 
in tumors; however, targeted drug delivery is still challenging 
in part because of the biological complexity of tumors.28 In 
addition, the drug is effective only when it is released from the 
NDDSs and restors to its free form, which is also the key to 
design nanodrugs. Based on the tumor microenvironment 
(TME) characteristics such as low pH, hypoxia and high levels 

of glutathione (GSH), TME-responsive NDDSs can not only 
promote drug accumulation in the tumors but also trigger drug 
release.29–31 Recently, tetravalent platinum (PT(IV)) has been 
developed to alleviate the resistance and improve the biosafety 
of cisplatin. PT(IV) has better stability in the blood circulation, 
which can alleviate side effects caused by the premature drug 
leakage. PT(IV) also has a modifiable element for chemical 
linkage formation and avoids compromising drug activity. 
More importantly, PT(IV) is in the oxidized state and can be 
reduced to cisplatin.32,33 High levels of GSH in the TME can 
act as a reducing agents; GSH-responsive PT released NDDSs 
have been extensively researched.34,35 Hydrophobicity of PTX 
makes it difficult to be efficiently loaded, connecting paclitaxel 
with the polymer through chemical bonds can promote its 
loading. Sometimes, however, the connection is too tight to 
release the drug, hindering its antitumor effects. The tumor 
microenvironment is weakly acidic (pH 6.0–7.0) due to glyco
lysis, so pH-responsive NDDSs have been developed.36,37 Cis- 
aconitic anhydride (CA) is acid-sensitive and has been widely 
used to conjugate doxorubicin (DOX) and nanocarriers 
because the resultant chemical bond is unstable in an acidic 
environment.38–40 Therefore, it is expected to make use of CA 
to help achieve pH-dependent PTX release in the TME.

In this study, TMTP1-modified PEG-DSPE was used to 
deliver tetravalent platinum and paclitaxel prodrugs to 
treat cervical cancer. Cisplatin was oxidized and connected 
to lauric anhydride (LA) to form the prodrug PT (IV)-LA. 
Paclitaxel was linked to poly(ethylene glycol) (PEG) by 
acid-sensitive β carboxylate bond of CA to form the pro
drug PTX-CA-PEG. TMTP1-modified PEG-DSPE was 
co-loaded with PT (IV)-LA and PTX-CA-PEG to form 
the nanodrug TMTP1-PT-PTX-NPs (TDNP). After intra
venous administration, TDNP could be targeted delivered 
to cervical cancer through the passive and active targeting 
ability of EPR and TMTP1. When it reached the TME, 
high levels of GSH stimulated the reduction of tetravalent 
platinum to cisplatin, and the low pH triggered the clea
vage of β carboxylate bond between PTX and CA to 
release paclitaxel. Further, cisplatin and paclitaxel could 
synergistically and effectively control the cervical tumor 
growth without life-threatening side effects.

Materials and Methods
Materials, Cell Lines and Animals
The cyclic polypeptide cTMTP1 (NVVRQC, end-collateral 
amide bond into a ring) was purchased in Wuhan Baiyixin 
Biotechnology Co., Ltd (Wuhan, China). Hydroxyl poly 
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(ethylene glycol) (HO-PEG-OH)(Mw 2000 Da) and DSPE- 
PEG-Maleimide (DSPE-PEG-MAL) (Mw 3400 Da) were 
purchased from Aladdin Biochemical Technology Co., Ltd 
(Shanghai, China). Cis-aconitic anhydride (CA) and lauric 
anhydride (LA) were purchased from Alfa Aesar Chemical 
Co., Ltd (Beijing, China). Cisplatin (99.6%) was purchased 
from Kunming Guiyan Pharmaceutical Co. LTD (Yunnan, 
China). Paclitaxel was purchased from Shanghai Jinhe 
Pharmaceutical Co., Ltd. (Shanghai, China). Rhodamine 
B (RhoB), 1,1-dioctadecyl-3,3,3,3-tetramethylindotricarbo
cyanine (DIR), 4-dimethylaminopyridine (DMAP) and N, 
N’-dicyclohexylcarbodiimide (DCC) were purchased from 
Sigma-Aldrich (MO, USA). N,N-dimethyl formamide 
(DMF), dimethyl sulfoxide (DMSO), dichloromethane 
(DCM), triethylamine (TEA), chloroform (TCM), acetone, 
diethyl ether and methanol were of analytical grade and were 
purchased from Sinopharm Chemical Reagent Co., Ltd 
(Shanghai, China). 4,6-diamidino-2-phenylindoleD (DAPI) 
and immunohistochemistry (IHC) detection kit were pur
chased from Servicebio Biotechnology Co., Ltd (Wuhan, 
China).

Cervical cancer cell lines SiHa and HeLa were pur
chased from the American Type Culture Collection 
(ATCC, Manassas, VA, USA) and cultured in Dulbecco’s 
modified Eagle’s medium (DMEM) supplemented with 
10% fetal bovine serum (FBS), 100 IU/mL penicillin and 
100μg/mL streptomycin (Invitrogen).

The female 4-week-old BALB/c-nude mice were pur
chased from Jicui Yaokang Biological Technology Co., Ltd 
(Nanjing, China). All animals were adapted to 1 week before 
the experiments under specific pathogen-free (SPF) condi
tions at the Experimental Animal Center of Tongji Hospital 
of Huazhong University of Science and Technology (HUST). 
All animal procedures were approved by the Ethics 
Committee for Animal Experiments of HUST.

