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A B S T R A C T   

CRISPR-Cas9 is a central focus of the emerging field of gene editing and photodynamic therapy (PDT) is a 
clinical-stage ablation modality combining photosensitizers with light irradiation. But metal coordination bio-
materials for the applications of both have rarely been investigated. Herein, Chlorin-e6 (Ce6) Manganese (Mn) 
coordination micelles loaded with Cas9, termed Ce6-Mn-Cas9, were developed for augmented combination anti- 
cancer treatment. Manganese played multiple roles to facilitate Cas9 and single guide RNA (sgRNA) ribonu-
cleoprotein (RNP) delivery, Fenton-like effect, and enhanced endonuclease activity of RNP. Histidine (His)- 
tagged RNP could be coordinated to Ce6 encapsulated in Pluronic F127 (F127) micelles by simple admixture. 
Triggered by ATP and endolysosomal acidic pH, Ce6-Mn-Cas9 released Cas9 without altering protein structure or 
function. Dual guide RNAs were designed to target the antioxidant regulator MTH1 and the DNA repair protein 
APE1, resulting in increased oxygen and enhanced PDT effect. In a murine tumor model, Ce6-Mn-Cas9 inhibited 
tumor growth with the combination therapy of PDT and gene editing. Taken together, Ce6-Mn-Cas9 represents a 
new biomaterial with a high degree of versatility to enable photo- and gene-therapy approaches.   

1. Introduction 

Metal ions play an important role in tumor therapy including in DNA 
damage [1,2], and metalloimmunotherapy [3,4]. Metal ions have been 
widely used as cofactors to promote gene editing efficacy of various 
nucleic acid tools such as DNAzyme [5,6], siRNA [7,8], miRNA [9] and 
other materials for nucleic acid cleavage [10]. As an emerging gene 
editing technology, the cluster regularly interspaced short palindromic 
repeat (CRISPR)-associated protein (Cas9) system has gained a great 
deal of attention, but there have been relatively few metal ion-oriented 
biomaterials for CRISPR/Cas9 delivery. Simulations have shown that 
Mg2+, Mn2+ and Ca2+ can activate the HNH conformation and change 
the catalytic state of Cas9 [11]. For example, it was reported that 
manganese ions (Mn2+) as a cofactor could improve the gene editing 
effect of Cas9 [12], however, therapeutic applications of Mn2+-related 
Cas9 gene editing material have rarely been investigated to our 
knowledge. Mn2+ is particularly interesting since as a transition metal 
ion, it can catalyze H2O2 with low oxidation capacity through Fenton or 

Fenton-like reactions [13,14], which are used in chemodynamic therapy 
[15–17]. One of the challenges for CRISPR-Cas9 delivery technology is 
that the connection between Cas9 and carriers might alter protein 
conformation, leading to impaired gene-editing performance. Metal ions 
could be anchored to His-tagged Cas9 via the coordination interaction 
[18,19]. This approach has the advantages of simple preparation, strong 
stability and high encapsulation efficiency [20,21]. More importantly, 
metal chelation does not impair catalytic activity of Cas9 [22]. The 
combination of Mn2+ can not only increase the gene editing perfor-
mance of Cas9, but also provide a safe and effective solution for the basis 
of CRISPR/Cas9 scaffolding structures. As such, augmented anti-tumor 
efficacy by combining gene edit and chemodynamic therapeutic stra-
tegies could be realized. 

Photodynamic therapy (PDT) has been used as a promising approach 
to treat tumors, involving use of light to trigger photosensitizers and 
generate reactive oxygen species (ROS) for killing tumor cells [23–25]. 
In this study we show that, His-tagged Cas9 can bind to the Ce6 
photosensitizer through the coordination interaction between His-tags 

* Corresponding author. 
E-mail address: ymzhang88@tju.edu.cn (Y. Zhang).  

Contents lists available at ScienceDirect 

Journal of Controlled Release 

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

https://doi.org/10.1016/j.jconrel.2023.03.042 
Received 16 September 2022; Received in revised form 8 March 2023; Accepted 23 March 2023   

mailto:ymzhang88@tju.edu.cn
www.sciencedirect.com/science/journal/01683659
https://www.elsevier.com/locate/jconrel
https://doi.org/10.1016/j.jconrel.2023.03.042
https://doi.org/10.1016/j.jconrel.2023.03.042
https://doi.org/10.1016/j.jconrel.2023.03.042
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jconrel.2023.03.042&domain=pdf


Journal of Controlled Release 357 (2023) 210–221

211

and Mn2+ chelated in Ce6, realizing a combination treatment strategy of 
gene therapy and photodynamic therapy [26–28]. It has been reported 
that MutT homolog 1 (MTH1) protein can remove oxidized nucleotides 
and prevent high levels of ROS from causing damage to proliferating 
tumor cells [29,30]. However, tumor cells are usually in a hypoxic 
microenvironment owing to rapid tumor growth supported by tortuous 
blood vessels [31,32], which also hampers the production of ROS 
leading to suboptimal PDT outcomes. Human apurinic endonuclease 1 
(APE1) is associated with mitochondrial function and low expression of 
APE1 results in increased intracellular oxygen accumulation [33,34]. To 
this end, CRISPR/Cas9 could be mediated by sgRNAs to decrease the 
expression of MTH1 and APE1, resulting in increased intracellular ox-
ygen by interfering cellular oxidative defense system. Since transition 
metals could chelate with chlorin e6 (Ce6) or His-tagged Cas9 via co-
ordination, and Cas9 coordination and release could be achieved in 
response to pH and adenosine triphosphate (ATP) stimuli in tumors in a 
spatiotemporal manner [35,36]. Metal coordination nanoparticles 
comprising photosensitizer, metal and Cas9 could found widespread use 
in combined gene and photodynamic therapy for synergistic anti-tumor 
treatment. Such combination therapy ablates cancer cells more effi-
ciently [37,38], and also shortens the treatment duration since gene 
therapy alone typically needs longer treatment times for efficacy 
[39,40]. 

Herein, we developed a CRISPR/Cas9 delivery system using Ce6 
encapsulated Pluronic (Poloxamer) F127 micelles, termed Ce6-Mn-Cas9 
for synergistic cancer treatment. As depicted in Scheme 1, Mn2+ as a 
bridge enables His-tagged Cas9 to anchor onto Ce6 micelles via the 
coordination without changing conformation and gene-editing proper-
ties of Cas9. After internalization by tumor cells, Ce6-Mn-Cas9 have 
ability to escape from lysosomes in response pH and ATP in tumor cells. 
In addition to the generation of Fenton-like effect, Mn2+ was also found 
to act as a cofactor of Cas9 to promote gene editing activity. We designed 

dual guide RNAs to target MTH1 and APE1 to simultaneously inhibit the 
tumor cell repair and enhance oxygen accumulation, resulting in 
reprogrammed tumor microenvironment and enhanced anti-tumor ef-
ficacy by the combination of photo and gene therapy. 

