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A B S T R A C T   

KRAS-TP53 co-mutation is strongly associated with poor prognosis and high malignancy in gastrointestinal 
cancers. Therefore, a novel approach to oncotherapy may lie in combination therapy targeting both KRAS and 
TP53. Herein, we present a novel self-assembled nanoparticle (HA-TPP/A) that are functionalized nano-carrier 
hyaluronic acid (HA)-TPP conjugate (HA-TPP) to degrade mutant p53 proteins (mutp53) and co-deliver 
AMG510 for treating KRAS-TP53 co-alteration of gastrointestinal cancers by inhibiting the mutant KRAS and 
mutp53 signaling pathways. The HA-TPP/A nanoparticles led to ubiquitination-dependent proteasomal degra-
dation of mutp53 by targeting damage to mitochondria. Furthermore, these nanoparticles abrogated the gain-of- 
function (GOF) phenotypes of mutp53 and increased sensitivity to AMG510-induced cell killing, thereby 
reducing cell proliferation and migration in gastrointestinal cancer with KRAS-TP53 co-mutation. The co-loaded 
HA-TPP/A nanoparticles demonstrated remarkable therapeutic efficacy in a tumor-bearing mouse model, 
particularly in KRAS-TP53 double mutant expressing cancer cells, compared with single drug and combined free 
drug groups. Notably, HA-TPP/A is the first reported nanoparticle with an ability to co-target KRAS-TP53, 
providing a promising approach for therapy in highly malignant gastrointestinal tumors and potentially 
expanding clinical indications for AMG510 targeted therapies in gastrointestinal tumors.   

1. Introduction 

Gastrointestinal cancers are the leading cause of cancer death around 
the world and represent more than one-fourth of all cancer incidence 
and one-third of cancer-related mortality [1]. Among them, colorectal 
cancer (CRC) is the third most common cause of cancer mortality 
worldwide with a 5-year survival rate of roughly 14 % in an advan-
ced/metastatic stage of the disease [2], while pancreatic ductal adeno-
carcinoma (PDAC) is a highly aggressive lethal malignancy which has 
the lowest 5-year relative survival rate of all human cancers [3,4]. The 
development and progression of these cancers are driven by the 

accumulation of “driver” mutations, such as KRAS, PIK3CA, SMAD4, and 
TP53 [5], which promote tumorigenesis and lead to tumor drug resis-
tance, recurrence, and metastasis. 

Of these mutations, KRAS is one of the most commonly mutated 
oncogenes in gastrointestinal cancers [6,7], with downstream signaling 
pathways promoting cancer progression [8,9], and has long been 
considered "undruggable" [10,11] due to its nearly spherical structure, 
lack of a deep hydrophobic pocket, and absence of an obvious binding 
site [12]. Patients with KRASG12C-mutated CRC have worse outcomes 
than patients with other KRAS mutations [7,13–15], and KRASG12C tu-
mors are associated with tumor mutational burden-high status [16]. 
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Recent clinical trials have shown promise for KRASG12C inhibitors, such 
as AMG510, in treating multiple tumors harboring this genetic mutation 
[17,18] and was first approved by the U.S. FDA for the treatment of 
adult patients with non-small cell lung cancer (NSCLC), although drug 
resistance and limited activity in gastrointestinal cancers remain a 
challenge [19,20]. Furthermore, the high resistance of AMG510 to 
monotherapy in the short term is a cause for concern [21–23]. The 
possible reason is that the clinical relevance of cancer is not only re-
flected in the frequent mutations of KRAS but also the frequent alter-
ations in other genes. In particular, KRAS-TP53 co-alteration is 
associated with cancer metastasis, worse survival and immune exclusion 
in human CRC and PDAC [24,25]. Therefore, combined treatment of 
multiple key targets may be a vital measure to overcome drug resistance. 

Mutations in TP53 are also prevalent in gastrointestinal cancers and 
can confer oncogenic gain-of-function (GOF) activities that contribute to 
poor prognosis and drug resistance [26,27]. Therefore, multiple treat-
ments for mutant p53 proteins (mutp53) targeted tumors have been 
proposed, including the transformation of mutp53 to wild-type p53 
proteins (wtp53), restoration of wtp53 expression, and elimination of 
mutp53. Of these strategies, the elimination of mutp53 is probably the 
most straightforward strategy [28–30], and various agents being re-
ported gradually in recent years, including small molecules and nano-
materials [31–34]. Unfortunately, these latest studies eliminated mutant 
p53, were unable to regulate oncogenic KRAS simultaneously, limiting 
the extensive applications in treating p53-KRAS-double-mutated PDAC. 
A large amount of evidence points out that GOF of mutp53 is closely 
related to oxidative stress [35–37], and a high level of GSH is indis-
pensable to scavenge excessive ROS and detoxify xenobiotics in cancer 
cells [38]. In our previous reports, we found that targeting mitochondria 
to regulate cell redox state and tune the ratio between intracellular 
reduced glutathione (GSH) and oxidized glutathione (GSSG) was 
essential for mutp53 glutathionylation and degradation [33,39]. 

Mitochondria is recognized as one of the most important targets for 
new drug design in cancer [40,41], and the most effective way to deliver 
drugs specifically to mitochondria is by covalent linking a lipophilic 
cation such as an alkyltriphenylphosphonium (TPP) moiety to a phar-
macophore of interest [42,43]. In recent years, nanomaterial-based 
carriers have been enormously studied for gene therapy [44]. Based 

on these considerations, we conducted innovatively a treatment strategy 
abrogated the GOF effects exerted by mutp53 and inhibited downstream 
signaling pathways regulated mutant KRAS. In this study, we investi-
gated the potential of a mitochondria-targeted functionalized 
nano-carrier hyaluronic acid (HA)-TPP conjugate (HA-TPP) to degrade 
mutp53 protein and co-deliver AMG510, and developed a novel 
self-assembled nanoparticles (HA-TPP/A) for co-targeting treatment of 
gastrointestinal cancer. By incorporating HA in HA-TPP/A improved the 
delivery of TPP and AMG510 to tumor cells with rich CD44 receptors 
[45–47]. Our findings provide a novel solution to the co-mutation of 
KRAS and TP53 and offer new insights into the development of 
dual-targeting combination therapy for gastrointestinal cancers 
(Scheme 1). 

2. Methods 

2.1. Materials 

TPP were provided by Aladdin Bio-Chem Technology Co., Ltd. 
Dibenzocyclooctyne-amine⋅TFA (DBCO-amine⋅TFA) was purchased 
from Biomatrik Inc. HA sodium salt (90 KDa) was provided by Dongyuan 
Biology Technology Co., Ltd. AMG510, Cycloheximide, CQ, MG132, 
PYR41 and 3MA were purchased from Selleck Chemicals. The sources of 
antibodies used in this experiment were as follows: Anti-p53 (Abcam, sc- 
126), anti-GAPDH (Chemicon, AB9132), K48-linkage specific poly-
ubiquitin antibody (Cell Signaling Technology, 1280S), anti-p44/42 
MAPK (ERK1/2) (Cell Signaling Technology, 4695S), anti-phospho- 
p44/42 MAPK (p-ERK1/2) (Cell Signaling Technology, 4370S), anti- 
AKT (Cell Signaling Technology, 4691S), anti-phospho-AKT S473 (Cell 
Signaling Technology, 4060S), anti-p21(Abcam, ab227443), anti-Bcl-2 
(Cell Signaling Technology, 15071), anti-Cleaved Caspase-3 (Cell 
Signaling Technology, 9661S), HRP conjugated anti-rabbit IgG (Prom-
ega, W4011), HRP-conjugated anti-mouse IgG (Promega, W4021). 