Synthesis and Characterization of 
Prodrugs
Cisplatin (PT) was oxidized with 30% H2O2 solution at 70 
° C for 5 h. After cooling to room temperature, the oxi
dized tetravalent platinum (PT(IV)) was collected by cen
trifugation and dried. PT(IV) and LA at a molar ratio of 
1:2 were dissolved in anhydrous DMSO, reacted for 
24 h at room temperature, then precipitated twice with 
a mixed solution of acetone:ether at a volume ratio of 
1:3, and dried to obtain the products PT(IV)-LA (yield: 
73.4%).34

Paclitaxel (PTX) and CA at a molar ratio of 1:1.2 were 
reacted in anhydrous DCM for 12 h. After adding DCC 
and DMAP into the obtained solution for activation for 5 
h, 0.8 times of HO-PEG-OH was added to continue the 
reaction at RT for 48 h. The obtained mixtures were 
centrifuged to remove the insoluble N,N′dicyclohexylurea 
(DCU). Then, the mixtures were dialyzed (MWCO: 3000 
Da) against DMSO and water to remove the unreacted 
PTX, CA, DMAP and DMSO in dialysis bag for 48 h, 
respectively, and lyophilized to obtain products PTX-CA- 
PEG (yield: 67.8%).

Chemical structures of PT(IV)-LA and PTX-CA-PEG 
were characterized by 1H-NMR spectra (Bruker AVANCE 
III 400 MHz NMR spectrometer, Switzerland) and Fourier 
transform infrared spectrometer (FTIR, PerkinElmer, USA).

Preparation of Nanoparticles
NPs were prepared by ultrasonic emulsification. One milli
gram TMTP1 and 6 mg DSPE-PEG-MAL were dissolved 
in DMF and reacted for 8 h to obtain the TMTP1-PEG- 
DSPE.27 Then, 3 mg TMTP1-PEG-DSPE, 3 mg NH2- 
PEG-DSPE, 6 mg PTX-CA-PEG and 2.5 mg PT(IV)-LA 
were dissolved in 300 µL TCM and 50 µL DMSO. The 
mixture was dropped into ultrapure water and immediately 
emulsified with an ultrasonicator (Scientz, JY92-IIDN) for 
5 min in an ice bath. The suspension was stirred to eva
porate TCM at room temperature overnight and dialyzed 
(MWCO: 3000 Da) with water to remove excess DMSO. 
After centrifugation at 3000 rpm for 5 min to remove 
unloaded drugs, the suspension was concentrated to obtain 
cisplatin and paclitaxel co-loaded nanodrug TMTP1-PT/ 
PTX-NP (TDNP). Cisplatin and paclitaxel co-loaded 
nanodrug PT/PTX-NPs (DNP) without TMTP1 modifica
tion was prepared as the same as the TDNP, except for 
replacing TMTP1-PEG-DSPE with NH2-PEG-DSPE. 
TMTP1-modified single-drug-loaded nanodrug TMTP1- 
PTX-NP (T-PTX-NP) and TMTP1-PT-NP (T-PT-NP) 
were also prepared using the same method as for TDNP. 
RhoB-labelled nanoparticles including RhoB-NP and 
TMTP1-RhoB-NP were prepared to replace the prodrugs 
with 200 µg of RhoB.

Characteristics of NPs and in vitro Drug 
Release
The particle sizes and zeta potentials of the nanoparticles were 
determined by dynamic light scattering (DLS, Zeta Plus, 
Brookhaven Instruments, USA). The morphologies were 
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imaged by transmission electron microscopy (TEM, JEM- 
1230, Japan). High-performance liquid chromatography 
(HPLC, Shimadzu, LC-20A, Japan) and atomic absorption 
spectroscopy (AAS, VARIAN, USA) were used to detect the 
content of paclitaxel and cisplatin in NPs to obtain the loading 
efficiency (LE) and loading capacity (LC). The calculated 
formulas for LC and LE were as follows:

LC% ¼
Mdrug

MNP
�100% LE% ¼

Mdrug

Mdrug added
�100% 

In the formula, Mdrug represents the drug content in NPs, 
MNP represents the all content in the NPs, and Mdrug added 

represents the total drug content when preparing the NPs.
The stability of NPs at 4°C was determined by detect

ing the changes in particle sizes within 2 weeks.
In vitro drug release behavior was determined as the 

published researches.35,41 In details, 3 mL TDNP suspen
sion under different pH (5.5, 6.5, 7.4) was infused into 
a dialysis bag (MWCO: 3500 Da) and dialyzed against 
25mL phosphate-buffered saline (PBS) at the same pH 
containing 10% FBS and 0.5% (v/v) Tween 80 at 37°C. 
Then, the system was gently shaken at a speed of 100 rpm 
in the dark. At scheduled time intervals, 3 mL PBS was 
withdrawn and then replaced with 3 mL fresh PBS. The 
content of PTX and PT was measured by HPLC and AAS. 
The PT release was detected in PBS of pH 7.4 with 
different GSH levels (0 mM, 1 mM, 10 mM). The detail 
was as the same with the PTX.

The methods for detection of PTX12 and PT35 were as 
follows. For the analysis of the PTX content, the samples 
were dissolved in methanol and centrifuged to remove the 
precipitate. A 20µL sample was measured on a HPLC instru
ment equipped with a C18 column (Welch, 4.6×250 mm, 5 
µm). The mobile phase was acetonitrile/water (50/50, v/v) at 
a flow rate of 1.0 mL/min; and UV absorbance was detected 
at a wavelength of 227 nm at 25 °C. The elute time was 14.5 
min. For the analysis of the PT content, the sample was 
dissolved in HNO3 and diluted HNO3 with water to 
a concentration of 3%. A 20µL sample was measured on 
AAS at a wavelength of 265.9 nm.

