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Abstract
Liver �brosis is a chronic disease without effective treatment in the clinic. Gene editing systems such as
the well-known CRISPR/Cas9 have shown great potential in the biomedical �eld. However, the delivery of
the ribonucleoprotein is challenged by the large size of Cas9 (> 160 kDa) and the instable RNA probe.
Recently, a structure-guided endonuclease (SGN) has been reported as an effectigene-editinging system
composed of 35 kDa nuclease and stable DNA probes, which can regulate the protein expression by
targeting speci�c mRNA outside the nucleus. Here, we conjugated the SGN to a nanomicelle as the
delivery system. In the resulting material, the chance of the collision between the endonuclease and the
probe was raised due to the con�nement of the two components within the 40-nm nanomicelle, thus the
mRNA can be cleaved immediately after being captured by the probe, resulting in a space-induced
nucleotide identi�cation-cleavage acceleration effect. The delivery system was used to treat liver �brosis
via the co-delivery of SGN and a drug rosiglitazone to the hepatic stellate cells, which separately
downregulated the expression of tissue inhibitor of metalloprotease-1 and inactivated the hepatic stellate
cells. The system successfully reversed the liver �brosis in mice through the bidirectional regulatory that
simultaneously promoted the degradation and inhibited the production of the collagen, demonstrating the
great potency of the SGN system as gene medicine.

Introduction
Liver �brosis is a global health problem characterized by the accumulation of extracellular matrix (ECM)
as a result of repetitive liver damage, which can progress into liver cirrhosis, hepatic failure, and even
hepatocellular carcinoma1. To date, no effective anti�brotic drug has been clinically approved2. The
hepatic stellate cells (HSCs) have been identi�ed as a potential target for anti�brotic therapy owing to
their crucial involvement in the development and progression of liver �brosis3. HSC is activated and
converted into an α-smooth muscle actin (α-SMA)-expressing myo�broblast-like phenotype upon liver
damage, resulting in liver tissue contraction and the production of ECM components such as collagen
type I alpha 1 (collagen I)4. Most researches have focused on the inhibition of the collagen production5–7.
However, the activated HSCs have not only increased collagen buildup, but also disrupted collagen
degradation as a result of the overexpressed tissue inhibitor metalloproteinase 1 (TIMP1)8. Due to the
complex pathogenesis, treatment with only a single modality may ameliorate but can hardly reverse the
liver �brosis9.

Targeted genome editing by engineered nucleases has shown its great potential to heal chronic
diseases10. Among the developed site-speci�c gene editing platform, the clustered regularly interspaced
short palindromic repeats (CRISPR)-associated endonuclease (Cas9) is an available well-documented
system11–13. The delivery of CRISPR/Cas9 is critical for the biomedical applications, which can be
implemented in a variety of strategies, including the transfection by the Cas9-encoded plasmid DNA
(pDNA)14 or the delivery of the mRNA with the single guide RNA (sgRNA)15. Comparably, the direct
delivery of the ribonucleoprotein (RNP) complex composed of the Cas9 protein and the sgRNA is more
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favorable due to the merits of high e�ciency, low off-target effects, low risk of deleterious gene mutation,
low immunogenicity and the ease of production and storage16–19. As the delivery system, the non-viral
synthetic nanoparticles have emerged as the safe and e�cacious vehicles20. Gu et al.21 prepared DNA
nanoclews by the rolling circle ampli�cation, and loaded the RNP of Cas9 protein and sgRNA on their
surface through the binding a�nity of DNA and RNA, which successfully disrupted the expression of
enhanced green �uorescence protein (EGFP) in U2OS solid tumors on mice. Murthy et al.22 assembled the
Cas9 protein, gRNA and donor DNA on gold nanoparticles with thiolated DNA ligands for the gene therapy
of Duchenne muscular dystrophy in mice through homology-directed repair. The CRISPR/Cas9 RNP were
also loaded and delivered by the nanocarriers of metal organic frameworks23, nanoparticles with arginine
head-groups24 and lipid-based nanoparticles25, 26.

However, there are still several remaining challenges for the delivery of the CRISPR/Cas9 RNP, such as the
high molecular weight of the Cas protein (> 160 kDa)27, the instability of the sgRNA28 and the requirement
of the entrance to the nucleus29. Recently, a new structure-guided endonuclease (SGN)-based gene
editing system consists of a �ap endonuclease 1 (FEN1) plus hairpin DNA probe (hpDNA) was reported
(HpSGN)30. Compared with CRISPR/Cas9, the HpSGN does not require the protospacer adjacent motif,
thus can edit versatile gene targets of both DNA and RNA without sequence limitation. More importantly,
the low molecular weight (∼35 kDa) of the FEN1 protein and the stable hpDNA probe are bene�cial for its
in vivo delivery in the form of RNP, and the adoption of hpDNA allow the mRNA as cleaving targets, which
can work outside the cell nucleus to avoid the di�culty of nucleus penetration30, 31. However, the in vivo
delivery of HpSGN in the form of RNP has yet to be reported.

On the other hand, for the reversal of the liver �brosis, combined therapies with elaborately designed
targets are necessary32–36. For example, the bidirectional regulatory strategy for �brosis that
simultaneously inhibit collagen synthesis and promote collagen degradation has shown prominent
anti�brosis effect37, 38. To this end, a nanocarrier capable of concomitant delivery of multiple active
agents is required. We have prepared the silica cross-linked micelles (SCLMs) obtained by the self-
assembly between triblock copolymer F108 (PEO132–PPO50–PEO132, PEO represents polyethylene oxide,
PPO represents polypropylene oxide) and silica species, which is composed of the surface polyethylene
glycol (PEG) ligands from the PEO segments, a hydrophobic PPO core and an outside silica shell cross-
linked the micelle39. The terminal groups of the F108 can be used as the modi�cation sites of the RNP as
guest molecules40, 41, and the lipophilic core can accommodate the hydrophobic drugs42. Thus the
SCLMs could serve as an ideal delivery system for the combined therapy.

