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Abstract: The CRISPR/Cas9 system emerges as a promising tool 
for correcting various genetic abnormalities, and cytosolic delivery of 
Cas9-sgRNA (single guide RNA) ribonucleoprotein is highly 
desirable for therapeutic applications. Here, we report a 
biodegradable two-dimensional (2D) delivery platform based on 
loading black phosphorus nanosheets (BPs) with Cas9 
ribonucleoprotein engineered with three nuclear localization signals 
(NLSs) at C terminus (Cas9N3). The Cas9N3-BPs enter cells 
effectively via membrane penetration and endocytosis pathways, 
followed by a BPs biodegradation-associated endosomal escape and 
cytosolic releases of the loaded Cas9N3 complexes. The 
Cas9N3-BPs thus provide efficient genome editing and gene 
silencing in vitro and in vivo at a relatively low dose as compared with 
other nanoparticles-based delivery platforms. This biodegradable 2D 
delivery platform offers a versatile cytosolic delivery approach for 
CRISPR/Cas9 ribonucleoprotein and other bioactive 
macromolecules for biomedical applications. 

The CRISPR/Cas9 system (clustered regularly interspaced 
short palindromic repeat, and CRISPR-associated protein 9), 
originally derived from the adaptive prokaryotic immune 
system,[1] now has widely been applied as a prominent tool in 
many fields, including transcription regulation,[2] genome 
editing,[3] in situ DNA/RNA detection,[4] etc. Since the 
CRISPR/Cas9 system is now in fast development in aspects 
ranging from basic research to biomedical applications, efficient 
cytosolic delivery platforms of such system are highly desirable. 
Delivery of DNA components encoding Cas9 protein and sgRNA 
(single guide RNA) via viral or non-viral approaches have been 
reported.[5] However, therapeutic potentials of these DNA 
delivery approaches are limited by possible insertional 
mutagenesis and over-dosing, which may lead to the increased 
risks of genetic disorders[6] and off-target effects,[7] respectively. 
To overcome these problems, besides using double nicking 
approaches,[3b, 8] optimizing sgRNA design,[9] and engineering 
Cas9 for high-fidelity,[10] direct delivery of Cas9-sgRNA 
ribonucleoprotein complexes followed by sustained releases has 
been regarded as an attractive strategy.[11] Nanoparticles (NPs) 
have been applied as efficient cellular delivery platforms for 
various biomolecules, mainly due to their controllable sizes, 

various surface modifications, bioresponsive behaviours, as well 
as good loading capacities.[12] Very recently, some NPs, 
including DNA nanoclews,[13] Au NPs,[14] graphene oxide (GO) 
nanosheets,[15] and zeolitic imidazolate framework (ZIFs)[16] have 
been successfully employed in delivering Cas9-sgRNA 
complexes based on the construction of large 
ribonucleoprotein-NPs complexes. However, most of these 
NPs-based delivery platforms are non-biodegradable or degrade 
to products with negative long-term effects, which may impede 
their further therapeutic applications. 

Black phosphorus nanosheets (BPs), a type of newly 
developed two-dimensional (2D) materials, have attracted 
tremendous research interests recently due to their distinctive 
physical and chemical properties.[17] As an allotrope of elemental 
phosphorus, BPs possess excellent element biocompatibility and 
degrade to nontoxic phosphite/phosphate ions under 
physiological conditions.[18] BPs with atomic thickness and a 2D 
puckered honeycomb structure[19] provide very high 
surface-to-volume ratios among various nanomaterials. 
Furthermore, the periodic atomic grooves on BPs’ surfaces 
provide ideal anchoring sites for proteins[20] and other soft linear 
materials,[21] indicating their potentials in loading and delivery of 
biomolecules. Very recently, BPs-based approaches have widely 
been employed in numerous biomedical applications, including 
photothermal/photodynamic therapies,[22] biosensing,[23] and 
drug/biomolecules delivery.[24] However, the applications of BPs 
in cytosolic delivery of bioactive macromolecules have not yet 
been reported. 

