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Introduction
It is widely acknowledged that TP53 is a transcription 
factor that triggers growth inhibitory and apoptotic 
responses to a wide range of insults, including DNA 
damage, stress, and oncogene activation [1]. Induc-
tion of cell-cycle arrest, apoptosis, and senescence are 
among the earliest discovered functions of TP53, effec-
tively counteracting the rapid proliferation of cancer 
cells and contributing to tumor suppression. However, 
the TP53 is lost or mutated in approximately half of 
human cancers, which results in promote tumor prolif-
eration, invasion, and drug resistance [2]. Owing to the 
vital role of TP53 function during tumorigenesis in sup-
pressing the emergence of incipient tumors, TP53 was 
widely acknowledged as ‘‘Guardian of the genome’’ [3]. 
The TP53 is frequently altered in various cancers, which 
was observed to occur in approximately more than 30% 
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Abstract
The p53 tumor suppressor gene, a master regulator of diverse cellular pathways, is frequently altered in various 
cancers. Loss of function in tumor suppressor genes is commonly associated with the onset/progression of cancer 
and treatment resistance. Currently, approaches for restoration of TP53 expression, including small molecules and 
DNA therapies, have yielded progressive success, but each has formidable drawbacks. Here, we introduced an 
endogenous nanoplatform to effectively deliver the TP53 protein. Briefly speaking, the endogenous TP53 proteins 
were fused by the Lamp2b and loaded into extracellular vesicles-based nanoparticles, which could markedly 
restore the TP53 expression in natural TP53-deficient ovarian cancer (OCs) and subsequently inhibit cell proliferation 
as well as induce cell apoptosis. Moreover, a well-known biotin streptavidin binding strategy was used to confer 
the nanoplatform targeting ability. Since mesothelin (MSLN) expressed highly in ovarian cancer, the anti-MSLN 
nanoplatform were engineered to deliver TP53 proteins to MSLN ovarian cancer and exert the anti-tumor ability. 
Our findings indicated that restoration of tumor suppressors by the targeting nanoplatform could be promising 
nanotechnology approaches for potential ovarian cancer treatment.
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of hepatocellular carcinomas (HCCs) cases and in more 
than 40% of ovarian cancer (OCs) [4] cases, as well as in 
more than 90% high-grade serous OC cases [5]. Recently, 
increasing studies has developed multiple strategies 
for targeting dysfunctional TP53 in cancer treatment 
[6–8]. Thus, the restoration of TP53 function is becom-
ing an attractive and promising tumor-specific therapeu-
tic strategy. The tumor suppressor gene TP53 produces 
a protein that is essential for halting the development 
of cancer. It helps monitoring of the genome’s integrity. 
When DNA damage occurs, TP53 can cause apopto-
sis or cell cycle arrest, depending on whether the dam-
age can be repaired or is irreversible [9, 10]. Targeting 
of tumor-suppressing TP53 by the synthetic mRNA NP 
delivery could lead to remarkable antitumor effects in 
vitro and in multiple animal models of HCC and NSCLC 
[6]. Recently, studies reported that the anti-aggregation 
peptide ReACp53 could rescues TP53 function in can-
cer cell lines and in organoids derived from high-grade 
serous ovarian carcinomas (HGSOC) [11, 12] and could 

significantly decrease the p53 mutants mediated gain 
of oncogenic functions (GOFs) and chemoresistance 
[13, 14]. These findings highlight a role of ERP29 in the 
acquired chemoresistance of cancer cells expressing the 
aggregating TP53 mutant Arg282Trp. Our results also 
suggest that ERP29-mediated GOF can be targeted by the 
anti-aggregation peptide ReACp53. Thus, the TP53 resto-
ration strategy is a promising therapy in treating cancer, 
particular in TP53 deficient malignancies [6].

Increasing nanoplatforms were reported to applied to 
achieve the drug delivery including Lipid Nanoparticles 
(LNP) [15], Adeno-associated viruses (AAV) [16], cell 
penetrating peptides (CPPs) [17], extracellular vesicles 
(EVs) [18], engineered bacteria [19] and so on. However, 
LNPs are currently widely used platform for delivery. 
However, their limited capacity to undergo endosomal 
escape limits the use of LNPs as RNA delivery vehicles 
[20]. AAV vectors are promising in gene therapy for their 
stable, efficient, and non-cytotoxic gene delivery to trans-
duce a great number of tissues of different mammalian 
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species. However, AAV-based therapy also has some 
problems, including pre-existing AAV-neutralizing anti-
bodies in the body and inability to target specific cells 
[21]. The possible interactions between CPPs and other 
proteins, as well as the potential cytotoxicity limit the 
application of CPPs [22]. Nanovesicles sizes range from 
30  nm to150 nm in diameter (including EVs [23], sEVs 
[24], exomeres [25] and so on) secreted by diverse cells 
through the paracrine pathway [26] have been widely 
acknowledged as vital nanocarriers for transferring sig-
naling as well as cargoes. With the increasing studies 
upon EVs biogenesis process, EVs-based nanoparticles 
system have been reported as promising nanocarrier 
candidates for loading as well as transmitting biological 
cargoes (including mRNA [27, 28], miRNAs [29, 30] and 
proteins [31]) between diverse cells and tissues [31, 32] 
to mediate the biological processes of tumor immunity 
as well as the inflammatory response [33–36]. In recent 
years, EVs-based delivery system plays roles in deliver-
ing cargoes (including the genome editing tools [37], 
mRNAs [38, 39], siRNAs [40–42] and proteins) via their 
excellent loading ability [43, 44]. Meanwhile, photocleav-
able protein is one of recently reported protein linkers for 
the drug delivery field [45]. Based on the photocleavable 
proteins, it is available to load the protein of interest into 
the nanoparticles for further delivery and release, which 
means cargo proteins can be loaded into the nanopar-
ticles by fusing them with photocleavable protein-con-
jugated membrane markers (Lamp2b [46], CD63 [47], 
CD81 [48] and so on) and subsequently released from 
the nanoparticles membrane by inducing photocleavage 
with blue light illumination [49]. Herein, in this pres-
ent study, we produced bioengineered nanoparticles to 
load the TP53 proteins to form nanoparticlesTP53 and 
subsequently be delivered into the receipt cells (both 
artificial TP53 deficient cells and the natural TP53-low 
cancer cells) to inhibit the above cancer cells. Consider-
ing MSLN is emerging as an attractive target for ovar-
ian cancer immunotherapy due to its low expression on 
normal mesothelial cells and high expression in ovarian 
cancers. We formed the anti-MSLN nanoparticlesTP53 to 
target the ovarian cancer cells. The specific anti-MSLN 
nanoplatformsTP53 could targeting the ovarian cancer 
and significantly inhibit the suppress the SKOV-3 tumor 
growth in vivo. Above all, the specific targeting bioen-
gineered EVs could load and deliver TP53 specifically 
to inhibit ovarian cancer in vitro and in vivo. This study 
could provide theoretical basis of the potential applica-
tion for bioengineered nanoplatforms to deliver bioactive 
proteins in cancer treatment.