Herein, we reported the reversal of the liver �brosis on mice by the nanomedicine R@Hp-PSCLMs
concomitantly deliver the RNP of HpSGN and the drug rosiglitazone using the SCLMs decorated with a
targeting peptide as the nanocarrier. For the combined chemogene therapy, the FEN1 and the hpDNA
probe were modi�ed to the terminal groups of the surface PEG ligands for the RNP delivery, and the drug
rosiglitazone was loaded inside the PPO core. Intriguingly, the in vitro RNA cleavage assay disclosed that
the conjugation of the FEN1 and hpDNA probe to the adjacent polymer chains on the surface of the
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SCLMs signi�cantly improved the cleavage e�ciency, which is due to the special con�nement of the
biomacromolecules within the 40-nm nanoparticle. For the targeted delivery to the activated HSCs, the
peptide CTCE9908 was modi�ed to SCLMs to enhance their speci�city by the interaction with the
overexpressed CXCR443. After the endocytosis, the RNP cleaved the mRNA of TIMP1 to promote the
collagen degradation, and the rosiglitazone suppressed the proliferation and activation of HSCs to reduce
the collagen production44, 45. Hence the accumulated collagen was scavenged by the bidirectional
regulatory (Fig. 1). The in vivo experiments on ICR mice with liver �brosis demonstrated that the
combined chemogene therapy successfully downregulated the TIMP1 to upregulate the matrix
metalloproteinase (MMP), promoted the expression of PPARγ to inactivate the HSCs, �nally reversed the
�brosis and restored the liver function. This work provides a proof-of-concept study for the delivery of
HpSGN as gene medicine on a nanocarrier with SINICA effect, which could be generalized as a platform
for the treatment of chronic diseases with proper mRNA targets.

Results
Preparation and characterization of the nanocarrier. The obtained SCLMs prepared by the self-assembly
between copolymer F108 and organic silica precursors. To provide the modi�cation sites, maleimide
groups (Mal) were modi�ed to the terminal hydroxyl groups of F108 (Mal-F108-Mal), and the SCLMs with
maleimides (Mal-SCLMs) were synthesized by mixing 7% of the Mal-F108-Mal in the F108 as the
cosurfactant. The targeting peptide CTCE9908 was linked via the thioether bonds formed by the click
reaction between the thiol groups on the cysteine and the Mal on SCLMs (PSCLMs). The probe HpDNA-
SH with thiol group at the 5' end and the FEN1 thiolated by the Traut’s reagent were attached to the
PSCLMs through the same method to give the RNP-loaded SCLMs with targeting groups (Hp-PSCLMs).
The obtained SCLMs, Mal-SCLMs, PSCLMs and Hp-PSCLMs were all monodispersed spherical
nanoparticles with hollow structure (Fig. 1A) and similar size of 28 nm, their hydrated sizes measured by
the dynamic light scattering (DLS) method were 39.6 ± 3.8 nm, 41.7 ± 3.8 nm, 41.6 ± 2.0 nm and 42.8 ± 2.0
nm with very low polydispersity index of ~ 0.15, respectively (Fig. 2B, S1). The larger hydrated size is due
to the contribution of the PEG ligands. The zeta potentials of SCLMs, Mal-SCLMs and PSCLMs were
similar, ranging from − 4.7 to -5.2 mV. The Hp-PSCLMs held a surface charge of -5.9 mV, which could be
contributed to the modi�cation of the negatively charged DNA probe and the FEN1 protein (Fig. S2). The
nanocarrier exhibited good colloidal stability in biological �uids at least for 7 days (Fig. S3).

To verify the targeting capacity of CTCE9908, PSCLMs was labelled with Fluorescein Isothiocyanate
(FITC, green) and the nuclei of HSCs were stained by 4′, 6-diamidino-2-phenylindole (DAPI, blue). The
HSCs were preincubated with transforming growth factor-β (TGF-β) for 24 h for the activation. As shown
in Fig. 2C, HSCs incubated with FITC-labeled PSCLMs in serum-containing medium showed distinctively
stronger green �uorescence than the FITC-labelled SCLMs without the targeting peptides, which can be
attribute to the overexpressed CXCR4 on the cytomembrane of activated HSCs. In contrast, the
preincubation of the free CTCE9908 saturated the receptors and inhibited the cellular uptake of the
PSCLMs by the HSCs via the competitive inhibition effect. These results demonstrated that the ligand-
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receptor interaction promoted the internalization of the nanocarrier into the HSCs, which could enhance
the speci�city of the nanocarrier in the �brotic liver and achieve the targeted delivery in cellular level.

The in vitro release pro�le of rosiglitazone in PBS with 1% Tween 80 from the rosiglitazone-loaded
PSCLMs (R@PSCLMs) showed a biphasic release pattern with an initial burst release of 76%
rosiglitazone during the �rst 12 h followed by a slow and continuous release of 6% over the next 36 h
(Fig. S4). To test the effect of rosiglitazone in vitro, the inhibitory rate of viability of R@SCLMs and
R@PSCLMs was estimated by methyl thiazolyl tetrazolium (MTT) assay. Compared to the TGF-β treated
group as control, both the R@SCLMs and R@PSCLMs inhibited the viability of the HSCs in a dose-
dependent manner (Fig. S5). Speci�cally, the R@PSCLMs with targeting peptide resulted in a better
inhibition effect at different concentrations, which demonstrated the bene�t of the targeted delivery.