2.2. Synthesis of 3-azidopropan-1-ol 

3-bromopropan-1-ol (1.39 g, 10 mmol) was dissolved in 25 mL 
deionized water, followed by addition of sodium azide (1.95 g, 30 

Scheme 1. The schematic illustration of HA-TPP/A nanoheterojunctions with well-controlled morphology as novel dual-targeting nanoparticle and its great syn-
ergistic effects for treating KRAS-TP53 co-alteration of gastrointestinal cancers by inhibiting the mutant KRAS and mutp53 signaling pathways. 
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mmol). The mixture was stirred at 60 ◦C for 48 h. After cooling to room 
temperature, the reaction mixture was extracted with dichloromethane 
(50 mL × 3). The combined organic phase was dried over anhydrous 
magnesium sulfate and concentrated under reduced pressure to yield 3- 
bromopropan-1-ol as light yellow oil (0.91 g, yield 90 %). 1H NMR (400 
MHz, Chloroform-d) δ (ppm) = 3.76 (t, J = 6.0 Hz, 2H), 3.45 (t, J = 6.6 
Hz, 2H), 1.83 (p, J = 6.3 Hz, 2H). 13C NMR (400 MHz, Chloroform-d) δ 
(ppm) = 31.45, 49.03, 58.25. 

2.3. Synthesis of 12-hydroxydodecyl triphenylphosphonium (2a) 

12-Bromododecanol (2.65 g, 10 mmol) and triphenylphosphine 
(5.25 g, 20 mmol) were dissolved in 50 mL acetonitrile. The mixture was 
stirred at 80 ◦C for 48 h. After cooling to room temperature, the reaction 
mixture was concentrated under reduced pressure. The residue was 
recrystalized with dichloromethane and ethyl acetate to yield 2a as light 
brown viscous solid (4.53 g, yield 86 %).1H NMR (400 MHz, Chloro-
form-d) δ (ppm) = 7.91–7.65 (m, 15H), 3.84–3.72 (m, 2H), 3.62 (t, J =
6.6 Hz, 2H), 1.56 (dq, J = 27.9, 7.2, 6.7 Hz, 6H), 1.21 (d, J = 20.9 Hz, 
14H). 13C NMR (400 MHz, Chloroform-d) δ (ppm) = 135.09, 135.07, 
135.04, 134.99, 134.97, 133.76, 133.76, 133.72, 133.69, 133.67, 
133.66, 130.60, 130.57, 130.53, 130.51, 130.48, 130.45, 118.76, 
118.65, 118.19, 118.08, 62.92, 32.75, 30.44, 30.34, 30.23, 29.73, 
29.40, 29.33, 29.27, 29.17, 29.10, 28.94, 28.90, 28.81, 26.17, 25.67, 
22.96, 22.70, 22.64. HRMS (ESI): m/z (M − Br)+ calcd for C30H40OP+: 
447.2811; found: 447.2827. 

2.4. Synthesis of HA-DBCO 

Hyaluronic acid (300 mg) was dissolved in 25 mL deionized water, 
followed by addition of 1-ethyl-3-(3-dimethylaminopropyl) carbodii-
mide hydrochloride (671 mg, 3.50 mmol) and N-hydroxysuccinimide 
(403 mg, 3.50 mmol). After stirred at room temperature for 0.5 h, DBCO- 
NH2 (85 mg, 0.39 mmol) in 5 mL DMSO was added to the solution, and 
the stirred at room temperature for 24 h. The solution was then dialyzed 
against deionized water/methanol mixture (1:1, v: v) for 24 h and 
deionized water for additional 48 h, followed by freeze-dried to yield 
HA-DBCO as light yellow solid. 

2.5. Synthesis of HA-TPP 

Oxalyl chloride (1.27 g, 10.00 mmol) was dissolved in 10 mL 
anhydrous dichloromethane in the ice water bath, followed by addition 
of 3-azidopropan-1-ol (202 mg, 2 mmol). The mixture was stirred at 0 ◦C 
for 4 h. Then the mixture was evaporated to remove excess oxalic 
dichloride to obtain an intermediate. The residue was redissolved by 10 
mL anhydrous dichloromethane, followed by addition of 2a (527 mg, 1 
mmol) and triethylamine (110 mg, 1.1 mmol). After stirred at 0 ◦C 
overnight, the reaction mixture was extracted with 1 % HCl. The organic 
phase was concentrated under reduced pressure. The residue was 
recrystalized with dichloromethane and ethyl acetate to remove excess 
3-azidopropan-1-ol to yield the crude product (12-(2-(3-azidopropoxy)- 
2-oxoacetoxy)dodecyl) triphenylphosphonium (2b) as brownish-yellow 
viscous solid. 

HA-DBCO (300 mg) was dissolved in 40 mL water/dimethyl sulf-
oxide mixture (1:4, v:v), then all previously synthesized crude product 
2b in 10 mL water/dimethyl sulfoxide mixture (1:4, v:v) was dropped 
into the solution. After stirred for 48 h, the solution was dialyzed against 
deionized water/methanol mixture (1:1, v:v) for 24 h and deionized 
water for additional 48 h, followed by freeze-dried to yield HA-TPP as 
light yellow solid. 1H NMR (400 MHz, Chloroform-d) δ (ppm) = 7.67 (m, 
15H), 7.29 (m, 8H). 

2.6. Preparation and characterization of HA-TPP/A 

HA-TPP/A were prepared by single step emulsion methods [48]. In 

brief, AMG510 (1 mg) was dissolved in chloroform (2 mL), while 
n-HA-oxa-TPP (100 mg) was dissolved in saline (10 mL). The organic 
phase was dropped into the aqueous phase under sonication using a 
probe-type ultrasonicator (JY92-IIN, Scientz) for 20 min. The organic 
solvent in the emulsion was removed under a vacuum using a rotary 
evaporator (HB-10, IKA). Finally, HA-TPP/A were obtained after 
filtration through a porous membrane filter (pore size, 220 nm) to 
remove the non-encapsulated drugs. The encapsulation efficiency (EE%) 
was calculated based on the below equations: EE (%) = (W loaded 

drug)/(W total drug) × 100%. The entrapment efficiency for AMG510 was 
analyzed via Ultraviolet (UV). Drug quantification of TPP was detected 
by ICP and UV. The particle size and zeta potential of the nanoparticles 
were measured using a particle size and zeta potential analyser (Litesizer 
500, Anton paar). The morphology of the nanoparticles was character-
ized using a transmission electron microscope (TEM) conducted on 
JEM-2100F (JEOL, Japan) and scanning electron microscope (SEM). The 
stability of HA-TPP/A against serum protein was evaluated by moni-
toring the size change after incubation with bovine serum albumin (10 
mg/mL). In vitro drug release, HA-TPP/A (2 mL) were placed into a 
dialysis bag (molecular weight cut-off, 3500), which was immersed in 
the release medium (20 mL) of phosphate-buffered saline (PBS) (pH 6.5) 
under stirring at 100 rpm under 37 ◦C. To assess the ROS responsiveness 
of HA-TPP/A, different concentrations of H2O2 were added into the 
release medium. The release medium (5 mL) was sampled at pre-
determined time points, and the same volume of fresh medium was 
supplemented. The quantities of AMG510 in the release medium were 
determined using UV. 

