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Introduction: Persistent HR-HPV (high-risk human papillomavirus) infection is the main cause 
of cervical cancer. The HPV oncogene E7 plays a key role in HPV tumorigenesis. At present, HPV 
preventive vaccines are not effective for patients who already have a cervical disease, and 
implementation of the recommended regular cervical screening is difficult in countries and regions 
lacking medical resources. Therefore, patients need medications to treat existing HPV infections 
and thus block the progression of cervical disease.
Methods: In this study, we developed nanoparticles (NPs) composed of the non-viral vector 
PBAE546 and a CRISPR/Cas9 recombinant plasmid targeting HPV16 E7 as a vaginal 
treatment for HPV infection and related cervical malignancies.
Results: Our NPs showed low toxicity and high biological safety both in vitro (cell line 
viability) and in vivo (various important organs of mice). Our NPs significantly inhibited the 
growth of xenograft tumors derived from cervical cancer cell lines in nude mice and 
significantly reversed the cervical epithelial malignant phenotype of HPV16 transgenic mice.
Conclusion: Our NPs have great potential to be developed as a drug for the treatment of 
HPV-related cervical cancer and precancerous lesions.
Keywords: HR-HPV infection, cervical cancer, nanoparticles, PBAE, gene therapy, 
HPV16 transgenic mice

Introduction
Cervical cancer remains the leading cause of gynecological tumor-related mortality 
worldwide and the second most common malignancy in women, with 570,000 women 
diagnosed with cervical cancer and 311,000 dying from the disease each year.1–3 

Persistent HR-HPV infection is the main cause of cervical cancer,4 with HPV16 and 
HPV18 causing more than 50% and 10%–15% of all cervical cancers, respectively.5,6 

The oncoproteins E6 and E7 are key factors in HPV-related carcinogenesis, targeting 
P53 and retinoblastoma (RB) proteins, respectively, to promote abnormal cell prolif-
eration and cause cancer.7,8 Another possible cause of cervical cancer is HPV 
integration,9 which induces the retention and stable expression of E7 in the human 
genome.10 During the long process from HPV infection to CIN and ultimately to 
cervical cancer, HPV oncogenes, especially E7, are key targets for prevention and 
treatment.11

Currently, commercially available prophylactic HPV vaccines cover the major 
HPV types but are ineffective in patients who are already infected.12 Current 
treatments for HPV infection-related cervical lesions include interferon therapy 
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and physical therapy, but the efficacy is not satisfactory, 
and the loop electrosurgical excision procedure (LEEP) 
may increase the risk of miscarriage.13

In recent years, an increasing number of gene-targeted 
therapy techniques based on recombinant plasmids have 
been reported, such as targeted gene silencing by short 
hairpin RNA (shRNA) or RNAi and targeted gene knock-
out by CRISPR/Cas9.14–17 Studies have reported that com-
pared to shRNA, the CRISPR technology performed with 
low noise, minimal off-target effects, and consistent activ-
ity across reagents.18 CRISPR/Cas9 system has the advan-
tages of simple system components, convenient operation, 
high mutation efficiency, and low cost.19 It is undoubtedly 
a powerful tool for the prevention and treatment of HPV 
infection.20,21 However, because it is difficult for the plas-
mid to cross the cell barrier during vaginal administration 
and because local interference factors such as nuclease 
may degrade the plasmid, it is necessary to develop an 
appropriate vector to protect the recombinant plasmid 
from damage and deliver it reliably to the target cell.22,23 

Delivery vectors are mainly divided into viral vectors and 
non-viral vectors.24 Viral vectors are restricted in clinical 
applications due to their safety issues. Non-viral vectors, 
which have been widely developed and adopted due to 
their low virulence and non-immunogenicity,25–27 include 
cationic liposomes,28 polyethyleneimine (PEI)29 and poly 
(β-amino ester) (PBAE).30,31

Among non-viral vectors, PBAEs are a widely used 
type of cationic polymer gene carrier with excellent bio-
compatibility, good biodegradability, easy production, and 
low cost. The positively charged PBAE can compress the 
plasmid into nanosized composite particles, protect the 
plasmid from nuclease degradation, and effectively deliver 

the plasmid to the cell to induce sequence-specific mRNA 
degradation or DNA double-strand breaks. In addition, 
PBAEs are pH-sensitive, low in toxicity and highly-water 
soluble and they have high transfection efficiency in acidic 
drug delivery systems, which makes them compatible with 
the acidic vaginal environment.32–36 Therefore, in this 
paper, we have studied the efficacy of nanoparticles 
(NPs) composed of PBAEs and CRISPR/Cas9 recombi-
nant plasmids targeting HPV16 E7 in HPV16-related cer-
vical cancer, providing novel and promising ideas for the 
development of HPV-targeted drugs.

