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A B S T R A C T   

CRISPR-Cas9 system has emerged as an effective tool for sequence-specific gene knockout through non- 
homologous end joining (NHEJ). However, the inefficient precise editing of genome sequences remains a 
challenge for clinical treatment. Herein, an erythrocyte membrane (EM)-camouflaged and tumor microenvi-
ronment (TME)-responsive nanosystem was constructed to achieve synergistic combination of enhanced Cas9 
ribonucleoprotein (RNP) gene editing efficiency and telomere dysfunction, and thus precise induced tumor in-
hibition. The EM-camouflaged nanosystem escaped from the reticuloendothelial system (RES) and was endo-
cytosed by tumor cells. Azidothymidine (AZT) was gradually released as the erythrocyte shell ablation, which 
competitively prevented the binding of single nucleotides to the telomere replication template TR, terminate the 
extension of the telomerase DNA chain. Additionally, Cas9 RNP was released through disulfide bond cleavage 
and entered into the nucleus to realize genome editing of telomerase reverse transcriptase (TERT) gene. 
Simultaneous, AZT enhanced NHEJ pathway to improve the gene editing efficiency of Cas9 RNP, which further 
promoted the progressive telomere erosion and thus induced tumor inhibition. Overall, this biomembrane- 
camouflaged nanosystem realizes enhanced Cas9 RNP gene editing efficiency with high-level biosafety and 
promotes tumor senescence by triggering telomere disorder, which provides strategy for improving the gene 
editing efficiency to induce senescence of tumor cells.   

1. Introduction 

Genome editing is a potential technology that introduces DNA mu-
tations into the target sequence in the form of insertions, deletions 
(indels), and base substitutions, which provides a powerful tool for 
improving biology through the precise editing of cellular DNA sequences 
[1]. Gene therapy (GT) is a promising therapeutic strategy to address the 
process of carcinogenesis by altering gene expression [2]. Clustered 
regularly interspaced short palindromic repeat-associated protein 9 
(CRISPR-Cas9) technology has been widely used in GT because of its 
simplicity, versatility, high specificity and efficiency [3,4]. CRISPR-Cas9 
has become an effective tool for sequence-specific gene knockout 
through non-homologous end joining (NHEJ) and homology-directed 

repair (HDR) [5]. Specifically, Cas9 nuclease cleaves the target se-
quences of gene and induces DNA double-stranded break (DSB), and the 
broken DNA is repaired using the NHEJ pathway, in which mismatch 
events such as base insertions or deletions occur, leading to frameshift 
mutations and ultimately gene inactivation [6]. In terms of the CRISPR- 
Cas9 forms for delivery, compared to the forms of plasmid DNA and 
mRNA, Cas9 ribonucleoprotein (RNP) has the advantages of low off- 
target, low cytotoxicity and high editing efficiency [7]. In recent 
years, CRISPR-Cas9 technology have been used to treat multiple dis-
eases, including cancers, due to its excellent precision gene editing ca-
pacity [8,9]. However, CRISPR-Cas9 technology still faces some 
challenges in the treatment of solid tumors, including low editing effi-
ciency [10] and low delivery efficiency [11]. 

* Corresponding authors. 
E-mail addresses: cchen22@njucm.edu.cn (C. Chen), mengfantang@njucm.edu.cn (M. Tang), xhan0220@njucm.edu.cn (X. Han).   

1 These authors contributed equally. 

Contents lists available at ScienceDirect 

Chemical Engineering Journal 

journal homepage: www.elsevier.com/locate/cej 

https://doi.org/10.1016/j.cej.2024.153152 
Received 25 April 2024; Received in revised form 4 June 2024; Accepted 14 June 2024   

mailto:cchen22@njucm.edu.cn
mailto:mengfantang@njucm.edu.cn
mailto:xhan0220@njucm.edu.cn
www.sciencedirect.com/science/journal/13858947
https://www.elsevier.com/locate/cej
https://doi.org/10.1016/j.cej.2024.153152
https://doi.org/10.1016/j.cej.2024.153152
https://doi.org/10.1016/j.cej.2024.153152
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2024.153152&domain=pdf