2.7. Cell culture 

Four human CRC cell lines (SW837, HCT8, T84, DLD-1), two human 
PDAC cell lines (MIA PaCa-2, PATU-8988S), human normal liver cell 
line (LO2) and human normal colon cell line (HCoEpic) used in this 
study were purchased from ATCC. SW837, HCT8, T84, MIA PaCa-2, 
PATU-8988S, LO2 and HCoEpic were cultured in DMEM medium 
(Gibco, USA). DLD-1 was cultured in RPMI-1640 medium (Gibco, USA). 
The DMEM medium and RPMI-1640 medium both contain 10 % FBS 
(Gibco, USA) and 1 % penicillin/streptomycin (Gibco, USA). All cells 
were incubated in a cell incubator at 37 ◦C and 5 % CO2. 

2.8. Cellular uptake 

MIA PaCa-2 cells were cultured in a 6-well plate at a density of 1 ×
106 cells per well, followed by treatment with AMG510 or HA-TPP/A for 
different incubation times (2, 6, and 12 h). After treatments, the cells 
were washed three times with sterile PBS and then the cells were har-
vested and digested with chloroform. Finally the amount of AMG510 
were measured by UV–vis spectroscopy. 

2.9. Intracellular mitochondrial membrane potential detection 

JC-1 assay kit (Beyotime, China) was used to detect intracellular 
mitochondrial membrane potential. Cells were seeded in glass-bottom 
cell culture dishes (1 × 105 cells/dish) and then treated with or 
without HA-TPP/A. After 24 h of incubation, cells were treated with 10 
μM JC-1 in the dark at 37 ◦C under 5 % CO2 for 30 min. Then fluores-
cence images were obtained by fluorescence microscopy. 

2.10. Measurement of ATP activity 

An ATP Assay Kit (Beyotime, China) was used to measure the level of 
ATP in the cell. Cells were seeded in a 6-well plate, after 24 h of dosing, 
the culture medium was removed and washed gently with PBS. Then 
200 μL lysis buffer was added to each well, and the culture plate was 
repeatedly blown with a pipette or shaken to make the lysis buffer fully 
contact and lysate the cells. After lysing, centrifuged 12000g at 4 ◦C for 
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5 min, supernatant was taken for subsequent determination. Added 20 
μL supernatant to 100 μL ATP detection solution and mixed well, then 
detected by a spectrophotometer (Elx800, Biotek, Winooski, VT, USA). 
The measured value was relative luminescence unit (RLU). 

2.11. Cellular ROS detection 

The DCFH-DA Assay Kit was used for ROS detection. MIA PaCa-2 
cells were cultured at a concentration of 2 × 105 cells per well (12-well 
plates), and were incubated for 24 h. Cells were treated with HA-TPP/A 
or ROS inhibitors for 12h. The cells were then incubated at 37 ◦C for 30 
min with the DCFH-DA probe (Beyotime, China) in reduced serum 
media (Opti-MEM TM). After triple washing with PBS, results were 
detected by flow cytometry (BD, Bioscience). 

2.12. Cell proliferation assay 

Cells were seeded in the 96-well plate and cell proliferation was 
assessed by MTT (BioFroxx, Germany). After treatments, MTT was 
added to the growth medium at a ratio of 1:9 and incubated for 4 h at 
37 ◦C under 5 % CO2. Then removed the supernatant, added 150 μL 
DMSO to each well and shaked for 15 min to fully dissolve the crystals. 
The absorbance value of each well was measured at the wavelength of 
490/570 nm by a spectrophotometer (Elx800, Biotek, Winooski, VT, 
USA). 

2.13. Colony formation assay 

Cells were seeded on 6-well plates and then treated as following: (1) 
growth medium (no treatments, as control), (2) AMG510, (3) HA-TPP, 
(4) AMG510+HA-TPP, (5) HA-TPP/A. After 12 h incubation, then 
changed to new medium. After culture for another 12 days, colonies 
were fixed with methanol, stained with 0.1 % of crystal violet for 15 min 
at room temperature. The colonies were then washed with ddH2O and 
imaged. 

2.14. Wound-healing assay 

Cells were cultured in 6-well plates. When the cells grow to a state of 
fusion into a monolayer, cells were scratched gently with a p100 pipette 
tip perpendicular to the cell plane, and then cells were washed three 
times with sterile PBS to remove scattered cells and made the gaps left by 
streaking clearly visible, then replaced with fresh medium. Subse-
quently, the cells were treated as follows: (1) growth medium (no 
treatments, as control), (2) AMG510, (3) HA-TPP, (4) AMG510+HA- 
TPP, (5) HA-TPP/A for 24 h. The images of wound healing were taken by 
the confocal microscope. 

2.15. Detection of cell apoptosis 

Discrimination between apoptosis and necrosis was done by treat-
ment of cells with Annexin V-FITC and PI Apoptosis Detection Kits 
(Catalogue #C1062S, Beyotime, China). The digested cells were inocu-
lated on a six-well plate at a density of 2 × 105 cells/well, and they were 
allowed to settle overnight to be adherent. Different treatments 
including (1) growth medium (no treatments, as control), (2) AMG510, 
(3) HA-TPP, (4) AMG510+HA-TPP, (5) HA-TPP/A were allowed to 
incubate for 24 h. Cells were then collected and treated with Annexin V- 
FITC binding buffer and 5 μL of Annexin-V and 10 μL of PI dye for 15 min 
at room temperature in the dark. Next, the samples measured by flow 
cytometry. Finally, data were analyzed via FlowJo software. 

2.16. Western blotting 

The Proteins were extracted from cells using RIPA lysis buffers 
containing protease and phosphatase inhibitors. Protein quantification 

was performed using the BCA Protein Quantification Kit (Thermo Fisher 
Scientific, USA). The equal amount of protein was separated on 8 %– 
13.5 % tris-glycine gel and then transferred to nitrocellulose filter (NC) 
membranes. The membranes blocked with 5 % skim milk for 1 h at room 
temperature and then incubated primary antibody overnight at 4 ◦C. 
After incubation, the protein bands washed with TBST (TBS supple-
mented with 1 ‰ tween-20), and then incubated with appropriate sec-
ondary antibody conjugated with HRP for 1 h at room temperature. The 
protein bands washed four times with TBST for 10 min each, and imaged 
by the imaging system (Clinx Science Instruments, China). 

2.17. Immunofluorescence 

Cells were grown in coverslips, after treatments the cells were 
washed three times with PBS for 3 min each, and fixed with 4 % para-
formaldehyde for 15 min at room temperature. The coverslips were 
washed three times with PBS for 3 min each and permeabilized with 0.3 
% TritonX-100 in PBS for 15 min, and then blocked with 5 % BSA in PBS 
for 1 h. Subsequently, cells were incubated with primary antibody over 
night at 4 ◦C, washed three times with PBST (PBS supplemented with 1 
‰ tween-20) for 3 min each and incubated with corresponding sec-
ondary antibody in the dark for 2 h at room temperature. After incu-
bation, the cells washed three times with PBST for 3 min each and 
counterstained by DAPI at room temperature in the dark for 10 min. 
DAPI was then washed with PBST and imaged by the fluorescence 
microscopy. 