Materials and Methods
Materials, Cells and Animals
1.5-Pentanediol diacrylate (B5) and 2-(3-aminopropylamino) 
ethanol (E6) were purchased from Aladdin (B136168, 
N184580, China). 4-Amino-1-butanol (S4) was purchased 
from ACROS Organics (C17635, Belgium). Branched poly-
(ethyleneimine) (water-free, 25 kDa, bPEI) and cationic lipo-
some HP were purchased from Sigma-Aldrich (408727, 
USA). The plasmids pDest-EGFP-N1 (plasmid 31796, GFP) 
and pAAV-CAG-RFP (plasmid 22910, RFP) were purchased 
from Addgene. The HPV16 E7-targeting CRISPR vector 
YKO-RP003-Ctrl and the HPV16 E7-targeting CRISPR plas-
mids were synthesized by UBIGENE (Wuhan, China). The 
sequences were chosen as the best of the three guide RNAs 
(gRNAs) designed from the Red Cotton Website (https:// 
www.rc-crispr.com/) and are described in Supplementary 
Table 1. Plasmid DNA was prepared using an endotoxin-free 
plasmid extraction kit (Omega, USA) and stored at −80 °C.

The cervical cancer cell lines SiHa (HPV16 positive), 
HeLa (HPV16 negative, HPV18 positive), CaSki (HPV16 
positive), and the HEK cell line HEK293 (HPV negative) 
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were purchased from ATCC and passaged in our labora-
tory. The S12 cell line (HPV16 positive) is an immorta-
lized human cervical keratinocyte cell line and was 
a generous gift from Professor Kenneth Raj (Health 
Protection Agency) with permission from the original 
owner Professor Margaret Stanley.37 SiHa, HeLa, and 
HEK293 cells were cultured in DMEM supplemented 
with 10% fetal bovine serum (FBS). CaSki cells were 
grown in RPMI-1640 supplemented with 10% FBS. S12 
cells were maintained in a 1:1 mixture of DMEM/F12 
(Gibco) and Ham’s F12 (Gibco) medium supplemented 
with 10% FBS, 24.3 mg/mL adenine, 0.5 mg/mL hydro-
cortisone, 8.4 ng/mL cholera toxin, 5 mg/mL insulin, and 
10 ng/mL epidermal growth factor (EGF). All cells were 
cultured in a humidified incubator with 5% CO2 at 37°C.

C57BL/6 female mice and specific-pathogen-free 
BALB/c-nu nude mice were purchased from BEIJING 
HFK BIOSCIENCE, and HPV16 transgenic mice were 
provided by the National Cancer Institute (NCI) Mouse 
Repository (Frederick, MD, USA). All mice were housed 
at the SPF animal laboratory in the Experimental Animal 
Center, Tongji Medical College, Huazhong University of 
Science and Technology (HUST, Wuhan, China) and man-
aged by Chinese law. The research was approved by the 
Experimental Animal Ethics Committee of Tongji Medical 
College of Huazhong University of Science and 
Technology.

Synthesis of Poly (Beta-Amino Ester)546
According to a literature review,32,33,38 we know that 
different PBAEs can be synthesized by systematically 
tuning the polymer backbone, side chain, polymer terminal 
group, and degradable linkages. The PBAE was synthe-
sized in a 2-step procedure and experimentally verified 
(Figure 1). Briefly, polymer PBAE546 was synthesized 
as follows: 1.5-pentanediol diacrylate (B5) was mixed 
with 4-amino-1-butanol (S4) and stirred on a magnetic 
stir plate at 90 °C for 24 h with 2 mL of DMSO at 
a 1.2:1 molar ratio. After stirring, 2-(3-aminopropylamino) 
ethanol (E6) was added to the mixture (10-fold), and the 
mixture was stirred for 30 s, incubated at room tempera-
ture for 1 h, and precipitated in anhydrous diethyl ether to 
remove the solvent and monomers. The polymer was 
further purified by washing three times with diethyl ether 
and keeping it under vacuum with desiccant for 48 h to 
remove the final traces of ether. The chemical structure of 
PBAE546 was investigated by 1H-NMR (Bruker 
AVANCE III 400 MHz NMR spectrometer) in CDCl3 as 

solvent. Polymers were then divided into smaller volumes 
and stored at −20 °C with desiccant until needed. 