Chemical Engineering Journal 494 (2024) 153152

2

Telomeres are shortened due to terminal replication problems during 
each cell division, which gradually leads to replicative senescence [12]. 
Mammalian telomere length is mainly regulated by telomerase, and 
telomerase is a ribonucleoprotein composed of reverse transcriptase 
(TERT) and RNA subunit (TERC) [13]. TERC is constitutively expressed 
in all cells [14], whereas TERT is only expressed in 80 %-90 % of tumor 
cells. Tumor cells prevent progressive telomere erosion by activating the 
mechanism of TERT, thereby achieving proliferation and immortality. 
However, TERT was inactivated in somatic cells and no telomerase ac-
tivity was detected [15]. To date, knocking out TERT gene using 
CRISPR-Cas9 system has been reported to inactivate telomerase, which 
may be a promising tumor treatment strategy [16]. In recent years, 
several methods have been developed and applied to improve the gene 
editing efficiency of CRISPR-Cas9 technology. For example, Richardson 
et al. found that a short segment of DNA that does not match the DNA 
sequence in the genome can interfere with the DNA repair mechanisms 
in human cells, thereby increasing the efficiency of gene editing by 2.5 
to 5 times [17]. Several small molecule compounds have been studied 
that can effectively activate or block DNA repair pathways, such as, 
NHEJ or HDR [18], and can fine-tune the activity of nucleases according 
to dose and time [19,20]. Zhang et al. found farrerol, a small molecule 
compound, could significantly promoted HDR and thus improved the 
gene targeting integration efficiency of CRISPR-Cas9 system [21]. A 
nucleoside reverse transcriptase inhibitor, azidothymidine (AZT) has 
been reported that enhance the gene editing frequency of CRISPR-Cas9 
system through reducing HDR and enhancing NHEJ efficiency [22]. 
Furthermore, AZT competitively prevents the binding of single nucleo-
tides to the telomere replication template TR, terminating the extension 

of telomerase DNA chain and rendering tumor cells lose the ability to 
maintain effective telomere length, ultimately leading to tumor cell 
senescence and apoptosis [23]. Nevertheless, it is still challenging to 
effectively co-delivery of AZT and CRISPR-Cas9 system for synergistic 
combination therapy. 

Although viral vectors have been widely used in the delivery of drugs 
or CRISPR-Cas9 system, but its uncontrolled chromosomal integration 
may lead to carcinogenesis and immunogenicity, which hinders its 
clinical application [24,25]. Non-viral nanoparticles have shown great 
potential for precise delivering drugs and CRISPR-Cas9 system in tumor 
therapy, with higher safety [26,27]. Mesoporous silica (MSN) nano-
particle has been widely used for drug delivery due to its controllable 
particle size, large specific surface area, modified pore size and surface 
chemistry, and high drug loading [28,29]. However, MSN may suffer 
from premature drug leakage and release during the delivery process, 
thus limiting efficiency of drug delivery [30]. It has been found that 
encapsulation of bio-membrane can optimize the defects of MSN [31]. 
Erythrocyte membrane (EM) has the advantages of easy to obtain, 
extract and modification, and nanoparticles encapsulated by EM have 
the advantages of good biocompatibility, anti-macrophage phagocy-
tosis, long blood circulation time, and easy intracellular release [32,33]. 
Therefore, EM-coated MSN may be a potential strategy for precise de-
livery of AZT and CRISPR-Cas9 system. 

In this study, a glutathione (GSH)-responsive EM-based biomimetic 
nanoplatform was established, which in combination with AZT 
enhanced the gene editing efficiency of Cas9 RNP for TERT gene, and 
induced telomere end disorder and tumor inhibition. MSN was used to 
load AZT (M− A) and subsequent modification of disulfide bond to 

Scheme 1. Schematic illustration of enhancing Cas9 RNP gene editing efficiency in anti-tumor therapy using erythrocyte membrane-camouflaged nanoparticles. A) 
Design and preparation of the E@M− A/RNP nanoparticles. B) The E@M− A/RNP nanoparticles induced tumor death by precision delivering AZT and Cas9 RNP to 
enhance telomere end disorder. Firstly, E@M− A/RNP was injected intravenously and aggregated at the tumor site through the EPR effects. Subsequently, E@M− A/ 
RNP was internalized into tumor cells and released AZT and Cas9 RNP within the high GSH of TME. (I) Cas9 RNP entered into the nucleus for gene editing of TERT 
gene, and AZT simultaneous increased gene editing efficacy of Cas9 RNP by enhancing NHEJ and reducing HDR. In addition, (II) AZT also competitively prevented 
the binding of single nucleotides to the telomere replication template TR, which terminated the elongation of telomerase DNA strands. Overall, this nanosystem could 
enhanced Cas9 RNP gene editing efficiency and thus caused disruption of telomere terminals, ultimately leading to tumor cell death. 
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connect Cas9 RNP system (M− A/RNP), and then the outermost layer 
encapsulated with EM to synthesize the E@M− A/RNP nanoparticle 
(Scheme 1A). The E@M− A/RNP accumulated at tumor sites due to the 
EPR effect and was internalized by tumor cells. The disulfide bonds were 
disrupted in the tumor microenvironment (TME) with a highly GSH 
concentration and Cas9 RNP was released and entered into the nucleus 
to execute gene editing of TERT gene. Meanwhile, AZT enhanced the 
NHEJ process to boosted the gen editing efficiency of Cas9 RNP. 

