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A B S T R A C T   

Low accumulation and penetration of nanomedicines in tumor severely reduce therapeutic efficacy. Herein, a 
pH-responsive gold nanoassembly is designed to overcome these problems. Polyethylene glycol linked raltitrexed 
(RTX, target ligand and chemotherapy drug) and two tertiary amine molecules (1-(2-aminoethyl) pyrrolidine and 
N, N-dibutylethylenediamine) are modified on the surface of the 6-nm gold nanoparticles by lipoic acid to form 
gold nanoassembly defined as Au-NNP(RTX). The Au-NNP (RTX) nanoassembly could remain at about 160 nm at 
the blood circulation (pH 7.4), while split into 6-nm gold nanoparticles due to tertiary amine protonation at 
tumor extracellular pH (pH 6.8). This pH-responsive disassembly behavior endows Au-NNP(RTX) better tumor 
tissue permeability through the better diffusion brought by the size reduction. Meanwhile, after disassembly, 
more RTXs on the surface of gold nanoparticles are exposed from the shielded state of assembly along with 2.25- 
fold augment of cellular uptake capability. Most importantly, the results show that Au-NNP(RTX) possesses of 
high tumor accumulation and effective tumor penetration, thereby enhancing the tumor chemo-radiotherapy 
efficiency.   

1. Introduction 

Although tumor therapy has achieved great progress in recent de-
cades, therapeutic effect still needs to be improved [1,2]. For numerous 
nanomedicines, therapeutic efficiency heavily depends on the role of 
nanomedicines in the body, thus many efforts have been devoted to 
explore it. Researches show that nanomedicines injected into the body 
usually would go through five processes: 1) blood circulation; 2) tumor 
accumulation; 3) tumor penetration; 4) cellular internalization; and 5) 
drug release (exerting therapeutic effect in the tumor cells [3]). It turns 
out that curative effect is restricted by each of the above steps [4]. 
Generally, to achieve better curative effect, nanomedicines are required 
to have the following abilities: 1) blood circulation stability to avoid 
being recognized and eliminated by the immune system; 2) sufficient 
tumor accumulation, deep tumor penetration to guarantee therapeutic 
dose in the tumor; and 3) high tumor cell targeting to ensure enough 

cellular internalization of nanomedicines [4]. With regard to this, some 
demands for the size and surface properties of nanomedicines are put 
forward. 

Studies have found that the size of nanomedicines should keep at 
10–500 nm for better blood circulation, since the nanomedicines (>500 
nm and <10 nm) are easily and quickly cleared by the lungs and kid-
neys, respectively [5]. While the smaller nanomedicines are more 
conducive to penetration in the tumor, such as 3–7 nm ultrasmall plat-
inum nanoparticles [6–13]. Moreover, to avoid being recognized and 
eliminated by the immune system, the surface electrical properties of 
nanomedicines are best to maintain neutral or negative [10], and the 
hydrophobic targeting ligands are not exposed on the surface as much as 
possible. However, nanomedicines with positive surface are easier to 
bind to negatively charged cell membranes for better cellular internal-
ization [14–16]. Nanomedicines with targeting ligands exposed on the 
surface are also easier to enter the tumor cells, thus improving the tumor 
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accumulation and cellular internalization [17–22]. Contradictory de-
mands for size and surface of nanomedicines at blood circulation and 
tumor site have brought new difficulties to the design of nanomedicines. 

Recently, the intelligent control of size and surface properties of 
nanomedicines at different stages has been proposed to solve the above 
contradictions [23–27]. Zhou et al. developed a near-infrared (NIR) 
light triggered disintegrable liposomal nanoplatform (PAM/Pt@IcLipo, 
~162 nm) [24]. When irradiated by NIR light at tumor site, the releasing 
small-sized PAM/Pt nanoparticles (~8.6 nm) from the liposomes were 
capable of penetrating into the deep tumor tissue. Qu et al. designed a 
tumor-activatable ultrasmall nanozyme generation, with the aid of 
mildly tumor acid microenvironment, the produced gluconic acid from 
intratumoral glucose can gradually induce the dissociation of ZIF-8 to 
release ultrasmall peroxidase nanozyme with significant intratumoral 
penetration [25]. Sun et al. developed a pH-responsive charge switch-
able PEGylated epsilon-poly-L-lysine polymeric nanoparticle to facilitate 
cell internalization and deep tumor penetration, thus improving breast 
cancer treatment [26]. These intelligent (pH, enzyme, NIR 
light)-responsive size decrease and charge reverse of nanomedicines 
have been proved to prolong the blood circulation and improve the 
tumor accumulation and penetration. However, how to design nano-
medicines with reasonable size and surface to adapt the tumor envi-
ronment is not easy and implementing these in one simple way is still an 
obstacle. 

Previously, we have constructed a pH-sensitive self-assembly/ 

disassembly system of gold nanoparticles (Au NPs, ~15 nm) to shield 
liver targeting ligand (glycyrrhetinic acid) at the blood circulation and 
deshield it at tumor site, demonstrating that reversible shielding of 
ligand can effectively improve tumor accumulation and cellular inter-
nalization [17,28]. In this work, we have constructed a system to ach-
ieve both high-efficiency tumor accumulation and penetration of 
nanomedicines, as shown in Scheme 1. Polyethylene glycol (PEG) linked 
raltitrexed (RTX, targeting and chemotherapeutic effects) and two small 
tertiary amine molecules (N, N-dibutylethylenediamine defined as NR1 
and 1-(2-aminoethyl) pyrrolidine defined as NR2) were modified to the 
surface of Au NPs (~6 nm) by lipoic acid (LA) to form gold nano-
assembly defined as Au-NNP(RTX). At the blood circulation, Au-NNP 
(RTX) could keep assembled and most RTXs are hidden inside the 
nanoassembly. While at the mildly tumor acid microenvironment (pH =
6.8), the nanoassembly could disassmble and split into 6-nm Au NPs 
which is expected to achieve better penetration via elevated diffusion (i 
enhanced penetration). After disassembled, the RTXs hidden inside are 
also exposed simultaneously to enhance tumor targeting (ii enhanced 
targeting) and chemotherapy. Moreover, radiotherapy (RT) sensitization 
of gold element and chemotherapy effect of RTX simultaneously act on 
tumor cells, which is expected to achieve better therapeutic effects (iii 
chemo-radiotherapy). 