Cellular Uptake in vitro
Cellular uptake was investigated using RhoB as 
a fluorescence probe. Cervical cancer cell lines SiHa and 
HeLa cells were cultured in 12-well plates at a density of 
1.0×105/well, then different NPs (RhoB-NP, T-RhoB-NP) 
loaded with RhoB (3 µg/mL) were added and further 
incubated for 1h, 2h and 4h. Free RhoB was used as 

a control. Flow cytometry analysis was used to detect the 
fluorescence intensity which indicated the cellular uptake 
of NPs. Similarly, SiHa and HeLa cells were seeded onto 
the sterilized glass slides in 12-well plates at a density of 
5×104/well. NPs containing RhoB (5 µg/mL) were added 
and incubated for 2 h. Then, the cells were fixed with 4% 
paraformaldehyde solution for 10 min, and the cell nuclei 
were stained with 4′,6-diamidino-2-phenylindole (DAPI, 
1 µg/mL). Cellular uptake images of NPs were obtained 
under a fluorescence microscope (Zeiss LSM510, 
Goettingen, Germany). To further identify the endocytic 
pathways of the NPs, SiHa and HeLa cells were incubated 
with endocytic inhibitors for 0.5 h prior to the T-RhoB- 
NPs, including methyl-β-cyclodextrin (Mβ-CD, 5 mM), 
chlorpromazine (CHOL, 30 µM), dynasore (DYN, 
20 µM) and nocodazole (NOC, 20 µM). Then, cells were 
washed with PBS to remove the inhibitors and incubated 
with T-RhoB-NPs (5 µg/mL) for 2 h. Flow cytometry 
analysis was used to detect the fluorescence intensity 
which indicated the relative cellular uptake of NPs.

Cytotoxicity of NPs in vitro
Cytotoxicity of NPs was evaluated via the Cell Counting 
Kit-8 (CCK8, Dojindo) assay and flow cytometry analysis. 
SiHa and HeLa cells were cultured in 96-well plates at 
a density of 1.0×104/well. After incubation overnight, PT, 
PTX, Free (free PT+PTX), T-PTX-NP, T-PT-NP, DNP and 
TDNP with different drug concentration of 0–50 µmol/L 
(50 µM, 25 µM, 12.5 µM, 4.17 µM, 1.39 µM, 0.46 µM, 
0 µM) were added to the cells and incubated for 24 h or 
48 h. The drug concentration of cells treated with FREE, 
DNP and TDNP was defined by the content of PT. Cells 
without any drug treatment were used as the control group. 
The cells were subjected to the CCK8 assay and absor
bance at 450nm was measured on a microplate reader 
(BioTek, ELx808, USA). The cell viability and drug com
bination index (CI) were calculated according to the 
formulas:

cell vialibity %ð Þ ¼
ODtreat � ODblank

ODcontrol � ODblank
� 100%

In the formula, Dm1 and Dm2 were the concentrations of 
each drug alone resulting in fixed ratio growth inhibition, 
and D1 and D2 were the concentrations of each drug in the 
combination leading to the same ratio of growth inhibition. 
Generally, CI values below 1 or above 1 suggested drug 
synergy and antagonism, respectively. CI values below 0.3 
was considered strong synergy.42
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In addition, SiHa and HeLa cells were cultured in 12- 
well plates at a density of 2.0×105/well. FREE, T-PTX-NP, 
T-PT-NP, DNP and TDNP with PTX at 2.11 µmol/L and 
PT at 3 µmol/L were added and incubated for 24 h. Then, 
the cells were collected for flow cytometry analysis 
according to the procedures of the Annexin V-FITC/PI 
Apoptosis Detection Kit (Becton Dickinson, USA).

In vivo Tumor Distribution and 
Pharmacokinetic Study
Near-infrared fluorescence imaging (NIRF) with NPs 
labeled with DIR was used to track the tissue distribution 
and tumor accumulation of NPs. Tumor-bearing BALB/ 
c-nude mice were randomly divided into three groups 
(n=3) and were administered separately via tail vein injec
tion with DIR, DIR-DNP-NP (DIR-NP), DIR-TDNP-NP 
(T-DIR-NP) (at an equivalent dose of DIR, 0.5 mg/kg, 
100 µL/mouse). At the designated time points (0.5h, 2h, 
6h, 12h and 24h), mice were anesthetized for NIRF using 
an IVIS Spectrum Imaging System (Caliper, USA) with an 
excitation wavelength of 780 nm and an emission wave
length of 845 nm. After imaging, the main organs (heart, 
liver, spleen, lung and kidney) and tumors were collected 
at 24 h for NIR imaging ex vivo.

In vivo Antitumor Efficacy
Cervical cancer cells (1.25×107) of SiHa were inoculated 
subcutaneously onto the hips of 6-week-old female BALB/ 
c-nude mice. When the tumor size reached 30–100mm3, 
mice were randomly divided into six groups (n=6). Then 
PBS, FREE, T-PTX-NP, T-PT-NP, DNP and TDNP were 
administered intravenously at an equivalent dose of 8 mg/ 
kg PTX and 4 mg/kg PT at 2-day intervals for 4 times. The 
body weight and tumor size were monitored every other day 
until the mice died or tumor diameter reached 1.5 cm. Tumor 
volume was calculated by the formula V ¼ 1

2� L�W2, 
where V, L and W represented the volume, length and 
width of the tumor, respectively. Tumors and the main organs 
(heart, liver, spleen, lung and kidney) were obtained and 
stained with hematoxylin and eosin (H&E) for histopatholo
gical analysis. At the same time, tumor sections were 
obtained for immunohistochemistry staining to detect the 
expression of apoptosis-related proteins.

In vivo Safety Analysis
Acute and repeated toxicity studies were performed on the 
6-week-old female BALB/c mice according to the 

research.14 For the acute toxicity study, mice were admini
strated with TDNP or combination of FREE once at an 
equivalent dose of 20 mg/kg PTX and 10 mg/kg PT. The 
survival state and body weight of the mice were monitored 
every day for 14 days. For the repeated toxicity study, 
mice were randomly divided into two groups including 
FREE and TDNP (n=5). Then, different drugs were admi
nistrated at an equivalent dose of 8mg/kg PTX and 4 mg/ 
kg PT at 2-day intervals for four times in total. Similarly, 
the survival state and body weight of the mice were 
monitored every other day for 1 month. At the endpoint, 
all mice were sacrificed. Blood samples were collected for 
blood cell counting and biochemical indicator detection 
including alanine aminotransferase (ALT), aspartate ami
notransferase (AST), urea (UREA), creatinine (CR). Main 
organs (heart, liver, spleen, lung and kidney) were stained 
with H&E for histopathological analysis.