Furthermore, AZT competitively inhibited the binding of single nucle-
otides to the telomere replication template TR, hindering telomerase 
DNA chain extension (Scheme 1B). By synergistic combination of AZT 
and Cas9 RNP system, this biomembrane-camouflaged nanodelivery 
strategy realized enhanced gene editing and eventually resulted in 
telomere disorder, induced replicative senescence, and thus triggered 
tumor inhibition. 

Fig. 1. Preparation and Characterization of the E@M− A/RNP nanoparticles. A) The stepwise synthesis schematic diagram of E@M− A/RNP. B) The representative 
transmission electron microscopy (TEM) images of E@M− A/RNP. Scale bars, 50 nm. C) Dynamic light scattering (DLS) profiles of MSN and E@M− A/RNP. D) Zeta 
potentials of the synthetic intermediates in the synthesis of E@M− A/RNP nanoparticles. I: MSN, II: AZT, III: M− A, IV: M− A− NH2, V: M− A− DSP, VI: M− A/RNP, VII: 
EM, VIII: E@M− A/RNP. E) BET analysis and pore size distribution (inset) of MSN. F) Quantification of AZT loadings at different concentrations. G) Fluorescence 
spectra of supernatant after M− A− DSP (0.03, 0.3, 3.0, 15.0, 30.0 mg) incubated with FITC-labeled Cas9. H) UV–Vis–NIR absorption spectra of the synthetic in-
termediates. I) The AZT release from E@M− A/RNP (1 mg mL− 1) under different conditions. Retention of EM protein during preparation process, J) SDS-PAGE 
analysis whole protein and K) Western-blot analysis of CD47 protein. 
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2. Materials and methods 

2.1. Synthesis of the E@M− A/RNP nanoparticles 

For preparation of E@M− A/RNP, AZT was firstly loaded into MSN to 
form M− A, and then surface modification with 3-aminopropyltriethox-
ysilane (APTES) and 3,3-Dithiodipropionic acid bis (N-succinimidyl 
ester) (DSP). The Cas9 protein and sgRNA (with a mass ratio of 1:2 
between Cas9 and sgRNA) were mixed in PBS (pH = 7.4) for 5 min to 
form Cas9 RNP compound. The modified M− A was mixed with Cas9 
RNP at 4℃ overnight and finally encapsulation of EM to obtain 
E@M− A/RNP nanoparticle after extrusion using a liposome extruder. 

2.2. Real-time qPCR analysis of TERC level in the FLAG 
immunoprecipitates (IP) 

The treated A549 cells with density of 8 × 106 cells were dissolved in 
high salt buffer on ice. The lysate was diluted with five volumes of low 
salt buffer and then centrifuged at 18,630 × g for 10 min at 4℃. The 
supernatant was collected and diluted 3–5 times with eluent. The Q- 
TRAP reaction system included 2 μL IP eluent, 100 ng TS primers, 100 ng 
ACX primers, and 1 mM EGTA were mixed in SYBR green PCR master 
mix. The reaction mixture was incubated at 30℃ for 30 min, and then 
amplified in 40 cycles using the ABI StepOnePlus real-time PCR system 
(Applied Biosystems) at 95℃ for 15 s and 60℃ for 60 s. 