2.18. Real-time quantitative PCR (RT-PCR) 

Total RNA was extracted by trizol reagent (Accurate Biology, China), 
and RNA concentration was determined by NanoDrop. Then 1 μg total 
RNA was reverse-transcribed into cDNA by Evo M-MLV reverse tran-
scription kit II (Accurate Biology, China). Next, RT-PCR was performed 
according to SYBR Green Super Mix kit (Roche) instructions. Relative 
mRNA expression (fold change) was calculated using 2− ΔΔCT method. 
Primer sequences used in this study are provided in the Supplementary 
Information Table S1. Each experiment was conducted independently at 
least three times. 

2.19. In vivo animal experiments 

5 × 106 MIA PaCa-2 cells were injected subcutaneously into the right 
flank of nude mice with a mixture of 80 μL PBS and 20 μL Matrigel (BD 
Biosciences). The mice were randomly divided into 5 groups with 5 mice 
in each group. Drug therapy was initiated when the tumor volume 
reached about 100 mm3. The respective treatments were: Control (PBS), 
AMG510 (10 mg/kg), HA-TPP (10 mg/kg), A + T: AMG510 (10 mg/kg) 
plus HA-TPP (10 mg/kg), and HA-TPP/A (AMG510 10 mg/kg; HA-TPP 
10 mg/kg). Tumor-bearing nude mice were injected intravenously once 
every two days for a total of 5 times. The body weight of mice was 
measured every 2 days while the tumor volume of the mice was 
manually measured with a caliper until day 16, when all mice were 
killed and treated for further experiments. 

2.20. In vivo distribution and tumor accumulation 

All mice experiments were approved by the Animal Center of South 
China University of Technology (2019015) and complied with the 
Regulations on the Administration of Laboratory Animals of The State 
Council of the People’s Republic of China. 5 × 106 MIA PaCa-2 cells in 
PBS mixed with Matrigel (BD Biosciences) at total 100 μL were injected 
subcutaneously into the right flank of BALB/c nude mice. When the 
tumor volume reached approximately 100 mm3, HA-TPP/A was injected 
into MIA PaCa-2 tumor-bearing mice through the tail vein. Mice were 
imaged with In-Vivo Xtreme (Bruker) at different time points (0, 4, 8, 12, 
24, 36, 48, 72 h). The mice were sacrificed 24 h after injection, and the 

Y. Mei et al.                                                                                                                                                                                                                                      



Bioactive Materials 32 (2024) 277–291

281

Fig. 1. Schematic illustration and characterization of HA-TPP/A nanoparticle. A) Schematic illustration of HA-TPP/A nanoparticle. B) Fluorescence microscopy 
images of MIA PaCa-2 cells treated with HA-TPP 5 μM for 24 h. Followed by immunostaining with anti-p53 antibody and nucleus staining with DAPI. Scale bar: 20 
μm. C) Western blotting of p53 in MIA PaCa-2 cells and SW837 cells (D) after the indicated treatment by different doses of HA-TPP for 24 h. E) The TEM images of 
HA-TPP/A nanoparticle. Scale bars: 100 nm. F) FTIR spectra of raw materials and products. G) UV–Visible analysis. UV–Visible spectrum of HA-TPP, AMG510 and 
synthesized HA-TPP/A nanoparticle. H) XPS spectrum of HA-TPP/A nanoparticle. I) The hydrodynamic size of HA-TPP/A nanoparticle. J) Stability of serum proteins 
of HA-TPP/A nanoparticle. K) The zeta potential of HA-TPP/A nanoparticle. L) Release profiles of AMG510 from HA-TPP/A nanoparticle in PBS (pH 6.5) after 
incubation with different concentrations of H2O2. Data are represented as means ± SD (n = 3). 
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tumor tissues were harvested, then these organs (heart, liver, spleen, 
lung, kidney) and tumor were fluorescently imaged with In-Vivo 
Xtreme. 

2.21. Toxicity study 

After treatment, orbital blood of nude mice was collected and the 
following indexes were measured by an Automatic Biochemical 
Analyzer (3100, Hitachi, Japan): ALT, AST, UREA and CRE. Histological 
changes of the major organs (including heart, liver, spleen, lung, kidney, 
etc.) of the treated mice were analyzed. The major organs were fixed 
with 4 % paraformaldehyde, embedded in paraffin, sliced into 5 μm 
sections and stained with H&E. 

2.22. Immunohistochemistry 

For the immunohistochemistry assays, the tumor was excised and 
fixed in 4 % paraformaldehyde, embedded in paraffin, and sectioned. 
Paraffin-embedded tissue sections were dewaxed by xylene and dehy-
drated by graded ethanol. The cells were incubated with anti-p53 anti-
body and p-ERK, and the nuclei were stained with hematoxylin. 
Immunohistochemical images of p53 and p-ERK were captured in Nikon 
Ti microscope. 

2.23. Statistical analysis 

All experiments were performed in triplicate, the obtained data were 
analyzed using GraphPad Prism (version 8.0) software and show as the 
mean ± standard deviation (SD). The results from all experiments were 
analyzed statistically by the two-tailed Student’s t -test, where *p <
0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 were reflected as 
statistically significant. 

3. Results and discussion 

3.1. Preparation and characterization of HA-TPP/A 

HA-TPP was synthesized using a combination of HA, DBCO-NH2, 
oxalyl chloride, and (12-(2-(3-azidopropoxy)-2-oxoacetoxy)-dodecyl)- 
TPP (Fig. 1A, Scheme S1). The successful synthesis of HA-TPP was 
confirmed by 1H NMR, 13C NMR and MS of the reaction intermediates 
and the HA-TPP compound, as depicted in Figs. S1–7. We tested the 
ability of HA-TPP compound to degrade mutp53 protein. Immunofluo-
rescence staining has shown that HA-TPP treatment reduced mutp53 
protein levels in MIA PaCa-2 cells (p53R248W), revealing diminished 
fluorescence throughout the cell and particularly in the nucleus (Fig. 1B, 
Fig. S8). Consistent with this result, western blotting showed that HA- 
TPP significantly reduced mutp53 levels and these reduction effects 
were dose-dependent, with significant degradation starting to be 
observed at 1.25 μM and near-maximal degradation at 10 μM for 24 h 
treatment in MIA PaCa-2 cells (p53R248W) (Fig. 1C). Similar results were 
obtained in the SW837 cells (p53R248W) (Fig. 1D). Subsequently, we 
further explored whether the combination of HA-TPP, after clearing 
mutated p53 protein in tumor cells, with the first KRAS inhibitor 
AMG510 could have a synergistic killing effect on KRAS/TP53 co- 
mutated digestive tract tumor cells. As shown in Fig. S9, in MIA PaCa- 
2 (KRASG12C/TP53R248W) cells, when the concentration of HA-TPP was 
fixed at 2.5 μM, it had a significant synergistic killing effect with the 
concentration of AMG510 at 12.5 nM, 25 nM and 50 nM. Consistent with 
this result, a fixed concentration of AMG510 also had a significant 
synergistic killing effect with the different concentration of HA-TPP 
(Fig. S10) for MIA PaCa-2 cells. Therefore, the molar ratio of TPP: 
AMG510 was determined to be 100:1 based on cytotoxicity results ob-
tained from MIA PaCa-2 cells. Notably, this ratio can be easily adjusted 
as per the specific requirements. Whereupon, the HA-TPP/A nano-
particles were prepared using a single-step emulsification method. 