Statistical Analysis
The results were analyzed by using unpaired one-way 
analysis of variance and unpaired t-test with GraphPad 
Prism 6.0 (GraphPad Software, CA, USA). Values of p < 
0.05 were considered significant (ns: no significance, *p < 
0.05, *p < 0.01, ***p < 0.001, ****p < 0.0001). Each 
experiment was repeated at least three times.

Results
Synthesis of Cisplatin and Paclitaxel 
Prodrugs
The synthetic pathways of cisplatin and paclitaxel prodrugs 
are shown in Supplementary Figure 1. Their structures were 
characterized by 1H-NMR and FTIR (Figure 1). For the 
NMR analysis (Figure 1A), the peak of –NH3 of PT appeared 
at 5.9ppm (a) in PT(IV)-LA; the peak of –CH2- and –CH3 of 
LA appeared at 0.8ppm (b) and 1.4ppm (c) in PT(IV)-LA. In 
the spectrum of PTX-CA-PEG, the peak of –HC=C< and 
HOOC–CH2– of CA appeared at 6.9ppm (d) and 3.7 ppm (e) 
in PTX-CA-PEG spectrum. Also, the chemical shifts of 
3.6ppm (f), typically belonged to protons in repeated units 
of -CH2CH2-O in PEG. Meanwhile, the rest peak could 
correspond to the peaks of PTX one by one, which demon
strated the successful synthesis of PTX-CA-PEG. And the 
grafting degree of PTX could be calculated by the ratio of 
peak areas of -CH2CH2-O in PEG and methyl groups 
(0.8ppm, g) in PTX in PTX-CA-PEG spectrum. For the FT- 
IR analysis (Figure 1B), the peaks at 3242 cm−1 attributed to 
stretching vibration of −NH3(νN−H), and the range of 
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2956~2852 cm−1, 1375 cm−1 and 720 cm−1 belonged to the 
stretching and bending vibration of –CH3(νC−H) and –CH2– 
(νC−H) in carbon chain of LA in PT(IV)-LA spectrum. The 
peak at 1655cm−1 attributed to the stretching vibration of 
carbonyl group (δC=O) generated by ester linkers. In the 
spectrum of PTX-CA-PEG, the appearance of strong peak 
at 842 cm−1 typically belonged to bending vibration of 
O-CH2(δC-O) in part of PEG, and broad peak around 
3423 cm−1 attributed to –COOH group generated by alcoho
lysis of anhydride in CA. These results indicated the success
ful synthesis of cisplatin and paclitaxel prodrugs.

Preparation and Characterization of 
Drug-Loaded NPs
A series of NPs loaded with chemotherapeutics were pre
pared by the ultrasonic emulsification method. The DLS 
images (Figure 2A and Table 1) show that the average 
diameters of NPs were between 100 and 250 nm with 
a low polydispersity index (PDI) <0.3 and negative or 
near-neutral surface zeta potential. TDNP and DNP with 
average diameters of 233.5±8.6nm and 242±8.1nm, 
respectively, were larger than T-PTX-NP with average 
diameters of approximately 216.3±4.7nm, and T-PT-NP 
with average diameters of approximately 159.2±3.8nm. 
Except T-PTX-NP with a negative zeta potential of 
−38.69±0.197mV, all other NPs exhibited near-neutral sur
face charges. The PDI of NPs were 0.140±0.020 for 
TDNP, 0.153±0.016 for DNP, 0.232±0.026 for T-PTX- 
NP and 0.242±0.042 for T-PT-NP, which all were <0.3, 

indicating the homogeneity of NPs. The morphology 
determined by transmission electron microscopy (TEM) 
(Figure 2B) was a spherical shape with smaller size dis
tribution than the diameter measured by DLS. High load
ing of drug is a necessary prerequisite for their application. 
As shown in Table 1, the loading efficiency (LE) and 
loading capacity (LC) of PTX for TDNP were 89.17% 
and 5.05%, respectively, which were slightly lower than 
that for DNP and T-PTX-NP. LE and LC of PTX were 
89.45% and 5.07% for DNP, and 93.29% and 5.29% for 
T-PTX-NP, respectively. The LE and LC of PT for TDNP 
was also high to 85.98% and 2.5%, which was slightly 
lower than that for T-PT-NP. LE and LC of PT were 
86.24% and 2.5% for DNP, and 89.98% and 2.6% for 
T-PT-NP, respectively. EDX pattern of TDNP showed the 
existence of Pt and Cl peaks (Figure 2C and D and 
Supplementary Figure 2A and B), indicating the presence 
of cisplatin in the nanoparticles. Moreover, Pt4f XPs spec
trum of TDNP (Figure 2E and Supplementary Figure 2C) 
showed an increased peak, which attributed to PT(IV)-LA 
in TDNP (Pt4f=78.4 eV), indicating the presence of oxi
dized PT in TDNP. The stability of the NPs was evaluated 
by monitoring the changes of the diameter in PBS. There 
were slight changes in 2 weeks (Figure 2F).

TDNP Exhibited Stimuli-Dependent Drug 
Release in vitro
The release profiles of PTX and PT of TDNP were eval
uated in the low pH or high GSH environment. As shown 
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in Figure 2G, PTX was released quickly within 4 h, and 
reached the plateau at almost 12 h. PTX release in PBS at 
pH 5.5 was significantly faster than that in PBS at pH 7.4, 
while the drug release rate in PBS at pH 6.5 was midway 
between the two. To release 50% of PTX would spend 2 
h and 24 h in PBS at pH 5.5 and pH 6.5, respectively, 
while it only reached approximately 30% in PBS at pH 7.4 
up to 72 h. The accumulative release proportions of PTX 
at 72 h were 89.1% at pH 5.5, 62.3% at pH 6.5 and 32.1% 
at pH 7.4. The oxidized PT(IV) can be reduced to cisplatin 
with a high level of a reducing agent such as GSH. After 
immersing the TDNP with 10 mM GSH at 72 h, rapid PT 

release was achieved within 12 h, and the accumulative 
release rate reached approximately 77% at 72 h. By con
trast, TDNP was stable in PBS with 0 or 1 mM GSH, and 
the PT accumulative release rate at 72 h was approxi
mately 35% which is less than half of that in PBS with 
10 mM GSH (Figure 2H).