 

Figure 1. Design of the Cas9N3-BPs delivery platform, and its intracellular 
delivery via both endocytosis and direct membrane penetration pathways. 
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Herein, the BPs is employed as a biodegradable 2D delivery 
platform for Cas9-sgRNA complexes, resulting in efficient 
cytosolic delivery and genome editing. As shown in Figure 1, 
Cas9 protein was first engineered with three repeats of nuclear 
localization signals (NLSs) at C terminus for the enhanced 
electrostatic interaction and improved nuclear targeting of the 
obtained Cas9-sgRNA complexes (Cas9N3). Cas9N3 
ribonucleoprotein was then loaded onto the BPs via electrostatic 
interaction with a remarkable loading capacity of 98.7%. The 
constructed Cas9N3-BPs were delivered to cytoplasm via both 
direct membrane penetration and endocytosis pathway followed 
by endosomal escape upon biodegradation of the ultra-thin BPs. 
Cytoplasmic Cas9N3 were further imported to nuclei directed by 
NLSs fused to the Cas9 protein, leading to highly efficient 
genome editing and gene silencing in vitro and in vivo. 

Figure 2. Characterization of Cas9N3-BPs. a) AFM images of bare BPs, free 
Cas9N3 and Cas9N3-BPs. The inset curves show the thicknesses measured 
by AFM. b) Zeta potentials of bare BPs, free Cas9N3 and Cas9N3-BPs in water. 
c) Raman spectra of bare BPs and Cas9N3-BPs. 

Recombinant Streptococcus pyogenes Cas9 proteins were 
purified from Escherichia coli BL21 (DE3), and the 
binding/cleavage activities of Cas9-sgRNA complexes were 
confirmed in solution (Figure S1). The BPs were prepared by a 
modified liquid exfoliation method reported by our group[25] and 
examined by atomic force microscopy (AFM, Figure 2a) and 
transmission electron microscopy (TEM, Figure S2). It is 
observed that the BPs are ultra-thin nanosheets with an average 
lateral size and thickness of 100 and 4.7 nm, respectively. After 
loading with Cas9N3, the average thickness of the nanosheets 
increased to 26.4 nm, and the average zeta potential was 
changed from -25.1 mV of bare BPs to -17.8 mV of Cas9N3-BPs, 
which was close to that of Cas9N3 (-16.3 mV) (Figure 2b). 
Furthermore, three characteristic Raman peaks at 362, 437, and 
462 cm-1 of BPs shift slightly after loading with Cas9N3 (Figure 
2c). Variations of absorption and fluorescence in Alexa-488 

labelled Cas9N3 were also found once loaded to BPs 
(Cas9N3A488, Figure S3). All these results indicate the successful 
loading of Cas9N3 onto the BPs’ surface.  

 

Figure 3. Cas9 loading capacity and release profile. a) Loading capacity of 
BPs for Cas9N1 and Cas9N3 in mass (Mcas9-loaded/MBPs). b) Percentages of 
active Cas9N3-sgRNA complexes released from Cas9N3-BPs at different time 
points. Degradation of c) bare BPs and d) Cas9N3-BPs in 10% FBS DMEM at 
different time intervals. The insets in c) and d) show the corresponding 
photographs of the sample solutions. 

To verify the effects of extra NLSs on the loading capacity of 
Cas9N3 to BPs, the Cas9 protein bearing one repeat NLS at C 
terminus (Cas9N1) was used as a control. A 61.7% and 73.3% 
decrease of active Cas9N1 and Cas9N3 in the supernatant were 
observed, respectively, as compared to the samples without BPs 
(Figure S4). It reveals 62.5% loading capacity of Cas9N1 and 
98.7% of Cas9N3 in mass (MCas9-loaded/MBPs) (Figure 3a). This is 
evident that the extra two repeats of NLSs dramatically enhanced 
electrostatic interactions between negative charged BPs and 
positive charged basic amino acid residues (the 12 lysine and 3 
arginine residues) in NLSs of Cas9N3, resulting in a more 
efficient loading. 