Scheme 1. Schematic illustration of a preparation of Au-NNP(RTX) nanoassembly; b pH-responsive disassembly process; c in vivo possible process.  
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2. Experimental section 

2.1. Materials, cells and animal 

Tetrachloroauric acid trihydrate was purchased from Shanghai Dibo 
Biological Technology Co., Ltd. Sodium citrate dehydrate was purchased 
from Tianjin Alpha Biotechnology Co., Ltd. Sodium borohydride was 
purchased from Beijing Innochem Technology Co., Ltd. RTX, N-Hydroxy 
succinimide (NHS) and N-(3-(Dimethylamino)propyl)-N′-ethyl-
carbodiimide hydrochloride (EDC), FITC were purchased from Shanghai 
Aladdin Bio-Chem Technology Co., Ltd. Amino polyethylene glycol 
lipoic acid (LA-PEG-NH2, MwPEG = 2000) is purchased from Shanghai 
Tuoyang Biological Technology Co., Ltd. 4-Dimethylaminopyridine 
(DMAP) was purchased from Shanghai New Platinum Chemical Tech-
nology Co., Ltd. Folic acid (FA) was purchased from Tianjin Heowns Co., 
Ltd. 

4′, 6-diamidino-2-phenylindole (DAPI), 3-(4, 5-dimethyl-2-thia-
zolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT), acridine orange/ 
ethidium bromide (AO/EB) staining kit, annexin V-FITC/PI apoptosis 
detection Kit and RNase-propidium iodide were purchased from Tianjin 
Solomon Biotech, Inc. Anti-CD31/FITC mouse ELISA Kit was purchased 
from Beijing Boaosen Biotechnology Co., Ltd. Dimethyl sulfoxide 
(DMSO), absolute ethanol, hydrochloric acid (HCl), nitric acid (HNO3) 
and sodium hydroxide (NaOH) were purchased from Tianjin Chemical 
Reagent Supply and Marketing Company. The D.I. water used in this 
work was provided by Millipore Elix System (Millipore, USA, Bedford). 

Murine colon adenocarcinoma CT26 cells provided by Institute of 
Biomedical Engineering, Chinese Academy of Medical Science & Peking 
Union Medical College (Tianjin, China) were cultured in RPMI 1640 
medium containing 10% fetal bovine serum (FBS) in a standard cell 
culture environment (humidified, 37 ◦C, 5% CO2). HepG2 cells provided 
by the same company were cultured in DMEM medium containing 10% 
FBS in the same environment (humidified, 37 ◦C, 5% CO2). BALB/c mice 
(female, 6–8 weeks) were provided by Beijing Vital River Laboratory 
Animal Technology Co., Ltd. All animal procedures were reviewed and 
ethically approved by Center of Tianjin Animal Experiment Ethics 
Committee and Authority for animal protection (Approval No.: SYXK 
(Jin) 2011–0008). 

2.2. Synthesis of Au NPs 

Tetrachloroauric acid aqueous solution (0.6 mL, 10 mg/mL) and 
sodium citrate aqueous solution (0.6 mL, 10 mg/mL) were added in 60 
mL D.I. water. After fully mixing, 11.4 mg sodium borohydride dissolved 
in 3 mL cold D.I. water was quickly added into the mixed solution and 
reacted for 1 h. Then the 6-nm Au NPs were prepared and measured by 
transmission electron microscope (TEM, HT7700, Japan, Hitachi), dy-
namic light scattering (DLS, ZS90, Britain, Malvern) and UV–Vis spec-
trum (ZF-IA, China, Heqin). 

2.3. Synthesis of LA-PEG-RTX 

RTX (91.7 mg), EDC (76.7 mg) and NHS (46.0 mg) were added into 5 
mL DMSO and reacted under stirring at 40 ◦C for 3 h to activate the 
carboxyl group on RTX. Then add LA-PEG-NH2 (330 mg) in the mixture 
and react at 40 ◦C for 12 h. It was then precipitated with ice ether, 
dialyzed in aqueous solution for 72 h and freeze-dried to obtain a light- 
yellow solid (LA-PEG-RTX) with a yield of 57.2%. FT-IR and MALDI-TOF 
MS spectra of LA-PEG-RTX were measured. 

2.4. Modification and self-assembly of Au NPs 

LA-PEG-RTX (1.0 μmol), LA-NR1 (22.5 μmol) and LA-NR2 (7.5 μmol) 
were dissolved in 1 mL D.I. water, and add HCl to make its pH value 4.0. 
Then add 10 mL Au NPs and react for 2 h under stirring. After that, 
several drops of NaOH solution (1 mM) were added into the solution 

under slow stirring until its color turned purple-red. The obtained Au- 
NNP(RTX) nanoassembly was centrifuged for purification. The control 
group-Au-NP(RTX) used in the follow-up experiment was prepared by 
similar method with small modification (no LA-NR2). FT-IR spectra of 
nanoassembly was measured. 

2.5. RTX modification 

RTX solutions at different concentrations (2.5, 5, 10, 20 and 40 μg/ 
mL) were prepared and measured by UV–Vis spectrum. The standard 
curve line of RTX was calculated. Then we measured the UV–Vis spec-
trum of reaction supernatant after dialysis, lyophilization and re- 
dissolving to calculate the RTX content in the supernatant. And the 
modification amount of RTX can be calculated by subtracting the RTX 
content in the supernatant from the total feed. The Au NPs in the reac-
tion solution can be measured by Nanoparticle tracking analyzer 
(NS300, Britain, Malvern). 

2.6. pH-sensitive behavior study 

Au-NNP(RTX) (100 μL, 50 μg/mL) was added into 900 μL PBS buffer 
with different pHs (7.4, 7.2, 7.0, 6.8, 6.6, 6.4, 6.2 and 6.0). 1 h later, the 
hydrodynamic diameters of these mixtures were measured by DLS. Au- 
NNP(RTX) (100 μL, 50 μg/mL) were added into 900 μL PBS buffer and 
RPMI 1640 (10% FBS), respectively. Hydrodynamic diameters of these 
mixtures were measured by DLS at 0, 1.5, 3, 6, 12, 24 and 48 h. Then the 
Au-NNP(RTX) and Au-NP(RTX) (100 μL, 50 μg/mL) were added into 
900 μL PBS buffer with different pHs (7.4 and 6.8). Moreover, these 
mixtures were measured by TEM and DLS. 