2. Experimental materials and methods 

2.1. Materials 

Chlorin-e6 was purchased from Sigma (USA). P-nitrophenyl chlor-
oformate, 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochlo-
ride, 4-dimethyla minopyridine, Tris (2-carboxyethyl) phosphine 
hydrochloride and methy-β-cyclodextrim were obtained from Heowns 
(China). SgRNA was produced by Genewiz (Suzhou, China). Roswell 
Park Memorial Institute 1640 (RPMI-1640) and Dulbecco’s Modified 
Eagle Medium (DMEM) growth medium, fetal bovine serum (FBS) and 
penicillin/streptomycin were purchased from Gibco (USA). Dialysis 
tubing (molecular weight cut off: 300,000 Da) was obtained from Vis-
kase (USA). 4,6-diamidino-2-phenylindole dihydrochloride (DAPI) were 
purchased from Invitrogen (USA). Bicinchoninic acid (BCA) protein 
assay kit, protein marker, DNA ladder and fluorescein isothiocyanate 
(FITC) were obtained from Solarbio Science & Technology (Beijing, 
China). All the antibodies were purchased from Sangon Biotech 
(Shanghai, China). All ultra-centrifugal filtration devices were obtained 
from Millipore (USA). Cell Counting Kit-8 (CCK-8), Lysosome tracker, 
YF488-Annexin V/PI kit and cytotoxicity assay kit for animal cells were 
purchased from US everbright (China). 

2.2. Expression and endonuclease activity of Cas9 

Cas9 protein was expressed by E. coli containing pET-28b-Cas9 
plasmid, followed by typical protein purification procedure [41]. After 

Scheme 1. Illustration of the preparation of Ce6-Mn-Cas9-MTH1 + APE1 and its mechanism for enhanced anti-tumor efficacy, in combination with gene editing and 
photodynamic therapy. 
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purification with 30 kDa ultrafiltration tube for three times, the samples 
were quantified by BCA Protein Assay Kit and stored in buffer (50 mM 
Tris, 200 mM KCl, 0.1 mM EDTA, 10% glycerol) at − 80 ◦C. To verify the 
endonuclease activity of Cas9, the purified Cas9 protein was incubated 
with EGFP sgRNA at a molar ratio of 1:1 for 10 min. The resulting RNP 
was added to a 7 μL reaction solution containing water, EGFP dsDNA, 
and a metal ion buffer. The reaction system was placed at 37 ◦C for 30 
min and analyzed by 2% agarose gel electrophoresis. EGFP sgRNA 
sequence: 5′-ccggcaagctgcccgtgccc-3′. Scaffold sequence: 5′-gtttta-
gagctagaaatagcaagttaaaa-
taaggctagtccgttatcaacttgaaaaagtggcaccgagtcggtgc-3′. The catalytic 
activity of Cas9 in the presence of metal ions with different concentra-
tions followed the same procedure above. 

In order to evaluate the integrity and remaining endonuclease ac-
tivity of Cas9 protein after laser treatment, Ce6-Mn-Cas9 micelles were 
prepared with Cas9 concentration of 0.1 mg mL− 1 and a molar ratio of 
Ce6 to Cas9 of 10:1. After treatment by laser (660 nm, 0.1 W cm− 2, 1 
min), they were subjected to circular dichroism analysis. Circular di-
chroism spectra (CD) were performed by a J-810 spectro-polarimeter 
(Jasko, Germany) using a 0.2 mm thick quartz cuvette for measure-
ments. In addition, the solution with or without laser treatment was 
placed at 37 ◦C for 30 min after laser irradiation and then the endonu-
clease activity was analyzed by 2% agarose gel electrophoresis. 

2.3. Synthesis of metal-chelated Ce6 in F127 micelles 

Chlorin e6 (1 mg, 1. 68 mmol,1 eq) was dissolved in 1 mL tetrahy-
drofuran and added into 10 mL 10% (wt) Pluronic F127, F68 or F108 
aqueous solution, followed by sonication for 30 min. After it was fully 
dissolved, it was placed on a magnetic stirrer and then added different 
metal chloride (100 eq) which was dissolved in 60 μL sodium acetate 
aqueous solution and stirred sequentially overnight. The obtained liquid 
was eluted by ultrafiltration (MWCO: 100 kDa) for three times and then 
collected for further analysis. Ce6 absorbance was quantified by spec-
trophotometer, according to the measured standard curve. To quantify 
Ce6, micellar Ce6 was dissolved in tetrahydrofuran (THF) with volume 
ratio of 1:9, followed by absorbance measurement. Standard curve in 
Fig. S1 was made by dissolving Ce6 with indicated concentrations in 
solution of THF(water: tetrahydrofuran(v v− 1) = 1:9). To quantify 
concentration of metal ions, 1 mL metal-chelated Ce6 in F127 micelles 
solution was taken for aqua regia digestion (a mixture of concentrated 
hydrochloric acid (HCl) and concentrated nitric acid (HNO3) at a volume 
ratio of 3:1). Then the solutions were diluted to 5 mL with water for the 
following ICP-OES (iCAP7000 series) analysis for quantification. 

2.4. Synthesis of Ce6-metal-Cas9 

To chelate Cas9 onto micelles, Ce6-Metal@F127 (quantified by the 
amount of Ce6) were simply admixed with Cas9 aqueous solution in a 
molar ratio of 10 (Ce6) to 1 (Cas9). After chelation at 4 ◦C for 12 h, the 
yield was calculated by measuring the fluorescence intensity of FITC 
labeled Cas9. To verify successful chelation, Ce6-Metal-Cas9 were 
treated by 250 mM imidazole and 10% (v v− 1) Triton X-100 solution for 
10 h, followed by ultracentrifugation to remove de-chelated Cas9. The 
obtained fluorescence in retentate was quantitatively analyzed with a 
microplate reader. 

2.5. Ce6-metal-Cas9 characterization 

The morphology of Ce6-Mn-Cas9 and Ce6-Ni-Cas9 were character-
ized using transmission electron microscopic (JEM-F200 or JEM-1400, 
JEOL, Japan) and Energy Dispersive Spectroscopy (EDS) analysis was 
also performed on the same instrument. The hydrodynamic dimensions 
of Ce6-metal@F127 and Ce6-metal-Cas9 were measured by Zetasizer 
nano zs90 (Malvern instruments, Malvern, UK). To test the stability of 
Ce6-Metal-Cas9, the prepared micelles were added in a dialysis bag 

(MWCO: 300 kDa) and dialyzed against a 10% (v v− 1) fetal bovine serum 
(FBS) solution. 20 μL solution in dialysis bag was taken every 2 h for 
fluorescence quantification to quantify the remaining FITC labeled Cas9 
in dialysis bag. 