TMTP1 Modification Improved the 
Endocytosis of NPs
The endocytosis of NPs by cervical cancer cells was 
investigated by using RhoB as a tracer. Flow cytometry 
analysis (Figures 3A and B and Supplementary Figure 3) 
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confirmed that the RhoB-loaded NPs entered tumor cells 
in a time-dependent manner, which was most prominent 
within cells treated with T-RhoB-NP. With the extension 
of the incubation time, the fluorescence intensity of cells 
treated with T-RhoB-NP increased significantly in contrast 
with other groups. In addition, the increase of fluorescence 
intensity in HeLa was more apparent than that in SiHa 
cells. Statistically, the fluorescence intensity of T-RhoB- 
NP was enhanced 2.51-fold in SiHa cells and 3.11-fold in 
HeLa cells when compared with free RhoB, and 1.31-fold 
in SiHa cells and 1.99-fold in HeLa cells when compared 
with RhoB-NP at 2h. After 4h incubation, the fluorescence 
intensity of HeLa cells treated with T-RhoB-NP was 
further elevated to 3.69-fold and 2.54-fold in HeLa when 
compared with RhoB and RhoB-NP, respectively. While 
the increased fluorescence intensity in SiHa cells treated 
with T-RhoB-NP was decreased, which was 2.33-fold and 
1.25-fold when compared with RhoB and RhoB-NP, 
respectively. Microscopic fluorescence images (Figure 
3C) also confirmed that RhoB-labeled NPs displayed 
stronger fluorescence intensity than free RhoB. More 
importantly, TMTP1 modification further strengthened 
the fluorescence intensity of the cells. As the result of 
flow cytometry analysis, HeLa also exhibited stronger 
fluorescence intensity than SiHa cells when treated with 
same NPs, which was more obvious in the T-RhoB-NP 
group.

TDNP Entered Cancer Cells by Caveolae 
and Clathrin-Dependent Pathways
We further explored the specific cellular uptake pathways 
of TMTP1-modified nanoparticles. Different endocytic 
inhibitors were incubate with SiHa and HeLa cells, includ
ing methyl-β-cyclodextrin (Mβ-CD) that inhibited caveo
lae-dependent endocytosis, chlorpromazine (CHOL) that 
inhibited clathrin-dependent endocytosis, dynasore 

(DYN) that inhibited caveolae and clathrin-dependent 
endocytosis, and nocodazole (NOC) that inhibited 
micropinocytosis.43–46 As shown in Figure 3D and E, 
CHOL and DYN could remarkably inhibited the endocy
tosis, while Mβ-CD and NOC only inhibited the endocy
tosis slightly. These results indicated that T-RhoB-NPs 
entered cells through caveolae and clathrin-dependent 
pathways; the major endocytic pathways for T-RhoB-NPs 
was the caveolae-dependent endocytosis. The relative cel
lular uptake of T-RhoB-NPs in HeLa cells decrease to 
0.750±0.044 in the Mβ-CD-treated group, 0.717±0.001 in 
the CHOL-treated group, 0.654±0.099 in the DYN-treated 
group, and 0.953±0.059 in the NOC-treated group. The 
cellular uptake of T-RhoB-NPs in SiHa cells decrease to 
0.757±0.133 in the Mβ-CD-treated group, 0.571±0.036 in 
the CHOL-treated group, 0.529±0.006 in the DYN-treated 
group, and 0.849±0.035 in the NOC-treated group.

TDNP Exhibited Strong Cytotoxicity 
in vitro
The cytotoxicity of TDNP was investigated in cervical 
cancer cells of SiHa and HeLa. As shown in Figure 4A, 
cell survival was inhibited in a concentration-dependent 
and time-dependent manner. PTX or PT exhibited limited 
cytotoxicity, and nanoformulation modified with TMTP1 
could increase the cytotoxicity. Cells treated with TDNP 
displayed the lowest survival rate, indicating the strongest 
cytotoxicity. The IC50 values of HeLa cells treated with 
TDNP at 24 h and 48 h were 2.72 µM and 1.03 μM, 
respectively. The IC50 values of SiHa cells treated with 
TDNP at 24 and 48 h were 3.01 µM and 1.59 μM, 
respectively (Table 2). The CI50 of TDNP in cervical 
cells was <1 at 24h and 48h, indicating the strong syner
gistic cytotoxicity. The CI50 of TDNP were 0.53 and 0.38 
in HeLa cells, and 0.40 and 0.31 in SiHa cells (Table 3). 
DNP also had a CI50 <1, but it was larger than that of 

Table 1 The Size Distribution and Zeta Potential of NPs and the Content of PT and PTX in NPs

NPs TDNP DNP T-PTX-NP T-PT-NP

E.D(nm) 233.5±8.6 242±8.1 216.3±4.7 159.2±3.8
PDI 0.140±0.020 0.153±0.016 0.232±0.026 0.242±0.042

Z.P(mV) −0.18±1.294 −1.29±1.160 −38.69±0.197 0.38±0.639

PTX-LE(%) 89.17±5.51 89.45±3.31 93.29±2.47 0
PTX-LC(%) 5.05±0.31 5.07±0.18 5.29±0.14 0

PT-LE(%) 85.98±5.31 86.24±3.19 0 89.98±2.38

PT-LC(%) 2.5±0.15 2.5±0.09 0 2.6±0.07

Notes: All data were expressed as mean ± standard deviation (SD). 
Abbreviations: E.D, efficient diameter; PDI, polydispersity index; Z.P, zeta potential; LE, loading efficiency; LC, loading capacity.
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TDNP, indicating the weaker synergistic cytotoxicity. The 
IC50 and CI50 of FREE were similar with TDNP.