2.7. In vitro hemolysis assay 

The in vitro hemolysis assay of Au-NNP(RTX) nanoassembly was 
measured to evaluate the blood compatibility. Ethylenediaminetetra-
acetic acid (EDTA)-stabilized mice blood samples were freshly collected 
from BALB/c mice to get RBCs. Firstly, 1 mL of blood sample was added 
to 2 mL of PBS, and then the serum was removed from erythrocyte cells 
by centrifugation at 3000 rpm for 10 min, the erythrocyte cells were 
further washed three times and resuspended in 5 mL PBS. The Au-NNP 
(RTX) nanoassemblies at different concentrations of 6.25, 12.5, 25, 50, 
100 and 200 μg/mL were incubated with erythrocyte cells suspension at 
room temperature for 2 h. D.I. water was used as the positive control, 
and PBS was the negative control. At last, the mixtures were centrifuged 
at 3000 rpm for 10 min, and the absorbance values of the supernatants 
were determined by Microplate reader at a test wavelength of 570 nm. 
The percentage of hemolysis was calculated by: hemolysis % = (sample 
absorbance-negative control absorbance)/(positive control absorbance- 
negative control absorbance) × 100. 

2.8. Flow cytometry analysis 

To visually observe and analyze cellular uptake, the nanoassemblies 
labeled with FITC (modified on PEG using the same synthesis method as 
LA-PEG-RTX). CT26 cells at a density of 1 × 105 cells/well were seeded 
in two 6-well plates and cultured for 24 h. They were divided into three 
groups, and one is deal with free FA (100 μM) 1 h in advance. FITC 
labeled Au-NNP(RTX) (10 μg/mL, newly prepared medium at pH 6.8) 
was added into FA-pretreated group and another, and then incubated for 
another 4 h. After being washed by PBS and cooled PBS for several times, 
the cells were collected by centrifugation and resuspended in 0.5 mL 
pre-cooled PBS for fully dispersion. Moreover, the fluorescence signal of 
FITC was analyzed by flow cytometry (FACS Calibur, USA, BD). The 
same experiment is conducted to HepG2 cells. 
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2.9. Cellular uptake 

CT26 cells at a density of 5 × 104 cells/well were seeded in the 
confocal dishes and cultured for 24 h. FITC-labeled Au-NNP(RTX) (10 
μg/mL in newly prepared medium at pH 7.4 and 6.8) were added into 
the dishes and incubated for another 4 h. After being washed by PBS for 
three times, the cells were stained with DAPI and Lyso-Tracker Red, 
respectively, and then observed by laser scanning confocal microscope 
(CLSM, A1+, Japan, Nikon). 

Then, CT26 cells were cultured and divided into two groups, and one 
is deal with free FA in advance. FITC-labeled Au-NP(RTX) and Au-NNP 
(RTX) (10 μg/mL in newly prepared medium at pH 7.4 and 6.8) were 
added into the dishes and incubated for another 4 h, After being washed 
by PBS for three times, the CT26 cells were observed by CLSM. Besides, 
the same experiment was finished with small modification (irradiated by 
X-ray at a dose of 2 Gy 1 h in advance). 

2.10. In vitro ICP experiment 

CT26 cells at a density of 2 × 104 cells/well were seeded in 5 48-well 
plates and cultured for 24 h. The plates were irradiated with different X- 
ray doses of 0, 2, 4, 6 and 8 Gy, respectively and cultured for 1 h. Then 
Au-NNP(RTX) and Au-NP(RTX) nanoassemblies (10 μg/mL in newly 
prepared medium at different pHs: pH 7.4 and 6.8 for 0 and 2-Gy groups, 
pH 6.8 for 4, 6 and 8-Gy groups) were added into the dishes respectively 
and incubated for another 4 h. After that, the cells were washed by PBS 
for three times. Subsequently, add 100 μL aqua regia to dissolve the 
cells, and test with Inductively Coupled Plasma-Atomic Emission Spec-
trometry (ICP-AES, Optima 8300, Germany, PerkinElmer) after centri-
fugation and dilution. 

2.11. Cell cycle 

CT26 cells at a density of 1 × 105 cells/well were seeded in two 6- 
well plates and cultured for 24 h. Au-NP(RTX) and Au-NNP(RTX) 
nanoassemblies (50 μg/mL, newly prepared medium at pH 6.8) were 
added into the wells of both plates and incubated for another 4 h, each 
plate sets a control group. After being washed by PBS for three times, the 
CT26 cells in one plate were irradiated by X-ray at a dose of 2 Gy, and the 
other is not. The cells in both plates were incubated for another 12 h and 
collected by centrifugation. Ather being washed by cooled PBS several 
times, the cells were resuspended in 0.5 mL pre-cooled PBS for fully 
dispersion and added with 2 mL absolute ethanol for fixing the cells. 
After being placed at 4 ◦C overnight, the cells were centrifuged to 
remove the ethanol aqueous solution, stained by RNase-propidium io-
dide solution for 30 min at 37 ◦C. The PI fluorescence signal was 
analyzed by flow cytometry. 

2.12. Cytotoxicity 

CT26 cells at a density of 8 × 103 cells/well were seeded in two 96- 
well plates and cultured for 24 h. RTX, Au-NP(RTX) and Au-NNP(RTX) 
at the concentrations of 0, 25, 50, 100 and 200 μg/mL (newly prepared 
with medium at pH 6.8) were added into the wells and incubated for 24 
h. After being washed by PBS for three times, CT26 cells in one plate 
were irradiated by X-ray at a dose of 2 Gy, and the cells in both two 
plates were incubated for another 18 h. In addition, the following pro-
cess is strictly in accordance with standard operation manual of MTT 
assay. The absorbance in every well was measured by Microplate reader. 

2.13. AO/EB staining 

CT26 cells at a density of 5 × 104 cells/well were seeded in confocal 
dish and divided into two groups. 24 h later, the two groups were added 
with RTX, Au-NP(RTX) and Au-NNP(RTX) (50 μg/mL, newly prepared 
with medium at pH 6.8) respectively and incubated for another 4 h. 

After being washed by PBS for three times, the CT26 cells in one group 
were irradiated by X-ray at a dose of 2Gy, and the other one is not. The 
CT26 cells in both groups were incubated for another 18 h and stained 
by acridine orange (AO, 0.1 mg/mL) and ethidium (EB, 0.1 mg/mL). 
Then the live and dead cells were observed by CLSM. 