Preparation and Characterization of Poly 
(Beta-AminoEster)546-Plasmid Polyplex 
Nanoparticles
PBAE546 (2 µg/L) was diluted with 25 mM sodium 
acetate (pH 5) into 200ng plasmid with mass ratios of 
5:1, 10:1, 20: 1, 40:1, 60:1, 80:1, and 100:1, respectively. 
PBAE546 and plasmid were mixed gently in 20 µL NaAc 
for 30 s and incubated at room temperature for at least 15 
min. The particle size and zeta potential of the NPs were 
measured by laser light scattering (DB-525 Zeta PALS; 
Brookhaven Instruments, Holtsville, NY, USA).

Transmission Electron Microscopy 
Imaging
NPs composed of PBAE546/GFP were deposited on por-
ous carbon film carbon-coated copper mesh and character-
ized by scanning electron microscopy with a Hitachi 
model microscope (Hitachi HT7700, Japan).

Biocompatibility of Nanoparticles
Working solutions were prepared by diluting PBAE546 with 
25 mM sodium acetate (pH 5) at mass ratios of 20:1, 40:1, 
60:1, and 80:1 to a GFP plasmid. SiHa, HeLa, CaSki GFP 
plasmid. SiHa, HeLa, CaSki, and S12 cells were inoculated 
in 96-well plates, with the same number of cells from each 
cell line in each well. Each well was transfected with 100 ng 
of GFP. bPEI/GFP (weight ratio 3:1) diluted to 1 mg/mL in 
PBS was used as a positive control. The culture medium was 
replaced after 4 h of treatment with our NPs at room tem-
perature. Cell viability was defined as the metabolic activity 
retained in each well after transfection, and it was measured 
at different time points using a Cell Counting Kit-8 (CCK-8, 
Dojindo) according to the manufacturer’s instructions.

A total of 100 µL of NPs (PBAE546/GFP 60:1, 100 µg of 
plasmid) were injected into the thigh muscles of C57BL/6 
mice once a day for 3 days, and bPEI/GFP (bPEI/GFP 3:1) 
was injected as a and seventh days after the initial injection, 
the thigh muscles seventh days after the initial injection, the 
thigh muscles and other organs were harvested. Then, 
PBAE546/GFP and bPEI/GFP (20 µL of NPs containing 
10 μg of GFP) were pipetted into the vaginas of mice once 
a day for 20 days; the cervix and other organs were then 
harvested and fixed with paraformaldehyde. Toxicity was 
evaluated by hematoxylin-eosin (H&E) staining.
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Transfection Efficiency
All cells were seeded in sterile 6-well plates at a density 
between 40% and 70% at transfection. Different mass ratios 
of NPs composed of PBAE546 and GFP (20:1, 40:1, 60:1, and 
80:1) were mixed in 100 μL of 25 mM sodium acetate (pH 5). 
NPs were incubated at room temperature for 25–30 min before 
being added to plate wells containing 900 μL of serum-free 
medium. The medium was replaced after 6 h of incubation. 
bPEI/GFP polyplexes (weight ratio 3:1, 2 μg of GFP) were 
formed by mixing in PBS for 20 min and were then added to 
cells.

A final volume of 20 μL of NPs were pipetted into the 
vagina of 4-week-old C57BL/6 mice once a day for three 
days. The vaginas were rinsed 3 times with PBS before 
each administration to remove vaginal mucus. Three days 

after administration, the mice were euthanized, and the 
cervix was separated and cryosectioned at 7 μm using 
a frozen section machine (Thermo Fisher Scientific).

Xenograft Experiments
SiHa and HeLa cells (5×106) were injected subcutaneously 
into 4-week-old nude mice. When the tumor grew to 
nearly 35 mm3, the mice were randomly assigned to dif-
ferent groups. We administered intra-tumoral injections of 
100 μL of NPs coated with 60 μg of plasmid (PBAE546/ 
plasmid 60:1) every 4 days. Subcutaneous tumors were 
collected after the mice were euthanized, and the tumor 
size was calculated using the following formula: 
L×W2×0.5. All experimental protocols were approved by 
the Institutional Animal Care and Use Committee of 

Figure 1 Synthesis of PBAE546. 1.5-Pentanediol diacrylate (B5) was mixed with 4-amino-1-butanol (S4) and stirred on a magnetic stir plate at 90 °C for 24 
h. 2-(3-aminopropylamino)ethanol (E6) was added to the mixture and stirred to form the PBAE546.
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HUST, and the study was carried out in strict accordance 
with the Guidelines for the Welfare of Animals in 
Experimental Neoplasia.