The effect of combination therapy was also investi
gated in vitro by subjecting the SiHa and HeLa cells to 
different NPs and analyzing them with the Annexin 
V-FITC/PI Apoptosis Detection Kit. As shown in 
Figure 4B, HeLa and SiHa cells treated with TDNP 

had a survival rate of 56.72% and 83.82%, respectively, 
which was higher than that in the group of DNP, with 
cell survival rates of 66.63% and 88.01%, respectively, 
indicating the stronger cytotoxicity of TDNP than DNP. 
In addition, TDNP showed a better antitumor effect than 
single-drug loaded nanodrugs, with cell survival rates of 
70.33% of T-PT-NP and 73.29% of T-PTX-NP in HeLa 
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cells. The apoptosis rates in cells treated with T-PTX- 
NP or T-PT-NP in SiHa cells were also far lower than 
that for TDNP, which was 89.64% and 90.57%, respec
tively. Regarding the FREE group, the survival rates 
were 55.68% in HeLa cells and 81.45% in SiHa cells, 
which was consistent with the results of CCK8 assay. 

There was no significant difference in the survival rate 
between TDNP and FREE.

TDNP Had a Prolonged Blood 
Circulation and Favorable Tumor 
Accumulation in vivo
The distribution and tumor accumulation of NPs in vivo 
were investigated using DIR as a tracker for NIRF. 
Compared with the free DIR group in which the fluorescent 
signal accumulated mainly in the liver, the DIR-labeled NP 
group also exhibited strong fluorescence accumulation in 
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Table 2 The IC50 of Different Drugs to the Cervical Cancer 
Cells at 24h and 48h

Drug HeLa- 
24h

HeLa- 
48h

SiHa- 
24h

SiHa- 
48h

IC50 
(uM)

IC50 
(uM)

IC50 
(uM)

IC50 
(uM)

PT 7.56 4.31 11.16 7.61
PTX 11.27 5.04 16.81 10.92

T-PT-NP 3.74 1.42 4.19 2.15

T-PTX-NP 4.29 1.74 4.92 2.32
DNP(m1/m2) 3.74/2.63 1.50/1.06 4.36/3.07 2.38/1.68

TDNP(m1/m2) 2.72/1.92 1.03/0.73 3.01/2.12 1.59/1.12

FREE(m1/m2) 2.78/1.96 1.01/0.71 3.07/2.16 1.86/1.31

Notes: Half inhibition concentration: CI50. In addition, m1/m2 in DNP and TDNP 
represent the concentration of PT and PTX, respectively.

Table 3 The CI50 of TDNP to the Cervical Cancer Cells at 24h 
and 48h

NPs HeLa-24h HeLa-48h SiHa-24h SiHa-48h

CI50 CI50 CI50 CI50

DNP 0.73 0.56 0.57 0.47

TDNP 0.53 0.38 0.40 0.31

FREE 0.54 0.38 0.40 0.36

Notes: CI represent the combination index of PTX and PT in TDNP. 
Abbreviation: CI50, combination index at the half inhibition concentration.
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tumors (Figure 5A). Among them, TMTP1-modified NPs 
showed the strongest fluorescent signal in tumors. The dis
tinguishable fluorescent signal in tumors was visible at 
30min after tail vein injection, and gradually increased fol
low the time and reached its maximum at 24h. In addition, 
the attenuation of fluorescent intensity in the DIR group was 
most significant, and was much slower in the DIR-labeled 
NP group. TMTP1-modified NPs exhibited the slowest 
attenuation of fluorescent intensity, indicating the prolonged 
blood circulation of TDNP. The ex vivo NIR images (Figure 
5B) of the main organs and tumors harvested after 24h post- 
injection also showed that the strongest fluorescent signal in 
tumors was observed in the T-DIR-NP group. In addition to 
the tumor, the fluorescent signal was also observed in liver 
and kidney, but the fluorescent signal in liver of the T-DIR- 
NP group was weaker than that of the DIR-NP group, 
indicating the tumor targeting effect of TMTP1. 
Quantitatively, T-DIR-NP accumulation in SiHa tumors 
was 1.70-fold higher compared with DIR-NP, and 9.55- 
fold higher compared with free DIR at 24h (Figure 5C).

TDNP Exhibited Effective Antitumor 
Effect without Life-Threatening Side 
Effects in vivo
Combination antitumor effects were evaluated using the 
subcutaneous model with SiHa cells inoculated on the hip. 
As shown in Figure 6C–I, all mice treated with TDNP 
showed obvious tumor growth inhibition and delayed 
tumor growth. Compared with the PBS group, the TDNP 
group demonstrated the strongest antitumor effect; other 
groups including T-PTX-NP, T-PT-NP and DNP also 
showed statistically significant tumor inhibition. In addi
tion, the TDNP group also showed a stronger antitumor 
effect than the T-PTX-NP, T-PT-NP and DNP groups. The 
endpoint volume of tumor treated with TDNP showed 
a significant statistical difference compared with other 
groups, and the tumor suppressive effect was elevated 
3.98, 3.63, 2.81 and 2.21 times higher than that in the 
FREE, T-PTX-NP, T-PT-NP and DNP groups (Figure 6A). 
However, even with TDNP it is difficult to eradicate the 
tumor, especially, when the tumor volume exceeds 
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500mm3, the tumor growth was uncontrolled. There was 
no significant prolongation of survival in mice except for 
those in the TDNP group (Figure 6J). During the treat
ment, no obvious behavioral and mental abnormalities 
were observed. Importantly, no body weight loss was 
observed while a slight weight increase was found 
(Figure 6B). Histopathological analysis of tumors (Figure 
S4) showed different levels of tissue necrosis and apopto
tic cells, especially in the TDNP group. The expression of 
apoptosis protein caspase-3 was also most significant in 
the TDNP group (Supplementary Figure 4). H&E images 
(Supplementary Figure 4) showed that there was no 
obvious tissue abnormality or damage.