2.14. Cell apoptosis 

CT26 cells at a density of 1 × 105 cells/well were seeded in two 6- 
well plates and cultured for 24 h. RTX, Au-NP(RTX) and Au-NNP 
(RTX) (50 μg/mL, newly prepared medium at pH 6.8) were added into 
the wells of both plates and incubated for another 4 h, each plate sets a 
control group. After being washed by PBS for three times, the CT26 cells 
in one plate were irradiated by X-ray at a dose of 2 Gy, and the other is 
not. The cells in both plates were incubated for another 18 h and 
collected by centrifugation. Then the cells were washed twice with pre- 
cooled PBS, resuspended in 0.1 mL 1 × Binding Buffer, stained by 5 μL 
Annexin V-FITC for 10 min and 5 μL PI for 5 min. Flow cytometry was 
used to analyze apoptosis of these cells. 

2.15. Penetration into CT26 multicellular spheroids 

CT26 cells at a density of 3 × 105 cells/well were seeded in an ultra- 
low adhesion 6-well plate, and cultured for 48 h. When the size of CT26 
multicellular spheroids (MCSs) reached 200 μm, Cy5-labeled Au-NP 
(RTX) and Au-NNP(RTX) (100 μg/mL) (same as FITC-labeled ones) were 
added and incubated for 4 h. After careful washing with PBS, the pen-
etrations of Au-NP(RTX) and Au-NNP(RTX) in MCSs were observed by 
CLSM. 

2.16. In vivo penetration 

The tumor xenograft model is established by subcutaneously inject-
ing 1 × 106 CT26 cells into the right oxter of BALB/c mice. When the 
mean tumor volume reached about 50 mm3, the mice bearing CT26 
tumor were randomly divided into three groups. Cy5-labeled Au-P 
(RTX), Au-NP(RTX), Au-NNP(RTX) (Au: 10 mg/kg) were injected into 
the mice via tail vein. The mice were sacrificed and the tumors were 
taken out after 12 h. The tumors were dehydrated with 30% sugar so-
lution for 48 h, fixed with 4% formaldehyde for 48 h, and cut into 8 μm 
thick sections. Then the sections were stained by DAPI and Anti-CD31/ 
FITC according to the standard procedure and observed by CLSM. 

2.17. In vivo fluorescence imaging 

When the mean tumor volume reached about 50 mm3, the mice 
bearing CT26 tumor were randomly divided into three groups. Cy5- 
labeled Au-P(RTX), Au-NP(RTX), Au-NNP(RTX) (Au: 10 mg/kg) were 
injected into the mice via tail vein. In vivo fluorescence imaging of the 
mice was detected at 6, 12 and 24 h by in vivo fluorescence imaging 
system (IVIS Lumina II, USA, Caliper Life Sciences). The detailed camera 
operation: First, collect the bright field images. To avoid the interference 
of signal from other organs, the mice were sheltered by black cardboards 
except for the tumor site before fluorescence imaging. Finally, the 
fluorescence signal from the tumor acquired by small animal in vivo 
imaging system overlapped with the bright field image of mice. More-
over, we also measured the ex vivo fluorescence imaging of heart, liver, 
spleen, lung, kidney and tumor excised from sacrificed mice 24 h after 
injection of Cy5-labeled Au-P(RTX), Au-NP(RTX) and Au-NNP(RTX). 

2.18. Biodistribution experiment 

When the mean tumor volume reached about 50 mm3, the mice 
bearing CT26 tumor were randomly divided into three groups. Au-P 
(RTX), Au-NP(RTX), Au-NNP(RTX) (Au: 10 mg/kg) were injected into 
the mice via tail vein. 12 h later, all the mice were sacrificed, and 
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approximately 500 μL blood samples were collected from each mouse, 
and heart, liver, spleen, lung, kidney and tumor of each mouse were 
taken out. Then weigh and dissolve them in aqua regia. The Au element 
in these tissues, tumor and blood were detected by ICP-AES. 

2.19. In vivo antitumor study 

When the mean tumor volume reached about 50 mm3, the mice 
bearing CT26 tumor were randomly divided into eight groups (PBS, 
PBS+RT, RTX, Au-NNP(RTX), RTX+RT, Au-P(RTX)+RT, Au-NP(RTX)+
RT, Au-NNP(RTX)+RT, n = 6). The nanoparticles (Au: 10 mg/kg) were 
injected into the mice via tail vein. Then the mice were irradiated by X- 
ray at the dose of 4 Gy after 2 h and 12 h accumulation in tumor, 
respectively. The body weight and the tumor size were measured every 
two days. At 14 day, the mice were euthanized, and approximately 500 
μL blood samples were collected from each mouse (PBS, Au-NNP(RTX) 
and Au-NNP(RTX)+RT groups), followed by blood biochemistry anal-
ysis. The items included white blood cell (WBC), lymphocyte (LYM), red 
blood cell (RBC), hemoglobin (HGB), hematocrit (HCT), mean corpus-
cular volume (MCV), mean corpuscular hemoglobin (MCH), Mean 
corpuscular hemoglobin concentration (MCHC), red cell distribution 
width (RDW), platelet (PLT), mean platelet volume (MPV). The tumors 
of all sacrificed mice were pictured and weighed. The major organs 
(heart, liver, spleen, lung and spleen) of these eight groups were taken 
out and washed with PBS several times, and finally fixed in 4% para-
formaldehyde. According to standard protocols of hematoxylin & eosin 
(H&E) staining, the sections were pictured by optical microscope (IX53, 
Japan, Olympus). 

2.20. Statistical analysis 

The results are representative of replicate experiments and are pre-
sented as the mean value with standard deviation (mean ± SD). Stu-
dent’s t-test was used to compare the differences in the results. *p < 0.05 
was considered statistically significant. **(#)p < 0.01 were considered 
extremely significant. 

3. Results and discussion 

3.1. Characterization and pH-responsive disassembly of Au-NNP(RTX) 

To obtain pH-responsive Au-NNP(RTX) nanoassembly, naked Au NPs 
were firstly synthesized and the TEM, DLS and UV–Vis spectrum results 
in Fig. S1 indicate the successful preparation of ~ 6-nm spherical Au 
NPs. This size of Au NPs is conductive to tumor penetration, taking 
feasibility of surface modification into account. LA-PEG-RTX was then 
synthesized via amidation reaction and the synthetic route is shown in 
Fig. S2. The FT-IR spectra in Fig. S3 shows that strong transmission 
peaks at 1737 cm− 1 and 1713 cm− 1 indicate the presence of carboxylic 
acid, and the peak at 1615 cm− 1 illustrates the presence of aromatic 
ring, both of which prove that RTX has bonded to LA-PEG-NH2. Also, the 
MALDI-TOF MS spectra in Fig. S4 shows that the molecular weight 
distribution conforms to the theoretical values. The above results all 
indicate the successful synthesis of LA-PEG-RTX. The synthesis of LA- 
NR1 and LA-NR2 has been reported in our previous work [29]. 