Results
The expression level of TP53 in ovarian cancer
To clarify the vital role of TP53 in the progression of 
ovarian cancer, we selected the SKOV-3 cells as the 
TP53-low cancer cells. As depicted in Fig.  1, the result 
derived from Cancer Cell Line Encyclopedia (CCLE) 
DataSet [50, 51] showed that SKOV-3 cancer cells 
express lowest level of TP53 not only among the whole 
cancer cells in primary sites (Fig. 1A), but also among the 
metastasis sites (Fig. 1B). Furthermore, as demonstrated 
in NCI-60 cell lines DataSet, the mutant type of SKOV-3 
cancer cells is Deletion – Frameshift (Supplementary 
Table S1). These results are consistence with the results 
from previous studies [6, 52, 53] that ovarian cancer is 
TP53 deficient cancer. Above all, SKOV-3 cancer cell is a 
cancer cell line with deficient TP53 expression, which is a 
promising candidate for TP53 delivery evaluation.

Loading strategy of endogenous proteins into 
bioengineered nanoparticles
We designed a nanoplatform based on small EVs-based 
nanoparticles for delivery, which could fuse the proteins 
of interests into the nanoparticles during the biogenesis 
process. Firstly, we designed the plasmid to transfect the 
original cells for nanoparticles producing. As depicted in 
Fig. 2A, the plasmid contains (i) the transmembrane part 
“Lamp2b”, (ii) photocleavable protein domain “PhoCl” 
for releasing free protein and (iii) cargo protein “cargo”. 
Since the “Lamp2b” could express stable via transmem-
brane in nanoplatforms, the “PhoCl-protein of interest” 
could be linked expressed and sorted into the nano-
platforms (Fig.  2B). After the 405  nm violet light treat-
ment, the 405 nm light-cleavable linker could be cleaved, 
and the protein of interest could be released freely into 
the nanoparticles (Fig.  2C). Based on this strategy, the 
plasmid could translate the fused protein during the 
nanoparticles biogenesis in the origin cells (CHO cells) 
and subsequently load the proteins of interest into the 
nanoparticles (Fig. 2).

Isolation and characterizations of bioengineered 
nanoparticles
After the transfection, the supernatant from origin CHO 
cells was collected for nanoparticles isolation. And after 
the ultra-centrifugation and purification, the EVs were 
collected for further evaluation. Briefly, we conducted 
the transmission electron microscopy (TEM) to evalu-
ate the shape of the EVs and conducted the Nanoparticle 
tracking analysis (NTA) to evaluate the size distribu-
tion of the nanoparticles. In addition, we conducted the 
western blot to evaluate the markers of nanoparticles. 
As depicted in Fig. 2D, both the nanoparticles encapsu-
lated TP53 (nanoparticlesTP53) and blank nanoparticles 
exhibited classic cup-shaped structure. In addition, as 
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Fig. 1 Procedure of biogenesis of bioengineered nanoparticlesTP53 and Characterization of nanoparticlesTP53. (A) Schematic illustrating the TP53 aber-
rant cancer cells by site. X axis: TP53 copy number (absolute), Y axis: P53 RPPA signal (log2) protein array. (B) Schematic illustrating the TP53 expression in 
primary site and metastatic site of cancer cells. X axis: TP53 copy number (absolute), Y axis: P53 RPPA (log2) signal protein array
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Fig. 2 (See legend on next page.)
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the results from western blot, both nanoparticlesTP53 
and blank nanoparticles exhibited the expression of EVs-
specific markers CD63, Alix, Tsg101 and absent of the 
expression of GRP94 (previous reported EVs negative 
marker [54]). Both the nanoparticlesTP53 and the blank 
nanoparticles could express the sorting protein Lamp2b, 
while only the nanoparticlesTP53 containing TP53, sug-
gesting that the TP53 has been successfully loaded into 
the purified nanoparticlesTP53 by Lamp2b through the 
biogenesis process (Fig. 2E and Figure S1). Furthermore, 
the size of these nanoparticles ranged from 30  nm to 
1000 nm (Fig. 2F and G). Collectively, the delivery plat-
form strategy could sort and load the proteins of interest 
into the bioengineered nanoparticles.