The accelerated mRNA cleavage of the nanosystem through spatial con�nement effect. The cleavage
e�ciency of the HpSGN modi�ed on the SCLMs was tested by denatured-polyacrylamide gel
electrophoresis (PAGE). The targeted single-strand RNA (ssRNA) was modi�ed with FAM at the 5’ end. To
optimize the system, the FEN1 and hpDNA were modi�ed on the SCLMs with different ratios of 9:1, 5:5
and 1:9, respectively, and the cleavage e�ciency of free HpSGN with FEN1 to hpDNA ratio of 1:9 was also
tested (Fig. 2D). From the statistical data in Fig. 2E, for the HpSGN conjugated on SCLMs, the FEN1 to
hpDNA ratio of 1:9 afforded the highest cleavage rate of the targeted ssRNA under different
concentrations. Upon the concentration with total FEN1 plus hpDNA of 0.5 µM, 97% of the substrate
ssRNA was cleaved during 2 h. Therefore, the 1:9 was used for the loading ratio of the FEN1 and hpDNA
on the nanocarriers. The cleavage e�ciency between the free HpSGN and HpSGN modi�ed on SCLMs in
the optimized ratio of 1:9 was also compared. As shown in Fig. 2F, the free HpSGN is only effective at the
concentration of 0.25 and 0.5 µM, while the conjugated HpSGN can still cleave ~ 18% of the ssRNA at a
concentration as low as 0.06 µM. Intriguingly, the cleavage e�ciency of the conjugated HpSGN was
higher than the free HpSGN at all concentrations. Signi�cantly, at the concentration of 0.5 µM, the
cleavage e�ciency of the conjugated HpSGN was 97%, and the ratio of the free HpSGN was only 55%.
This accelerated mRNA cleavage is perhaps due to the spatial con�nement of the endonuclease FEN1
and probe hpDNA within the 40-nm nanoparticle. Speci�cally, for the free HpSGN, the targeted loci can
only be edited only if the FEN1, hpDNA and the substrate ssRNA randomly collide together, which hardly
takes place in a highly diluted solution. Hence, as demonstrated, the free HpSGN did not work at low
concentrations. However, upon the modi�cation of the FEN1 and hpDNA on the SCLMs, the two
molecules were limited in a con�ned space of 40 nm that �ts the scale of the biomacromolecules, which
shortens their distance and increases the collision chances. In other words, the modi�cation on the
SCLMs can be regarded as an “enrichment” of the FEN1 and hpDNA, thus improving the cleavage
e�ciency. We here de�ne the phenomenon as space-induced nucleotide identi�cation-cleavage
acceleration (SINICA) effect. The anti-interference effect of the Hp-SCLMs was con�rmed by a selective
cleavage experiment. As shown in Fig. S6, with the proper hpDNA probe, the free HpSGN system (column
3) cleaved more than 40% of the substrate ssRNA-1, and the cleavage rate was improved to about 75%
when the system was modi�ed on SCLMs (column 4). With the addition of a free probe hpDNA-2
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uncorrelated to the substrate, the cleavage e�ciency for ssRNA-1 was not in�uenced (column 5),
revealing good speci�city and stability of the conjugated HpSGN system.

The biocompatibility of the nanoparticles was characterized before the in vivo assays. The nanocarrier
showed good biocompatibility even at a high concentration of 400 µg·mL-1 in the MTT assay using HSC-
T6 cells as model (Fig. S7). Hemolysis test revealed good blood compatibility in the blood of mice with
less than 1% relative hemolysis rate at a high concentration up to 0.5 mg·mL-1 (Fig. S8). The in vivo
toxicity test of histological analysis was shown in Fig. S9. No lesions can be found in the hematoxylin
and eosin (H&E) stained tissue sections of the major organs such as heart, liver, spleen, lung and kidney
after the systematically administration of the PSCLMs, Hp-PSCLMs through the tail vein at a dose of 40
mg·kg-1. The serological assay of ALT, AST, BUN and CRE indicated no signi�cant difference between the
control group and the treatment group, suggesting the SCLMs, PSCLMs, Hp-PSCLMs had no acute
hepato- and nephrotoxicity (Fig. S10). These results demonstrated good biocompatibility of the
nanocarrier with the RNP, assuring the safety for the animal experiment.

Biodistribution of the Hp-PSCLMs. It has been demonstrated that the SCLMs can be excreted through
hepatobiliary pathway, which makes the nanoparticle passively accumulated in the liver. However,
without active targeting ligands, the SCLMs were excreted rapidly and cannot be adequately retained at
the lesion. Therefore, the peptide CTCE9908 targeting the overexpressed CXCR4 on the activated HSCs
were modi�ed to further enhance the liver accumulation speci�cally inside the targeted cells. The
biodistribution of the Hp-PSCLMs was studied at the level of both organs and tissues, the Hp-SCLMs
without the targeting peptide was used as the control. The organ distribution was determined using the
covalently labelled Cy5.5 as tracer (Fig. 3A). The ex vivo imaging of the main organs showed that the
�uorescence signal of Hp-SCLMs and Hp-PSCLMs from the liver of the subjected mice peaked at 12 h,
and gradually decayed during 12–96 h. Comparing the two nanoparticles, the Hp-PSCLMs with the
targeting peptide displayed obviously higher �uorescence at the liver, which is twice as much as the Hp-
SCLMs in the �rst 48 h after injection (Fig. 3B), demonstrating the superior liver accumulation effect.
Almost no accumulation of the nanoparticle was found at the other organs of heart, spleen, lung and
kidney at the tested times, which validated the organ-speci�city of the nanoparticle.

To locate the intrahepatic distribution of the nanoparticles, the α-SMA, as the biomarker for the activated
HSCs, in the sections of the �brotic liver was marked by immuno�uorescence staining. As shown in
Fig. 3C, the �uorescence of α-SMA (green) and Hp-PSCLMs (red) colocalized well in the merged image.
The red �uorescence is overlapped or adjacent to the green �uorescence, which cannot be observed from
the Hp-SCLMs group, con�rming the SCLMs with CTCE9908 as targeting ligands can successfully be
delivered the payloads to the HSCs.

The reversal of the liver �brosis by the bidirectional regulatory chemogene therapy. The anti�brotic effect
of the R@Hp-PSCLMs were tested in mice model with CCl4-induced liver �brosis (Fig. 4A). To attest the
capability of the gene-editing system, the expression of the TIMP1 mRNA in the �brotic liver of the mice
were determined by real-time quantitative PCR. As shown in Fig. 4B, by the 28-day of CCl4 treatment, the
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level of the TIMP1 mRNA signi�cantly elevated by about 31 folds relative to the control group (healthy
mice). The direct intravenous administration of the free HpSGN system of the FEN1 and DNA probe
showed almost no effect to inhibit the expression of the TIMP1 mRNA, probably due to the lack of proper
delivery vehicles. The NTHp-PSCLMs with the scrambled non-targeting hpDNA also failed to in�uence the
mRNA level. In contrast, the Hp-PSCLMs carrying FEN1 plus hpDNA targeting the TIMP1 remarkably
suppressed the level of the mRNA, which was only one tenth as much as the �brotic liver. The results
demonstrated that the targeting nanocarrier PSCLMs successfully delivered the HpSGN to the activated
HSCs, caught and cleaved the TIMP1 mRNA, which could promote the expression of MMP to degrade the
collagen.