Then Au-NNP(RTX) nanoassembly is prepared according to the pH- 
sensitive assembly/disassembly strategy proposed by our research 
group [29,30]. LA-PEG-RTX, LA-NR1 and LA-NR2 were co-modified on 
the surface of 6-nm Au NPs by stirring at room temperature. The FT-IR 
spectra in Fig. S6 shows that the presence of strong transmission peaks at 
1672 cm− 1 (amide I bond) and 1523 cm− 1 (amide II bond) has 
confirmed that many substances containing amide bonds on the surface 
of Au NPs. In addition, the peak at 1103 cm− 1 (carbon-oxygen bond) 
illustrates that the LA-PEG-RTX is successfully modified on the surface of 
the Au NPs. And the peaks at 1376 and 2957 cm− 1 indicate the presence 
of LA-NR1 on the surface of Au NPs. Besides, we calculated the 

modification amount of RTX in 11 mL reaction solution by subtracting 
the RTX content in the supernatant from the total feed. In Fig. S5a, the 
standard curve line of RTX is y = 0.05376x+0.00537, y is absorbance 
values, x is concentration of RTX (μg/mL) and the absorbance value of 
the RTX in the supernatant (in 11 mL reaction solution) is 1.911 
(Fig. S5b). Thus, the amount of RTX modified with 10 mL Au NPs is 
0.068 mg and the number of RTX is calculated to be 9 × 1016. Then we 
employed Nanoparticle tracking analyzer to detect the numbers of Au 
NPs and there are about 1.5 × 1015 Au NPs in the same solution. Thus it 
can be seen that per Au NP approximately contains 60 RTXs. Then the 
Au-NNP(RTX) nanoassembly is obtained by adjusting the pH and the 
nanoassembly is formed due to the delicate balance of hydrophilic (PEG 
chains) and hydrophobic (RTX, LA-NR1 and LA-NR2) forces [30]. 

To detect if the obtained Au-NNP(RTX) nanoassembly could keep 
assembled at the physiological environment and disassemble at the 
tumor site, we studied the pH-responsive assembly/disassembly 
behavior of Au-NNP(RTX). As well known, the pH value is approxi-
mately 7.4 at the physiological environment, while the pH decreases to 
6.8–6.5 at the tumor site [31]. Thus, we evaluated the morphology and 
size change of Au-NNP(RTX) nanoassembly. As shown in Fig. 1b and 
Table S1, the hydrodynamic diameters of Au-NNP(RTX) nanoassembly 
at pH 7.4–7.0 maintain at approximately 160 nm. When the pH ≤ 6.8, 
the hydrodynamic diameters decrease to 12.8 nm (6-nm Au NPs under 
TEM), indicating the Au-NNP(RTX) could disassemble at tumor acid 
environment. And as shown in Fig. 1c and d, the TEM images show that 
the Au-NNP(RTX) nanoassembly (<200 nm) is aggregated by 6-nm Au 
NPs at pH 7.4, while disassembled into uniformly dispersed 6-nm 
spherical structure at pH 6.8. And the zeta potential of Au-NNP(RTX) 
nanoassembly in Table S1 transformed from − 1.5 mV to 11.8 mV, 
which is related to tertiary amine protonation in Fig. 1a. The nano-
assembly could maintain stable and electrically neutral due to the 
delicate balance between the hydrophilic (PEG) and hydrophobic (RTX, 
LA-NR1 and LA-NR2) segments on the surface of Au NPs. When pH de-
creases, tertiary amine protonations of LA-NR1 and LA-NR2 make the 
system transform from hydrophobic to hydrophilic, the balance is 
broken and the nanoassembly splits into smaller Au NPs with positively 
electrified surface. Besides, the stability of the Au-NNP(RTX) was also 
studied to pledge the stability of Au-NNP(RTX) nanoassembly in sub-
sequent applications. As shown in Fig. 1e, whether in PBS or culture 
medium (RPMI 1640), the sizes of Au-NNP(RTX) maintain over 150 nm, 
which illustrates the good stability of Au-NNP(RTX) nanoassembly. 

3.2. Cellular uptake 

Before cell experiment, we conducted hemolysis assay. As shown in 
Fig. S7, the hemolysis of RBCs with Au-NNP(RTX) nanoassembly even at 
the concentration as high as 200 μg/mL is lower than the recognized safe 
value of 5%, indicating their excellent biocompatibility. 

It’s reported that RTX can not only produce chemotherapy effect 
[32], but also has the capability to target the tumor cells with over-
express folate receptor (colon cancer cell, human oral epidermoid car-
cinoma cell, HeLa cell, H22 cell, HCT116 cell and etc.) as a FA analog 
[33,34]. The previous work has proved that cellular uptake is enhanced 
since the ligand (FA, biotin, coumarin and glycyrrhetinic acid) shielded 
in the nanoassembly is exposed by pH-responsive disassembly [29]. 
Thus, we studied the cellular uptake of our Au-NNP(RTX) nano-
assembly. First, we compared the cellular uptake of Au-NNP(RTX) 
nanoassembly in FA-positive cells (CT26 cells) and FA-negative cells 
(HepG2 cells). Au-NNP(RTX) nanoassembly is labeled with FITC 
(Fig. S8). For comparison, Au-NP(RTX) nanoassembly which could not 
disassemble at pH 7.4 and 6.8 is prepared (TEM image and UV–Vis 
spectrum in Fig. S9, size in Table S1) and also labeled with FITC. As 
shown in Fig. S10, FA-pretreated CT26 cells show less uptake than CT26 
cells, which illustrates the occupied site could not bind RTX when FA 
binds to folate receptor in advance, and demonstrates folate receptor is 
indeed the binding site of RTX. Au-NNP(RTX) nanoassembly in CT26 
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cells has shown more superior cellular uptake over HepG2 cells. The 
mean fluorescence in CT26 cells is 2.2 times greater than in HepG2 cells. 
This explains RTX’s better targeting capability to FA-overexpress tumor 
cells. 