Transgenic Mouse Experiments
Six-week-old HPV16-positive transgenic female mice 
were randomly divided into three groups for subsequent 
vaginal administration. After anesthesia with 4% chloral 
hydrate, the vagina was washed three times with 20 μL of 
normal saline. NPs consisting of PBAE546 and 10 μg of 
plasmids in a final volume of 20 μL (PBAE546/plasmid 
60:1) were injected into the vaginas of the mice once a day 
for 20 days. Mice administered the drug were placed with 
their abdomens up for at least 30 min while under anesthe-
sia to prevent the drug from flowing out of the vagina due 
to pressure. The mice were euthanized 20 days later, and 
the cervixes of the mice were dissected, separated and 
fixed in 4% paraformaldehyde. Then, the tissues were 
embedded in conventional paraffin, and pathological sec-
tions were obtained.

Immunohistochemical
Paraffin-embedded sections (5 μm) were subjected to H&E 
staining and immunohistochemical (IHC) staining. The 
slides were incubated overnight at 4°C with rabbit anti- 
HPV16 E7 (1:50, orb10573, Biorbyt), rabbit anti-P16 
(1:100, A0262, Abclonal), rabbit anti-RB1 (1:100, 
10048-2-Ig, Proteintech), rabbit anti-Ki67 (1:100, 
ab16667, Abcam), rabbit anti-CD34 (1:100, BA0532, 
Wuhan Boster Bio-Engineering), rabbit anti-CDK2 
(1:400, ab6538, Abcam), and rabbit anti-E2F1 (1:200, 
12171-1-Ap, Proteintech) as primary antibodies. 
Antibody detection was performed using diaminobenzi-
dine (DAB). Images were photographed from three ran-
domly chosen fields using cellSens Dimension (version 
1.8.1, Olympus). To quantitatively analyze the expression 
level, the staining score was determined according to the 
staining depth and the ratio of positive stained positive 
cells. Dye depth: 0 is no dye, 1 is light yellow, 3 is brown- 
yellow, 2 is between 1 and 3. The proportion of positive 
stained positive cells is calculated to the total number of 
cells. Staining score = staining depth × positive stained 
cell ratio.

Statistical Analysis
All quantitative data are represented as the mean ± SD 
from at least three parallel measurements. Statistical ana-
lysis was calculated using one-way ANOVA or Student’s 

t-test by GraphPad Prism software with P < 0.05 as the 
significant difference.

Results
Synthesis and Characterization of 
Nanoparticles
We used three monomers to synthesize a biodegradable poly 
(β-amino ester) (PBAE) polymer for plasmid delivery: 
1.5-pentanediol diacrylate (B5), 4-amino-1-butanol (S4), 
and 2-(3-aminopropylamino)ethanol (E6). The polymer was 
named PBAE546 according to the three monomers, which 
formed the backbone (B), side chain (S) and end cap (E) of 
the synthetic polymer. The synthesis scheme of PBAE546 is 
shown in Figure 1. The structure of PBAE546 was verified 
by 1H-NMR spectroscopy and all the peaks could be found as 
expected for the proposed chemical structures 
(Supplementary Figure 1A). NPs were prepared with differ-
ent mass ratios of PBAE546 and GFP, and the plasmid 
encapsulation ability of PBAE546 was evaluated by agarose 
gel electrophoresis. When the mass ratio of PBAE546 to 
plasmid reached 40:1, most of the plasmids were coated by 
polymer and remained in the dot holes of the agarose gel 
without migration (Figure 2A). When the mass ratio was 
60:1 or higher, almost no release of plasmids from NPs was 
observed. Dynamic light scattering showed that the particle 
size range of NPs with different mass ratios is 141.2 nm – 
345.9 nm, and the zeta potential range is 15.3 mV –33.0 mV 
(Figure 2B and C). The NP size was the smallest when the 
mass ratio was 40:1, suggesting that the interaction between 
PBAE546 and GFP plasmid was the closest at this mass ratio. 
Transmission electron microscopy (TEM) showed that the 
NPs of the PBAE546/GFP complex were spherical and 
homogeneous (Supplementary Figure 1 B and C).

In vitro and in vivo Uptake of 
Nanoparticles
Efficient cell uptake and expression are the key to 
plasmid delivery for gene therapy. To investigate the 
expression efficiency of our NPs, PBAE546 was used 
as a vector to transfect the GFP plasmid into cell lines. 
Fluorescence microscopy and flow cytometry were 
used to evaluate the efficiency of the NPs transfection 
of five HPV-positive cell lines, SiHa, HeLa, S12, 
CaSki, MS751, and the HPV-negative cell line 
HEK293. (Figure 3A and B). The transfection effi-
ciency of NPs in different cell lines varies in the 
same mass ratio. In general, when the mass ratio was 
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60:1, the transfection efficiency was the highest (86% 
in SiHa cells, 35.4% in HeLa cells, 35.9% in CaSki 
cells, 64.6% in S12 cells, 68.4% in MS751 cells, 
99.9% in HEK293 cells), even higher than that of the 
commercialize transfection reagent HP. TEM imaging 
of HEK293 cells transfected with PBAE546/GFP 
showed NPs in the vesicles of the cytoplasm, indicat-
ing that our NPs were taken up into the cells by 
endocytosis (Supplementary Figure 2).