The release profile of active Cas9N3 from Cas9N3-BPs in 
buffer solution (10% FBS DMEM) was then investigated by 
monitoring the increases of active complexes in the supernatant 
(Figures 3b and S5). A sustained release of Cas9N3 can be 
observed until it reaches its maximum (72.2%) at about 12 h. The 
corresponding degradation of BPs with or without Cas9N3 
loading was also monitored by examining the sample absorption 
at 808 nm. Compared with the sustained and steady degradation 
of bare BPs (Figure 3c), the BPs loaded with Cas9N3 show a 
slow degrading phase accompanying the fast releasing phase of 
Cas9N3 (0-12 h, Figure 3d), suggesting that the release of 
Cas9-sgRNA complexes was triggered by the degradation of 
BPs. 



   

 
 
 
 

The cytosolic delivery performances of the Cas9N3-BPs 
platform were investigated by using MCF-7 cell line as a model. 
For fluorescence examinations, Cas9N3A488-BPs platform was 
established by loading fluorescent Cas9N3A488-sgRNA 
complexes onto the BPs and then applied to MCF-7 cells with a 
final BPs and Cas9N3A488 concentration of 2 μg/mL and 16 nM, 
respectively. The intracellular delivery and localization of 
Cas9N3A488 at different time points were monitored by the green 
fluorescence of Alexa-488 (Figures 4a and S6). The intracellular 
biodegradation of BPs was determined by monitoring the Raman 
intensity mapping with BP’s characteristic Ag

1 Raman peak 
(Figure 4b) and average intensities of the three characteristic 
Raman peaks (Figure S7) in a selected cell. After 4 h of 
incubation, efficient internalization of Cas9N3A488 complexes was 
observed around nuclei, while the intracellular Raman signals 
from BPs demonstrated similar distribution, indicating the 
integrity of internalized Cas9N3A488-BPs platforms. At 12 h, 
nuclear import of Cas9N3A488 appeared, and the Raman signals 
from BPs decreased significantly, suggesting the cytosolic 
releases of Cas9N3A488 accompanied with the degradation of 
BPs. When the incubation time increased to 24 h, only faint 
Raman signals from BPs were observed with the nuclear import 
efficiency of Cas9N3A488 increased to 78.0% (Figure 4c). 
Meanwhile, under the same condition, nuclear import efficiency 
of Cas9N1A488 was 50.7%, clearly indicating that the presence of 
extra two repeats of NLSs increased the nuclear localization of 
Cas9 (Figures 4c and S6). As a control, free Cas9N3A488 
complexes without BPs had neglectable cytosolic delivery and 
nuclear import (Figures 4c and S8). These results demonstrate 
the efficient cytosolic delivery of active Cas9-sgRNA complexes 
associated with the biodegradation of BPs. Further 
biocompatibility assays (the MTT assay and calcein-AM/PI 
staining) showed that almost no cytotoxicity of Cas9N3-BPs with 
BPs concentration of 8 μg/mL could be found after 24 h 
incubation in various cell lines (Figures S9 and S10). Such 
biodegradable and biocompatible cellular delivery platform for 
Cas9-sgRNA exhibits great potentials in therapeutic applications 

Since BPs-based delivery platforms had been reported to 
enter cells mainly through endocytic pathways,[24a, 24b] the 
mechanism of cellular uptake of Cas9N3A488-BPs was 
investigated using different endocytosis inhibitors. Three 
endocytosis inhibitors, methyl-β-cyclodextrin (MβCD), sucrose, 
and amiloride, were employed to verify the caveolae-mediated 
endocytosis, clathrin-mediated endocytosis, and 
macropinocytosis, respectively. The endocytosis efficiency 
significantly decreased in cells pre-treated with MβCD and 
amiloride, suggesting that the endocytic uptake of 
Cas9N3A488-BPs was mainly through the pathways of 
caveolae-dependent endocytosis and micropinocytosis (Figures 
4d and S11). Interestingly, the cells pre-treated with 4 oC 
incubation to block all energy-dependent endocytic processes 
only resulted in a 69.6% decrease of intracellular intensity of 
Cas9N3A488-BPs. It suggests that although endocytosis is the 
major cellular uptake pathway, a minor proportion of 
Cas9N3A488-BPs can enter cells by a membrane penetration 
pathway due to their 2D morphology, as has been reported in 2D 
graphene sheets.[26]. 