Moreover, we explored whether targeting ability of Au-NNP(RTX) 
nanoassembly on CT26 cells enhances through pH-responsive disas-
sembly. We stained the cellular nucleus by DAPI and lysosome by Lyso- 
Tracker Red. As shown in Fig. S11, the green fluorescence of Au-NNP 
(RTX) nanoassembly is evident inside the cells in both pH values and 
the intensity of green fluorescence in pH 6.8 group is more remarkable. 
It confirms that pH-responsive Au-NNP(RTX) nanoassembly has better 
cellular uptake at lower pH. In particular, the green fluorescence merges 

with red-colored lysosome. The overlay yellow fluorescence indicates 
that Au-NNP(RTX) nanoassembly could be taken up by CT26 tumor cells 
via endocytosis way. Additionally, there is almost no overlap between 
green fluorescent signal from FITC and blue signal from DAPI, demon-
strating that Au-NNP(RTX) nanoassembly mainly stayed outside the 
cellular nucleus. This is mainly related to the intracellular mechanism of 
RTX: after it is actively transported into cells, RTX undergoes rapid, 
extensive metabolism by folylpolyglutamate synthetase to a series of 
polyglutamates (RAL-(glu)3-5) in the cytoplasm [32]. Furthermore, As 
shown in Fig. 2a, very weak green signal is found in the FA-pretreated 
CT26 cells whether in the Au-NNP(RTX) and Au-NP(RTX) group, 
which is consistent with the above result. Without FA pretreatment, 

Fig. 1. pH-responsive assembly-disassembly of Au-NNP(RTX) nanoassembly. a disassembly process. b hydrodynamic diameter of Au-NNP(RTX) nanoassembly at 
different pHs. c TEM of Au-NNP(RTX) nanoassembly at pH 7.4. d TEM of Au-NNP(RTX) nanoassembly at pH 6.8. e hydrodynamic diameter of Au-NNP(RTX) 
nanoassembly in PBS and RPMI 1640. 

Fig. 2. Cellular uptake evaluation. a the CLSM images and corresponding gray value of CT26 cells dealed with FITC-labeled Au-NP(RTX) and Au-NNP(RTX) at pH 7.4 
and 6.8 with or without FA pretreatment. b the Au element amount in CT26 cells dealed with Au-NP(RTX) and Au-NNP(RTX) at pH 7.4 and 6.8. *p < 0.05, **p <
0.01. Scale bar is 50 μm. 
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clear green fluorescence signals are found in both the Au-NP (RTX) 
groups (pH 7.4 and 6.8) and the Au-NNP(RTX) (pH 7.4), and the fluo-
rescence intensities of these groups are similar. While at pH 6.8, the 
green fluorescence signal of cells in the Au-NNP(RTX) group is signifi-
cantly higher than the other three groups. These results confirm that 
Au-NNP(RTX) nanoassembly with the disassembled capability at pH 6.8 
has better uptake than the one without disassembled capability. To 
further verify the superiority of Au-NNP(RTX), the ICP experiment was 
conducted to quantitatively detect the amount of cellular uptake. As 
shown in Fig. 2b, the Au element amount in the cells in the Au-NNP 
(RTX) group at pH 6.8 is 2.25-fold higher than the one at pH 7.4. This 
is mainly due to the fact that Au-NNP(RTX) in the assembly state can 
shield RTX inside the assembly at pH 7.4, while Au-NNP(RTX) nano-
assembly is disassembled at pH 6.8 and RTX is exposed. The control 
group at two pHs shows similar cellular uptake, both of which are 
similar to that of Au-NNP(RTX) at pH 7.4. This also confirms that 
pH-responsive disassembly could increase cellular uptake of Au-NNP 
(RTX) nanoassembly. 

Moreover, cellular uptake of the Au-NNP(RTX) nanoassembly is also 
affected by radiotherapy sensitization of Au element. As shown in 
Fig. S12, under the irradiation of 2 Gy X-ray, it exhibits similar patterns 
to the CLSM images in Fig. 2a, the intensity of green fluorescence signal 
is all higher than those in 2a. Then, we investigated the effect of X-ray 
dose on the cellular uptake of Au-NNP(RTX) by ICP-AES. Here, we all 
simulated the micro-acid environment of the tumor (pH 6.8). As shown 
in Fig. S13, the cellular uptake amount increases along with the radia-
tion dose (2–6 Gy), while not continues to increase with 8 Gy. This trend 
is consistent with the results of Liu’s research [35]. After X-ray irradi-
ation with a dose of 2–8 Gy, the uptake of the Au-NNP(RTX) group in-
creases by 0.50, 0.98, 1.23, and 0.85 times, respectively, indicating the 
radiotherapy sensitization of Au element could enhance the cellular 
uptake of Au-NNP(RTX). The Au-NP(RTX) groups have similar trend and 
all are significantly lower than Au-NNP(RTX) groups. 

The reason that X-ray sensitization increases the uptake of Au-NNP 
(RTX) nanoassembly was studied by cell cycle experiment. As well 
known, the cells mainly are in three stages (G0/G1, S and G2/M), and 
cellular uptake capacity is different in different phases of the cell cycle 
(G2/M > S > G0/G1) [35]. The cell numbers in different phases are 
divided by flow cytometry. The results in Fig. 3 show that without X-ray 
irradiation, the difference of the cell numbers in the G2/M phase be-
tween PBS, Au-NP (RTX) and Au-NNP(RTX) is not significant. After 
irradiation, cell numbers in the G2/M phase in the PBS group increase 
from 3.9% to 5.71%, indicating that ionizing radiation itself can increase 
cellular uptake. And cell numbers in the G2/M phase in the Au-NP(RTX) 
and Au-NNP(RTX) groups increase from 8.75% to 23.10%, 9.25%– 
34.32%, respectively. It demonstrates that X-ray irradiation could 
enhance cellular uptake by increasing the cell numbers in the G2/M 
phase. 