Uptake of nanoparticles containing diverse cargoes in 
recipient cells
To explore whether the bioengineered nanoparti-
cles could enter the recipient cells, we conducted the 
nanoparticles uptake assay (Fig.  3). We stained the 
nanoparticles by PKH26 dye, then used the PKH26-
labeled nanoparticles to treat the SKOV-3 cells (Fig. 3A). 
As demonstrated in Fig.  3B, the PKH-26 labeled 
nanoparticles could be encapsulated by the FITC-Actin-
Tracker labeled SKOV-3 cells. In addition, we produced 
the bioengineered nanoparticles to load other bioac-
tive proteins: (1) GFP proteins (Fig.  3C) and (2) lucif-
erase proteins (Fig.  3H), then detected the delivery 
efficiency in recipient cells. It is demonstrated that 1010 
particles could reach the delivery plateau with not sig-
nificant cytotoxicity (Figure S3A and 3B). As depicted in 
Fig. 3D and E, the bioengineered nanoparticlesGFP could 
be encapsulated by the SKOV-3 cells, and result in the 
treated SKOV-3 cells express green fluorescence, while 
the blank nanoparticles and PBS could not result in the 
treated SKOV-3 cells express green fluorescence. Also, 
the results from the flow cytometry assays concluded the 
similar results with the immune fluorescence micros-
copy assay (Fig. 3F and G). Meanwhile, we used the plas-
mid “Lamp2b-PhoCl-Luciferase” to transfect origin cells 
for producing nanoparticlesLuciferase, which were used to 
treat the SKOV-3 cells for 24 h (Fig. 3H). As depicted in 
Fig.  3L, the nanoparticlesLuciferase treated SKOV-3 cells 
could express remarkable luciferase activity, while the 
blank nanoparticles and PBS could not result in lucifer-
ase activity. Furthermore, we used the plasmid “Lamp2b-
PhoCl-Cre” to produce nanoparticlesCre, which could 
load the Cre recombinant protein into the bioengineered 

nanoparticlesCre (Fig.  3J). It is widely acknowledged 
that the Cre recombinant protein could edit the “Loxp-
mCherry-Loxp-GFP” sequences in the SKOV-3Cre − Loxp 
cells, which were prepared by the lentivirus to express 
Cre-Loxp in the SKOV-3 stably cells. Thus, the GFP posi-
tive percentage of the treated SKOV-3Cre − Loxp cells could 
reflect the functional delivery ability of the bioengineered 
nanoparticles. As demonstrated in Fig.  3I, the nanopar-
ticlesCre could edit the SKOV-3Cre − Loxp cells and turn the 
SKOV-3Cre − Loxp cells from red fluorescence to green fluo-
rescence (Fig. 3I, K and M) while the blank nanoparticles 
and PBS could not result in fluorescence transformation, 
which means the bioengineered nanoparticlesCre could 
delivery Cre recombinant protein functionally. Collec-
tively, the bioengineered nanoparticles could load the 
protein of interest into the nanoparticles and functional 
deliver the protein of interest into the recipient cells.

Specific targeting strategy could enhance the delivery 
efficiency of nanoparticles in vitro
While the unspecific binding impedes the clinical appli-
cation of delivery system, it is vital to develop the specific 
targeting strategies for bioengineered nanoparticles. We 
designed the plasmid “Streptavidin-Lamp2b-PhoCl-Cre” 
contains four parts as below: (1) the specific targeting 
domain “Streptavidin”, which could bind biotinylated 
antibodies (such as biotin-Anti Her2+), (2) the trans-
membrane domain “Lamp2b”, which could both sort the 
cargoes and finish the surface display, (3) photocleav-
able protein domain “PhoCl” for releasing free pro-
tein and (4) cargo protein “Cre”. These four parts could 
produce the nanoparticles containing “Streptavidin-
Lamp2b-PhoCl-Cre”, named SA-nanoparticlesCre. Then 
the SA-nanoparticlesCre were incubated with the bio-
tin-Anti-Her2 to prepare the anti-Her2 nanoparticlesCre 
(Fig.  4A). We added the anti-Her2 nanoparticlesCre into 
the Her2 + SKOV-3Cre − Loxp cells to detect the percentage 
of GFP positive of Her2 + SKOV-3Cre − Loxp cells, which 
could indicate the effectiveness of specific targeting. As 
demonstrated in Fig.  4B, both the anti-Her2 nanoparti-
clesCre and nanoparticlesCre could edit the Her2 + SKOV-
3Cre − Loxp cells, the GFP positive percentage of treated 
with anti-Her2 nanoparticlesCre is remarkable higher than 
the non-targeting nanoparticlesCre treatment (Fig. 4C and 
D). Collectively, the specific targeting strategy of bioengi-
neered nanoparticles could deliver the cargoes function-
ally into the targeted recipient cells with high efficiency.

(See figure on previous page.)
Fig. 2 Procedure of biogenesis of bioengineered nanoparticlesTP53 and Characterization of nanoparticlesTP53. A. Schematic illustrating the plasmids to 
produce the nanoparticlesTP53 and SA-nanoparticlesTP53. B. Schematic illustrating the biogenesis process of nanoparticlesTP53 and SA-nanoparticlesTP53. 
C. Schematic illustrating the PhoCl protein be cleaved after 405 nm violet light treatment to release the cargoes of interests. D. TEM images of purified 
nanoparticlesTP53(left) and blank nanoparticles (right). Scale bar, 500  nm. E. Biomarkers, sorting protein and cargoes of interests, negative marker in 
nanoparticles were detected by western blotting. F. NTA analysis of purified nanoparticlesTP53. G. NTA analysis of purified blank nanoparticles
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Nanoparticles could inhibit cell viability in artificial TP53-
deficient cancer cells HCCp53−/− and native TP53-low cancer 
cells SKOV-3 in vitro
Based on the vital role of TP53 protein in the 

cancer progression, we produced bioengineered anti-
Her2 nanoparticlesTP53. The anti-Her2 nanoparti-
clesTP53, nanoparticlesTP53, blank nanoparticles and PBS 
were added into the artificial TP53-deficient cancer cell 