Morphology of HA-TPP/A was examined using TEM (Fig. 1E) and 
SEM (Fig. S11), which indicated that the nanoparticles have a relatively 
homogeneous spheroid shape. The chemical structure of the HA-TPP/A 
nanoparticles further verified by the FTIR spectrum (Fig. 1F). The 
characteristic peaks of AMG510 appear at 1578 cm− 1, which is attrib-
uted to C––N stretching vibration. The characteristic peaks of TPP 
appear at 1150 cm− 1, which is attributed to P–O stretching vibration. 
Also appearing of a characteristic peak in 1643 cm− 1 to HA-TPP 
attributed to CO–NH amidation reaction. Another distinctive signal 
appeared at 3445 cm-1 related to the bending vibration of –NH2 and OH 
groups to the HA. All characteristic bands of HA-TPP/A at 1578, 1150, 
1643, 3445 cm− 1 represent the stretching vibration of C––N, P–O, 
CO–NH bonds, and the bending vibration of NH and OH, respectively, 
appeared in the AMG510 and HA-TPP spectrum that demonstrated the 
presence of AMG510 and TPP into HA-TPP/A. The thermal behavior of 
HA-TPP/A was assessed and the results presented in Fig. S12. According 
to the results, a significant weight loss of 55% for raw HA-TPP/A was 
observed in the temperature range of 204◦C–463 ◦C, indicating the 
decomposition of the HA-TPP matrix. A weight loss of ~25 % in the 
temperature range of 450◦C–573 ◦C is mainly attributed to the AMG510 
and DBCO benzene decomposition. The TGA curve of HA-TPP/A showed 
~11 % weight loss from 40 to 110 ◦C, assigning to the evaporation of 
adsorbed water. The UV Absorption Spectra confirmed the successful 
loading of AMG510 by HA-TPP (Fig. 1G). The peak wavelengths of TPP 
and AMG510 were approximately 270 nm and 350 nm (or 260 nm) 
respectively, and the HA-TPP/A exhibited two absorption peaks at 260 
nm and 245 nm, which indicating the AMG510 was effectively wrapped 
in HA-TPP. We used UV absorption spectra to evaluate the concentra-
tions of HA-TPP/A. AMG510 and HA-TPP concentrations were calcu-
lated according to the standard curve (Figs. S13 and S14). The 
concentration of HA-TPP was 1.25 mg/mL in HA-TPP sample, and 
AMG510 was 12.5 μg/mL in AMG510 sample. The concentrations of HA- 
TPP and AMG510 were 2.16 mg/mL and 38.42 μg/mL in HA-TPP/A 
sample, respectively. The red shift phenomenon could be attributed to 
the molecular formulation change after self-assembling process. The 
encapsulation efficiency (EE of AMG510) was 80 % (Table S2). The XPS 
analyses performed and indicated that the spectrum is dominated by 
HA-TPP/A excitations arising from carbon, oxygen, oxygen, nitrogen, 
fluorine (AMG510) and phosphorus (TPP) (Fig. 1H). The hydrodynamic 
diameter of the HA-TPP/A nanoparticles was determined to be 128 nm, 
with a PDI value of 0.08, using dynamic light scattering (DLS) on the 
Anton Paar Litesizer 500 Particle Analyzer (Anton Paar Corporation, 
Austria) (Fig. 1I, Table S2). The dimensional stability of the nano-
particles in different buffers was evaluated by monitoring their diameter 
for a week, and no significant differences were observed (Fig. 1J). The 
zeta potential of the HA-TPP/A nanoparticles was negative, as deter-
mined by the Anton Paar Litesizer 500 Particle Analyzer (Fig. 1K, 
Table S2). Furthermore, the ability of the HA-TPP/A nanoparticles to 
release AMG510 in response to changes in the ROS level was evaluated. 
The results showed that an increase in the hydrogen peroxide (H2O2) 
level led to a concomitant rise in the release rate of AMG510 (Fig. 1L). 
This observation was attributed to the ROS-triggered breakage of the 
diester oxalate bond. Taken together, these results suggested that the 
HA-TPP/A nanoparticles were successfully synthesized and modified, 
and are suitable for further investigation as a targeted drug delivery 
system. 

3.2. Targeting mitochondria induced mitochondrial damage to degrade 
mutp53 proteins by HA-TPP/A 

The mutp53 protein is known to exhibit oxidative stress as a typical 
GOF phenotype. Our previous studies have revealed that the cellular 
redox homeostatic state plays a crucial role in the stability of mutp53, 
and a high GSH:GSSG ratio stabilizes mutp53 [33]. Since mitochondria 
are major players in the production and clearance of ROS, damaged 
mitochondria lead to a large accumulation of intracellular ROS and 
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Fig. 2. Targeting mitochondria induced mitochondrial damage to degrade mutp53 by treatment with HA-TPP/A. A) Fluorescence microscopy images of MIA PaCa-2 
cells treated with HA-TPP/A 5 μM (AMG510 50 nM; HA-TPP 5 μM) for 0 h or 12 h and then stained for mitochondria (green, mitotracker). Scale bar: 100 μm. B) MMP 
was measured by JC-1 under a fluorescence microscopy and representative images are displayed. Scale bar: 50 μm. C) MIA PaCa-2 cells were treated with different 
concentrations of HA-TPP/A, and ATP levels were detected using a firefly luciferase-based ATP assay kit. Data are represented as means ± SD (n = 3). D) Intracellular 
AMG510 concentration of MIA PaCa-2 cells after incubation with various groups at 2, 6 or 12 h. E) Fluorescence microscopy images of SW837 cells after the indicated 
treatment for 24 h. Dosing: AMG510 (50 nM), HA-TPP (5 μM), A + T (AMG510 50 nM plus HA-TPP 5 μM), HA-TPP/A (5 μM). Followed by immunostaining with anti- 
p53 antibody, anti-p-ERK antibody and nucleus staining with DAPI. Scale bar: 20 μm. F) Quantified results of p53 and p-ERK (G) levels. Data are represented as means 
± SD (n = 3). H) Western blotting of p53, p-ERK and p-AKT proteins in SW837 cells after the indicated treatment for 24 h. Dosing: AMG510 (50 nM), HA-TPP (5 μM), 
A + T (AMG510 50 nM plus HA-TPP 5 μM), HA-TPP/A (5 μM). I) Western blotting of p53 and p-ERK in MIA PaCa-2 cells after the indicated treatment by different 
doses of HA-TPP/A for 24 h. J) Western blotting of p53 and p-ERK in SW837 cells after the indicated treatment by different doses of HA-TPP/A for 24 h. (**p < 0.01, 
***p < 0.001 and ****p < 0.0001). 
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eventually cell death. Therefore, we have developed a HA-TPP/A 
nanoparticle that can target mitochondria to modulate cellular redox 
levels. The analysis of fluorescent microscope revealed the 
co-localization of Cy5.5-HA-TPP/A (red) and mitochondria (green), 
verifying HA-TPP/A accumulated in mitochondria (Fig. 2A, Fig. S15). 
While JC-1 staining, a common dye used for assessing mitochondrial 
membrane potential (MMP), has confirmed that it triggers the loss of 
mitochondrial integrity, as a significant decrease in fluorescence ratio 
(red/green) after HA-TPP/A treatment (Fig. 2B). Consistent with this 
result, HA-TPP/A treatment also decreased the intracellular ATP level 
(Fig. 2C), suggesting the mitochondrial damage ability of HA-TPP/A 
nanoparticle. Cell uptake experiment was performed via various treat-
ments (free AMG510 and HA-TPP/A), and the results (Fig. 2D) showed 
that compared with free AMG510, the content of AMG510 entering 
cancer cells in NPs was enhanced. By incorporating HA in HA-TPP/A 
improved the delivery of TPP and AMG510 to tumor cells with rich 
CD44 receptors. 

