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Cell-penetrating peptides (CPPs) are peptides that can directly adapt to cell membranes and then permeate into cells.

They are usually cationic for the electronic interactions between CPPs and anionic cell membrane. Meanwhile, some of

them can target a specific protein at the same time. In nanomedicine, as an element, CPPs are usually covalently linked

to the surface of nanocarriers to endow their permeability to the whole system.
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1. Introduction

In gene delivery systems, nonviral systems have gained wide attention because of the activation of oncogenes and

excessive immunogenicity of viral vectors . To absorb genes first and then penetrate the cell membrane, cationic

polymers such as polyethyleneimine (PEI)  and poly-(l-lysine) (PLL)  have been proposed. However, significant

toxicity can be observed in cells or animals after the administration of PEI. PEI was reported to activate Fasl-mediated

antigen-induced cell death in the spleen . Systemic administration of PEI caused liver necrosis and death, as well as the

increase of small aggregates of both platelets and CD11-b-positive cells in the lung . PLL also shows its very toxicity,

which increases with the increment of its molecular weight . Polyamidoamine (PAMAM) dendrimer, whose synthesis is

complicated and costly , has potential cytotoxicity . Thus, cationic nanocarriers with better biocompatibility such as

peptide-based vehicles are wiser choices. Peptide-based self-assembly has been proposed to deliver cargos such as

cyclic peptides , linear short peptides , and amphiphilic peptides . Among them, di-phenylalanine (FF) is

extracted from the Alzheimer’s β-amyloid polypeptides and can self-assemble in aqueous conditions. It is reported to have

easy production, functional versatility, biodegradability, biocompatibility, and non-immunogenicity . FF has been

decorated with other subunits from amino acids such as Cys , to polymers such as PCL . It can boost the self-

assembly of those systems.

More than 1700 CPPs have been reported, and the most common are TAT and PLL . However, through only

electronic interactions, off-targeting effects are downsides in types of cationic CPPs . Thus, some targeted CPPs are

proposed, such as octarginine (R8) targeting neuropilin-1 receptors . RTMIWY(d-P) GAWYKRI is a continuous

sequence of 14 amino acids designed by our lab to blockade the PD-1/PD-L1 process , which can be more facile to

synthesize through solid-phase peptide synthesis technology. Meanwhile, its net charge is above 3 from pH 7.4 to 6.0,

which means it is likely to absorb anionic nucleic acids and penetrate the cell membrane.

To increase the flexibility, we add two phenylalanines (FF) with two Alanines as the linker to boost its flexibility, to be 18

amino acids (FFAARTMIWY(d-P)GAWYKRI). Furthermore, we explore its capacity to load hydrophobic drug doxorubicin

(Figure 1).
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Figure 1. Schematic illustration of peptide-RNA-DOX for tumor regression. A PD-L1 targeted amino acids sequence was

linked to Phe-Phe-Ala-Ala to form nanospheres. SiRNA and DOX were loaded through electronic interactions and

hydrophobic force. This nano-system can target PD-L1 protein for tumor regression.

2. Characterization of Peptide and Peptide-RNA/DOX

FF was reported to form nanotubes in the aqueous solution . However, when connecting it to other peptides, the

assembly may be influenced by other amino acids, such as Arg, Pro, etc. . Thus, we first used SEM to observe if it can

form nanostructures in an aqueous solution after sonication, and what types of structures they will be. As illustrated in

Figure 2A,B, the peptide formed some nanospheres at the concentration of 0.5 mg/mL.

Figure 2. Characterization of peptide: 0.25 mg/mL peptide (A,B), Peptide (0.25 mg/mL)-RNA (5 μM) (C,D), peptide (0.25

mg/mL)-RNA (5 μM)-DOX (20 μg/mL) (E,F). Scale bars in the left array are 200 nm; scale bars in the right array are 100

nm.

Gene therapy is a method with great expectations to treat various diseases. This is due to its great potential to realize

some affections that small-molecular inhibitors and antibodies will never possess, which were known as undruggable

targets . Knocking down gene expression, altering mRNA splicing, targeting trinucleotide repeat disorders, upregulating

target genes, expressing genes, and editing the genome are examples of its peculiar functions . Practically, some

siRNA-based therapeutic products have been proved by the Food and Drug Administration (FDA), such as Patisiran,
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Givosiran, Lumasiran, and Inclisiran. However, the main obstacle of gene therapy is the billion-year-old lipid barrier ,

which prevents large, charged molecules such as RNA. Thus, many kinds of nano-systems are constructed to deliver

RNA into cells.

Encouraged by the results above, we wonder if it could absorb anionic nucleic acids and package them into their cores.