3.3. In vitro therapy 

After validating enhanced cellular uptake ability, the in vitro thera-
peutic effect was further evaluated. First, the cytotoxicity experiment 
was conducted by MTT method. As shown in Fig. 4a, the cell viability in 
the Au-NNP(RTX) group is lower than that of Au-NP(RTX) at the same 
concentration regardless of X-ray irradiation, the cytotoxicity originates 
from RTX which produces cytotoxic activity by the specific inhibition of 
thymidylate synthase [32]. It indicates that exposure of RTX by the 
pH-responsive disassembly enhances tumor cell targeting and chemo-
therapy effect. In addition, regardless of the concentration, the cyto-
toxicity of Au-NP(RTX) or Au-NNP(RTX) under 2-Gy X-ray irradiation is 
significantly higher than that of the non-X-ray group. This is ascribed to 
the increased uptake under X-ray irradiation and enhanced radiotherapy 
by Au radio-sensitization. Taking 200 μg/mL as an example, the cell 
killing rate in the Au-NNP(RTX) group is 54% and 1.4 times that of 
Au-NP(RTX) without X-ray irradiation (both of which are lower than 

Fig. 3. The effect of X-ray on cell cycle. a cell cycle of PBS, Au-NP(RTX) and Au-NNP(RTX) treated CT26 cells with or without X-ray irradiation. b corresponding cell 
percentage in different phases. 
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free RTX), indicating that the pH-responsive disassembly effectively 
increases the therapeutic effect of chemotherapy. While with 2-Gy 
irradiation, the cell killing rate in the Au-NNP(RTX) group is as high 
as 87.1%, 1.6 times that without irradiation, demonstrating that 
radiotherapy can further enhance the therapeutic effect of Au-NNP 
(RTX) except chemotherapy. The excellent synergistic results of 
chemo-radiotherapy provide the possibility for in vivo application of 
Au-NNP(RTX) nanoassembly. 

Subsequently, live/dead staining was employed to visually observe 
the apoptosis of CT26 cells. AO could stain live or dead cells green, while 
EB could only stain dead cells red or orange. As shown in Fig. 4b, the 
obvious orange-red fluorescence signals are found in the RTX and Au- 
NNP(RTX) groups whether with or without X-ray irradiation. More-
over, under irradiation, Au-NNP(RTX) group has a brighter orange-red 
fluorescence signals than that without irradiation, indicating signifi-
cant synergistic effect of Au-NNP(RTX) on CT26 cells. Meanwhile, the 
apoptosis analysis was further conducted by flow cytometry. The results 
in Fig. 4c and Fig. S14 show that the total apoptosis ratio of CT26 cells 
exposed to Au-NP(RTX) and Au-NNP(RTX) without X-ray irradiation are 
14.7% and 24.2%, respectively. It demonstrates pH-responsive disas-
sembly could enhance the killing of tumor cells. And there is a 52.6% 

apoptosis ratio when the CT26 cells in Au-NNP(RTX) group are exposed 
to X-rays, which is 28.4% higher than the one without irradiation. The 
enhanced apoptosis of the combined chemo-radiotherapy is consistent 
with MTT and live/dead staining results. 

3.4. In vitro penetration 

Given the size decrease via pH-responsive disassembly, the Au-NNP 
(RTX) may have better permeability in the micro-acid environment. 
Therefore, MCSs were employed here to explore the penetration of Cy5- 
labeled Au-NNP(RTX). As shown in Fig. 5, the results show that fluo-
rescent signal in the Au-NP (RTX) group is at the edge of MCSs, whether 
it is at pH 7.4 or 6.8. And the fluorescent signal in the Au-NNP(RTX) 
group is also at the edge of MCSs at pH 7.4, while the red signals are 
found inside the MCSs at pH 6.8. It demonstrates that for Au-NNP(RTX), 
it is difficult to penetrate deep into the MCSs at physiological environ-
ment, while easy to penetrate inside the MCSs when disassembled into 
the Au NPs with smaller size at lower pH. At the 20–100 μm depth, the 
law is similar. 

Fig. 4. In vitro therapy. a cell viability, b live/dead staining images and c apoptosis images of PBS, RTX, Au-NP(RTX), and Au-NNP(RTX) treated CT26 cells with or 
without X-ray irradiation. *p < 0.05, #p < 0.01 compared to Au-NNP(RTX)+RT group. Scale bar is 200 μm. 
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3.5. In vivo penetration and accumulation 

Prior to perform the in vivo antitumor study, we first explored the 
accumulation and penetration in the tumor. We have proved that Au- 

NNP(RTX) nanoassembly could increase cellular uptake efficiency and 
improve the penetration in the MCSs by pH-responsive disassembly, 
which may enhance the accumulation and penetration in the tumor. 
Here, we hired the Au-NP(RTX) used in the in vitro study and Au-P(RTX) 
(always disassembled whether at pH 7.4 and 6.8) as contrasts. The in 
vivo fluorescence imaging was employed to visually observe accumula-
tion of Cy5-labeled Au-NNP(RTX) nanoassembly and the two contrasts. 
As shown in Fig. 6a and b, at 6, 12 and 24 h after injecting Cy5-labeled 
Au-P(RTX), Au-NP(RTX) and Au-NNP(RTX), fluorescence intensity 
shows significant differences and Au-NNP(RTX) group is 1.4, 1.3 and 
1.8-fold that of Au-NP(RTX), 1.9, 1.7 and 2.1-fold that of Au-P(RTX) at 
6, 12 and 24 h, respectively. It illustrates the fluorescence intensity in 
Au-NNP(RTX) group is higher than the two contrasts. The ex vivo fluo-
rescence photos of heart, liver, spleen, lung, kidney and tumor excised 
from the mice at 24 h in Fig. S15 have shown same trend for tumors as in 
vivo fluorescence photos in 6a and 6b, and the fluorescence intensity is 
relatively high for liver and spleen. 

Then we detected the content of Au element in the blood and tumor 
at 12 h. The results in Fig. 6c and Fig. S16 show that Au elements in the 
main organs, blood and tumor at 12 h. In Fig. S16, there are 3.41% of the 
injected dose (%ID) in the Au-NNP(RTX) group, 3.39 %ID in the Au-NP 
(RTX) group, and 1.42 %ID in the Au-P(RTX) group in the blood. 
Moreover, in Fig. 6c, 1.62% ID of the Au-NNP(RTX) nanoassembly has 
been found in the tumor, which is 1.77-fold that of Au-NP(RTX) and 
2.44-fold that of Au-P(RTX). These results show that Au-NNP(RTX) has 
good stability in the blood and better accumulation in the tumor. And 
the contents of Au element in the Au-P(RTX), Au-NP(RTX) and Au-NNP 
(RTX) groups at different organs are obviously different. Au elements in 
the liver and spleen are 27.4 %ID and 17.3 %ID in the Au-NNP(RTX) 
group, 29.0 %ID and 16.3 %ID in the Au-NP(RTX) group, 12.3 %ID 
and 8.2 %ID in the Au-P(RTX) group. This indicates that NPs mainly 
accumulate in liver and spleen in the Au-NP(RTX) and Au-NNP(RTX) 
groups, while Au-P(RTX) is not only distributed in liver and spleen, 
but also in the kidney (7.3 %ID). 