  

Figure 4. Intracellular delivery and degradation of Cas9N3-BPs. a) Confocal 
laser scanning fluorescence imaging of MCF-7 cells treated with 
Cas9N3A488-BPs for different time intervals. Blue and green fluorescence 
images show nuclear staining with DAPI and Alexa-488, respectively. The 
scale indicates 50 μm. b) Intracellular degradation of BPs in a selected cell 
monitored by Raman intensity mapping with BP’s characteristic Ag

1 Raman 
peak. Inset show the bright and nuclear (DAPI) image of a selected cell. The 
scale indicates 1.0 μm. c) Nuclear import efficiency of MCF-7 cells treated with 
free Cas9N3A488, Cas9N1A488-BPs and Cas9N3A488-BPs at different time points. 
d) Inhibition of endocytosis under different inhibitors and low temperature of 4 
oC. 

Since the endosomal escape remains a major challenge for 
most NPs-based delivery platforms, the endosomal escape of 
Cas9N3-BPs followed by endocytosis was assessed by staining 
the Cas9N3A488-BPs delivered MCF-7 cells with lysotracker dyes 
(Figure S12). After 4 h of incubation, most of the Cas9N3A488 
(green) colocalized with endosomes (red) giving a merged yellow 
colour, while isolated small green dots outside endosomes 
represented the membrane penetration-dependent uptake of the 
Cas9N3A488-BPs. With prolonged incubation, fluorescence 
signals of lysotracker disappeared and Cas9N3A488 complexes 
were transported to nuclei, revealing effective endosomal escape 
and cytosolic releases of the complexes. In addition, experiments 
also revealed accelerated degradation of BPs under acidic 
conditions in solution (Figure S13). Therefore, it can be proposed 
that the decrease of pH value in endosomes accelerated the 
degradation of BPs releasing large amounts of 



   

 
 
 
 

phosphite/phosphate ions with elevated osmotic pressure in 
endosomes, which induce endosome bursts[27] and facilitate 
endosomal escape of loaded Cas9N3A488 complexes. 

Figure 5. In vitro and in vivo genome editing and gene silencing of 
Cas9N3-BPs. a) Surveyor assays of MCF-7 and hBMSCs cells treated with 
Cas9N3-BPs. Cas9N3 were devoted to target Target 1 and GRIN2B sites of 
the human genome. b) Surveyor assays of RAW 264.7 cells treated with 
Cas9N3 via BPs delivery and Lipofectamine transfection. Cas9N3 were 
devoted to target Grin2b site in the mouse genome. c) Surveyor assays of 
A549/EGFP cells treated with Cas9N3-BPs targeting the coding region of 
EGFP. (Control: cells treated with only Ca9N3) d) Flow cytometry of 
A549/EGFP cells treated with bare BPs, free Cas9N3, or Cas9N3-BPs. e) In 
vivo delivery of Cas9N3-BPs into A549/EGFP tumor-bearing nude mice. 
Frozen tumor sections were collected around the site of injection on day 7 
post-treatment. The scale indicates 100 μm. 