We have also evaluated the ability of HA-TPP/A nanoparticle to 
degrade mutp53 protein and inhibit mutant KRAS downstream signaling 
pathways. Immunofluorescence staining revealed that HA-TPP/A 
treatment reduced mutp53 protein levels in SW837 cells (KRASG12C 

and p53R248W), revealing diminished fluorescence throughout the cell 
and particularly in the nucleus (Fig. 2E). This reduction in mutp53 

protein level was due to HA-TPP rather than AMG510, as demonstrated 
by minimal change in mutp53 protein fluorescence after AMG510 
treatment (Fig. 2F). Additionally, the key KRAS downstream pathway 
effector protein p-ERK [49] was also decreased by HA-TPP/A or 
AMG510 treatment (Fig. 2G). Importantly, the reduction effects of 
mutp53 and p-ERK were more pronounced after HA-TPP/A treatment 
than co-treatment with HA-TPP and AMG510, demonstrating the su-
periority of the co-delivery system over combined treatment. The su-
perior capacity of NPs to inhibit p53 and p-ERK might mainly be related 
to more AMG510 entering the cells. Consistent with this result, western 
blotting showed that HA-TPP/A significantly reduced mutp53, p-ERK 
and p-AKT levels in the SW837 cell line, and these reduction effects were 
much better than those observed in the group of two drugs combined 
treatment (Fig. 2H). The mutp53 and p-ERK reducing effect by 
HA-TPP/A was both dose- and time-dependent, with significant degra-
dation starting to be observed at 1.25 μM and near-maximal degradation 
at 5 μM for 24 h treatment in MIA PaCa-2 cells (Fig. 2I, Fig. S16). Similar 
results were obtained in the SW837 cell line (Fig. 2J, Fig. S17). Taken 
together, these results suggested that the HA-TPP/A nanoparticle is a 
promising strategy for the treatment of cancer patients with KRAS mu-
tation and mutp53 protein expression. 

Fig. 3. HA-TPP/A elicited ubiquitination-dependent proteasomal degradation of mutp53. A) Western blotting of p53 in DLD-1 (p53S241F) cells after the indicated 
treatment by different doses of HA-TPP/A for 24 h. B) Western blotting of p53 in T84 (wtp53) cells after the indicated treatment by different doses of HA-TPP/A for 
24 h. C) Relative p53 mRNA level in SW837 cells treated with or without HA-TPP/A (5 μM) for 24 h, analyzed by RT-PCR. The values of the HA-TPP/A group were 
normalized against these of the control group. Data are represented as means ± SD (n = 3) (ns: no significance). D) Western blotting of p53 in MIA PaCa-2 cells 
treated with cycloheximide (CHX, 20 μM) either in the absence or presence of HA-TPP/A (5 μM). E) Western blotting of p53 in SW837 cells after the indicated 
treatment for 24 h. Dosing: HA-TPP/A, 5 μM; MG132, 5 μM; CQ, 50 μM; 3MA, 50 mM. F) Whole cell extract was immunoprecipitated with anti-p53 antibody and then 
immunoblotted with anti-K48-Ub antibody. The lower panel showed the Western blotting of p53 in SW837 cells. G) Western blotting of p53 in SW837 cells after the 
indicated treatment for 24 h. Dosing: HA-TPP/A, 5 μM; PYR41, 5 μM. H) Flow cytometric analysis for intracellular ROS was detected by DCFH-DA after different 
treatments for 12 h in MIA PaCa-2 cells. Dosing: HA-TPP/A (5 μM); NAC, 500 μM. I) Western blotting of p53 in SW837 cells after the indicated treatment for 24 h. 
Dosing: HA-TPP/A (5 μM); GSH, 2 mM; NAC, 500 μM; VAS2870 (VAS), 20 μM. 
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Fig. 4. Abrogation of mutp53 protein conferred GOF phenotypes and co-targeting effects in vitro. A) Relative mRNA level of mutp53 downstream pathway in MIA 
PaCa-2 (p53R248W) cells treated with or without HA-TPP/A (5 μM) for 24 h, analyzed by RT-PCR. The values of the HA-TPP/A group were normalized against these of 
the control group. B) Cytotoxicity tests of the normal intestinal epithelial cells (HCoEpiC), normal hepatocytes (LO2), wtp53 CRC cell (T84), mutp53 cells MIA PaCa-2 
(p53R248W) and SW837 (p53R248W) after the indicated treatment for 24 h by HA-TPP/A. Data are represented as means ± SD (n = 3). C) Cytotoxicity tests after 24 h 
by treatment of HA-TPP/A 10 μM (AMG510 100 nM; HA-TPP 10 μM) in HCoEpiC, LO2, T84, MIA PaCa-2 and SW837 cells. D) Cell viability on MIA PaCa-2 cells after 
the indicated treatment for 24 h by AMG510, HA-TPP, A + T (AMG510 plus HA-TPP) and HA-TPP/A. Data are represented as means ± SD (n = 3). E) Viability of MIA 
PaCa-2 cells after the indicated treatment for 24h. Dosing: AMG510 (100 nM), HA-TPP (10 μM), A + T (AMG510 100 nM plus HA-TPP 10 μM), HA-TPP/A (10 μM). F) 
Clonal formation assay of control MIA PaCa-2 and SW837 cells and after treatment with AMG510, HA-TPP, AMG510+HA-TPP, HA-TPP/A for 12 d at the indicated 
condition. Dosing: AMG510 (10 nM), HA-TPP (1 μM), A + T (AMG510 10 nM plus HA-TPP 1 μM), HA-TPP/A 1 μM (AMG510 10 nM; HA-TPP 1 μM). G) Cell migration 
inhibition of MIA PaCa-2 cells after the indicated treatment for 24 h. Dosing: AMG510 (100 nM), HA-TPP (10 μM), A + T (AMG510 100 nM plus HA-TPP 10 μM), HA- 
TPP/A (10 μM). Data are represented as means ± SD (n = 3). H) Flow cytometric analysis of cell apoptosis of MIA PaCa-2 cells after different treatments for 24 h. 
Dosing: AMG510 (100 nM), HA-TPP (10 μM), A + T (AMG510 100 nM plus HA-TPP 10 μM), HA-TPP/A (10 μM). (*p < 0.05 , ***p < 0.001 and ****p < 0.0001). 
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Fig. 5. In vivo antitumor effects and pathological mechanism of HA-TPP/A. A) In vivo fluorescence biodistribution of Cy5.5-labeled HA-TPP/A post-injection in MIA 
PaCa-2 tumor-bearing nude mice. B) Ex vivo fluorescence distribution in tumor and major organs of Cy5.5-labeled HA-TPP/A 24 h post-injection in MIA PaCa-2 
tumor-bearing nude mice (H: Heart, LI: Liver, S: Spleen, LU: Lung, K: Kidney, T: Tumor). C) Tumor-volume curves of nude mice treated with various treatments. 
D) Tumor-weight and picture of the tumors (E) collected from mice after various treatments. F) Immunohistochemical staining of p53, Bcl-2, p21, Caspase-3, p-ERK 
and p-AKT of tumors in different groups. Scale bar: 100 μm. Data are represented as means ± SD (n = 5). G) Quantitative analysis of immunohistochemical staining of 
p53, Bcl-2 (H), p21 (I), Caspase-3 (J), p-ERK (K) and p-AKT (L) of tumors in different groups. (*p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001). 
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3.3. HA-TPP/A elicited ubiquitination-dependent proteasomal 
degradation of mutp53 