2.3. In vivo antitumor efficacy evaluation 

All animal procedures were performed under the guidance of the 
Institutional Animal Care and Use Committee of the Nanjing University 
of Chinese Medicine (ethical approval number: 202309A041) and were 
approved by China’s Committee for Research and Animal Ethics in 
compliance with the law for experimental animals. The collected A549 
cells (5 × 106 cells) were subcutaneously injected into nude mice and 
mice were randomly divided into six groups when the tumor size of 
about 60 mm3. For bio-distribution detection, ICG covalently modified 
E@M− A/RNP nanoparticles were intravenously injected into the 
xenograft bearing mice. After anesthetized by isoflurane, images of the 
mice were captured with Near-infrared optical imaging technology at 
the time of 0, 6, 12 and 18 h post injection, respectively. For antitumor 
efficacy evaluation, the A549 tumor bearing BALB/c nude mice were 
intravenously injected with different formulations (including PBS, 
E@M, E@M− RNP, E@M− A, and E@M− A/RNP with dose of 16 mg 
kg− 1) every third day for a total of seven times. The mice body weight 
and tumor volume were measured during the treatment process, and 
tumor volume was calculated by the formula: Volume (mm3) = 0.5 ×
Length × Width2. The mice were sacrificed at the end of the experiment, 
and the tumors and viscera were resected. After fixation in 4 % para-
formaldehyde, the tissues were prepared into paraffin sections and then 
stained with H&E, TERT, and Ki67 antibodies and TUNEL. 

2.4. Statistical analysis 

The data are presented as the mean ± standard deviation (SD) from 
three different experiments. Two-tailed t-test (*P < 0.05; **P < 0.01; 
***P < 0.001) was applied to analyze significant differences between 
groups. 

3. Results and discussion 

3.1. Preparation of the E@M− A/RNP nanoparticles 

Enhancing the gene editing efficiency of CRISPR-Cas9 system may be 
achieved through Cas9 protein recognition and cleavage of comple-
mentary gene loci with gRNA, which activate gene repair pathways 
(NHEJ and HDR) and ultimately lead to gene mutations and loss of 

original function [34,35]. It has been reported that AZT can act on the 
NHEJ pathway and greatly improve the gene editing efficiency [36]. 
Therefore, the gene editing enhancement effect of AZT was validated on 
CRISPR-Cas9 system, and A549-eGFP cells were selected as subjects. 
After transfection of CRISPR-Cas9 plasmid for eGFP gene editing into 
A549-eGFP cells, more green fluorescence was quenched with 
increasing concentrations of AZT, as observed by fluorescence micro-
scope (Fig. S1A–B). Subsequently, the fluorescence intensity was 
detected using flow cytometry, and the results showed that the fluo-
rescence intensity gradually weakened with the concentration of AZT 
increased, as expected (Fig. S1C). Furthermore, to evaluate the gene 
editing enhancement efficiency of AZT, CRISPR-Cas9 plasmid targeting 
TERT gene loci was constructed, and the frequency of mutations was 
quantified using T7 endonuclease I (T7E1) assay, and the results indi-
cated that the mutation frequency of TERT gene in the AZT-treated 
group was significantly higher than that of the other groups 
(Fig. S2A). The results of Western blot analysis also showed a similar 
trend, i.e., the lowest expression level of TERT protein was observed in 
the AZT treatment group (Fig. S2B), which laid a foundation for the 
further investigation of AZT-enhanced CRISPR-Cas9 system. 

The E@M− A/RNP nanoparticles were prepared from MSN loaded 
with AZT, and then modified with APTES and DSP to link Cas9 RNP, 
followed by coated with EM as the shell (Fig. 1A). Firstly, the MSN 
nanoparticles with a size of about 80 nm were synthesized according to 
the published methods [37], and confirmed by Transmission electron 
microscopy (TEM), which showed a porous morphology (Fig. S3). Then, 
the AZT was loaded into the porous structure of MSN to obtain the MSN- 
AZT (M− A). The M− A was modified with (3-aminopropyl) triethox-
ysilane (APTES) to obtain amine groups (M− A− NH2), and a disulfide 
bond containing linker [3,3-dithiodipropionic acid-di(N-succinimidyl 
ester), DSP] was employed to connect M− A− NH2 and Cas9 RNP (M− A/ 
RNP), which endowing a GSH-stimulus responsibility. Finally, the EM 
purified and extruded from the fresh blood and used for the outermost 
coating of M− A/RNP to synthesize the E@M− A/RNP nanoparticles, 
which were subsequently characterized by TEM, dynamic light scat-
tering (DLS), and ζ-potential measurements. E@M− A/RNP nano-
particles appeared in spherical shape with good dispersibility under 
TEM observation (Fig. 1B), and the thickness of EM was estimated to be 
16.0 ± 2.0 nm (Fig. S4). In the results of Fourier transform infrared 
(FTIR) spectrum, compared to M− A group, there was a double peak 
between 500–600 cm− 1 in the M− A− DSP group, indicating the forma-
tion of disulfide bonds (Fig. S5A–B), and the characteristic peak of 
protein at 1636 cm− 1 in the M− A/RNP group further indicated the 
successfully loading of Cas9 RNP (Fig. S5C). DLS also confirmed that the 
hydrodynamic diameter of MSN was 190.1 ± 2.1 nm, and that of 
E@M− A/RNP was 386.1 ± 6.8 nm which was 196.0 ± 4.7 nm higher 
than that of MSN (Fig. 1C). In addition, the changes of ζ-potential also 
suggested the successful modification of APTES and DSP, ligation of 
Cas9 RNP, and encapsulation of EM (Fig. 1D), indicating favorable 
synthesis of E@M− A/RNP. 