The rosiglitazone and HpSGN system can act on different aspects for the pathogenesis of liver �brosis to
reduce the accumulation of collagen. Previous studies have demonstrated that the therapeutic effect was
enhanced when two active agents were co-loaded in one nanocarrier, which ensured the agents were
delivered concomitantly into the same cell to exert the synergistic effect. Thus, the better anti�brotic
effect can be achieved in a combination therapy by integrating the rosiglitazone and HpSGN into a hybrid
nanoparticle rather than delivering the two agents separately. The therapeutic e�cacy of the
nanomedicine R@Hp-PSCLMs with combined chemogene therapeutics was evaluated in the mice with
CCl4-induced liver �brosis. The images of H&E and Masson trichome staining showed lobular architecture
and little collagen deposition in the healthy liver, whereas the �brotic liver sections manifested severe
centrilobular necrosis, in�ltration of lymphocyte and deposition of massive collagen �ber (Fig. 4C). The
semi-quantitative analysis of the Masson trichome staining revealed that the liver treated by the
combined chemogene therapy of the R@Hp-PSCLMs exhibited the least collagen accumulation (Fig. 4D).
As the �brotic liver showed a �brotic area of 8.4 ± 0.2% of the total area, the treatment of R@Hp-PSCLMs
dramatically reduced the area to 1.3 ± 0.2%, which is less than one sixth of the �brotic liver and very close
to the healthy liver (0.2 ± 0.07%). By contrast, the treatment with R@PSCLMs and Hp-PSCLMs can
alleviate by failed to cure the �brosis, showing a �brotic area of 3.3 ± 0.4 and 4.5 ± 0.3%, respectively.
Without the delivery system, the administration of the free rosiglitazone and free HpSGN reduced
evidently less �brosis, with the �brotic area of 5.6 ± 0.6 and 6.6 ± 0.3%, respectively. The group treated by
NTHp-PSCLMs, showed the �brotic area of 7.3 ± 0.4%, which had no signi�cant difference with the
�brotic mice. As the speci�c markers of liver �brosis, the collagen I, α-SMA and TIMP1 were detected by
immunohistochemistry or immuno�uorescence. From Fig. 4C, it is obvious that except the control group,
the largest and least brown area of collagen I was found from the �brotic liver and the R@Hp-PSCLMs
group. Similar results were observed from the green immuno�uorescence indicating the expression of α-
SMA and TIMP1. The quantitative data for the three markers were not quite the same but also similar to
the �brotic area, demonstrating the superiority of the bidirectional regulatory chemogene therapy
mediated by the targeted nanocarrier (Fig. 4E-G).

The critical serological indexes liver function such as the alanine transaminase (ALT), aspartate
transaminase (AST), and total bilirubin (T-BIL) and the hydroxyproline (Hyp) as the index for collagen
were determined to evaluate the therapeutic e�cacy (Fig. S11-14). All the indicators in the �brotic group
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were raised by at least 2 folds compared with the control group. For the treatment groups, the non-
targeting treatment of free rosiglitazone and HpSGN showed no signi�cant effect. In contrast, the
targeted treatment using R@SCLMs, Hp-PSCLMs or R@Hp-PSCLMs signi�cantly lowered the serum levels
of ALT, AST, T-BIL and Hyp. Although the combined treatment only reduced the AST to a level close to the
control group, and was unable to recover the levels of ALT, T-BIL and Hyp, the effect of the R@Hp-PSCLMs
was still obviously better than the R@SCLMs and Hp-PSCLMs, indicating that the combined chemogene
therapy did the best work to improve the liver function and alleviate �brosis. The body weight of all the
groups of the mice increased steadily in a similar rate during the 4-week treatment, showing no obvious
side effect that in�uence the weight of the mice (Fig. S15).

The expression of some �brosis-related proteins was analyzed and shown in Fig. 5. The results for the
expression of collagen I, α-SMA, and TIMP1 obtained by the western blot analysis are in line with the
histological and immuno�uorescence staining images. The three upregulated proteins in the CCl4-treated
mice were barely inhibited by the non-targeting treatment of free rosiglitazone, free HpSGN, and the
NTHp-PSCLMs with the scrambled hpDNA sequence. In contrast, the treatment by R@PSCLMs, Hp-
PSCLMs and R@Hp-PSCLMs signi�cantly downregulated the expression of collagen I, α-SMA, and
TIMP1, and the R@Hp-PSCLMs exhibited the best performance.

Among all the anti�brotic treatments, the direct inhibition of the activation and proliferation of HSCs is
the most direct and effective method owing to its function for collagen deposition. In the anti�brotic
treatment, the drug rosiglitazone plays a role of the agonist for PPARγ to inhibit the activation and
proliferation of HSCs. The level of PPARγ in the CCl4-treated group notably decreased, indicating massive
activated HSCs in the chronic liver injury. The level of PPARγ was signi�cantly raised by the targeted drug
delivery of the R@PSCLMs and R@Hp-PSCLMs compared with free rosiglitazone (Fig. 5A, E). The Hp-
PSCLMs also increased the PPARγ to some extent, which may due to the deactivation of the HSCs by the
reduced collagen46. The MMP family is responsible for the degradation of extracellular matrix, which is
crucial for the clearance of the scar tissue in the �brotic liver. The TIMP1 can speci�cally bind to the zinc
in the catalytic center of MMP1 through its N-terminal to block its catalytic activity. As shown in Fig. 5A, F,
in the treatment groups of Hp-PSCLMs, and R@Hp-PSCLMs with the inhibited expression of TIMP1, the
expression of MMP1 was recovered by the targeted delivery of the HpSGN, especially in the combined
therapy.