To further understand the molecular mechanism of the decrease of 
mutp53 caused by HA-TPP/A. We first assessed the potential mutp53- 
targeting effect of HA-TPP/A to degrade different mutp53. We con-
ducted western blotting in the CRC DLD-1 and PDAC PATU-8988S cells, 
which harbored S241F and R282W mutation in the TP53 gene, respec-
tively. HA-TPP/A significantly reduced mutp53 level in DLD-1 cells 
(Fig. 3A) and PATU-8988S cells (Fig. S18). These findings indicate that 
HA-TPP/A has the capacity to induce wide-spectrum degradation, to the 
various extent, in different hot-spot mutations p53. In contrast to 
mutp53, the level of wtp53 protein in the two CRC cell lines we tested, 
T84 (Fig. 3B) and HCT8 (Fig. S19), were not affected by HA-TPP/A, 
indicating that HA-TPP/A induced selective degradation of mutp53. 
To understand how HA-TPP/A elicit mutp53 degradation, we performed 
RT-PCR to determine whether the decrease in mutp53 levels was in 
response to downregulated TP53 expression in these cells. The result 
showed that HA-TPP/A did not alter transcription of the mutated TP53 
gene (Fig. 3C). Further investigations revealed that HA-TPP/A enhanced 
the depletion of p53R248W (Fig. 3D, Fig. S20), resulting in post- 
transcriptional mutp53 depletion. We examined two major protein- 
degradation pathways in eukaryotic cells, the ubiquitin-proteasome 
system (UPS) and autophagy-lysosome pathway (ALP) [50,51], and 
found that the ALP was not mediated in HA-TPP/A-induced mutp53 
degradation. In contrast, the UPS pathway was critical in the 
HA-TPP/A-induced degradation of mutp53, as treatment with MG132 
completely abrogated the mutp53-degrading activity of HA-TPP/A in 
SW837 cells (Fig. 3E). Similar results were obtained in the MIA PaCa-2 
cells (Fig. S21). Furthermore, ubiquitination of mutp53 proteins were 
increased by HA-TPP/A treatment, and a further enhance in ubiquiti-
nated mutp53 protein levels induced by MG132 (Fig. 3F, Fig. S22). 
PYR41, a protein ubiquitination inhibitor [52], reversed the 
mutp53-degrading activity of HA-TPP/A (Fig. 3G, Fig. S23). Therefore, 
our results indicated that HA-TPP/A can target and damage mitochon-
dria, leading to the degradation of mutp53 proteins via the UPS 
pathway. In order to further burrow into the molecular mechanism of 
HA-TPP/A inducing mutp53 degradation, we evaluated the possible role 
of ROS. Intracellular ROS was detected by DCFH-DA probes and 
analyzed by flow cytometry (Fig. 3H, Fig. S24). The results showed that 
the level of intracellular ROS of HA-TPP/A-treated MIA PaCa-2 cells was 
markedly increased, while intracellular ROS decreased significantly 
after treatment with ROS inhibitors (GSH, NAC and VAS), which sug-
gested that the level of intracellular ROS increase mediated by HA-TPP is 
reversible. To further explore whether ROS increase abnormally affects 
p53 expression. HA-TPP/A was co-treated with various ROS inhibitors, 
and the results showed that all these inhibitors could inhibit the 
degradation of mutp53 induced by HA-TPP/A (Fig. 3I, Fig. S25), indi-
cating that HA-TPP/A elicited degradation of mutp53 dependent on 
targeting mitochondria damage induced disorder of intracellular redox 
equilibrium. 

3.4. Abrogation of mutp53 protein conferred GOF phenotypes and dual- 
targeting effects in vitro 

In addition to inhibition of wtp53 activities by mutp53, compelling 
evidence demonstrates that mutp53 proteins have novel GOF activities 
that contribute to tumorigenesis and metastasis [53]. One mechanism of 
mutp53 GOF involves the interaction with other transcription factors to 
upregulate genes promoting tumorigenesis, metastasis, and drug resis-
tance. To validate this, RT-PCR experiments were performed on 
gastrointestinal cancers cell line to determine the effect of 
HA-TPP/A-mediated mutp53 degradation on downstream transcription 
factors including the apoptosis-regulating family genes Bcl-2 [54], p21 
and Caspase-3 [55]. The results indicated that HA-TPP/A treatment 
reduced Bcl-2 mRNA expression, and increased p21 and Caspase-3 

mRNA expression in MIA PaCa-2 (p53R248W) cells (Fig. 4A). Similar 
results were obtained in SW837 (p53R248W) cells (Fig. S26). These re-
sults suggesting that the GOF effect of mutp53 was abolished by the 
degradation of mutp53. Further experiments revealed that HA-TPP/A 
treatment exhibited specific killing effects on p53 mutant cells, 
including MIA PaCa-2 (p53R248W) and SW837 (p53R248W), while having 
only weak effects on wtp53 CRC cells T84, normal intestinal epithelial 
cells HCoEpiC, and normal hepatocytes LO2 (Fig. 4B and C). Considering 
the co-alteration of KRAS-TP53 predicts a poor prognosis and triggers 
metastasis in CRC patients, novel bi-target therapeutic strategies are 
necessary to treat co-mutations and evaluate anti-proliferation and 
anti-metastasis activities. In an MTT assay, all drug formulations showed 
concentration dependent cytotoxicity in MIA PaCa-2 (Fig. 4D) and 
SW837 (Fig. S27), while combined drug formulations of HA-TPP and 
AMG510 exhibited enhanced cytotoxicity, demonstrating strong syner-
gistic effects in killing MIA PaCa-2 (Fig. 4E) and SW837 cells (Fig. S28). 
Based on the preliminary cytotoxicity results of HA-TPP and AMG510, 
the most obvious synergistic killing effect of the ratio of HA-TPP: 
AMG510 was 100:1. Next, we calculated the combination index by 
Compusyn to vary the concentrations of HA-TPP and AMG510 used in 
the two-drug combinations. Ratio validation using viability assays of 
two-drug at HA-TPP and AMG510 were performed in MIA PaCa-2 cells 
to confirm that the selected ratios were synergistic. And the results 
(Fig. S29) showed that between HA-TPP and AMG510 has the syner-
gistic effects. In addition, HA-TPP/A nanoparticles showed higher 
cytotoxicity, possibly due to increased drug uptake via endocytosis in 
gastrointestinal cancer cells. Consistent with this result, a colony for-
mation assay demonstrated that AMG510 and HA-TPP combined treat-
ment reduced colony formation compare with the single drug treatment 
with either of the two drugs, and a higher reduction in the group of the 
HA-TPP/A nanoparticle (Fig. 4F). To evaluate the anti-migration effects 
of various drug formulations, a wound healing assay was performed. As 
shown in Fig. 4G, various drug formulations showed different degrees of 
inhibition in MIA PaCa-2 cells. Compared with single drug groups, 
combined drug group exhibited stronger antimigration efficiency, 
indicating that the co-altered KRAS-TP53 might play a vital role in 
gastrointestinal tumor migration and the combination therapy enhanced 
inhibition of tumor cells migration. Compared with HA-TPP and 
AMG510 combined treatment group, the results in the co-loaded 
HA-TPP/A nanoparticles showed larger wound width, resulting in 
tumor cell migration inhibition, in a manner consistent with cytotoxicity 
assays. Next, the therapeutic effects of different treatment groups were 
analyzed through flow cytometry. As shown in the apoptosis chart 
(Fig. 4H), compared with the control group, the apoptosis rate of 
HA-TPP/A reached the highest level of 59.6 %, which was about 4.6 
times and 2.7 times that of the free AMG510 and HA-TPP group. These 
results suggest that a double targeting therapy for KRAS-TP53 
co-mutation will be essential, as a one-p53-drug-fits-all approach is 
bound to fail [56]. Therefore, combination therapy may simultaneously 
suppress the proliferation, migration and promote apoptosis of tumor 
cells with co-altered KRAS-TP53. 