TDNP Exhibited Better Biosafety
In the acute toxicity study of TDNP (Figure 7A–C), there 
was a slight weight loss of about 4.3% at 4 days after drug 
administration but was regained in subsequent 

observations, and no obvious changes on appearance and 
behavior were observed. In contrast, mice in the FREE 
group became gradually emaciated, hypopraxia, and apa
thetic with messy, dull hair and low response to stimuli. As 
shown in Figure 7C, body weight in the FREE group 
dropped sharply and all mice died within one week after 
drug administration. In the repeat toxicity study (Figure 
7D–F), both groups lost weight, but the body weight in the 
FREE group dropped more significantly. Two mice died 
during the process of free drug administration and one 
mouse in the TDNP group died at the end of the observa
tion period. In all other mice, weight was regained at the 
late period of the observation. As shown in Figure 7G–I, 
the blood cell counts of a few mice had slightly increased 
or decreased, but there were no statistically significant 
differences among the groups. UREA values of mice in 
the repeated toxicity study were significantly increased, but 
other biochemical indicators were not significantly abnormal 
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(Figure 7J–M). All mice that died before the observation 
endpoint were not subjected to blood cell analysis and 
blood biochemical analysis because blood samples were 
not obtained. H&E staining analysis showed all mice treated 
with TDNP had clear tissue structure, and no obvious tissue 
abnormalities or damage were observed, while mice treated 
in the FREE-A group had obvious bleeding features (Figures 
7N and Supplementary Figure 5).

Discussion
Effective delivery of anticancer agents to tumors is one of 
the clinical goals in cancer therapy. However, chemother
apeutics for cervical cancer such as carboplatin, oxalipla
tin, Lipusu and Abraxane cannot meet the goal because of 
the tumor heterogeneity, poor bioavailability and side 
effects resulting from nonspecific drug distribution.47,48 

Traditional nanocarriers for drug delivery are challenged 
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by double drug co-delivery, low loading capacity, insuffi
cient tumor accumulation and uncontrollable drug release. 
In our study, we designed the NDDS with EPR, active 
targeting and TME-responsive characteristics to co-deliv
ery PT and PTX prodrugs for effective cervical cancer 
therapy. TDNP exhibited excellent advantages as follows: 
(a) active and passive targeting of TMTP1 and EPR effect 
of nanoparticles, (b) co-delivery of PT and PTX and TME- 
responsive drug release, (c) prolonged blood circulation 
and increased accumulation in tumors, and (d) synergistic 
antitumor effects of PTX and PT and reduced side effects.

Almost NDDSs approved by the US FDA load a single 
drug; however, combination therapy is imperative for can
cer because of its cellular complexity and heterogeneity.49 

Co-delivery of different drugs is one of the major advan
tages of nanocarriers; however, its application has been 
hindered by poor miscibility among drugs and low loading 
capacity.50,51 In general, chemotherapeutics can be loaded 
into nanocarriers through physical packaging, chemical 
linkage or electrostatic adsorption. However, physical 
packaging and electrostatic adsorption are associated 
with premature drug release, resulting in undesirable side 
effects. Linking drugs with a polymer has improved aqu
eous solubility of hydrophobic drugs, elevated loading 
efficiency, better stability during blood circulation and 
improved pharmacokinetics.52 Stimuli-dependent linkage 
is especially preferable because of its capability for 
tumor-specific drug release.52 The acid anhydride bond 
in cis-aconitic anhydride can react with the hydroxyl or 
amino group to form a β-carboxylate bond or amide bond. 
In a weakly acidic environment, the ester bond or amide 
bond can be hydrolyzed to release the connected drug.53–55 

In our study, PTX was coupled with PEG by the pH- 
sensitive β-carboxylic amide linkage, which could 
improve the hydrophilicity of PTX and could be further 
self-assembled to nanoparticles. Similarly, PT with metal
lic properties linked with LA increased load efficiency in 
NPs.35 Therefore, TDNP was responsible for successful 
co-delivery of cisplatin and paclitaxel prodrugs, and the 
loading efficiencies were high up to 80% (Table 1). 
Moreover, PEGylation, which can provide the hydrophilic 
protective shell to prevent adsorption of plasma protein 
and subsequent elimination of mononuclear phagocytic 
system (MPS), has been approved for clinical application 
by the US FDA.56 Prodrugs coated with PEG-DSPE 
improved the stability of NPs (Figure 2F), which assists 
the accumulation of NPs in tumor. Controlled drug release 
aimed at site-specially targeting release can enhance drug 

concentration in tumors and reduce off-target side effects, 
which is an important feature of nanoparticles used for 
cancer therapy. As the pH-sensitive linker, CA had the 
similar acid-responsive mechanism with 2.3-dimethylma
leic anhydride (DMA).57,58 Conjugated double bond in CA 
was destroyed by linking PTX with CA, which resulted to 
the instability of PTX-CA-PEG. β-carboxylate bond in 
PTX-CA-PEG tended to be broken to restore the stable 
structure of CA, resulting in the release of PTX.55 In our 
study, sustained release of PT and PTX of TDNP were 
observed (Figure 2G and H). PTX and PT exhibited 
a faster and more effective release under the conditions 
of low pH and high level of GSH condition, indicating that 
TDNP could release PT and PTX in TME for subsequent 
cancer therapy.