The in vivo experiment revealed good anti�brotic capacity of the combined chemogene therapy. It is also
demonstrated that the PSCLMs as the delivery system successful send the HpSGN to the HSCs in the
form of RNP, e�ciently cleaved the targeted mRNA, and helped to cure the chronic liver �brosis.

Discussion
Gene therapy has been regarded as a promising candidate for various intractable diseases. Many
classical gene editing nucleases, including zinc-�nger nucleases (ZFNs)47, transcription-activator-like
effector nucleases (TALENs)48 and CRISPR-associated systems49 have been explored to date. The ZFNs
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and TALENs depend on the recognition of speci�c sequences by programmable protein-DNA interactions.
Hence, a laborious process is required to engineer the speci�c protein to recognize each targeted DNA
sequence. The famous site-speci�c gene editing platform, CRISPR/Cas, is one of the universal genome
editing machineries which can be guided by a short RNA molecule to the targeted genomic DNA50. The
delivery of the CRISPR/Cas system is critical for the biomedical applications, which can be implemented
in several patterns, including the Cas-encoded pDNA, mRNA or RNP. However, the off-targeted pDNA or
mRNA could lead to the expression of the Cas protein in the undesired cells, and even the expression in
the targeted cell is hardly controllable, leading to unknown risks. As the made-up equipment that does not
rely on transcription or translation, the delivery of the RNP composed of the Cas protein and the sgRNA is
the most direct and rapid method, and often the preferential choice for CRISPR/Cas gene editing in
vivo51. The large size of the Cas9 protein and the instability of the sgRNA bring about di�culties to the
CRISPR/Cas RNP delivery. Fortunately, the recently reported HpSGN system is an ideal alternative that
consists of the protein FEN1 with only 35 kDa plus a probe hpDNA, which could edit both DNA and RNA
without the sequence limitation from the protospacer adjacent motif.

As for the delivery vehicle, despite of the effectiveness of the viral vectors, they present several drawbacks
including restrictive packaging limits, risk of random deleterious integration into the genome, and
potential immune response52. For the non-viral vectors, the nanoparticle-based carriers emerged as a safe
and e�cacious approach without the packaging restrictions53. In addition, the nanocarriers can be
engineered with targeting ligands to precisely deliver the payloads to the aimed organs54, cells55 or even
subcellular organelles56. For the delivery of the RNP of HpSGN, the SCLMs was used as a safe and
e�cacious non-viral system. Interestingly, we found that the special con�nement of the RNP within the
40-nm nanoparticle by the decoration of the FEN1 and hpDNA onto the surface PEG ligands of SCLMs
dramatically improve the gene editing e�ciency, which perhaps due to the increased probability of the
molecular collision between the FEN1 protein and the hpDNA/mRNA complex.

Liver �brosis is a chronic disease without effective therapeutic approach in the clinic to date. Due to its
complicated pathogenesis, an elaborated therapeutic cocktail is usually more effective than a single
treatment. Here, the gene therapy was combined with the chemo therapy to simultaneously improve the
degradation and inhibit the production of collagen. To improve the speci�city of the therapy, CTCE9908
was conjugated on the surface of SCLMs to target the activated HSCs, which is considered as the culprit
for the collagen deposition in the �brotic process. The animal experiment revealed remarkably alleviated
liver �brosis and recovered liver functions, demonstrating not only the good anti�brosis effect of the
combined therapy but also the capacity of the HpSGN system in vivo. The methodology is envisioned to
be applied to other illnesses such as cardiovascular or genetic diseases by the precise manipulation of
the key gene associated to the disorders.

Methods
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Materials. Pluronic surfactant F108, cyclohexane, tetraethyl orthosilicate (TEOS), diethoxydimethylsilane
(DEDMS), dimethyl sulfoxide (DMSO), carbon tetrachloride (CCl4), corn oil, rosiglitazone were purchased
from Sigma-Aldrich. Near-infrared �uorescent dye Cy5.5-NHS ester was purchased from Lumiprobe
Corporation. Rat HSC cell line (HSC-T6) was purchased from the Procell Life Sciences&Technology Co,
Ltd. CTCE9908 peptide (sequence: Lys-Gly-Val-Ser-Leu-Ser-Tyr-Arg-Cys-Arg-Tyr-Ser-Leu-Ser-Val-Gly-Lys)
were purchased from Nanjing Peptide Industry Biotechnology Co., Ltd. Male ICR mice (20 ± 2 g) were
obtained from the Animal Centre of Yangzhou University.

Synthesis of SCLMs, PSCLMs, Hp-PSCLMs. Brie�y, Pluronic copolymer F108 (0.25 g) was dissolved in
aqueous HCl solution (7.5 mL, 2.0 M) under vigorous stirring at room temperature. Then, cyclohexane
(240 µL) was added and dispersed by sonication, and the emulsion was stirred for another 30 min.
Afterwards, TEOS (268 µL) was added and stirred for 4 h at room temperature before the addition of
DEDMS (120 µL). 24 h later, the product was dialyzed in deionized water for 5 times (20 000 Da
molecular weight membrane) to purify the product. Cyclohexane was removed at by rotary evaporation at
50°C under 150 mbar for 15 min. To remove the potential precipitates, the product was centrifuged at
5000 rpm for 15 min and the supernatant with SCLMs was �ltered by a 0.22 µm membrane before the
characterization and applications.