2.6. FRET 

The synthesis of F127-NH2 was synthesized according to previously 
published protocol [42]. Cas9 was stained with Cy3 and F127-NH2 was 
conjugated by Cy5 via ester bonds, followed by removal of free fluo-
rescence dyes by dialysis. Ce6-Mn@F127 was added to Cas9 at a molar 
ratio of 10 (Ce6) to 1 (Cas9) and incubated for 12 h. Then the fluores-
cence of formulations as indicated was measured by a microplate reader 
in Fig. 1e. 

2.7. 1O2 generation in vitro 

For evaluating the 1O2 generation of Ce6-Mn-Cas9 and Ce6-Ni-Cas9 
under laser irradiation, 1, 3-diphenylisobenzofuran (DPBF) was 
employed as the 1O2 indicator in Fig. 2d. DPBF in DMSO solution (10 
μM) was added to Ce6-Ni@F127 (50 μg mL− 1) and Ce6-Mn@F127 so-
lutions (50 μg mL− 1). After irradiating the mixture with laser (660 nm, 
0.1 W cm− 2) for (0, 2, 4, 6, 8, 10, 12 min) as indicated, the characteristic 
UV–Vis absorption spectra of DPBF were measured. Moreover, the 
capturing agent 2,2,6,6-tetramethylpiperidine (TEMP), was used to 
detect the generation of 1O2 via the ESR spectrometer (Brooker A300) in 
Fig. 2e. 

2.8. OH generation detection in vitro 

For the methylene blue (MB) degradation experiment, Ce6-Ni@F127 
and Ce6-Mn@F127 with concentrations of 50 μg mL− 1 were incubated 
respectively with 25 mM NaHCO3 aqueous solution, 10 μg mL− 1 MB and 
1 mM H2O2 at 37 ◦C for 4 h. Then the absorbance was measured at a 
wavelength from 400 to 800 nm by spectrophotometer in Fig. 2f. 

2.9. pH and ATP-triggered release of Cas9 in vitro 

The prepared Ce6-Mn-Cas9 and Ce6-Ni-Cas9 were poured to a 300 
kDa dialysis bag and soaked in 0.1 mM or 10 mM ATP solution, and 
placed in an incubator at 37 ◦C, followed by sampling the liquid in the 
dialysis bag at a specified time as indicated for protein quantification by 
BCA Protein Assay Kit. The size of samples before and after treatment by 
ATP solutions was measured. And agar gel electrophoresis and sodium 
lauryl sulfate polyacrylamide gel electrophoresis were also conducted. 
The pH release profile at pH 5.5 or 7.4 was also studied by the same 
protocol above. Data were exhibited in Fig. 2g-i and S5. 

To investigate whether Mn2+ was released in the acidic condition, 
Ce6-Mn-Cas9 micelles were prepared with Mn2+ concentration of 0.01 
mg mL− 1 and Cas9 concentration of 0.012 mg mL− 1. They were dialyzed 
(MWCO: 8000–12,000 Da) against pH = 5.5 or PBS solution for 12 h, the 
retentate was collected for the measurement of Mn by ICP-OES 
(iCAP7000 series) analysis. 

2.10. Cellular cytotoxicity and uptake of micelles 

NIH-3 T3 and HEK-293 cells were placed in a 96-well cell culture 
plate with 2 × 105 cells per well and cultured overnight. Ce6-Mn-Cas9 or 
Ce6-Ni-Cas9 were added and incubated for 12 h. Herein, the amount of 
Cas9 is 1.75 μg per well and the molar ratio of Ce6 to Cas9 was 10 to 1. 
After washing with phosphate buffered solution (PBS) for three times, 
cell viability was assessed by cell counting kit-8 (CCK-8) assay. A549 
cells were divided into four groups: 1 PBS, 2 free Cas9, 3 Ce6-Mn-Cas9 
and 4 Ce6-Ni-Cas9 for cellular uptake by measuring the fluorescence 
of FITC-labeled Cas9. The cell nuclei and lysosomes were stained by 4′,6- 
diamidino-2-phenylindole (DAPI) and Lyso Tracker Red, respectively, 
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and the intracellular distribution of Ce6-Mn-Cas9 and Ce6-Ni-Cas9 was 
imaged by CLSM in Fig. 3a and b. 

2.11. Cellular uptake pathway determination 

Ce6-Mn-Cas9 with Cas9 labeled by FITC was added into 96-well 
(1.75 μg Cas9 per well and the molar ratio of Ce6 to Cas9 was 10 to 1) 
or 6-well plates (28 μg Cas9 per well and the molar ratio of Ce6 to Cas9 
was 10 to 1) containing 1 × 105 or 1 × 106 A549 cells in each well, 
followed by incubation for 4 h. The cells were treated with Methyl- 
β-cyclodextrin (MβCD, 7.5 mg mL− 1), 5-(N, N-Hexamethylene)amiloride 
(0.6 mg mL− 1) or low temperature (4 ◦C) overnight, and the fluores-
cence intensity was determined by flow cytometry in Fig. 3c. 

2.12. EGFP gene targeting assay 

To evaluate the genome-editing ability of Ce6-Ni-Cas9-EGFP and 
Ce6-Mn-Cas9-EGFP, 5 × 105 A549 cells expressing EGFP in 6-well plate 
were used in this study and treated by (I) PBS, (II) free Cas9-EGFP (28 μg 
Cas9, molar ratio of Cas9 to sgRNA was 1:2), (III) Ce6-Ni-Cas9-EGFP (28 
μg Cas9), and (IV) Ce6-Mn-Cas9-EGFP (28 μg Cas9) groups. After 72 h, 
they were washed twice with cold PBS and then the remaining EGFP 
after gene cutting by various formulations was assessed by CLSM 
observation and flow cytometry analysis in Fig. 3d and f. 

2.13. Detection of intracellular ROS 

The A549 cells were treated by (I) PBS, (II) free Cas9 (III) Ce6-Mn- 
Cas9 + laser irradiation, (IV) Ce6-Ni-Cas9 + laser irradiation. A549 cells 
were incubated with various samples at 37 ◦C for 12 h. Here, the amount 
of Cas9 is 28 μg per well in 6-well plate and the molar ratio of Ce6 to 
Cas9 was 10 to 1. After washing by PBS for three times, groups (II), (IV) 
and (VI) were treated by 2′, 7′- dichlorodihydrofluorescein diacetate 
(DCFH-DA) (10 μM), and laser irradiation (660 nm, 0.1 W cm− 2, 5 min). 
After further incubation for 3 min, the intracellular ROS generation in 
these groups was assessed by CLSM observation and then the fluores-
cence of formulations as indicated was measured by a microplate reader 
in Fig. 3g. Excitation wavelength: 480 nm, emission wavelength: 
400–650 nm. 