The data of nitrogen adsorption indicated that the average pore size 
of MSN was 6.28 nm, which showed that the synthesized MSN had a 
large specific surface area (Fig. 1E). The highest drug loading ratio of 
33.2 ± 1.4 % could be acquired until the mass ratio of MSN to AZT was 
close to 1: 2.5 (Fig. 1F), which suggested the high surface volume ratio of 
MSN. The loading efficiency of Cas9 protein was also detected using the 
FITC-labeled Cas9 protein, and E@M− A/RNP showed a favorable 
loading capacity of Cas9 protein (Fig. 1G). The ultraviolet–visible 
(UV–vis) data showed a broad absorption between 250 and 280 nm for 
M− A and E@M− A/RNP, which verified the successful encapsulation of 
AZT (Fig. 1H). The in vitro TME was simulated by changing the pH value 
and adding the glutathione (GSH), and the E@M− A/RNP nanoparticles 
degradation and AZT release were investigated. The results showed that 
AZT was released rapidly and the drug release rate could reach up to 
about 72.1 % (Fig. 1I). FITC-labeled Cas9 protein was used to evaluate 
the TME-responsive release of Cas9 RNP from the E@M− A/RNP, and 
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Fig. 2. Gene editing efficiency of the E@M− A/RNP nanoparticles in vitro. A) Schematic diagram of AZT regulated the frequency of Cas9 RNP gene editing by 
increasing NHEJ (I) and competitively inhibited the binding of single nucleotides to the telomere replication template TR (II), which leaded to telomere end disorder. 
B) Representative images taken by confocal laser scanning microscopy (CLSM) at different time periods (0 h, 6 h) using Cy3-labeled Cas9. Scale bar, 20 μm, enlarged 
scale bar, 10 μm. C) T7E1 experiment of A549 cells after different treatments. D) Western-blot analysis of protein expression of TERT. β-actin was used as a control. E) 
Representative DNA sequencing sequences of the TERT locus after incubation with E@M− A/RNP. F) Off-target effects detection of CRISPR-Cas9 gene editing. (I: PBS; 
II: E@M; III: E@M− A; IV: E@M− RNP; V: E@M− A/RNP). 
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the fluorescence intensity of Cas9 nuclease was enhanced with the 
increasing concentrations of GSH from 0 to 10 mmol/L, suggesting that 
the E@M− A/RNP nanoparticle successfully released Cas9 RNP in the 
simulated TME in vitro (Fig. S6). Furthermore, to study the integrity of 
EM on the E@M− A/RNP, the gel electrophoresis analysis was per-
formed and the result indicated that the composition of membrane 
proteins was largely preserved and similar to that of whole blood and 
EM controls (Fig. 1J). The “don’t eat me” biomarker of erythrocytes, 

CD47, prevents RES recognition, and Western-blotting analysis 
confirmed that the CD47 protein was not degraded during the prepa-
ration process of E@M− A/RNP nanoparticles (Fig. 1K). These results 
indicated that E@M− A/RNP exhibited excellent performance in TME 
and showed enormous potential for tumor treatment. 

Fig. 3. Telomere end disorder induction and cell viability inhibition of the E@M− A/RNP nanoparticle in vitro. A) Telomere dysfunction inducing foci (TIF) analysis 
of A549 cells treated with different formulations, and performed using 53BP1 antibody (red) and TELC-FAM Probe (green) for immunostaining. Scale bar, 10 μm. B) 
Real-time qPCR analysis of the level of TERC in the FLAG immunoprecipitates. C) CCK-8 assays for A549 cells with different treatments. D) Flow cytometry assay for 
cell apoptosis studies. E) The representative fluorescent images of A549 cells with different treatments. Green, Calcein-AM (live cells) and Red, PI (dead cells). Scale 
bar, 100 μm. Data are shown as mean values ± S.D. (n = 3). ***P < 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 
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3.2. Gene editing efficiency of the E@M− A/RNP nanoparticles in vitro 