Mal-F108-Mal was synthesized as described by Frayne et al57 (Fig. S16). Furan (1.05 g) and maleimide (1
g) were dissolved in diethyl ether (15 mL) in a sealed tube, and heated for 12 h at 100°C. After cooling
down to room temperature, the precipitiation was �ltered, washed with diethyl ether and dried to afford
compound 1 (Fig. S17). 1H NMR (300 MHz, DMSO) δ 11.15 (s, 1H), 6.53 (s, 2H), 5.11 (s, 2H), 2.85 (s, 2H).
F108 (7.3 g, 0.5 mmol) and p-toluenesulfonyl chloride (0.955 g, 5 mmol) was dissolved in tetrahydrofuran
(100 mL). The aqueous solution of sodium hydroxide (0.8 g, 10 mmol) was slowly added to the solution
under stirring. The resulting mixture was warmed to 50°C and stirred overnight. After the reaction, the
mixture was concentrated under reduced pressure and the solid was dissolved in dichloromethane. The
organic layers were washed with water and saturated saline solution, then dried by anhydrous sodium
sulfate. The solvent was evaporated to afford the crude product Ts-F108-Ts (Fig. S18). 1H NMR (300
MHz, D2O) δ 7.79 (d, J = 7.7 Hz, 4H), 7.46 (d, J = 7.8 Hz, 4H), 3.63 (s, 1471H), 3.49 (dt, J = 13.4, 6.7 Hz,
457H), 2.40 (s, 6H), 1.20–0.99 (m, 637H). Compound 1 (0.33 g, 2 mmol) and Ts-F108-Ts (2.92 g, 0.2
mmol) were dissolved in acetone, potassium carbonate (0.278 g, 2 mmol) was then added, the mixture
was re�uxed for 60 hours under an inert N2 atmosphere. After completion, the solids were removed by
�ltration and the �ltrate was concentrated under reduced pressure to afford compound 2 (Fig. S19). 1H
NMR (300 MHz, D2O) δ 6.64 (s, 4H), 5.32 (s, 4H), 3.72 (s, 1416H), 3.63–3.43 (m, 131H), 3.14 (s, 5H), 1.18
(d, J = 5.7 Hz, 179H). Compound 2 (3 g, 0.2 mmol) was dissolved in toluene (20 mL) and re�uxed under
an inert N2 atmosphere overnight. The solvent was removed and the residue was dissolved in 20 mL
dichloromethane, the mixture was added dropwise to stirred diethyl ether. The precipitation was collected
and washed with diethyl ether repeatedly, then dried under high vacuum to afford Mal-F108-Mal (Fig.
S20). 1H NMR (300 MHz, D2O) δ 6.93 (s, 2H), 3.75 (s, 1190H), 3.61 (d, J = 4.9 Hz, 102H), 1.21 (d, J = 5.9
Hz, 150H)
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In the synthesis of Mal-SCLMs, Mal-F108-Mal was doped in F108 in a weight ratio of 7% (0.0175 g Mal-
F108-Mal and 0.2325 g F108), and solubilized in HCl (7.5 mL, 2.0 M). The next steps are the same as the
above synthetic method of SCLMs to obtain Mal-SCLMs. PSCLMs was obtained through the click
reaction between the sulfhydryl group of CTCE9908 peptide and maleimide group. CTCE9908 (1.8 mg)
was then added to Mal-SCLMs and stirred at room temperature for 2 h. The solution was collected and
dialysis in deionized water for 5 times (20 000 Da molecular weight membrane) to remove the excessive
reactants and impurities. Then the solution was centrifuged at 5000 rpm for 10 min, and the supernatant
was �ltered using a 0.22 µm �lter to obtain PSCLMs. The concentration of SCLMs and CT-SCLMs was
determined by lyophilization.

The sulfhydryl group was modi�ed to FEN1 by Traut’s reagent to obtain FEN1-SH. HpDNA-SH was
synthesized by the modi�cation of the 5′-end of the strand of hpDNA with the sulfhydryl group. FEN1-SH
(400 pmol) and hpDNA-SH (3600 pmol) were added to SCLMs (0.78 mg) and reacted at room
temperature for 2 h. The product was denoted as Hp-SCLMs with a ratio of FEN1 to hpDNA of 1:9. Hp-
PSCLMs was synthesized in the same method using the PSCLMs as substrate.

Characterizations. Transmission electron microscopy (TEM) images were captured on a JEOL JEM-1400
transmission electron microscope with operation voltage of 100 kV. Dynamic light scattering (DLS) and
zeta potential experiments were performed at 25°C using an Anton Paar Litesizer 500 nm particle size
analyzer. Absorption spectra were obtained by a Philes G9-9S Uv-visible spectrophotometer. Confocal
images of cells and tissues were recorded on an Olympus FV3000 Confocal Laser Scanning Microscope
(CLSM).

In vitro RNA cleavage assay. A 10 µL mixture consisting of single-strand RNA (ssRNA) substrate (10
pmol) (see Table S1 for the sequence), 3-(4-Morpholino) propanesulphonic acid (10 mM), 0.05% Tween-
20, 0.01% nonidet P-40, MgCl2 (7.5 mM), and Hp-PSCLMs (1 µg) with designed ratio of hpDNA and FEN1
was incubated at 37°C for 2h. The 5’-end of the target ssRNA was modi�ed with �uorescent FAM. The
products were analyzed by denatured-polyacrylamide gel electrophoresis (PAGE) under denaturing
conditions. The loading buffer contained 90% formamide, 0.5% EDTA, 0.1% xylene cyanol, and 0.1%
bromophenol blue. Before loading, 10 µL loading buffer was added to the 10 µL reaction mixture. The
sample was then loaded onto a 20% PAGE gel at room temperature for the electrophoresis in a buffer
containing urea (8.7 M) and triborate (89 mM) with a speed of 9.6 V·cm-1 for 2 h. The gel was imaged by
an Amersham Imager 600 (GE Healthcare). The protocol of the cleavage using the Hp-SCLMs was the
same as the above method using free HpSGN.

Loading of rosiglitazone. Rosiglitazone was dissolved in DMSO to form a solution with a concentration
of 100 mg·mL-1. Then, the 10 µL DMSO solution containing rosiglitazone were added to a solution with
the drug carriers (20 mg·mL-1) under vigorous sonication to load the hydrophobic molecules into the PPO
core of SCLMs. The rosiglitazone-loaded drug carriers were denoted as R@SCLMs, R@PSCLMs and
R@Hp-PSCLMs, respectively. The loading ratio of rosiglitazone was determined by UV-vis as 5%.
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In vitro release of rosiglitazone. The release rate of rosiglitazone was monitored under sink conditions in
a PBS solution (pH 7.4) with 1% Tween 80. The drug carrier (5 mL, 4 mg·mL-1) containing rosiglitazone
(0.2 mg·mL-1) was sealed in a dialysis membrane with MWCO of 8000–14000. The dialysis bag was then
soaked in PBS (45 mL) at 37°C with constant stirring (120 rpm). At designed time, 1 mL of the release
medium was withdrawn and replaced with the same amount of fresh PBS with 1% Tween 80. The
released amount of the drug was determined by UV-absorption using a PHILES G-9S ultraviolet
spectrophotometer.