Fig. 3 Uptake of nanoparticles encapsulated diverse cargoes in recipient cells. A. Schematic illustrating the flowchart to evaluate the uptake of PKH-26 
labeled nanoparticlesTP53. B. the image (left) and magnify image of PKH-26 (red) labeled nanoparticles entered FITC-actin tracker (green) labeled SKOV-3 
cells. Scale bar, 50 µm. C. Schematic illustrating the flowchart to evaluate the uptake of nanoparticlesGFP. D. The fluorescent microscopy was conducted 
upon the SKOV-3 cells after treated by PBS, blank nanoparticles, nanoparticlesGFP. The experiment was repeated three times. Scale bar, 50µm. E. The 
quantitative image of the GFP positive SKOV-3 cells after nanoparticlesGFP treatment for Fig. 3D. p < 0.05, n = 3. F. The flow cytometry results of the SKOV-3 
cells after treated by PBS, blank nanoparticles, nanoparticlesGFP. The experiment was repeated three times. G. The quantitative image of the GFP positive 
SKOV-3 cells after nanoparticlesGFP treatment for Fig. 3F. p < 0.05, n = 3. H. Schematic images of the procedure to detect the uptake of nanoparticlesLuciferase. 
I. The fluorescent microscopy was conducted upon the SKOV-3Cre − Loxp cells after treated by PBS, blank nanoparticles, nanoparticlesCre. Scale bar, 50µm. J. 
Schematic illustrating the procedure to detect the editing efficiency of nanoparticlesCre in SKOV-3Cre − Loxp cells. K. The flow cytometry results of the editing 
efficiency of nanoparticles in SKOV-3Cre − Loxp after treated by PBS, blank nanoparticles, nanoparticlesCre. The experiment was repeated three times. L. The 
luciferase activity of cells treated by nanoparticlesLuciferase. The experiment was repeated three times. M. The quantitative image of the editing efficiency 
of nanoparticlesCre in SKOV-3Cre − Loxp cells from flow cytometry results. p < 0.05, n = 3
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HCCp53−/− and native TP53-low cancer cells SKOV-3, 
separately. As the results demonstrated in Fig.  5A for 
cell proliferation assay, the viability of HCCp53−/− (not 
express Her2 (Figure S3C)) after the treatment with anti-
Her2 nanoparticlesTP53 and nanoparticlesTP53 are lower 
than that treated with blank nanoparticles and PBS. 

Meanwhile, there is no significant difference between 
the anti-Her2 nanoparticlesTP53 treatment and nanopar-
ticlesTP53 treatment (Fig.  5B). In addition, beyond the 
artificial TP53-deficient cancer cells, we found the similar 
result in the native TP53-low cancer cells (SKOV-3). The 
viability of Her2 + SKOV-3 cells treated with anti-Her2 

Fig. 4 Specific targeting strategy could enhance the delivery efficiency of nanoparticles in vitro. A. Schematic images of the flowchart to detect the up-
take of anti-Her2 nanoparticlesCre into Her + SKOV-3Cre − Loxp cells. B. The fluorescent microscopy was conducted upon the Her + SKOV-3Cre − Loxp cells after 
treated by anti-Her2 nanoparticlesCre. Representative data shown; n = 3 independent experiments. Scale bar, 50µm. C. The flow cytometry result of the 
Her + SKOV-3Cre − Loxp cells after treated by anti-Her2 nanoparticlesCre. The experiment was repeated three times. D. The quantitative image of the editing 
efficiency of anti-Her2 nanoparticlesCre in the Her + SKOV-3Cre − Loxp cells. p < 0.05, n = 3
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nanoparticlesTP53 and nanoparticlesTP53 are lower than 
those treated with blank nanoparticles and PBS, while the 
viability of anti-Her2 nanoparticlesTP53 treatment is lower 
than nanoparticlesTP53 treatment (Fig. 5C). Furthermore, 
as depicted in Fig.  5D in the apoptosis assay, the apop-
totic rate of HCCp53−/− after the treatment with anti-Her2 
EVsTP53 and nanoparticlesTP53 are remarkable higher than 
that treated with blank nanoparticles and PBS. Mean-
while, there is no significant difference between the anti-
Her2 nanoparticlesTP53 treatment and nanoparticlesTP53 
treatment (Fig. 5E and G). Meanwhile, the apoptotic rate 
of Her2 + SKOV-3 cells treated with anti-Her2 nanopar-
ticlesTP53 and nanoparticlesTP53 are higher than those 
treated with blank nanoparticles and PBS, while the via-
bility of anti-Her2 nanoparticlesTP53 treatment is higher 

than nanoparticlesTP53 treatment (Fig.  5F and H). The 
western blot results showed anti-Her2 nanoparticlesTP53 
could deliver more TP53 proteins into the that the 
Her2 + SKOV-3 cells (Fig.  5I, Figure S2A and S2B), but 
could incite more apoptosis (Fig. 5I, Figure S2F, S2G and 
S2H). Collectively, the bioengineered anti-Her2 nanopar-
ticlesTP53 and nanoparticlesTP53 could deliver the bioac-
tive TP53 protein into both the artificial TP53-deficient 
cells and the native TP53-low cells and suppress the via-
bility of these cancer cells in vitro, the specific nanopar-
ticles could achieve the targeting delivery.