The E@M− A/RNP nanoparticles were released both AZT and Cas9 
RNP in TME, (I) AZT upregulated gene editing efficiency of Cas9 RNP by 

increasing NHEJ, and (II) competitively inhibited the binding of single 
nucleotides to the telomere replication template TR, leading to telomere 
end disorder (Fig. 2A). Prior to evaluation of gene editing, the inter-
nalization of E@M− A/RNP and the nuclear entry of Cas9 RNP were 

Fig. 4. Anti-tumor effects of the E@M− A/RNP nanoparticles in vivo. A) Schematic illustration of the establishment of the A549 tumor-bearing mouse model and the 
subsequent treatment regimen. B) Biodistribution of E@M− A/RNP nanoparticle in different major organs at 0, 6, 12, and 18 h. C) The physical photographs and D) 
corresponding tumor weights of the excised tumors after last administration. E) Tumor growth curves of tumors with different treatments. F) Representative H&E 
staining and IHC analysis of TERT and Ki67 in tumor tissues. Scale bar, 50 µm. G) T7E1 assay of tumor tissues after different treatments. H) Western-blot analysis of 
the protein expression of TERT in tumor tissues. β-actin was used as a control. I) Representative DNA sequencing sequences of TERT loci in tumor tissue. J) Off target 
effects detection of CRISPR-Cas9 gene editing in tumor tissues. I: PBS; II: E@M; III: E@M− RNP; IV: E@M− A; and V: E@M− A/RNP. Data are shown as mean values ±
S.D. (n = 5). *P < 0.05, **P < 0.01, ***P < 0.001. 
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confirmed. Firstly, the Cy3-labbled Cas9 protein was employed to 
assemble the nanoparticle, the results indicated that the significant Cy3 
fluorescence signals were observed in the nucleus after 6 h of incuba-
tion, and had not yet entered the nucleus at 2 h, but a small amount of 
Cy3 fluorescent signal entered the nucleus at 4 h (Fig. 2B and Fig. S7), 
suggesting the successful lysosome escape and nuclear delivery of Cas9 
RNP. The antagonistic effect of AZT on tumor cell telomeres is limited, 
TERT is a key gene of telomerase, and reducing the expression of TERT 
gene can prevent tumor cell proliferation and exert a synergistic effect 
with AZT. T7 Endonuclease I (T7E1) assay was performed to evaluate 
whether AZT enhanced the genome editing efficiency of TERT gene, and 
it was showed that the gene editing efficiency of the E@M− A/RNP 
group (38.1 %) was much higher than that of the E@M− RNP group 
(31.8 %) (Fig. 2C). The whole protein from treated cells were extracted 
for Western blot analysis. The protein expression level of TERT gene in 
the E@M− A/RNP treated group was significantly lower than that of the 
E@M− RNP and other groups (Fig. 2D). Subsequently, Small indels that 
were characteristic of error-prone DSB repair via NHEJ were identified 
at the target site by sequencing the PCR amplicons, which further 
confirmed the Cas9 RNP-based TERT gene editing (Fig. 2E). To verify 
the low off target efficiency of Cas9 RNP, the off target activates 
following the targeted delivery of Cas9 RNP using the E@M− A/RNP 
nanoparticle was evaluated, and the results showed that the extremely 
low off target mutation frequencies were detected (Fig. 2F). Thus, these 
results suggested that the E@M− A/RNP nanoparticles demonstrated an 
effective gene editing capability and significantly improved the effi-
ciency of Cas9 RNP system. 

3.3. The telomere end disorder induction of the E@M− A/RNP 
nanoparticles in vitro 

AZT competitively inhibited the binding of nucleotides to the telo-
meric repeat amplification protocol (TRAP) template, which terminat-
ing the elongation of the telomerase DNA strand. The combination of 
AZT and gene editing of TERT leaded to replicative senescence in tumor 
cells, thereby accelerating apoptosis (Fig. 2A). Telomere dysfunction 
inducing foci (TIF) analysis of A549 cells treated with different material 
groups was performed using 53BP1 antibody (red) and TELC-FAM Probe 
(green) for immunostaining. After treatment of E@M− A/RNP, it was 
found that there were a large number of damaged proteins and the 
morphology of telomeres was blurred, which supported the view that 
cell apoptosis is caused by telomere end disorder caused by dual effects 
(Fig. 3A). In addition, through telomeric repeat amplification protocol 
(TAPR) detection, real-time PCR analysis showed a significant decrease 
in TERC levels in cells of the E@M− A, E@M− RNP, and E@M− A/RNP 
treated groups, especially in the E@M− A/RNP treated group (Fig. 3B). 
This may be due to the disorder of telomere terminals, which affects the 
total activity of telomerase and leads to changes in various components 
of telomeres. 