Besides, the penetration in the tumor was evaluated by CLSM. Anti- 
CD31/FITC and DAPI were used to label blood vessel and nuclear, 
respectively. As shown in Fig. 6d, for Au-NP(RTX), fluorescence signals 
are mainly around the blood vessels and little is found away from blood 
vessels. For Au-P(RTX), part of fluorescence signals is found around and 

Fig. 5. In vitro penetration of Au-NP(RTX) and Au-NNP(RTX) into MCSs at pH 
7.4 and 6.8. Scale bar is 100 μm. 

Fig. 6. In vivo accumulation and penetration. a 
fluorescence imaging of CT26 tumor-bearing mice 
and b quantitive fluorescence intensity of Cy5-labeled 
Au-P(RTX), Au-NP(RTX) and Au-NNP(RTX). c %ID of 
Au-P(RTX), Au-NP(RTX) and Au-NNP(RTX) in heart, 
liver, spleen, lung, kidney and tumor. d CLSM images 
of Cy5-labeled Au-P(RTX), Au-NP(RTX) and Au-NNP 
(RTX) after penetrating into the tumor tissue for 12 
h (blue: nucleus stained by DAPI; red: Cy5 of NPs; 
green: anti-CD31FITC). *p < 0.05, **p < 0.01. Scale 
bar is 100 μm.   
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away from blood vessels. While the red fluorescent signals of Au-NNP 
(RTX) are observed both around and far away from blood vessels. 
Meanwhile, by analyzing fluorescence intensity at the distance (0–100 
μm) from the blood vessel (Fig. S17), we find that fluorescence intensity 
for Au-NP(RTX) mainly concentrates within 40 μm from the blood 
vessel. While fluorescence intensities for the Au-P(RTX) and Au-NNP 
(RTX) distribute around 0–100 μm from the blood vessel, and the in-
tensity for Au-NNP(RTX) is apparently higher than Au-P(RTX). The re-
sults demonstrate that pH-responsive Au-NNP(RTX) nanoassembly has 
good permeability in the tumor tissue. 

3.6. In vivo antitumor efficacy 

Encouraged by the in vivo accumulation and permeability, the anti-
tumor effect of Au-NNP(RTX) was evaluated. First, the result of tumor 
volume change in Fig. 7a shows that the tumor volume on the mice in 
PBS group is the highest, followed with PBS+RT, RTX and Au-NNP 
(RTX). When exposure to X-ray, the tumor volume in the Au-NNP 

(RTX) group decreases significantly and is much lower than RTX 
group, which demonstrates that Au-NNP(RTX) nanoassembly accumu-
lated at the tumor site by pH-responsive disassembly has better anti-
tumor effect than free RTX. In addition, Au-P(RTX) and Au-NP(RTX) 
were also employed to conduct chemo-radiotherapy. The result shows 
that under the X-ray irradiation, the tumor volumes in the Au-P(RTX) 
and Au-NP(RTX) groups decrease to a certain extent compared to PBS 
group, but still significantly larger than that in the Au-NNP(RTX) group. 
The ex-vivo tumor photographs after 14-day treatment in Fig. 7b is 
consistent with the tumor volume result in Fig. 7a. And the result in 
Fig. 7c shows that the tumor inhibition rate in Au-NNP(RTX) group 
exposure to X-ray reaches 95.4%, which is 24.0% higher than the same 
group without irradiation, demonstrating the radio-sensitization effect 
of Au element endows the Au-NNP(RTX) excellent radiotherapy on the 
basis of chemotherapy. Compared with RTX+RT, Au-P(RTX)+RT and 
Au-NP(RTX)+RT groups, the tumor inhibition rate of Au-NNP(RTX)+RT 
is still highest. The H&E staining pictures of the tumor sections in Fig. 7e 
show the result is consistent with the above results, indicating the 

Fig. 7. In vivo chemo-radiotherapy. a tumor volume changes in 14 days. b photographs of the excised tumors and c tumor weight after 14-day treatment. d body 
weight changes in 14 days. e representative images of H&E staining from tumor sections after 14-day treatment. *p < 0.05, **p < 0.01. Scale bar is 50 μm. 
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excellent treatment effect of Au-NNP(RTX) (IX). 
Moreover, as shown in Fig. 7d, during the treatment period, the body 

weights of BALB/c in the Au-NNP(RTX) group show no abnormal change 
compared to the one in the PBS group. And there is a small amount of 
weight loss in the RTX group, since RTX is chemical drugs, which is toxic 
to the body. Besides, blood biochemistry analysis of mice after intra-
venous injection of Au-NNP(RTX) was also studied. As shown in 
Fig. S18, all indicators of Au-NNP(RTX) with or without X-ray irradia-
tion are at normal levels, and there are no statistically significant dif-
ferences in biochemical indicators between the treated groups and 
healthy control group. These results indicate the good blood compati-
bility of Au-NNP(RTX). In addition, the H&E staining pictures in Fig. S19 
show that the Au-NNP(RTX) did not cause any significant impact on the 
main organs of the mice. These results demonstrate the biosafety of Au- 
NNP(RTX) nanoassembly. 

4. Conclusions 

In summary, we have constructed an effective tumor chemo- and 
radio-therapeutic nanoplatform based on the pH-responsive Au-NNP 
(RTX) nanoassembly. The Au-NNP(RTX) nanoassembly could disas-
semble and split into smaller ones with large amount of RTXs on the 
surface at the tumor acid environment. This strategy could substantially 
facilitate profound tissue penetration efficacy and greatly improve 
tumor targeting ability of nanomedicines. Furthermore, the Au-NNP 
(RTX) nanoassembly exhibits excellent chemo-radiotherapy efficiency. 
Together, our findings suggest that this smart and versatile pH- 
responsive nanoassembly could be a promising approach over conven-
tional therapeutic strategies in cancer therapy. 
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