Next, PBAE546/red fluorescent protein (RFP) NPs 
were administered vaginally to C57BL/6 female mice 
to assess their uptake in vivo (Figure 3C). Considering 
that higher transfection efficiency is an important pre-
requisite for the best therapeutic effect, multiple sets of 
parameters were tested under the in vivo transfection 
conditions, including the mass ratio of PBAE546 to 
GFP, the dose of transfected plasmid, and the detection 
time point after treatment (Supplementary Figure 3). 
The results showed that the transfection efficiency was 

highest when the mass ratio was 60:1 and the plasmid 
dose was 10 μg every 3 days, and detection occurred on 
the sixth day after treatment.

Nanoparticles Showed Safety and Low 
Toxicity to Cervical Cancer Cells and 
Mice
While pursuing the best therapeutic effect, the toxicity of 
NPs is an important factor that cannot be ignored. To 
investigate the cytotoxicity of our NPs, SiHa, HeLa, S12, 
and CaSki cells were treated with NPs at different mass 
ratios of PBAE546 to GFP for 6 h and then routinely 
cultured for 72 h. Cell viability was detected by CCK-8 
assay at 24 h, 48 h, and 72h (Figure 4A–D). Compared 
with the control group, NPs with mass ratios of 20:1, 40:1, 
and 60:1 did not significantly affect cell viability. When 
the mass ratio of NPs was as high as 80:1, different cell 
growth inhibition was observed in the four cell lines. 

Figure 2 Characterization of NPs. (A) Agarose electrophoretic gel of NPs composed of GFP and PBAE546 with different mass ratios. (B) Particle sizes and PDI and (C) 
zeta potentials of NPs with different mass ratios (PBAE546:GFP) measured by dynamic light scattering. The data represent the mean ± SD (n = 3 per group). One-way 
ANOVA was used for statistical analysis, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
Abbreviations: N.S, no significant difference.
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However, the growth inhibition induced by this high mass 
ratio was less than the cytotoxicity produced by bPEI/GFP 
3:1. This indicates that our NPs have no obvious cytotoxi-
city when mass ratios are no more than 60:1.

Based on a review of the literature39 and the design 
of this study, we conducted maximum dose toxicity tests 
using 200 μg and 300 μg plasmids for vaginal and intra- 
tumoral administration, respectively. To further test the 
toxicity of NPs in andand toxicity was detected at the 
11th and the 21st days after initiation of vaginal admin-
istration. Compared with the control group, the bPEI/ 
GFP (nonfluorescent and nontoxic empty plasmid) treat-
ment group exhibited significant increases in the number 
of sites of inflammatory necrosis in the vaginal region 
and pyknosis of the liver nucleus, while no similar 
changes were observed in the 60:1 group treated with 
PBAE546/GFP (Figure 4E). No obvious toxicity was 

observed in the heart, spleen, lungs or kidneys 
(Supplementary Figure 4). NPs consisting of PBAE546 
or bPEI coated with 100 μg of GFP were injected daily 
into the thigh muscles of mice for 3 days, and toxicity 
tests were performed on day 4 and day 7. In the bPEI/ 
GFP treatment group, local injection caused large-scale 
necrotic inflammatory infiltration of muscles 
(Figure 4F), and no obvious toxic reactions were 
observed in other important organs (Supplementary 
Figure 5). The results of hepatotoxicity in the vaginally 
administered bPEI group suggest that when developing 
vaginal drugs, special attention should be given to the 
possibility that the drugs may be absorbed into the 
circulation through the vagina and cause liver damage. 
The above data indicate the safety and low toxicity of 
our NPs, which are necessary characteristics for phar-
maceutical use.