Fig. 5 NanoparticlesTP53 could inhibit cell viability in artificial TP53-deficient cancer cells HCCp53−/− and native TP53-low cancer cells SKOV-3 in vitro. 
A. Schematic image of the procedure to detect the effect of nanoparticlesTP53 on the viability of artificial TP53 deficient HCCs and natural TP53 defi-
cient OCs. B. The nanoparticlesTP53 inhibit the cell viability of HCC cells. Representative data shown; n = 3 independent experiments. C. The Anti-Her2 
nanoparticlesTP53 exhibited greater inhibition of the cell viability than other groups in Her2 + SK-OV-3 cells. Representative data shown; n = 3 independent 
experiments. D. Schematic illustrating the procedure to detect the effect of Anti-Her2 nanoparticlesTP53 on the apoptosis of artificial TP53 deficient HCCs 
and natural TP53 deficient OCs. E. The nanoparticlesTP53 promote the apoptosis of HCC cells. The experiment was repeated three times. F. The Anti-Her2 
nanoparticlesTP53 expressed greater inhibition of the cell viability than other groups in Her2 + SK-OV-3 cells. Representative data shown; n = 3 indepen-
dent experiments. G. The quantitative image of the apoptotic rate of nanoparticlesTP53 on HCC cells. H. The quantitative image of the apoptotic rate of 
Anti-Her2 nanoparticlesTP53 on Her2 + SK-OV-3 cells. I. The TP53 expression in Her2 + SK-OV-3 cells treated with different treatments. J. The Bcl-2 and Bax 
expression in Her2 + SK-OV-3 cells treated with different treatments
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Anti-MSLN nanoparticlesTP53 could inhibit TP53-low 
SKOV-3 xenograft models in vivo
To evaluate the therapeutic efficacy of specific target-
ing of nanoparticlesTP53, we performed in vivo study 
in immunocompromised athymic nude mice bearing 
native TP53-low SKOV-3 xenografts. Since MSLN is a 
glycoprotein anchored to the plasma membrane by a 
glycophosphatidyl inositol (GPI) domain. MSLN protein 
was found to be specifically expressed on ovarian can-
cer cells but not on normal human tissues, apart from 
mesothelial cells [55]. MSLN is emerging as an attrac-
tive target for cancer immunotherapy, considering its 
low expression on normal mesothelial cells and high 
expression in a broad spectrum of solid tumors. The 
MSLN-targeted immunotherapies reported to date sup-
port a favorable safety profile. MSLN is a potential CAR 
target in several common solid tumors [56]. We detected 
the targeting effect of anti-MSLN nanoparticlesCre on 
MSLN + SKOV-3 cells by flowcytometry (Figure S3D) 
and TP53 delivery ability by western blot (Figure S2C, 
S2D and S2E). Then, we firstly used plasmid “Streptavi-
din-Lamp2b-PhoCl-TP53” to produce the SA-nanopar-
ticlesTP53, and then incubated the SA-nanoparticlesTP53 
with biotin-anti-MSLN to produce the anti-MSLN 
nanoparticlesTP53. The tumor-burden nude mice were 
grouped into 4 groups: Control group (treated with PBS), 
Blank nanoparticles group, nanoparticlesTP53 group and 
anti-MSLN nanoparticlesTP53 group. The nanoparticles 
were systemically injected via tail vein every 3 days and 
for six times totally (Fig. 6A). As demonstrated in Fig. 6B, 
SKOV-3 tumor–bearing mice treated with PBS and blank 
nanoparticles showed rapid tumor growth, whereas 
nanoparticlesTP53treatment showed moderate antitumor 
activity. Encouragingly, anti-MSLN nanoparticlesTP53 
showed the highest anti-tumor effectiveness among 
these treatments (Fig. 6B and C). What’s more, the tumor 
weights anti-MSLN nanoparticlesTP53 treatment group 
are lower than those in nanoparticlesTP53 treatment, 
blank EVs treatment and PBS treatment (Fig. 6D), while 
there is no significant difference of the body weights 
among these groups (Fig.  6E). According to the results 
from the immunofluorescence assay and the immunohis-
tochemistry assay, the tumor from anti-MSLN nanopar-
ticlesTP53 expressed higher level of TP53 than other 
groups (Fig. 6F) and expressed lower level of Ki-67 than 
other groups (Fig. 6G). The anti-MSLN nanoparticlesTP53 
could also decrease the expression of IQGAP1, MYC and 
EGFR expression in ovarian cancer (Figure S4). These 
results indicate a potent anti-tumor effect of anti-MSLN 
nanoparticlesTP53 in vivo. Above all, the specific targeting 
strategy of bioengineered nanoparticles could deliver the 
TP53 protein functionally into TP53-low SKOV-3 xeno-
graft models in vivo with high efficiency.

Discussion
Increasing evidence have witnessed the critical role 
of TP53 gene as a tumor suppressor gene involved in 
majority of cancers [57–59]. However, broad clinical 
translation will be enhanced by effective as well as spe-
cific targeting delivery platform in vivo [60]. Several 
approaches including LNP and AAV have been used to 
overcome the obstacle of delivering the TP53 protein for 
treating malignant cancers [6, 9]. Considering the repeat-
ing dosing which might increase the immune responses 
following by immune-related adverse reactions and 
treatment failure. Therefore, we selected the EVs-based 
nanoplatform as the delivery system. In this study, we 
developed an EVs-based nanoplatform with specific tar-
geting ability to deliver TP53 proteins for ovarian cancer 
therapy. TP53 proteins could be effectively loaded into 
bioengineered EVs through plasmids transfection and 
biogenesis process. Then, we explored the SA-EVs incu-
bated with antibodies showed vigorous specific target-
ing ability in ovarian cancer in vitro and ovarian cancer 
mouse models.