2.14. PDT effect in vitro 

To optimize the experimental conditions for PDT, the A549 cells 
were incubated with Ce6 aqueous solution with a final concentration of 
3 μg (Ce6) mL− 1 for 6 h, followed by irradiation by 660 nm laser for 
different durations (0, 1, 2, 3, 4, 5, 8, 10 and 15 min). After culturing 
overnight, Ce6 aqueous solution was washed with PBS, and CCK-8 so-
lution was added. UV spectrophotometer was used to measure the 
absorbance at 450 nm. After the appropriate irradiation time was 
determined, Ce6 aqueous solution with different concentrations of 0, 
0.05, 0.1, 0.5, 1, 2, 5 μg (Ce6) mL− 1 was added to A549 cells. The 
concentration of Ce6-Mn-Cas9-MTH1 + APE1 was 0.5 μg (Ce6) mL− 1. 
After incubation for 6 h, laser irradiation (660 nm, 0.1 W cm− 2, 5 min) 
was shed on cells and the detection method was the same as above in 
Fig. 4b. Molar ratio of Ce6 to Cas9 was 10:1. 

2.15. Cell killing experiment 

To detect cancer cell apoptosis induced by various formulations in 
Fig. 4c, A549 cells were seeded in 96-well plates and cultured overnight. 
A549 cells were treated by the following formulations (a) PBS, (b) Ce6- 
Mn-Cas9-MTH1, (c) Ce6-Mn-Cas9-APE1 and (d) Ce6-Mn-Cas9 -APE1 +
MTH1 (the amount of Cas9 is 1.75 μg per well) for 72 h. Each group was 
treated by dark or laser irradiation (660 nm, 0.1 W cm− 2, 5 min) as 
indicated. After the cells were incubated for 72 h, CCK-8 solution was 
added and the cells were incubated for another 1 h, then the absorbance 

at 450 nm was measured. 
For the cell apoptosis experiment, the cells were placed in a 6-well 

plate with a density of 5 × 104 and the amount of Cas9 is 28 μg per 
well, followed by incubation overnight. Cells were then treated with 
PBS, free Cas9-MTH1 + APE1, Ce6-Ni-Cas9-MTH1 + APE1 and Ce6-Mn- 
Cas9-MTH1 + APE1. After 6 h, the cells were irradiated with laser (660 
nm, 0.1 W cm− 2, 5 min). After culture overnight, the cells were collected 
and stained with calcein-AM/PI (10 μL) solution for 30 min, followed by 
CLSM observation in Fig. 4d. Cell viability staining was the same as the 
above procedure, and the cells were stained by PI and then analyzed by 
flow cytometry in Fig. 4e. 

2.16. Western blotting analysis 

First, A549 cells were treated with Ce6-Mn-Cas9 or Ce6-Mn-Cas9 for 
12 h. Herein, the amount of Cas9 is 28 μg per well in 6-well plate and the 
molar ratio of Ce6 to Cas9 was 10 to 1. Subsequently, the cells were 
irradiated with laser (660 nm, 0.1 W cm− 2) for 10 min. After 12 h, the 
cells were rinsed by PBS and treated with radio immunoprecipitation 
assay (RIPA) lysis buffer with 1 mM phenylmethanesulfonyl fluoride 
(PMSF) for 30 min. Subsequently the lysis solution was centrifuged and 
the supernatant was collected for quantitative analysis by a BCA protein 
assay Kit. The 20 μL of protein samples were separated by SDS-PAGE gel 
electrophoresis and then transferred to a nitrocellulose membrane. After 
rinsing with Tris Buffered Saline with Tween (TBST), the membrane was 
sealed with 5% (m v− 1) skim milk in TBST for 1 h. Membranes were 
rinsed with rabbit anti-EGFP, rabbit anti-MTH1, rabbit anti-APE1, and 
rabbit anti-GAPDH primary antibody in TBST at 4 ◦C overnight. Mem-
branes were then treated with the Horseradish Peroxidase (HRP)-labeled 
goat anti-rabbit secondary antibody for 2 h under room temperature. 
Finally, the western lightning enhanced chemiluminescence (ECL) sub-
strate was loaded onto the membrane under dark conditions, and the 
fluorescence was monitored by enhanced chemiluminescence exposure. 
Protein expression was analyzed by grayscale analysis in Fig. 3e and 4f. 

2.17. Immunofluorescence determination of intracellular MTH1 and 
APE1 

1 × 105 A549 cells were seeded in a 24-well plate and cultured 
overnight. Then they were treated overnight by PBS, Cas9-APE1, Cas9- 
MTH1, Ce6-Ni-Cas9-MTH1, Ce6-Mn-Cas9-MTH1, Ce6-Mn-Cas9-APE1 
and Ce6-Ni-Cas9-APE1. Herein, the amount of Cas9 is 7 μg per well 
and the molar ratio of Ce6 to Cas9 was 10 to 1. After 12 h, samples were 
treated with laser irradiation for 10 min and the cells were continue to 
culture for 24 h. The cells were cleaned twice with PBS and then fixed 
with 400 μL glutaraldehyde. After 20 min, it was rinsed with 0.2% (v 
v− 1) Triton X-100. After 15 min, it was treated with 300 μL 5%(m v− 1) 
BSA for 2 h. Then the corresponding primary antibody was added for 
4 ◦C overnights and placed on a 30-rpm shaker for rinsing with PBS for 
three times. The secondary antibody was added and incubated for 1 h 
and CLSM observation was performed after DAPI staining. Data were 
exhibited in Fig. 4h. Blue channel: DAPI for nuclei; Green channel: Alexa 
Fluor 488 for MTH1 and APE1. 

2.18. Animal experiments 

All animal experiments were approved by the Ethics Committee of 
Tianjin University and were in accordance with the Animal Management 
Regulations of the Ministry of Health of the People’s Republic of China. 
6-week female nude mice (Beijing Huafkang Biotechnology Co, Ltd. 
Beijing, China) were subcutaneously inoculated with A549 tumor cells. 
After about 10 days, the tumor volume reached nearly 50 mm3. 36 mice 
were randomly divided into six groups and treated by PBS, Ce6@F127, 
Ce6-Mn-Cas9-MTH1, Ce6-Mn-Cas9-APE1, Ce6-Ni-Cas9-APE1, and Ce6- 
Mn-Cas9-APE1 + MTH1 (sgRNA: 80 nM). Herein, Cas9 amount was 1 
mg kg− 1 per mouse and the molar ratio of Ce6 to Cas9 was 10 to 1. Laser 
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irradiation (660 nm, 0.1 W cm− 2, 15 min) was performed after intra-
tumoral injection for 0.5 h in every group. Body weight and tumor 
volume were recorded every day. Size of tumors were quantified using 
formula V = a × b2/2, where a and b are tumor length and width, 
respectively. TV: Tumor Volume. RTV: Relative Tumor Volume. TGI =
[1-RTV(The experimental group)/RTV(PBS group)] × 100%. Tumors 
and major organs were excised for further identification on 13 days as 
indicated. For H&E staining, specimens were fixed in formalin and 
sections embedded in paraffin. After sections were dewaxed, hematox-
ylin was stained for 10 min and eosin for 30 s. Images were taken using 
microscope and the results were shown in Fig. 5. All animal experi-
mental procedures were supported by the Animal Experimental Ethics 
Committee of Tianjin University (License number: TJUE-2022-007). 