Cell culture. HSC-T6 rat hepatic stellate cells were cultured in DMEM supplemented with 10% FBS. All
cells were incubated at 37°C in a humidi�ed 5% CO2 atmosphere.

Toxicity Studies. The in vitro cytotoxicity of the nanocarriers were investigated by MTT assay. HSC-T6
cells were seeded to a 96-well plate (1 × 104 cells per well) and cultured overnight at 37°C in 200 µL
medium containing 10% FBS. Then the DMEM medium in the plate was replaced by 200 µL FBS-free
medium containing different concentrations of the drug carrier (0, 3.125,6.25,12.5,25, 50, 100, 200 and
400 µg·mL-1), and the cells were incubated for another 24 h. Afterwards, 20 µL MTT solution (5 mg·mL-1)
was added to each well in the 96-well plate and the plates were further incubated at 37°C for 4 h in the
dark. After that, the medium was removed and 150 µL dimethyl sulfoxide (DMSO) was added to each well
to dissolve the formazan crystals. The plate was shaken gently on the shaker at room temperature for 15
min. Cell viability was estimated based on the absorbance at 570 nm in each well. Cell viability was
calculated according to the following formula:

Cellviability(%) =
Abstreatment

Abscontrol × 100%

The biosafety of PSCLMs and Hp-PSCLMs were further tested in vivo. The mice were intravenously
injected with PSCLMs or Hp-PSCLMs (4 mg·mL-1, 200 µL) or saline for 24 h then the mice were sacri�ced
and the main organs (heart, liver, spleen, lung, and kidney) were harvested for H&E staining. The blood
were collected for the ALT, AST, CRE, BUN test using commercial test kits (Jiancheng BioTech, Nanjing,
China).

Hemolytic activity study. Hemolytic activity was evaluated using the blood from mice. Different
concentrations of SCLMs, PSCLMs and Hp-PSCLMs (0.05, 0.1 and 0.5 mg·mL-1) were incubated with 2%
red blood cell suspension at 37°C for 3 h. Blood (200 µL) mixed with saline and distilled water served as
negative and positive controls, respectively. Following, all samples were centrifuged at 680×g for 5 min
and the supernatant was added to a 96-well plate to measure the absorbance at 540 nm. The calculation
of hemolysis rate is as follows:

Hemolysisrate(%) =
Abs − Absnegativecontrol

Abspositivecontrol − Absnegativecontrol × 100\%
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In vitro inhibitory effect of rosiglitazone on cell proliferation. HSC-T6 cells were seeded in 96-well plates at
a density of 1 × 104 cells per well and cultured for 12 h. Then the medium was removed and cells were
incubated for 24 h with fresh medium containing 10 ng·mL-1 TGF-β to activate HSCs. The fresh medium
was replaced with the medium containing different concentrations of R@SCLMs or R@PSCLMs (with
rosiglitazone of 1.56, 3.13, 6.25, 12.5, 25.0 and 50.0 µg·mL-1) for another 24 h before the MTT assay. The
group with no treatment was used as a control. The calculation formula of the inhibitory rate of cell
proliferation is as follow:

Inhibitoryrateofcellproliferation(%) =
AbsControl − Abs

AbsControl × 100%

In vitro cellular uptake analysis of PSCLMs. HSCs were seeded in confocal dishes at a density of 5 × 103

cells per dish and incubated in 1 mL of DMEM supplemented with 10% FBS for 12 h. Then the cells were
incubated for 24 h with fresh medium containing 10 ng·mL-1 TGF-β to activate HSCs. Activated HSCs
were treated with SCLMs or PSCLMs loaded with FITC (100 µg·mL-1). For the free ligand competitive
inhibition assay, the CXCR4 on the activated HSCs were saturated by free CTCE9908 (50 µg·mL-1) for 30
min before incubation with FITC-labeled PSCLMs. 4 h after the addition of the drug carriers, the cells were
washed three times with PBS and �xed with 4% paraformaldehyde for 30 min at room temperature.
Afterwards, the cells were washed three times with PBS and stained with DAPI for 10 min. Finally, after
washed with PBS for three times, the �uorescence of FITC and nuclei was observed by confocal laser
scanning microscopy.

Animal models of liver �brosis. Six-week-old male ICR mice (20 ± 2 g) were obtained from the Animal
Centre of Yangzhou University (Yangzhou, China). All animal experiments were conducted under
protocols approved by the Ministry of Health of the People's Republic of China and following Guidelines
for the Care and Use of Laboratory Animals of China Pharmaceutical University (2022-04-001). All mice
were housed at 25°C at 40–60% humidity. Liver �brosis was induced by CCl4 in ICR mice. CCl4 and corn
oil mixture (1:9 in volume ratio) was given by intraperitoneal injection twice a week for 4 weeks (at the
1st, 4th, 8th, 11th, 15th, 18th, 22nd, 25th day) at a dose of 10 mL·kg-1.

Biodistribution and intrahepatic distribution of nanoparticles. For the biodistribution study, the �brotic
mice were administered with a single intravenous injection of the nanoparticles prepared with Cy5.5-
labeled Hp-SCLMs or Hp-PSCLMs (4 mg·mL-1, 200 µL). The �uorescence signals of the main organs
(heart, liver, spleen, lung, and kidney) were monitored and analyzed at 2, 12, 24, 48 and 96 h after injection
using a Vilber FUSION FX7 imaging system (λex = 680 nm, λem = 750 ± 10 nm).

For the intrahepatic distribution, the mice were sacri�ced 24 h after the injection of the drug carriers (4
mg·mL-1, 200 µL) and the liver tissues were sectioned for immuno�uorescence staining. α-SMA was
stained with an anti-α-SMA antibody and a 488-conjugated secondary antibody to label activated HSCs.
Nuclei were stained with DAPI. Immuno�uorescence images were captured using a CLSM.