In the present study, we demonstrated that the 
nanoparticles could deliver diverse cargoes includ-
ing GFP and luciferase proteins into receipt cells. This 
result is consistent with previous studies that Lamp2b 
could load cargoes into particles by plasmids transfec-
tion method [61, 62]. In addition, the nanoparticles could 
achieve the functional delivery including Cre recombi-
nant protein to edit the Cre-Lxop sequence, which was 
widely used to detect the genome editing approaches 
[63–65]. These provide the theoretical evidence for TP53 
biogenetic loading and functional delivery by bioengi-
neered nanoplatforms. In addition, when we incubated 
the biotinylated-antibodies with the SA-nanoparticles, 
the specific targeting nanoparticles could enhance the 
delivering effectiveness in vitro and in vivo. The anti-
Her2 nanoparticlesCre could remarkably increase the 
delivery efficiency in Her2 + SKOV-3Cre − Loxp cells. Mean-
while, the anti-MSLN nanoparticlesTP53 could exhibit 
greater anti-tumor effect in SKOV-3 cancer burden mice 
than nanoparticlesTP53. This result is consistent with pre-
vious studies that the expression of SA on the membrane 
of EVs exhibit a high affinity for biotinylated molecules 
for targeting delivery [66, 67].

IQGAP1 expresses high in most cancer and related to 
poor prognosis in ovarian cancer. In addition, IQGAP1 
was correlated with immune-related genes and tumor-
infiltrating lymphocytes. MYC-regulated pseudogene 
HMGA1P6 promotes ovarian cancer malignancy via aug-
menting the oncogenic HMGA1/2.The epithelial growth 
factor receptor (EGFR) family of receptor tyrosine 
kinases has been reported to have an active role in ovar-
ian cancer [68]. And some studies reported the potential 
of drug delivery system targeting EGFR in ovarian cancer 
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[69]. The result of this study is consistence with previous 
study that Synthetic mRNA nanoparticle-mediated resto-
ration of p53 tumor suppressor sensitizes p53-deficient 
cancers to mTOR inhibition [6].

There are some limitations in this study. This study 
lacks related studies of different cargoes of nanoparticles 
(such as PTEN protein or cisplatin drugs), which might 
improve the efficiencies of cancer therapies. However, as 
the development the nanoparticles loading methods on 
modular surface design [70, 71] including click chemistry 

could improve the EVs-based nanoparticles mediated 
therapeutics.

Above all, our findings indicate that the bioengineered 
nanoparticles not only could load endogenous bioactive 
protein into the nanoparticles but also could release the 
cargoes into the recipient cells in a specific targeting way 
in vitro and in vivo. The TP53 protein could be delivered 
into TP53 deficient cancer cells and inhibit the viability 
of the cancer cell in vitro and in vivo. These results not 
only provide a practical strategy for TP53 delivery but 

Fig. 6 Specific targeting anti-MSLN nanoparticlesTP53 inhibit the ovarian cancer progression in vivo. A. Schematic image of the procedure to detect the 
effect of anti-MSLN nanoparticlesTP53 in ovarian cancer-bearing mouse model in vivo (n = 4 per treatment group). B. The gross tumors resected from 
mice after diverse treatments. C. Tumor growth inhibition induced by anti-MSLN nanoparticlesTP53. D. Tumor weights inhibition induced by the anti-MSLN 
nanoparticlesTP53. E. The mice body weight after diverse treatments. F. The TP53 expression in tumor sections from mice after different treatments (Red: 
TP53, Blue: DAPI). Scale bar, 100 µm. G. The Ki67 expression in tumor sections from mice after different treatments. Scale bar, 100 µm
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also open a promising avenue for the bioactive protein 
therapy of cancers.

Materials and methods
Cell lines
SKOV-3 and HCCp53−/− cells were purchased from 
Chinese Academy of Sciences. SKOV-3Cre − LoxP and 
Her2 + SKOV-3 were gifts from Shanghai Key Labora-
tory of Female Reproductive Endocrine Related Diseases. 
Cells were cultured in DMEM supplemented with 10% 
fetal bovine serum and 1% penicillin-streptomycin.

Plasmids design and synthesis
The “CD63-pEGFP C2” (addgene #62964) was used as a 
backbone for plasmids construction. The “pCAG-VSVG” 
(addgene #64084) was used for nanoparticles produc-
tion. Codon-optimized DNA sequences for “Strepta-
vidin”, “Lamp2b”, “Cre”, “TP53” were ordered from IDT 
(Integrated DNA Technologies, USA) (sequences in 
Supplementary Table 1). The “PhoCl” was amplified from 
“pBAD/HisB-PhoCl-MBP” (addgene #87689). The “GFP” 
was amplified from “EGFP-mCherry” (addgene #193553). 
The “Luciferase” was amplified from “Luciferase” (add-
gene #213979). The constructs of “Lamp2b-PhoCl-Cre”, 
“Lamp2b-PhoCl-TP53”, “Lamp2b-PhoCl-Cre”, “Lamp2b-
PhoCl-Luciferase”, “Lamp2b-PhoCl-GFP”, “Streptavidin-
Lamp2b” in this study were generated by the restriction 
enzyme digestion and subsequent self-ligation.

Plasmids transfection
HEK-293T cells were seeded overnight in T225 to reach 
70% confluence. Plasmids were prepared for transfection. 
Plasmids at a weight ratio of 2:1 were pre-mixed with 
Hieff Trans® Liposomal Transfection Reagent (Yeasen 
Biotechnology (Shanghai) Co., Ltd) for transfection. The 
culture medium was changed as FBS-EVs-free DMEM 
medium after 4 h transfection.