To study the cell viability inhibition of E@M− A/RNP nanoparticles 
in tumor cells, the different concentrations of nanoparticles were treated 
and the Cell Counting Kit-8 (CCK-8) assay was performed. It was found 
that the cytotoxicity of the E@M− A/RNP treatment group was much 
higher than that of the other groups, and the difference in toxic effects 
widened with increasing concentration (Fig. 3C), where 180 μg mL− 1 of 
E@M− A/RNP was close to the IC50 value and was selected as the con-
centration for subsequent therapeutic experiments. The cytotoxic effects 
of E@M on immortalized normal cells were also performed and the 
BEAS-2B and HK-2 cells were employed, it was showed that the toxic 
effect of E@M on normal cells was enhanced with increasing concen-
tration, which consisted with the results of A549 cells. To be specific, the 
E@M exhibited negligible toxicity at concentration below 180 μg mL− 1 

and relatively high toxicity at concentration above 180 μg mL− 1 

(Fig. S8). In addition, flow cytometry analysis of cell apoptosis revealed 
that the apoptosis rate of E@M− A/RNP group (41.5 ± 3.1 %) was 
obviously higher than that of E@M− RNP (24.6 ± 2.4 %), E@M− A (33.4 

± 1.0 %), and the other groups, which consisted with the results of CCK- 
8 detection (Fig. 3D, and Fig. S9). The live/dead fluorescent cell staining 
was also performed and it was indicated a similarity result, i.e., the 
E@M− A/RNP treatment group showed the weakest green intensity of 
calcein-AM (live cells) and the highest red intensity of propidium iodide 
(PI, dead cells) (Fig. 3E). These above results indicated that the 
E@M− A/RNP nanoparticles excellently induced the telomere end dis-
order and thus resulting in cell viability inhibition of tumor cells. 

3.4. Anti-tumor effects of the E@M− A/RNP nanoparticles in vivo 

Inspired by the superior experimental results in vitro, the anti-tumor 
effects of the E@M− A/RNP nanoparticle was further confirmed on the 
A549 xenograft tumor model, which treated with different formulations 
via intravenous administration when the tumor volume of about 80 mm3 

(Fig. 4A). Firstly, the FITC-labeled Cas9 protein was employed to verify 
the biodistribution of E@M− A/RNP nanoparticles and it was found that 
the fluorescence signal was highly accumulation at tumor region after 
intravenous injection of 18 h via IVIS imaging. Subsequently, the major 
organs (liver, kidney, spleen, and lung) and tumor tissues were har-
vested after mice euthanasia, and the results indicated that the fluo-
rescence signal in tumor tissues was gradually enhanced, and the 
fluorescence intensity in liver and lung organs were weakened, with the 
increase of time (Fig. 4B). These data suggested that the E@M− A/RNP 
proposed excellent tumor targeting properties, which might be due to 
the EM coating exerted anti-macrophage phagocytosis effect. Subse-
quently, A549 tumor-bearing mice were randomly divided into five 
groups and administrated with different formulations via intratumoral 
injection. The tumor volumes in all experimental groups were monitored 
during the next 20 days of treatment, and tumor tissues were harvested 
and weighed after mice euthanasia. It was observed that the tumor tissue 
in the E@M− A/RNP group was significantly smaller than the other 
groups (Fig. 4C), and the tumor weight of the E@M− A/RNP treatment 
group was much lighter than that of the E@M− RNP, E@M− A, E@M, 
and PBS treatment groups (Fig. 4D). The results of xenograft volumes in 
all experimental groups further confirmed the favorable tumor inhibi-
tion efficiency of E@M− A/RNP nanoparticles (Fig. 4E). 