2.19. Pharmacokinetics and biodistribution of Ce6-Mn-Cas9 

To determine half-life in blood, free FITC-Cas9, Ce6-Mn-FITC-Cas9 
with a dose of 0.08 mg of FITC labeled Cas9 were injected intravenously 
in CD-1 mice. The blood was collected at indicated time points (0.5 h, 1 
h, 2 h, 4 h, 8 h, 24 h). 100 μL of serum were collected after centrifugation 
at 1000 g for 10 min and the supernatant was taken for fluorescence 
quantification with excitation/emission wavelengths at 480/520 nm. 
For biodistribution study, nude mice were intratumorally given FITC- 
labeled Ce6-Mn-Cas9 with 0.08 mg of FITC-Cas9 (molar ratio of Ce6 
to Cas9 was 10 to 1). After 24 h of injection, mice were sacrificed and 
organs were collected and then imaged by IVIS (Night OWL II LB 983, 
Berthold Technologies) with excitation/emission wavelengths at 480/ 
520 nm. 

2.20. Toxicity evaluation of Ce6-Mn-Cas9 in vivo 

To evaluate the toxicity of micelles in vivo, 5-week nude mice with 
tumors were injected Ce6-Mn-Cas9 intratumorally. The injection dose 
was 1 mg kg− 1 each mouse (Cas9) and the molar ratio of Ce6 to Cas9 was 
10:1. After 24 h of injection, blood was collected for blood test and major 
organs and tumors were removed and fixed for H&E staining. 

3. Results and discussions 

3.1. Preparation and characterization of Ce6-Mn@F127 micelles 

Ce6, a commonly used photosensitizer, was selected to act as both a 
photosensitizer for PDT and a metal chelator. Various metals including 
Ni, Gd, Co, Mg, Zn, Ca, Cu, Mn were chelated into the Ce6 macrocycle 
center after encapsulation of Ce6 in aqueous Pluronic micelles. Metal 
chelation was verified by shifted absorbance maxima (Fig. S2a, Fig. 1a, 
and b) and slightly altered color (Fig. 1c) of different metal-chelated Ce6 
micelles, with good chelation stability in serum (Fig. S2b). Pluronic 
micelles were used to increase the water solubility of metal-chelated 
Ce6, then His-tagged Cas9 was coupled to Ce6-metal@F127 micelles 
via coordination of metal and His-tag after incubation of Cas9 with 
micelles in aqueous solution. Pluronic F127 was found to have the 
higher yield than Pluronic F108 and F68, likely because it has longer 
poly(propylene oxide) (PPO) and poly(ethylene oxide) (PEO) blocks 
(Fig. S2c). Strikingly, Mn was found to enhance the endonuclease ac-
tivity of Cas9 among the screened metals (Ni, Mn, Zn and Ca) as 
determined by agarose gel electrophoresis showing that the target gene 
(molecular weight of 738 bp) was cleaved only in the presence of Mn 
(Fig. 1d). The enhanced endonuclease activity by Mn2+ was 
concentration-dependent as shown in Fig. S2d. It has been reported that 
Mn2+-dependent cleavage of CjeCas9 is catalyzed by the HNH domain, 
which has been shown to stabilize the surrounding protein residues and 
activated the HNH domain [43]. The catalytic activity of Cas9 can be 
improved by adjusting the concentration of Mn2+, which is of signifi-
cance for improving the effect of Cas9 gene editing and promoting its 
therapeutic application. 

In order to verify the coupling of Cas9 to micelles, Cy3 and Cy5 were 
labeled on Cas9 and amine-modified F127, respectively, before gener-
ating Ce6-Mn@F127 micelles coordinated with Cas9 (termed Ce6-Mn- 
Cas9). As shown in Fig. 1e, after admixing Cas9 and Ce6-Mn@F127 
micelles, the emission of the mixture at 570 nm (Cy3 emission max-
ima) became significantly quenched but the emission at 670 nm (Cy5 
emission maxima) was enhanced when exciting Cy3, owing to 

Fig. 1. Mn chelation with Ce6@F127 micelles for RNP delivery. (a) Absorbance spectra, (b) Absorbance maxima displacements, (c) Digital images of different 
metallo-Ce6@F127 micelles. (d) In vitro cleavage of target DNA by Cas9 in the presence of indicated metals. (e) FRET assay of Ce6-Mn-Cas9. Cas9 was labeled by 
Cy3, and Ce6@F127-NH2 were labeled by Cy5. (f) Retention of fluorescence labeled Cas9 after treatment by imidazole and Triton X-100. 

C. Zhang et al.                                                                                                                                                                                                                                   



Journal of Controlled Release 357 (2023) 210–221

215

fluorescence resonance emission transfer (FRET) between Cy3 and Cy5, 
indicating the successful coupling of Cas9 to micelles. The FRET phe-
nomenon was also observed for the case of Ce6-Ni-Cas9 (Fig. S3a). To 
further verify that Cas9 was attached to micelles by metal coordination, 
imidazole was added to Ce6-Mn-Cas9 to compete with the fluorescein 
isothiocyanate (FITC)-labeled Cas9, following centrifugation to remove 
free FITC-labeled Cas9. As shown in Fig. 1f, after imidazole treatment, 
the fluorescence of Ce6-metal-Cas9 significantly decreased due to 
competition with imidazole. 

3.2. Preparation and characterization of Ce6-Mn-Cas9@F127 micelles 

Next, we characterized the binding of Ce6-Mn-Cas9 by measuring the 
fluorescence quenching of FITC-labeled Cas9. We found no significant 
difference between different metallo micelles (Fig. 2a). Size was then 
characterized by dynamic light scattering (DLS). After coupling of Cas9, 
the size of Ce6-Mn@F127 micelles increased from 164 nm to 295 nm 
(Fig. 2b, S3b and S3c). Transmission electron microscopic images also 
showed similar size (Fig. S3d). The energy spectrum analysis verifies the 
presence of Mn (Fig. 2c), and the concentration of Mn ions in micelles 
was determined to be 40.28 mg mL− 1 by ICP-OES. 