Tumors allows particles with a diameter of less than 1 
µm to pass through the leaky vasculature and remain at the 
tumor site due to poor lymphatic system drainage, which is 
called the EPR effect, and it has been widely employed for 
passive targeting of nanoparticles.17 However, EPR- 
mediated tumor targeting is closely related to the physico
chemical properties of the nanoparticles such as size, 
shape and surface charge.59–62 Researchers have studied 
the size-dependent tumor targeting of different 
nanoparticles.59,63,64 Collectively, nanoparticles with dia
meter 5–400nm are more preferable because the larger 
nanoparticles are subjected to uptake by MPS and the 
smaller nanoparticles are subjected to rapid renal clear
ance. Negative surface charge is associated with better 
blood circulation stability but limited cellular uptake, 
while positive surface charge produces the opposite 
effects.65,66 It is difficult to have a trade-off between 
“positive surface charge/size increase/greater tumor reten
tion/high background” versus “negative surface charge/ 
size decrease/lower tumor retention/less background.” In 
our study, the hydrophobic size diameter of less than 
300nm and near-neutral surface charge (Figure 2 and 
Table 1) endowed nanoparticles with the better blood 
circulation stability and passive tumor targeted capacity 
via the EPR effect. Once nanodrug reaches the tumor zone 
via the EPR effect, it needs to specifically recognize the 
tumor and be taken up by cancer cells to take an action. 
Targeting moieties have been applied for specially binding 
to the cancer cells, which included antibodies, peptides 
and aptamers.38,67–69 Among these, peptides has been 
extensively studied for nanoformulation because of their 
advantages of simple structure, easy preparation, versati
lity and low immunogenicity.67,70 TMTP1, a tumor- 
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targeted peptide, can identify highly metastatic tumors by 
binding to a possible receptor, XPNPEP2,27 which is over
expressed on highly metastatic cancer cells and closely 
related to the tumor metastasis.71,72 In our study, TDNP 
modified with TMTP1 exhibited increased cellular uptake 
(Figure 3) in vitro and enhanced tumor accumulation in 
tumors (Figure 5), which may be the result of the interac
tion of TMTP1 and XPNPEP2. In addition, the more 
obvious fluorescent signal in HeLa than in SiHa cells 
may be attributed to the greater expression of XPNPEP2 
in HeLa cells.27

Nano-drugs are evaluated on the basis of two aspects: 
efficiency and toxicity. The synergistic antitumor effect of 
TDNP was demonstrated. In vitro (Figure 4A), TMTP1- 
modified NPs elevated the cytotoxicity of PTX and PT, 
which was a result of the protective effect of the nanofor
mulation and TMTP1-mediated improved cellular uptake. 
The combination index <1 indicated a synergism of TDNP 
on the cervical cells.14 The apoptosis results from flow 
cytometry (Figure 4B) showed a strong apoptosis rate for 
TDNP in comparison with that in other groups, which may 
attribute to the enhanced cellular uptake and sustained 
drug release. However, TDNP did not show better anti
tumor effect than FREE in vitro (Figure 4) because they 
had similar cytotoxicity, IC50, CI50 and apoptosis rate. 
The reason may partly be that FREE could entered cancer 
cells by passive diffusion in cell culture media, resulting in 
faster cytotoxicity.73,74 By contrast, TDNP entered the 
cells by the caveolae and clathrin-dependent pathways 
(Figure 3D and E) and elicited cytotoxicity after releasing 
from the NPs. In addition, cell culture media which lack of 
low pH and high redox may also result in the slow release 
of PT and PTX.73 In vivo, DIR-labeled NPs had prolonged 
blood circulation and increased accumulation in tumors, 
indicating the protective effect of the NPs as compared 
with the free drugs (Figure 5). Moreover, modification of 
TMTP1 further achieved better tumor localization, sug
gesting more chemotherapeutics was deliver to the tumor 
for a better antitumor effect. In SiHa-bearing mice, TDNP 
exhibited an improved therapeutic index through suppres
sing tumor growth and prolonging the survival (Figure 6). 
Toxicity profiles are a major concern in translating nano
medicine into clinical application. How to alleviate the 
toxicities of NPs represents a novel research direction for 
the future. Nephrotoxicity and allergic reactions were the 
common side effects of cisplatin and paclitaxel. In the 
toxicity studies, obvious bleeding and acute tubular injury 
was observed in the FREE group, and high dose of the 

chemotherapeutics caused the death of mice in one week. 
In comparison, mice tolerated TDNP well, and no obvious 
abnormalities in histopathology, blood count analysis and 
biochemical indicators were observed (Figure 7). These 
results suggested that TDNP has a better antitumor effect 
and biosafety for further clinical translation.

Collectively, we have developed a novel tumor-target 
platform to co-deliver cisplatin and paclitaxel for cervical 
cancer therapy. First, TNDP with a diameter of less than 
300nm and negative zeta potential guaranteed the stability 
and the EPR effect, which could translate to a long life in 
the blood circulation. Second, TMTP1 modification 
endowed the TDNP with active targeting capability, 
further enhancing drug accumulation in tumors and cancer 
cell endocytosis, which ensured an adequate amount of 
drugs in tumor sites for effective therapy. Third, TME 
with low pH and high level of GSH could trigger drug 
fast release and restore to the active style, which also 
promotes drug accumulation in tumors and is the prere
quisite for drugs to become active. These above character
istics ensured that TDNP had a better therapeutic index by 
improving efficacy and alleviating the off-target toxicity, 
which is an effective strategy to improve the dilemma of 
TP chemotherapy. Moreover, TDNP has potential applica
tions in other cancers.

Conclusion
In our study, we designed the NDDS with a high drug loading 
efficiency of over 80%, passive EPR, active TMTP1-target
ing and TME-responsive drug release to co-deliver PT and 
PTX prodrugs for effective cervical cancer therapy. TNDP 
with a diameter of less than 300nm and negative zeta poten
tial showed excellent stability and passive tumor-targeting 
via the EPR effect. TMTP1 modification further endowed the 
TDNP with active targeting capability, further enhancing 
drug accumulation in tumors and cancer cell endocytosis, 
which ensured adequate amount of drugs in the tumor site for 
effective therapy. Moreover, PTX and PT in TDNP exhibited 
the faster and more effective release under conditions of low 
pH and high level of GSH, which indicated that TDNP could 
release PT and PTX in TME for subsequent cancer therapy. 
Based on above results, TDNP had cytotoxicity in vitro and 
the better antitumor effect in vivo by improving efficacy and 
alleviating off-target toxicity. In summary, we have success
fully provided an effective strategy to elevate the therapeutic 
index of TP in cervical cancer therapy and this method may 
also be promising for treating other tumors.
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