Page 14/23

Therapeutic e�cacy. The liver �brosis mice were established by the aforementioned method. During the
4-week administration of CCl4, the mice were intravenously injected with 200 µL of 4 mg·mL-1 NTHp-
PSCLMs, R@PSCLMs, Hp-PSCLMs and R@Hp-PSCLMs (at the 16th, 19th, 23nd, 26th day). As negative
control, the free rosiglitazone (2 mg·kg-1, 200 µL) and HpSGN (4 nmol per mice) were also injected
intravenously to another two groups of mice at the same time. The concentrations of rosiglitazone and
HpSGN in the drug carriers were the same as the negative control groups. The body weights of the mice
were recorded. Afterwards, all the mice were sacri�ced, the liver and blood were harvested for further
analysis.

The levels of ALT, AST and T-BIL in blood and hydroxyproline (Hyp) in the liver were determined using
analysis kits according to the manufacturers’ instructions (Nanjing JianCheng Bioengineering Institute,
China). H&E and Masson were stained according to the standard histological procedures. Protein
expression of collagen I, α-SMA, TIMP-1, PPARγ and MMP1 in liver after different treatments were
measured by western blot and the bands were analyzed by ImageJ. The expression of TIMP1 and α-SMA
were determined by immuno�uorescence and the �uorescence were quanti�ed by ImageJ. The
expression of collagen I was determined by immunocytochemistry and their positive areas were analyzed
using ImageJ. The level of TIMP1 was analyzed by qPCR and the sequences of the primers were shown
in Table S2.

Cellviability(\%) =
meanAbsvalueoftreatmentgroup

meanAbsvalueofcontrolgroup × 100%

Statistical analyses. All data are presented as the mean ± standard deviation obtained from at least three
independent experiments. The two-tailed Student’s t-test was used to compare the data in two groups. P < 
0.05 was considered signi�cant.
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Figure 1

(A) Schematic illustration of the formation of the R@Hp-PSCLMs modi�ed with CTCE9908 and HpSGN
system (FEN1 plus hpDNA) loaded with rosiglitazone. (B) For the anti�brotic therapy in mice with �brotic
liver, the CTCE9908 on the intravenouly injected R@Hp-PSCLMs can bind to the overexpressed CXCR4 on
activated HSCs, enhancing speci�c cellular uptake, whereupon the HpSGN system cleaved the mRNA for
TIMP1 to upregulate the MMPs for collagen degradation, and the released rosiglitazone suppressed the
proliferation and activation of HSCs to inhibit the production of collagen.
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Figure 2

Characterizations of the nanocarriers and the in vitro ssRNA cleavage e�ciency. (A) TEM images of
SCLMs, Mal-SCLMs, PSCLMs and Hp-PSCLMs. Scale bar = 50 nm. (B) Hydrated size of SCLMs, Mal-
SCLMs, PSCLMs and Hp-PSCLMs determined by DLS method. (C) The cellular uptake of FITC-modi�ed
SCLMs and PSCLMs by HSCs activated by TGF-β observed by CLSM. The nuclei of the HSCs were
stained by DAPI. (D) PAGE results of the cleavage of ssRNA by Hp-SCLMs with different molar ratios of
FEN1 to hpDNA at 9:1, 5:5 and 1:9. The cleavage of free HpSGN system with FEN1 to hpDNA ratio of 1:9
was also determined. The red arrow indicates the uncleaved ssRNA and the yellow arrow indicates the
cleaved substrates. (E-F) Quantitative results of (D), the percentages of uncleaved ssRNA substrates in
each group, data were analyzed by ImageJ (n = 3). (G) Schematic diagram of the accelerated gene
editing e�ciency by the Hp-SCLMs compared with free HpSGN system via the spatial con�nement effect.
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Figure 3

Biodistribution and intrahepatic distribution of Cy5.5-labelled Hp-SCLMs and Hp-PSCLMs i.v. injection.
(A) Ex vivo imaging of the main organs (heart, liver, spleen, lung and kidney) of the �brotic mice at 2, 12,
24, 48 and 96 h after the injection. (B) The integrated �uorescence intensity from the organs at 2, 12, 24,
48 and 96 h after the injection (n = 3). (C) Colocalization of the Hp-SCLMs and Hp-PSCLMs with α-SMA in
the �brotic liver. Blue, green, and red �uorescence indicate the DAPI-labelled nuclei, α-SMA, and Cy5.5-
labeled nanoparticles, respectively. Scale bar = 50 μm.
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Figure 4

The nanomedicine R@Hp-PSCLMs with the payload of HpSGN system and rosiglitazone reversed the
liver �brosis. (A) Schematic diagram showing the modeling of the mice with �brotic liver and the
administration of the therapeutic in the treatment. (B) Real-time quantitative PCR analysis of the
expression of TIMP1 mRNA in the liver of the mice subjected to different treatments (n = 3). The effect of
free HpSGN, NTHp-PSCLMs and Hp-PSCLMs were determined. (C) Representative images of the liver
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sections stained by H&E, Masson trichrome staining, immunohistochemical staining of collagen I, α-SMA
and TIMP1. The nuclei were counterstained with DAPI. Semi-quantitative analysis of the positive staining
of the area of (D) Masson, (E) collagen I, (F) α-SMA and (G) TIMP1 staining sections by ImageJ (n = 5).
The free drug, free HpSGN, NTHp-PSCLMs, R@PSCLMs and Hp-PSCLMs were used as negative control
groups.

Figure 5

The in�uence of the chemogene therapy to the expression of the representative proteins involved in the
liver �brosis. (A) Western blot analysis of collagen I, α-SMA, TIMP-1, PPARγ and MMP1. Quanti�cation of
the protein bands of (B) collagen I, (C) α-SMA, (D)TIMP-1, using the α-Tubulin as the reference, and (E)
PPARγ, (F) MMP1 using GADPH as the reference. The data were analyzed by ImageJ (n = 3).
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