Preparation of EVs and EVsTP53

Firstly, FBS was centrifuged (100,000 g, 4℃ for 12 h) to 
remove EVs and isolate EVs-free FBS. Normally, HEK-
293T cells were transfected with plasmids for 4  h and 
subsequently cultured in fresh DMEM (with 10% EVs-
free FBS and 1% penicillin-streptomycin) for 48  h. EVs 
were isolated from the condition medium according to 
Thery’s protocol [72]. Briefly, the condition medium was 
centrifuged at 300 g for 10 min, 10,000 g for 30 min, and 
10,000  g for 75  min. All the collected pellet suspension 
were filtered by a 0.22-µm filter and then were transferred 
to new tubes with ultracentrifugation at 125 000  g for 
120 min at 4 °C to pellet the extracellular vesicles by 70Ti 
rotor. All the produced engineered nanoparticles were 
treated with 405 nm violet light to cleave the PhoCl pro-
tein and release the free cargoes into the nanoparticles.

Characterization of nanoparticles and nanoparticlesTP53

The nanoparticlesTP53 as well as blank nanoparticles were 
characterized by TEM, NTA and western blot, as previ-
ous reported [30, 73]. The morphology of isolated blank 
nanoparticles and nanoparticlesTP53 were observed by 
transmission electron microscopy (FEI Tecnai G2 Spirit 
Twin, Philips, NL). The sizes of nanoparticles were mea-
sured by nanoparticle tracking analysis (NTA), using 
NanoSight NS300 (Malvern, Amesbury, GB). And the 
markers of nanoparticles including CD63, Alix, Tsg101 
and GRP94 were detected by Western blot. The sorting 
protein Lamp2b and the cargo TP53 proteins were also 
detected by Western blot.

Uptake of the nanoparticles
SKOV-3 cells were seeded on autoclaved slides in a 
24-well plate. Nanoparticles were stained with Cell 
Linker Kit for General Membrane Labeling reagent 
named PKH-26 (Sigma-Aldrich-PKH26GL) for 20  min 
and reisolated via ultracentrifugation. The PKH-26-la-
beled nanoparticles were added to the wells for 12 h. The 
cells were fixed with 4% paraformaldehyde for 20 min and 
stained with FITC-Actin Tracker (Beyotime, C2201S) for 
0.5  h (following the manufacturer’s instructions), fol-
lowed by staining with DAPI for 10  min. Images were 
captured by confocal laser scanning microscopy (Leica 
Microsystems, Wetzlar, GER) at different laser channels. 
The images were analyzed and quantified via ImageJ soft-
ware (NIH Image, Bethesda, MD).

Western blotting
Cell lysates and tumor tissues lysates were prepared to 
extracted proteins by using RIPA buffer. Proteins were 
separated by SDS–polyacylamide gel electrophoresis gel 
according to the standard procedure. The polyvinylidene 
difluoride membrane was incubated with 5% BSA for 
1.5 h and then incubated with the antibody against TP53 
(ab) and alpha-Tubulin (ab7291) at 4 °C overnight. After 
washing with 1 × TBST for three times, the membrane 
was incubated with HRP conjugated secondary antibod-
ies. The membranes were visualized with enhanced che-
miluminescence via an image capture (Amersham Imager 
600). Nanoparticles (1010 per sample) were detected 
by CD63 (1:2000, ab134045), Alix (1:1000, ab275377), 
Tsg101 (1:2000, ab133586), GRP94 (1:1000, ab238126), 
Lamp2b (1 µg/mL, ab18529) and TP53 (1:4000, ab32389).

Biotinylation of SA-nanoparticles
Biotin–streptavidin (SA) binding offers a modular, high-
affinity approach for protein bioconjugation [74]. Its 
versatility lies in the ability to biotinylate a wide vari-
ety of molecular and macromolecular systems, mak-
ing it a robust platform for bioconjugation [75]. In our 
design, SA-Lamp2b fusion proteins were expressed on 
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nanoparticles, followed by the incubation of biotinylated 
antibodies with SA-overexpressing nanoparticles to gen-
erate targeted nanoparticles [76]. Anti-Her2 (ab134182) 
and anti-MSLN (ab309516) were purchased from Abcam. 
For biotinylation of anti-Her2, 500 µL of anti-Her2 (1 mg/
mL) was mixed with 250 µL of biotin coupling solution 
and 250 µL of dissolved activated biotin. The mixture was 
allowed to react at room temperature for 1 h on a rotary 
suspension. The coupling mixture was transferred to the 
center of the desalinated resin column and centrifuged 
at 1000 ×g for 8  min. Biotin-anti-Her2 was collected in 
a centrifuge tube. For modification of SA-nanoparticles, 
biotin-anti-HER2 (2.5 µg/mL) and biotin-anti-MSLN 
(2.5  µg/mL) were incubated with SA-nanoparticles (100 
µg protein/mL in PBS) at 37 ◦C for 30 min. The prepara-
tion of anti-MSLN nanoparticles is similar as above.

Luciferase detection assay
SKOV-3 cells were seeded in a six-well plate (10⁶ cells/
well) and treated with diverse nanoparticles for 24 h. To 
analyze luciferase activity, 10⁶ cells were collected from 
the 6-well plate and suspended in 200 µL of Triton X-100 
solution (0.2% in PBS). Subsequently, 50 µL of the sam-
ple was mixed with 50 µL of luciferase substrate (Pro-
mega, E1501) in a white-walled 96-well plate, following 
the manufacturer’s instructions. The luciferase intensity 
in each well was then immediately measured through a 
Microplate Luminometer (GloMax, GM3000).