Figure 3 Uptake of NPs by cell lines and mouse uterine cervixes. (A) Representative images of SiHa, HeLa, S12, CaSki, MS751, and HEK293 cells 72 h after treatment with 
NPs (PBAE546/GFP 60:1). (B) Statistical uptake efficiency of PBAE546/GFP NPs with different weight ratios (20:1, 40:1, 60:1, and 80:1) compared with that of HP/GFP (1:1) 
by flow cytometry. (C) Representative images of fluorescence in the uterine cervixes of C57BL/6 mice treated with NPs (PBAE546/RFP, weight ratio 60:1, 10 μg RFP once 
per day for three days) compared with control cervixes treated with NP-free 25 mM sodium acetate. Scale bar, 20 μm. One-way ANOVA was used for statistical analysis, *: 
P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
Abbreviations: N.S, no significant difference.
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Figure 4 Analysis of NPs toxicity in cell lines and mouse organs. (A–D) The cytotoxicity of NPs composed of PBAE546/GFP with different mass ratios (20:1, 40:1, 60:1, and 80:1) 
was detected in (A) SiHa, (B) HeLa, (C) S12, and (D) CaSki cell lines. bPEI/GFP(3:1) was used as the positive control. Toxicity is given as the viability of the cells remaining after 
treatment for 0h, 24h, 48h, and 72 h. Each point represents the mean ± SD (n = 3). (E) Representative images of H&E-stained paraffin sections of cervix and liver tissues harvested 
from mice treated with NPs consisting of PBAE546/GFP (60:1) and bPEI/GFP (3:1) for 10 days and 20 days. The volume of NPs in the vagina of the treated mice was 10 μL, containing 
10 μg of plasmid. Vaginal treatment was performed once a day for 20 consecutive days. (F) NPs generated by PBAE546/GFP (60:1) and bPEI/GFP 1 (3:1) were injected into the thigh 
muscle of mice for three consecutive days. Representative images of H&E-stained paraffin sections of thigh muscle tissue and liver tissue of mice harvested on the fourth and seventh 
days after the first injection. A total volume of 100 μL of NPs containing 100 μg of plasmid was injected into the thigh muscles of mice each day. Scale bars, 20 μm.
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Inhibitory Effects of Nanoparticles 
Composed of Poly (Beta-Amino Ester)546 
and Therapeutic Plasmids on the Growth of 
Cervical Cancer Cells in vitro and in vivo
We designed three sgRNAs (Supplementary Table 1) targeting 
HPV16 E7 and constructed the CRISPR/Cas9 plasmid. 

HPV16-positive cells (SiHa, CaSki, and S12) and HPV16- 
negative cells (HeLa) were processed with NPs (PBAE546/ 
plasmid 60:1) for 6 h, and cell viability was detected by CCK-8 
at 24 h, 48 h, and 72 h. Compared with the empty control 
plasmids, all three NPs effectively reduced the viability of 
HPV16-positive cells (Figure 5A–C), while no difference 
was observed in the viability of HPV16-negative HeLa cells 

Figure 5 Growth inhibition of cervical cancer cells by PBAE546–therapeutic plasmid polyplex NPs in vitro and in vivo. (A–C) The CCK-8 method was used to detect the 
viability of (A) SiHa, (B) S12, and (C) CaSki cells at 24 h, 48 h, and 72 h after treatment with NPs (PBAE546/plasmid 60:1) composed of PBAE546 and CRISPR/Cas 9 plasmid 
targeting HPV16 E7. One-way ANOVA was used for statistical analysis, *: P < 0.05, **: P < 0.01, ***: P < 0.001, ****: P < 0.0001. (D-E) SiHa cells were injected 
subcutaneously into the right hind limb of BALB/c-nu mice. When the transplanted tumor grew to approximately 35 mm3, NPs consisting of PBAE546 and the CRISPR/Cas9 
plasmid targeting HPV16 E7 were injected intratumorally (60:1). NPs were injected as a volume of 100 µL containing 60 μg of plasmid once every four days. (D) The 
subcutaneously formed tumors were photographed, and (E) the estimated sizes were measured after treatment with NPs. 
Abbreviations: N.S, no significant difference.
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(Supplementary Figure 6A). To further explore the inhibitory 
effect of NPs on tumor growth in vivo, SiHa cells were 
inoculated subcutaneously in nude mice, and NPs were used 
for intra-tumoral injection therapy when the xenograft tumor 
grew to approximately 35 mm3. According to the results of 
in vitro experiments on cell lines, sgRNA2 had the best inhi-
bitory effect on cell viability and was selected. It was adminis-
tered every four days for 20 days. In SiHa subcutaneous tumor 
mice, the HPV16 E7 CRISPR-targeted group showed signifi-
cant tumor growth inhibition and a significant reduction in 
tumor volume compared with the empty plasmid delivery 
group (Figure 5D and E). No differences between groups 
were observed in mice with HeLa subcutaneous tumors 
(Supplementary Figure 6B and C).