Next, the photodynamic effect of Ce6-Mn-Cas9 was investigated 
using 1,3-diphenylisobenzofuran (DPBF) as a probe to assess the 1O2 
generation of Ce6-Mn@F127. Upon laser irradiation, the absorbance of 
the characteristic peak at DPBF at 420 nm decreased significantly, 

indicating that Ce6-Mn@F127 produced 1O2 upon laser irradiation 
(Fig. 2d and S4c). Ce6-Ni@F127 had similar PDT effect (Fig. S4a, S4b 
and S4d). Electron spin resonance (ESR) of the 2,2,6,6-tetramethylpiper-
idine (TEMP)/1O2 adduct could be observed in the Ce6-Mn@F127 +
laser group, but not in the Ce6-Mn@F127 or PBS groups (Fig. 2e and 
S4e). Besides Ce6, Mn ions can also produce ROS by Fenton-like effect, 
which was investigated using methylene blue (MB) as a probe since MB 
can be degraded by the Fenton-like effect. As shown in Fig. 2f and S4f, 
Ce6-Mn@F127 micelles induced significant Fenton-like effect compared 
to the controls of PBS and Ce6-Ni@F127. 

Next, Cas9 release from the metal coordination micelles in a puta-
tive, simulated tumor biochemical environment was studied. As shown 
in Fig. 2g, 10 mM ATP, but not 0.1 mM ATP induced the complete 
release of FITC-labeled Cas9 within 6 h, since ATP has imidazole-like 
structure that compete withe for metal coordination. In addition, the 
metal in the center of the Ce6 macrocycle could be de-chelated at low 
pH. Therefore, as shown in Fig. 2h, Cas9 could be triggered released at 
pH 5.5 but not pH 7.4. As shown in the Fig. S5a, Ce6-Mn-Cas9 could be 
rapidly released in the simulated tumor intracellular environment with 
10 mM ATP and pH of 5.5. In addition, in the presence of either 10 mM 
ATP, pH 5.5 or both, the size of micelles decreased from 190 nm to 91 
nm, indicative of the release of Cas9 from micelles (Fig. S5b). This could 
be ascribed to the disruption of coordination of histidine and manganese 
due to the protonation of the histidine in the acidic conditions [44,45] 
and de-chelation of manganese from the center of Ce6 in the acidic 

Fig. 2. Characterization of Ce6-Mn-Cas9 micelles. (a) The yield of Cas9 loaded by different metallo-Ce6@F127 micelles. (b) Size distributions. (c) TEM images and 
corresponding element mappings of Ce6-Mn-Cas9 (scale bar: 200 nm). (d) UV–Vis absorption spectra of DPBF after indicated treatment and (e) ESR spectra of Ce6- 
Mn-Cas9 in the absence and presence of laser irradiation (660 nm, 0.1 W cm− 2, 5 min). (f) Fenton-like degradation of MB in the presence of Ce6-Mn@F127 micelles 
and Ce6-Ni@F127 micelles. The (g) ATP and (h) pH-responsive release profiles of Ce6-Mn-Cas9 at different indicated conditions. (i) Gene editing of the released Cas9 
determined by agarose gel electrophoresis. 
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condition [46,47]. We also found that 40% manganese was released at 
12 h after treatment by acidic solutions of pH = 5.5 by ICP, as shown in 
Fig. S5c. In order to demonstrate that Cas9 retains its gene editing 
function after triggered release, the release profile and endonuclease 
activity of Ce6-Mn-Cas9 was studied by agarose gel electrophoresis 
(Fig. 2i) and sodium lauryl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE) (Fig. S5d). It was found that Cas9 attached on micelles were 
larger in size and could not pass through pores in electrophoresis gel. 
More importantly, the endonuclease activity could be restored only after 

Cas9 was released from micelles, which could be triggered in the con-
ditions of pH of 5.5 or 10 mM ATP. 

3.3. The intracellular PDT and gene-editing effect of Ce6-Mn- 
Cas9@F127 

Next, we investigated the gene editing performance of Ce6-Mn-Cas9 
at a cellular level. First, free Cas9, Ce6-Mn-Cas9 or Ce6-Ni-Cas9 were 
incubated with mouse embryonic fibroblast (NIH-3 T3) and human 

Fig. 3. Intracellular uptake of Ce6-Mn-Cas9 for PDT and EGFP gene editing in vitro. (a) Cytotoxicity of Ce6-Mn-Cas9, and controls including Ce6-Ni-Cas9, free Cas9 
and PBS. HEK-293 cells and NIH-3 T3 cells were incubated with the sample overnight, followed by CCK-8 kit assay. (n = 3) (b) CLSM images of the intracellular 
distribution of the Cas9 complex. The nuclei and lysosomes were stained with Hoechst 33342 and LysoTracker Red, respectively, and the Cas9 complex was labeled 
with FITC (scale bar: 50 μm). (c) Cellular uptake of FITC-labeled Ce6-Mn-Cas9 treated with Methyl-β-cyclodextrin (MβCD), 5-(N, N-Hexamethylene)amiloride and 
low temperature. (n = 3) ** p < 0.01, *** p < 0.001, and **** p < 0.0001, analyzed by one-way ANOVA with Bonferroni’s post hoc test. (d) CLSM images (scale bar: 
100 μm) and (e) Western blot analysis of the EGFP expression in A549-EGFP cells treated with different samples (PBS, free Cas9-EGFP, Ce6-Ni-Cas9-EGFP and Ce6- 
Mn-Cas9-EGFP) (n = 3). (f) Flow cytometry analysis of A549-EGFP cells treated with different samples (PBS, Cas9-EGFP, Ce6-Ni-Cas9-EGFP and Ce6-Mn-Cas9-EGFP). 
Scale bar: 100 μm. (g) ROS generation after treatment by formulations as indicated upon laser irradiation (660 nm) under CLSM using DCFH-DA as indicator (scale 
bar: 100 μm). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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embryonic kidney (HEK-293) cells to assess its cytotoxicity. Fig. 3a 
shows that all these formulations had no significant cytotoxicity to cells 
as measured by a Cell Counting Kit-8 (CCK-8 kit) assay. Human pul-
monary carcinoma (A549) cells were incubated with FITC-labeled free 
Cas9, Ce6-Ni-Cas9 and Ce6-Mn-Cas9 micelles for different times and it 

was found that cellular uptake of Ce6-Mn-Cas9 reached saturation at 
around 6 h, measured by the intracellular fluorescence (Fig. S6). Next, 
the cellular distribution of free Cas9, Ce6-Mn-Cas9 and Ce6-Ni-Cas9 was 
examined by confocal laser scanning microscope (CLSM) after co- 
incubation with A549 cells (Fig. 3b). Additional images in other 