In addition, the collected tumor sections were performed for the 
histologic analysis. The results of hematoxylin and eosin (H&E) staining 
showed that the E@M− A/RNP treated group significantly reduced the 
cell density of tumor tissue and had a significant inhibitory effect on 
tumor growth (Fig. 4F). To further explore the joint strategies of drugs 
promoting gene editing, immunohistochemistry (IHC) staining of TERT 
were performed. E@M− A/RNP group exhibited the lowest expression of 
TERT in the tumor section, which suggested that AZT enhanced the 
genome editing of Cas9 RNP (Fig. 4F). IHC staining of Ki67 for cell 
proliferation and immunofluorescence staining of TUNEL for cell 
apoptosis indicated the effective anti-proliferation and pro-apoptosis 
effects after nanoparticles administrations, especially for E@M− A/ 
RNP group (Fig. 4F and Fig. S10). The gene editing efficiency of 
E@M− A/RNP nanoparticles in tumor sections were further verified by 
T7E1 detection assay, and it was showed that E@M− A/RNP group 
(37.0 %) successfully knocked down of TERT gene and much higher than 
that of E@M− RNP group (29.7 %) (Fig. 4G). A similar trend was 
observed in the results of Western blotting, indicating that AZT and Cas9 
RNP had a synergistic effect on TERT gene editing (Fig. 4H). Small in-
sertions and deletions (indels) and off target activities were also 
executed in the tumor sections (Fig. 4I-J). Moreover, Q-TAPR detection 
showed the lowest telomerase activity in the E@M− A/RNP treated 
group (Fig. S11). Notably, the E@M− A/RNP nanoparticles exhibited an 
excellent xenograft inhibition effect and enhanced the genome editing 
efficiency of Cas9 RNP in vivo. 
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Fig. 5. Biocompatibility of the E@M− A/RNP nanoparticles. A) Body weight of mice during treatments. B, C) Assessment of hemolysis in red blood cells incubated 
with different concentrations of M− A/RNP and E@M− A/RNP for 6 h. D) Blood biochemical tests on the serum with treatment of PBS and E@M− A/RNP, in which 
alkaline phosphatase (ALP), alanine aminotransferase (ALT), aspartate aminotransferase (AST), total protein (TP), urea (UREA) and creatinine (CREA) levels were 
analyzed. E) H&E staining of major organs after treated with different formulations. Scale bar, 50 μm. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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3.5. Biocompatibility of E@M− A/RNP nanoparticles 

Biomembrane-camouflaged nanodelivery strategy with clinical 
transformation potential needs not only excellent therapeutic effects, 
but also highly biosafety. Thus, the biocompatibility of E@M− A/RNP 
nanoparticles was comprehensively evaluated. Firstly, no lethality or 
pronounced drop was observed in the body weight of mice after 
E@M− A/RNP nanoparticles treatment (Fig. 5A). Secondly, no hemo-
lysis occurred in the E@M− A/RNP group with different concentrations 
after 6 h continuous exposure, while hemolysis occurred in the M− A/ 
RNP group without EM encapsulation at low concentration (Fig. 5B-C). 
Additionally, extracted peripheral blood of mice from PBS and 
E@M− A/RNP treated groups, and serum was separated for the standard 
serum biochemistry detection, such as, alkaline phase (ALP), alanine 
aminotransferase (ALT), aspartate aminotransferase (AST), total protein 
(TP), urea (URA), and creatinine (CREA). The results showed that the 
values of these indicators were within the normal reference range 
(Fig. 5D). Analysis of complete blood panel tests (WBC, RBC, MCHC, 
MCH, HCT, MCV, Gran) showed no significant difference in all measured 
parameters (Fig. S12). H&E staining of the major organs’ sections (heart, 
liver, spleen, lung, and kidney) indicated no noticeable abnormality or 
appreciable organ damage (Fig. 5E). All these results revealed that the 
E@M− A/RNP nanoparticles had high biocompatibility and favorable 
clinical transformation potential. 

4. Conclusion 

In summary, we have devised a strategy to enhance the gene editing 
efficacy of CRISPR-Cas9 strategy by leveraging drug synergism. Firstly, 
the bio-membrane camouflaged nanodelivery strategy was used and 
allowed for a precision delivery of CRISPR-Cas9 system to the tumor 
site, which maximizing its genome editing capacity and minimizing its 
shortcomings, such as, off-target activities. Secondly, the synergistic 
effect of AZT and Cas9 RNP gene editing on TERT knockdown was 
demonstrated and further enhanced the disruption of telomere terminals 
in tumor cells, thereby offering a potential anti-tumor strategy. This 
article establishes a biomimetic nanoplatform for delivering small 
molecule drugs and a CRISPR system to promote tumor cell apoptosis by 
enhancing telomere end disorder, E@M− A/RNP nanoparticles revealed 
pronounced anti-tumor synergistic therapeutic effects in both in vitro 
and in vivo settings. This high bio-safely nanosystem presents a novel 
strategy for further improving genome editing efficiency of CRISPR- 
Cas9 system and approach for tumor inhibition by enhancing telomere 
end disorder. 
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