Effect of Nanoparticles Targeting HPV16 
E7 on Protein Expression in Cervixes of 
HPV16 Transgenic Mice
For a closer approach to the primary clinical location of 
cervical cancer and to pursue noninvasive treatment, we 

used HPV16 transgenic mice to perform cervical in situ 
treatment through vaginal administration. After 20 days of 
continuous treatment, the malignant phenotype of the 
mouse cervical epithelium was significantly reversed in 
the NPs group targeting HPV16 E7. The proliferation of 
epithelial cells was inhibited, the basal cells were arranged 
neatly, and the volume of the nucleus was reduced. The 
cervical epithelium of the mice in the control group pro-
liferated significantly (Figure 6A). The expression levels 
of HPV16 E7 and its related proteins were detected by 
immunohistochemistry. First, the expression of the target 
molecule HPV16 E7 and the surrogate marker of HR- 
HPV infection P16 was significantly reduced, while the 
expression of the tumor suppressor gene RB1, which inter-
acts with the E7 oncoprotein, was restored. Second, the 
expression of the proliferation-related protein Ki67 and 
CD34, the cell cycle-related protein CDK2, and the tran-
scription factor E2F1 was significantly inhibited 
(Figure 6B). These results suggest that our NPs targeting 
HPV16 E7 can effectively reduce the expression of onco-
proteins of target genes and affect related signaling 

Figure 6 Therapeutic effect of NPs composed of PBAE546 and CRISPR/Cas9 recombinant plasmids targeting HPV16 E7 in the vaginas of HPV16 transgenic mice. (A and B) 
Representative images of H&E and IHC staining of the cervical epithelium between the HPV16 transgenic mouse control group and the HPV16 E7 NPs (PBAE546/plasmid 
60:1, 10 μg of plasmid per day for 20 days) treatment group. IHC staining indicators included HPV16 E7, P16, RB1, Ki67, CDK2, CD34 and E2F1. Scale bars, 20 μm.
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pathways, thus reversing the malignant phenotype of the 
cervical epithelia of HPV16 transgenic mice.

Discussion
There is no effective treatment for persistent HPV infection 
in clinical practice.40 The prevention of HPV-related cervi-
cal cancer or precancerous lesions relies on expensive HPV 
vaccines and repeated cervical screening.41 Even the nine- 
valent vaccine with the widest coverage currently does not 
fully cover all HPV subgroups that may cause infection. For 
most patients already infected with HPV, vaccination is not 
recommended. In addition, long-term repeated cervical 
screening has caused severe psychological pressure and 
financial burden to patients. Poor compliance may occur, 
or patients may even be lost to follow-up. It is difficult to 
achieve widespread implementation in countries and 
regions that lack medical resources.42,43 Moreover, patients 
with persistent HPV infection or CIN, especially most 
elderly patients, are more inclined to undergo diagnostic 
cone biopsy even if there is a risk of overtreatment.44,45 

Therefore, it is necessary to develop drugs to treat HPV as 
a supplement to the vaccine.

The HPV E7 protein binds to Rb family members and 
targets them for degradation. This results in the release and 
activation of E2F transcription factors that drive the 
expression of S phase genes. The efficient binding of Rb 
by E7 can activate previously inhibited cell growth and 
apoptosis through a p53-dependent pathway.7 Our NPs 
block this process and induce apoptosis. It has been 
reported that targeting E7 with siRNA can effectively 
knock down the E7 mRNA level of HPV16 in HPV- 
positive cells, thus restoring the expression of inhibited 
RB1 and inducing cell apoptosis.46 However, the effect of 
siRNA is transient and easily degraded in the cell and 
cannot be inherited.47

The CRISPR/Cas9 system that can target the HPV16 
E7 oncogene at the DNA level was selected in this study. 
The conditions for CRISPR/Cas9 system to successfully 
perform targeted cleavage are that the PAM sequence is 
correctly matched and sgRNA successfully binds to the 
target site, and Cas9 will perform DNA double-and clea-
vage at 3–4 nucleotides upstream of the PAM sequence. 
Therefore, CRISPR/Cas9 cutting efficiency is not affected 
by the number of copies of the target sequence. Episomal 
HPV is a complete sequence of about 7.9 kb containing E7 
and can be targeted by our CRISPR/Cas9. According to 
previous studies on HPV integration,10 integrated HPV 
sequences may or may not contain E7. If the integrated 

HPV sequence contains E7, then the CRISPR delivered by 
our NPs can also work. Integrated viruses reside in the 
nucleus of the human genome, while episomal viruses 
reside in the cytoplasm and nucleus of the cell. 
Therefore, any form of virus containing the E7 sequence 
can be destroyed by our NPs.