Fig. 4. SgRNA-mediated Cas9 delivery for enhanced ROS generation and gene editing. (a) CLSM observation of different micelles as indicated using DCFH-DA as ROS 
indicator (scale bar: 100 μm). (b) Cell viability of A549 cells treated by Ce6-Mn@F127 (0, 0.05, 0.1, 0. 5, 1, 2, 5 μg mL− 1) and Ce6-Mn-Cas9 (0.5 μg mL− 1) with laser 
irradiation (power density, 0.1 W cm− 2). (c) Cell viability of A549 cells treated by Ce6-Mn-Cas9 with different sgRNA combinations. (d) Live/dead staining analysis 
and (e) flow cytometry analysis of cells treated with different samples including Ce6-Mn-Cas9, as well as PBS, free Cas9 and Ce6-Ni-Cas9 as controls (with dual gRNAs 
for all). Scale bar: 200 μm. (f) Western blotting images and (g) corresponding quantitative analysis of APE1 and MTH1 proteins in A549 cells with different 
treatments (n = 3) including PBS, Cas9, Ce6-Ni-Cas9 and Ce6-Mn-Cas9. ** p < 0.01, *** p < 0.001, and **** p < 0.0001, analyzed by one-way ANOVA with 
Bonferroni’s post hoc test. (h) Immunofluorescence images of APE1 and MTH1 in A549 cells after different treatments (scale bar: 100 μm). (i) Sanger sequencing 
analysis for the MTH1 and APE1 locus. 
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channels are shown in Fig. S7. The endocytosis pathways were also 
investigated by adding caveolae-dependent endocytosis inhibitor 
(MβCD), micropinocytosis-mediated endocytosis inhibitor (amiloride) 
or at low temperature (4 ◦C, as control). The uptake of FITC-labeled Cas9 
was significantly reduced in the presence of Methyl-β-cyclodextrin 
(MβCD), suggesting that Ce6-Mn-Cas9 was ingested in cells by caveolae- 
dependent phagocytosis (Fig. 3c and S8) [48]. After confirming cellular 
uptake, the genome editing function of Ce6-Mn-Cas9 micelles was 
assessed. An A549 cell line expressing enhanced green fluorescent pro-
tein (EGFP) was used and incubated with Ce6-Mn-Cas9 with EGFP 
sgRNA (denoted as Ce6-Mn-Cas9-EGFP), as well as Ce6-Ni-Cas9-EGFP 
and free Cas9-EGFP as controls, followed by assessing green fluores-
cence expression with CLSM. As shown in Fig. 3d, only sporadic fluo-
rescence could be seen from cells treated by Ce6-Mn-Cas9-EGFP or Ce6- 
Ni-Cas9-EGFP whereas A549 cells treated by PBS or free Cas9 expressed 
more fluorescence, suggesting that Ce6-Mn-Cas9 was an effective gene 
editing platform than other controls. The bright field channels are 
shown in Fig. S9. Furthermore, the concentration of EGFP collected from 
cells after treatment by Ce6-Mn-Cas9-EGFP and other controls was 
analyzed by western blot (WB) (Fig. 3e) and flow cytometry analysis 
(Fig. 3f). Ce6-Mn-Cas9-EGFP cleaved the EGFP gene, but the controls 
including free Cas9 and Ce6-Ni-Cas9-EGFP did not, leaving noticeable 
characteristic band and fluorescence signal of EGFP, confirming the 
effective genome editing in vitro of Ce6-Mn-Cas9-EGFP. 

Next, intracellular ROS generated by Ce6-Mn-Cas9 upon laser irra-
diation was investigated in vitro using 2, 7-dichlorodihydrofluorescein 
diacetate (DCFH-DA) as a fluorescent ROS indicator. As shown in 
Fig. 3g, a green fluorescence signal from DCFH-DA was observed in 
A549 cells after incubation with Ce6-Mn-Cas9 and Ce6-Ni-Cas9 under 
laser irradiation compared with the PBS and free Cas9 groups where less 
green fluorescence signal could be seen. This suggests that 1O2 could be 
effectively generated in vitro by Ce6-Mn-Cas9 under laser irradiation. In 
addition, 1O2 did not affect the structural integrity and endonuclease 
activity of Cas9, as shown in Fig. S10. 

3.4. Dual sgRNA Cas9 of ROS generation and gene editing reinforcement 

After verifying the gene editing capability of the Ce6-Mn-Cas9 
nanoplatform, we next used two therapeutic sgRNAs to mediate Ce6- 
Mn-Cas9 for gene and phototherapy. MTH1 sgRNA has been reported 
to be used to target antioxidant regulator but also leaves room for 
improvement for satisfactory results, therefore, we designed another 
gRNA used to suppress respiration and increase oxygen accumulation, 
which has not been used as sgRNA to mediate Cas9 before. The silencing 
of APE1 could partially inhibit mitochondrial function for accumulation 
of intracellular oxygen, eventually resulting in enhanced ROS produc-
tion. MTH1 and APE1 sgRNAs were complexed separately or together 
with Ce6-Mn-Cas9 to generate Ce6-Mn-Cas9-MTH1, Ce6-Mn-Cas9-APE1 
or Ce6-Mn-Cas9-MTH1 + APE1. As shown in Fig. 4a, after incubation 
with A549 cells, the newly designed APE1 gRNA could mediate Ce6-Mn- 
Cas9-APE1 to generate more ROS than MTH1, and the dual gRNAs 
provided the highest amount of ROS, which could directly give rise to 
significantly enhanced PDT efficacy. 

Next, the photodynamictherapy efficacy of killing A549 cells using 
Ce6-Mn@F127 micelles or Ce6-Mn-Cas9 was investigated. The specific 
laser illumination time could be determined by Fig. S11, and the con-
centration of Ce6 was optimized to be 3 μg mL− 1. As shown in Fig. 4b, 
upon laser irradiation, 5 μg mL− 1 Ce6-Mn@F127 micelles could kill over 
90% A549 cells. In contrast, the presence of Cas9 complexed with dual 
gRNAs could effectively inhibit the cancer cell repair pathway and 
facilitate ROS excessive production, so that only 0.5 μg mL− 1 Ce6-Mn- 
Cas9 could achieve similar therapeutic effect. In addition, as shown in 
Fig. 4c, the introduction of double sgRNA gave rise to improved thera-
peutic effect relative to single sgRNA. Thus, double sgRNAs were used in 
the following experiments unless noted otherwise. The live/dead 
staining of A549 cells was next conducted to assess the therapeutic effect 

of Ce6-Mn-Cas9, as well as PBS, free Cas9 and Ce6-Ni-Cas9 as controls 
(with dual gRNAs for all) after laser treatment. As depicted in Fig. 4d and 
e, Ce6-Mn-Cas9 and Ce6-Ni-Cas9 induced the death of 90% and 73% 
A549 cells, respectively (more images are shown in Fig. S12). In 
contrast, free Cas9 caused death of <10% cells with the most cells 
remaining green, indicative of live cells. The superior efficacy of Ce6- 
Mn-Cas9 over Ce6-Ni-Cas9 could be ascribed to the Fenton-like and 
cofactor effect of Mn, in consistence with the results in Fig. 2f. 