Flow cytometry assay
For cell apoptosis assay, 5 × 105 SKOV-3 cells and 5 × 105 
HCCp53−/− cells were collected after nanoparticlesTP53 
treatment for 48 h. Cell apoptosis was analyzed by flow 
cytometry using FITC-Annexin V and PI (BD Pharmin-
gen, 556547) as recommended by the manufacturer. Data 
from at least 104 cells were acquired using CytoFLEX and 
the FlowJo software. For the delivery effect of nanopar-
ticles, the nanoparticlesGFP treated SKOV-3 cells were 
detected by flow cytometry to measure the percentage 
of GFP positive cells. Also, the nanoparticlesCre treated 
SKOV-3Cre − Loxp cells were detected by flow cytometry to 
measure the percentage of GFP positive cells.

Animals assay
In the animal assay, the nude mice were injected SKOV-3 
cells (a total of 105 cells in 100 µL per mouse) subcu-
taneously to form bearing-tumor mice model. Three 
days later, diverse nanoparticles (1011 particles per 
mouse) were injected intravenously for every 3 days in 
totally 21 days. After 21 days injection, the tumor size, 
tumor weight and mice body weight were measured. 
The tumors were resected for subsequently immuno-
fluorescence assay and IHC staining. Female nude mice 
(six weeks) were fed in the Laboratory in Animal house 

(the Obstetrics and Gynecology Hospital of Fudan 
University).

Immunofluorescence assay
The tumor tissues were embedded in paraffin and cut 
into 5µm sections. The slides were deparaffinized and 
rehydrated by xylene and different concentration of eth-
anol (100%, 95%, 80%, 70% and 50%). After the antigen 
repairment and blocking, anti-TP53 (1:100, ab32389) 
antibody and secondary antibody were added at room 
temperature. Slides were examined under a confocal 
immunofluorescence microscope (Zeiss).

Immunohistochemistry assay
Tissues were sectioned into 5 µm slices after being 
embedded in paraffin. Deparaffinization was performed 
using xylene, followed by rehydration through succes-
sive ethanol concentrations (100%, 95%, 80%, 70%, and 
50%). After antigen retrieval and subsequent blocking, 
the slides were treated with the primary antibody against 
Ki67 (1 µg/mL, ab15580) at room temperature. The sec-
ondary antibody was applied subsequently. The stained 
sections were examined under a light microscope for 
visualization.

Data analysis
In this study, we conducted gene expression evaluation in 
cell line via Cancer Cell Line Encyclopedia (CCLE) Data-
Set ( h t t p  s : /  / s i t  e s  . b r  o a d  i n s t  i t  u t e . o r g / c c l e /) and visualized 
the result by the depmap portal ( h t t p  s : /  / d e p  m a  p . o  r g /  p o 
r t  a l  / c c l e /). Select tools of “Data Explorer” to analyze the 
TP53 expression in cell lines dataset.

Statistical analysis
All data were expressed as means ± standard devia-
tion (SD). T-test was used for comparisons between 
two groups, and one-way analysis of variance (ANOVA) 
was applied for more than two groups. Statistical analy-
sis was performed by Prism 9.2.0 software (GraphPad, 
San Diego, US). *, P < 0.05, **, P < 0.01, ***, P < 0.001, ****, 
P < 0.0001 was considered significant.

Supplementary Information
The online version contains supplementary material available at  h t t p s :   /  / d o  i .  o r  
g  /  1 0  . 1 1   8 6  / s 1 3  0 4 8 -  0 2 5 - 0  1 6 7 2 - 9.

Supplementary Material 1: Supplementary Figure S1. The original mem-
brane of western blot. The expression of markers and cargoes in diverse 
nanoparticles. The original gel and membrane of CD63, Tsg101, Alix, 
Lamp2b, GRP94 and TP53 in the engineered nanoparticlesTP53 and the 
blank nanoparticles.

Supplementary Material 2: Supplementary Figure S2. The original mem-
brane of western blot. (A) The origin gel images of TP53 expression in 
Her2 + SK-OV-3 cells treated with different treatments. (B) The origin gel 
images of GAPDH expression in Her2 + SK-OV-3 cells treated with differ-
ent treatments. (C) The TP53 expression in MSLN + SK-OV-3 cells treated 
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with different treatments. (D) The origin gel images of TP53 expression in 
MSLN + SK-OV-3 cells treated with different treatments. (E) The origin gel 
images of GAPDH expression in MSLN + SK-OV-3 cells treated with differ-
ent treatments. (F) The origin gel images of Bcl-2 expression in Her2 + SK-
OV-3 cells treated with different treatments. (G) The origin gel images of 
Bcl-2 expression in Her2 + SK-OV-3 cells treated with different treatments. 
(H) The origin gel images of GAPDH expression in Her2 + SK-OV-3 cells 
treated with different treatments.

Supplementary Material 3: Supplementary Figure S3. (A) The quantitative 
image of the editing efficiency of different number of nanoparticlesCre 
in the SKOV-3Cre − Loxp cells in 96-well-plate. p < 0.05, n = 3. (B) The cell vi-
ability of SKOV-3 treated with the different number of nanoparticlesCre i in 
96-well-plate. p < 0.05, n = 3. (C) The Her2 expression in Her2 + SKOV-3 cells 
and HCC cells. (D) The quantitative image of the editing efficiency of anti-
MSLN nanoparticlesCre in the MSLN + SKOV-3Cre − Loxp cells. p < 0.05, n = 3.

Supplementary Material 4: Supplementary Figure S4. The IQGAP1, MYC 
and EGFR expression in tumor sections from mice after different nanopar-
ticles treatments. Scale bar, 50 µm.
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