3.5. HA-TPP/A dual-targeting oncogenic mutant KRAS and mutp53 
inhibited tumor growth in vivo 

The in vivo and ex vivo fluorescence biodistribution of Cy5.5-HA- 
TPP/A on MIA PaCa-2 tumor-bearing mice. And the tumoral fluores-
cence intensity gradually increased from 8 h and well maintained up to 
72 h after by tail vein injections (Fig. 5A). The ex vivo images, including 
the excised major organs (heart, liver, spleen, lung and kidney) and 
tumor of mice, showed that the nanoparticles mainly located in tumor 
(Fig. 5B), suggesting the good tumor-specific accumulation of HA-TPP/ 
A attributed to an enhanced permeability and retention (EPR) [57] ef-
fect and HA-CD44 recognition in tumor sites [58–60]. Based on the in 
vivo distribution results, HA-TPP/A was achieved effective enrichment 
in tumor areas. Finally, the tumor inhibition ability of HA-TPP/A in vivo 
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Fig. 6. In vivo biological safety assessment of HA-TPP/A. A) H&E staining and TUNEL analysis of tumors in different groups. Scale bar: 100 μm. B) Body-weight 
curves of nude mice treated with various treatments. C) Serum ALT, AST (D), CRE (E) and UREA (F) tested of nude mice received different treatments. G) H&E 
staining in major organs of mice receiving different treatments. Scale bar: 100 μm. Data are represented as means ± SD (n = 5). 
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was investigated. When the tumor volume grew to about 100 mm3, MIA 
PaCa-2 tumor-bearing mice were randomly divided into five groups. The 
respective treatments were: Control (PBS), AMG510 (10 mg/kg), 
HA-TPP (10 mg/kg), A + T: AMG510 (10 mg/kg) plus HA-TPP (10 
mg/kg), and HA-TPP/A (AMG510 10 mg/kg; HA-TPP 10 mg/kg). 
Tumor-bearing nude mice were injected intravenously once every two 
days for a total of 5 times. The tumor volumes in various treatment 
groups were recorded every 2 days. On day 16 post-treatment, either the 
group of AMG510 or HA-TPP monotherapy regimens showed a mild 
tumor suppression efficacy compared with the control group. By com-
parison, AMG510 and HA-TPP combination therapy greatly improved 
the treatment outcome, substantiating the synergistic antitumor effect. 
Besides, the group of the HA-TPP/A group had the best tumor growth 
inhibition ability, indicating the excellent antitumor effect (Fig. 5C), as 
revealed by excised tumor weight (Fig. 5D and E). As shown in Fig. 5F, 
immunohistochemical detection revealed that the expression level of 
mutp53 protein (Fig. 5G) and Bcl-2 protein (Fig. 5H) were 
down-regulated, with up-regulated of p21 (Fig. 5I) and Caspase-3 pro-
tein (Fig. 5J) within the tumor tissue of mice in these treatment groups 
containing HA-TPP. The expression level of p-ERK protein (Fig. 5K) and 
p-AKT protein (Fig. 5L) were down-regulated within the tumor tissue of 
mice in these treatment groups containing AMG510. These results 
indicated that HA-TPP/A nanoparticles have powerful tumor targeting 
drug delivery capabilities and contribute to reinforcing the combination 
effects on inhibiting tumor growth in vivo of tumor-bearing mice. KRAS 
and TP53 are the "star molecules" in tumor genes, and RAS and p53 
proteins are two "unpharmaceutical" "notorious" targets. There is 
increasing evidence that simultaneous mutation of p53 and KRAS pro-
teins has synergistic cancer-promoting consequences. For example, 
mutant p53 can increase KRAS activity in pancreatic cancer by regu-
lating RNA splicing [61]. KRAS mutants activate a transcription factor 
called CREB1, which can directly interact with mutant p53, resulting in 
abnormal expression of multiple genes [62]. The up-regulation of 
FOXA1, a transcription factor that promotes cancer metastasis, activates 
the Wnt/β-catenin signaling pathway and promotes tumor metastasis. 
Although the specific regulatory relationship between KRAS and p53 is 
still unclear, combined with existing studies, our investigated the po-
tential of a mitochondria-targeted functionalized nano-carrier HA-TPP 
to co-deliver AMG510 as the double targeting therapeutic strategy, by 
inhibiting the mutant KRAS and mutp53 signaling pathways providing a 
promising approach for therapy in highly malignant tumors with 
KRAS-TP53 co-mutation and potentially expanding clinical indications 
for AMG510 targeted therapies in gastrointestinal tumors. 

3.6. Biosafety evaluation of HA-TPP/A in vivo 

Consistent with the therapeutic efficacy of HA-TPP/A, TUNEL 
staining and quantities of the apoptotic cells by square patterns 
demonstrated that apoptosis was lesser elevated in the group of AMG510 
or HA-TPP, AMG510 and HA-TPP combination therapy greatly 
increased apoptosis in the cells within the tumor tissue (Fig. 6A). To 
further evaluate the biological safety of HA-TPP/A, the mice body 
weight in all groups shows no significant change after 16 days treatment, 
indicating no severe acute toxicity of HA-TPP/A (Fig. 6B). The H&E 
analysis of major organs (heart, liver, spleen, lung and kidney) and 
blood biochemical indexes analysis, including serum aminotransferase 
(ALT), aspartate aminotransferase (AST), creatinine (CRE), and blood 
urea nitrogen (UREA) were also performed after the treatment course. 
There were no significantly blood biochemical indexes abnormal 
(Fig. 6C–F) and pathological change in major organs of mice receiving 
different treatments (Fig. 6G). These results indicated that HA-TPP/A 
nanoparticles displayed a good biosafety profile and thus gained a pre-
liminary indication for the potential clinical translation. 

4. Conclusion 

In summary, we reported on the development of a novel nano-
material, HA-TPP/A, capable of inducing apoptosis in tumor cells 
through mitochondrial damage and disruption of intracellular redox 
equilibrium, resulting in the degradation of mutp53 proteins via the UPS 
pathway. Notably, this is the first reported KRAS-TP53 co-mutation 
systematic nanomaterial that exhibits potent targeting ability against 
highly malignant gastrointestinal tumors. These findings demonstrate 
the potential clinical applications of HA-TPP/A in the treatment of 
KRAS-TP53 comutant tumors and suggest a new avenue for the use of 
AMG510 targeted therapies in gastrointestinal tumors. 

Admittedly, as the world’s first FDA-approved tumor therapy drug 
targeting KRAS mutation, AMG510 is currently only used in adult pa-
tients with KRASG12C mutation. However, KRAS has multiple site 
mutations, resulting in limited clinical application of AMG510. There-
fore, the major limitation of HA-TPP/A nanoparticles is also only for the 
tumors with TP53 and KRASG12C co-mutations. What also deserves 
expecting is that HA-TPP/A-mediated degradation of mutant p53 has 
the potential to recoup the current defects in mutant KRAS treatment, 
and this is also our future research. 
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