In order to evaluate whether Ce6-Mn-Cas9-MTH1 + APE1 could 
effectively interfere with the expression of MTH1 and APE1 proteins in 
A549 cancer cells. A549 cells were treated with PBS, free Cas9, Ce6-Ni- 
Cas9 and Ce6-Mn-Cas9, respectively, followed by examination on the 
expression of MTH1 and APE1 in A549 cells by western blot (Fig. 4f and 
g). The expression of APE1, but not MTH1 was significantly decreased 
by free Cas9. Although Ce6-Ni-Cas9 + laser reduced the expression of 
both MTH1 and APE1 proteins, the expression of APE1 and MTH1 in 
cells treated with Ce6-Mn-Cas9 was significantly lower than other 
groups, which could be attributed to the Mn2+ acting as cofactor to 
promote Cas9 endonuclease activity. The amount of MTH1 and APE1 
were also assessed by immunofluorescence staining. As shown in Fig. 4h, 
consistent with the results above, the expression of APE1 and MTH1 was 
significantly decreased after treatment by Ce6-Ni-Cas9 and Ce6-Mn- 
Cas9, but the latter induced the lowest protein expression than any 
other groups. More images are shown in Fig. S13. Additionally, Sanger 
sequencing was used to confirm the induced mutation at the MTH1 and 
APE1 locus (Fig. 4i). 

3.5. The anti-tumor performance of Ce6-Mn-Cas9@F127 

Encouraged by the effective anti-cancer therapy in vitro by Ce6-Mn- 
Cas9, we next set out to study its antitumor efficacy in vivo. Nude mice 
with 50 mm3 tumor were randomly divided into six groups for different 
treatments including (I) PBS group, (II) Ce6@F127, (III) Ce6-Mn-Cas9- 
MTH1, (IV) Ce6-Ni-Cas9-APE1, (V) Ce6-Mn-Cas9-APE1 and (VI) Ce6- 
Mn-Cas9-MTH1 + APE1, the tumor volume and body weight of mice (6 
mice for each group) were recorded every day during the treatment 
period (Fig. 5a). The tumor volume increase trend followed the order, 
from the least effective to most effective treatment of PBS, Ce6@F127, 
Ce6-Mn-Cas9-MTH1, Ce6-Ni-Cas9-APE1, Ce6-Mn-Cas9-APE1, Ce6-Mn- 
Cas9-MTH1 + APE1 (Fig. 5b, S14 and S15). The Ce6-Mn-Cas9-MTH1 +
APE1 group had the slowest tumor growth rate compared with 
Ce6@F127 group, showing that the combination of gene and light 
therapy showed a stronger tumor therapeutic effect. The application of 
dual sgRNAs including MTH1 and APE1 also played an enhanced inhi-
bition effect than single sgRNA alone. Ce6-Mn-Cas9-APE1 group showed 
slightly better tumor inhibition than that of Ce6-Ni-Cas9-APE1 because 
of the Fenton-like effect and cofactor effect of Mn, which agrees with the 
in vitro experiments. The cofactor effect of Mn2+, but not Ni2+ for the 
endonuclease activity of Cas9 might be ascribed to the interaction of 
Mn2+ and RuvC or HNH structural domain [43]. For the Ce6-Mn-Cas9- 
MTH1 + APE1 group, a strong tumor suppressive effect was demon-
strated especially within the first eight days, when the tumor volume 
was close to zero. The tumors were subsequently excised and tumor 
weights were recorded (Fig. 5c). Tumor growth inhibition of Ce6-Mn- 
Cas9-MTH1 + APE1 was up to 88% (Fig. 5d). No significant changes of 
the body weight of mice in all the groups was observed, suggesting that 
these formulations did not cause overt toxicity to mice (Fig. 5e). In 
addition, the efficacy of Ce6-Mn-Cas9-MTH1 + APE1 under laser irra-
diation was verified by hematoxylin-eosin staining (H&E staining). The 
cell density of tumor tissue in Ce6-Mn-Cas9-MTH1 + APE1 group was 
significantly lower than that in other groups with abnormal and 
incomplete cellular morphology (Fig. 5f). The pharmacokinetics 
(intravenous injection) and bio-distribution (intratumoral injection) in 
the mice bearing tumor were also studied. As shown in Fig. S16, Ce6- 
Mn-Cas9 had a longer half-life than free Cas9 after intravenous injec-
tion. Ce6-Mn-Cas9 was mostly retained in tumors after intratumoral 
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injection (Fig. S17). To further evaluate the in vivo safety of Ce6-Mn- 
Cas9, hematology analysis and H&E staining of major organs mice 
treated by efficacy of dose of 1 mg kg− 1 Cas9 were studied. As shown in 
Fig. S18, there was no significant difference for the complete blood 
count parameters between mice treated by PBS and Ce6-Mn-Cas9 
including red blood cell count, platelet count, neutrophil (Neu) count, 
mean cell volume, and others. In H&E staining images, no obvious 
inflammation or lesions was observed in major organs including liver, 
heart, spleen, kidney and lung (Fig. S19), indicating that Ce6-Mn-Cas9 
are highly biocompatible with no overt acute toxicity. It is also worth 
noting that the injection of Mn is about 0.83 mg kg− 1, which is much 
lower than the median lethal dose of MnCl2 in mice (1715 mg kg− 1) and 
10 mg manganese per day on typical Western diets as suggested for 
nutritional ingestions [49,50]. 

4. Conclusion 

In summary, we developed a biochemically responsive nanoplatform 
for the delivery of the photosensitizer Ce6 and Cas9/sgRNA complexes 
for anti-cancer therapy. Mn chelation into Ce6 was critical for the ac-
tivity of this approach. The co-delivery of Ce6 and Cas9 RNP targeting 
APE1 and MTH1 significantly enhanced antitumor effect through the 
following mechanisms: In the cytoplasmic microenvironment with 
acidic pH and abundant ATP, Cas9/sgRNA was triggered released. The 
cleavage of MTH1 proteins prevented MTH1 from protecting prolifer-
ating tumor cells and attenuating the damage caused by ROS, and APE1 

protein impaired mitochondrial translation by damaging mRNA, 
resulting in reduced respiratory and enhanced oxygen accumulation. 
After NIR laser irradiation, PDT effect of Ce6 and Fenton-like effect of 
manganese both induced apoptosis of cancer cells. This nanoplatform 
not only exhibited enhanced efficacy of PDT with dual sgRNA, but also 
realized the controlled release and targeted therapy of CRISPR/Cas9 
system. Altogether, Ce6-Mn-Cas9 holds potential for antitumor therapy 
through the combination of photo and gene therapy paradigms. 
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