Based on above evidence showing efficient nuclear transport 
of Cas9N3 complexes, we evaluated the capability of 
Cas9N3-BPs delivery platform in genome editing.  Cas9N3-BPs 
targeting a non-coding region within the human genome, namely 
Target 1, was constructed and delivered to MCF-7 cells. 
According to ENCODE data,[28] Target 1 is within an intergenic 
DNase I hypersensitive site, which is relatively safe and 
accessible for genome editing. The cells were treated with 
Cas9N3-BPs for 3 days followed by genome extraction. 
Subsequent Surveyor assays revealed an indel frequency of 
26.7% (Figure 5a). Paralleling experiments showed an indel 
frequency of only 15.1% of Cas9N1 complexes when delivered 
by BPs (Figure S14), confirming the higher loading capacity and 
more efficient nuclear transport of Cas9N3. Subsequently, 
Cas9N3-BPs targeting a site (namely GRIN2B) in gene GRIN2B, 

a gene implicated in rare neurodevelopmental disorders, was 
constructed and applied to MCF-7 cells, resulting in an indel 
frequency of 32.1% (Figure 5a). Furthermore, compared with 
other NPs-based delivery platforms (Table S2), the Cas9N3-BPs 
delivery platform can achieve comparable genome editing 
efficiencies at much lower concentrations of both nanoparticle 
(BPs) and Cas9-sgRNA complexes. 

Additionally, Cas9N3-BPs targeting Target 1 and GRIN2B 
sites resulted in 27.2% and 22.8% indel frequencies in human 
bone marrow derived mesenchymal stem cells (hBMSCs, within 
10 passages). To further evaluate its performances in difficult to 
transfect cells, Cas9N3-BPs platform targeting a homologous 
site in mouse Grin2b gene (namely Grin2b) was applied to RAW 
264.7 cells line. As shown in Figure 5b, although the genome 
editing efficiency of Cas9N3-BPs (17.2%) is relatively low in 
RAW 264.7 cells as compared with those observed in other cells, 
it still outperforms Lipofectamine-mediated transfection, whose 
efficiency is only 7.5%.  

We also evaluated the capability of Cas9N3-BPs delivery 
platform in gene silencing, with a sgRNA targeting the coding 
region of enhanced green fluorescent protein (EGFP) in A549 
cells stably expressing EGFP (A549/EGFP). Five days after 
initial treatment with Cas9N3-BPs, decreased EGFP 
fluorescence was observed (Figure S15), suggesting successful 
cleavages of EGFP coding region and shifts of the reading frame. 
Surveyor assay and quantitative flow cytometry analysis 
revealed an indel frequency of 23.7%, and an EGFP silencing 
efficiency of 25.5% in cells treated with Cas9N3-BPs, while free 
Cas9N3 complexes had neglectable effects. (Figures 5c, 5d and 
S15). 

The in vivo therapeutic potentials of the Cas9N3-BPs 
platform were also evaluated using A549/EGFP tumor-bearing 
nude mice as models. As shown in Figures 5e and S16, 7 days 
after intratumoral injection of Cas9N3-BPs targeting the coding 
region of EGFP, significant reduction of EGFP signals were 
observed in the frozen tumor sections around the site of injection, 
while tumors treated with BPs or free Cas9N3 did not show any 
reduction of EGFP signals. 

In conclusion, a biodegradable 2D BPs-based CRISPR/Cas9 
ribonucleoprotein delivery system has been successfully 
established for efficient genome editing and gene silencing. A 
Cas9 protein with three NLSs at C terminus is engineered to 
strengthen its electrostatic interaction with BPs, resulting in 
improved loading capacity of 98.7% and enhanced nuclear 
transport efficiency. The Cas9N3-BPs delivery platform can 
effectively enter cells via membrane penetration and endocytosis 
pathways, which is followed by a BPs biodegradation-associated 
endosomal escape and cytosolic releases of the loaded Cas9N3 
complexes. Furthermore, in vitro and in vivo studies both 
demonstrate that the constructed Cas9N3-BPs platforms 
resulted in efficient genome editing and gene silencing at a 
relatively low dose as compared with other NPs-based delivery 
platforms. This simple and versatile cytosolic delivery approach 
may extend to other bioactive macromolecules for biomedical 
applications, and its superior biocompatibility and 



   

 
 
 
 

biodegradability may open new avenues in gene therapy and 
personalized medicine. 
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