In recent years, some applications of non-viral gene 
delivery systems, including biological materials such as 
lipids, polymers, peptides and other materials that can bind 
or encapsulate nucleic acids, have become quite mature. 
For example, PBAE polymers with different chemical 
structures have been applied in the treatment of glioblas-
toma, small-cell lung cancer, breast cancer, pulmonary 
fibrosis and melanoma and have shown good 
efficacy.32,34,48–50 Liposome-templated hydrogel NPs 
(LHNPs) are considered a multifunctional CRISPR/Cas9 
delivery tool for experimental research in cancer biology 
and the clinical transformation of cancer gene therapy.51 

Folate receptor-targeted liposomes (F-LPs) were used to 
deliver the CRISPR/Cas9 system targeting the DNA 
methyltransferase DNMT1 gene in ovarian cancer.52 

EGFP-targeted siRNA delivered by the vaginal perfusion 
of biodegradable poly(lactic-co-glycolic acid) (PLGA) 
NPs successfully silenced EGFP expression in transgenic 
GFP mice.53 Various nanomaterials have been proven to 
deliver nucleic acids (plasmids or siRNAs) for gene ther-
apy, including vaginal applications.

The limitation of PBAEs lies in their stability in the 
blood, and large doses of PBAEs can cause hemolysis. 
Therefore, some researchers have attempted to modify 
PBAEs with mannitol and polyethylene glycol to improve 
their stability and reduce toxicity.34,54 In this study, we 
used the degradable non-viral nanomaterial PBAE546 for 
plasmid delivery because it is characterized by low toxi-
city, good biodegradability and high transfection 
efficiency.32–34,55 We believe that PBAEs are especially 
suitable for vaginal administration because the acidic vagi-
nal environment is conducive to the stability of PBAE 
NPs, and vaginal administration greatly reduces the 
amount of PBAEs in the blood and significantly reduces 
the possibility of side effects such as hemolysis. Moreover, 
PBAE materials are transformable, and their optimization 
is worth further study to achieve higher curative effects 
and reduce side effects.

Our NPs showed high transfection efficiency and low 
biotoxicity (Figures 3–4). We found that HPV16 positive 
cell proliferation was significantly inhibited by the NPs 
in vitro experiments. The therapeutic effects of NPs have 
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been observed for a longer time in vivo experiments. We 
injected NPs into the xenografts every 4 days for 20 days 
and observed slower growth of xenografts (Figure 5). We 
also pipetted NPs into the vaginas of HPV16 transgenic 
mice every day for 20 days. the hyperplasia of cervical 
vaginal epithelium was significantly inhibited, the expres-
sion of E7 and proliferation-related proteins was 
decreased, and the expression of apoptosis-related proteins 
was increased (Figure 6). Our NPs were used in HPV16 
transgenic mice for 20 days, mimicking vaginal adminis-
tration in the clinical trial. Previous studies have reported 
that vaginal administration of streptococcus vaginalis takes 
almost 3–7 days to achieve effective results.56 In addition, 
the E7 knockout effect is caused by CRISPR/Cas9 induced 
double-and DNA breakage and missense repair of target 
genes,57 the therapeutic effects of our NPs are sustainable.

We used muscular and vaginal administration routes. 
The purpose of muscle administration is to avoid drug 
outflow, and the effect on other organs can be observed 
after being absorbed into the circulation system. The 
advantage of vaginal administration is to simulate the 
situation of a clinical trial, although a small part of the 
drug may flow out of the vagina. Our NPs are very close to 
the form of drugs, and their therapeutic effects on cervical 
cancer show promise for clinical transformation.

In this study, we delivered only a representative CRISPR/ 
Cas9 system targeting the HPV16 E7 oncogene. Other onco-
genes of HPV16 and other HR-HPV may also contribute to 
cervical cancer. For example, the HPV E6 oncoprotein can 
cause cancer by degrading p53,58 and certain fragments of 
HPV can be integrated into the human genome, leading to 
increased genomic instability and causing cancer.59 The 
integration of HPV16 has been proposed as a potential mar-
ker of cervical tumor progression.60 For patients who have 
lost the opportunity for surgery or who have not yet reached 
surgical indications but require active treatment require-
ments, we can use virus capture sequencing to detect the 
HPV types or the specific information integrated with 
infected patients. This allows individualized treatment for 
different patients by delivering NPs that target specific HPV 
genes.

Conclusion
In conclusion, we developed NPs consisting of PBAE546 
and CRISPR/Cas9 for the treatment of HPV infection. The 
advantages of our NPs are that they are stable and have 
good transfection efficiency in the acidic vagina, so they 
are very suitable to be prepared as a vaginal medicine. The 

CRISPR/Cas9 released by our NPs disables HPV effec-
tively by targeted knockout of E7. Therefore, our NPs can 
be used to treat cervicitis and CIN in the future, in the 
form of vaginal lotions and gels. Our work provides new 
hope for the clinical transformation of nanomedicine to 
treat cervical lesions, thereby preventing cervical cancer.
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