The gel retardation assays showed that peptide (0.25 mg/mL) can completely package RNA (10 μM). In addition, it is

stable in FBS after 24 h. Figure 2C,D showed the nanostructure of peptide-RNA, which was similar to the former.

Furthermore, as the cores are hydrophobic , we wonder if this peptide could also package hydrophobic drugs. Thus,

DOX was desalinated by triethylamine and then mixed with the peptide in DMSO. Finally, the solution was diluted by

ddH O to assist the formation of the peptide, followed by dialysis. However, when it came to a higher DLC (30%), only

about 70% of DOX can be encased. Figure 2E,F showed there were no dramatic changes after loading with DOX.

Therefore, all the following experiments were carried at 20% of DOX. Notably, the addition of RNA and DOX slightly

changed the sizes of its nanostructure. However, some amino acids in the sequence such as A, I, and M provided

hydrophobic force, and Y and W were also involved in π-π stacking. Additionally, R and K referred to electronic reactions

.

3. Internalization of Peptide-RNA/DOX and Its Mechanism

To confirm the cell toxicity first, MTT assays were carried out. The concentration lower than 40 μM did not affect the

viability of MDA-MB-231 cells, while the concentration lower than 20 μM did not affect HUVEC cells. Thus, the following

assays were carried out at the concentration that was lower than 15 μM of peptide.

To explore whether peptides can carry RNA into cells, flow cytometry assays were carried out. As illustrated in Figure
3A,B, only RNA-FAM cannot enter cells while peptides can carry it together with being internalized. Thus, the

fluorescence of RNA in the cell increased with time. Notably, the fluorescence diminished at 6 h, which may be due to the

endogenous degradation in cells. Meanwhile, to further evaluate the toxicity, peptides were compared with

commercialized cationic peptide-based (PLL 2kDa) and polymer-based (PEI) vehicles. MTT assays indicated the high

toxicity of PEI and similar non-toxicity of PLL (2 kDa–3 kDa). Though there were no significant differences between PLL

and peptides at low concentrations, the toxicity of PLL increases with the molecular weight. Notably, Figure 3C,D

illustrated the highest transduction efficiency of peptides among them after being incubated for only 30 min. To determine

by what mechanism the peptide was internalized, inhibitors were used. Figure 3E,F showed β-cyclodextrin (disrupts the

formation of the cholesterol domains) and heparin (combined with heparan sulfate proteoglycan) were the most important

factors, which means the caveolae-mediated endocytosis and electrostatic interactions were the main factors separately.

Additionally, the competition of PD-L1 protein significantly influenced the internalization, while wortmannin (blocks the

formation of clathrin-coated vesicles) did not.
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Figure 3. Cell internalization of peptide-RNA-FAM in MDA-MB-231 cells. (A,B) Peptide-RNA were incubated with cells,

and the fluorescence was detected by flow cytometry after 1, 2, 4, and 6 h and quantified. (C,D) PLL, PEI, and peptide

loaded with RNA. They were then incubated with cells for 0.5 h, followed by flow cytometry and quantified. (E,F) Cells

were first incubated with inhibitors for 2 h followed by the addition of peptide-RNA. They were then detected and

quantified. ** p < 0.01, *** p < 0.001, n = 3.

Programmed cell death-1 (PD-1)/PD-L1 ligand 1 (PD-L1) (CD279) is an inhibitory checkpoint, which can inhibit the

activation of T and B cells in the tumor microenvironment . Antibody drugs such as Nivolumab, Pembrolizumab, etc.,

are approved by the FDA. However, their drawbacks are obvious, such as high costs and poor tissue permeability. To

determine whether it can still blockade PD-1/PD-L1 after assembly, exhausted T cell models were used. T cells were

incubated with excessive tumor cells (incubated with IFN-γ to overexpress PD-L1) for 24 h to induce exhaustion, and the

nanovesicles were added to blockade the process. Finally, the exhaustion degree was evaluated by the expression level

of IL-2 after the stimulation of PMA/PHA.

As the peptides were designed to co-load with RNA and DOX, CLSM and flow cytometry were used to observe the

internalization of both cargos. Figure 4 showed the fluorescence of RNA-FAM (green) and DOX (red) in cells. The yellow

indicated the co-localization of RNA and DOX. The intensity increased with time. Furthermore, PD-L1 competed with

peptides, and thus the fluorescence decreased. Meanwhile, flow cytometry (Figure 5A,B) supported the results. Cells

aggregated in the Q4 quadrant represented those for which neither RNA nor DOX was internalized. Q1 and Q3 quadrants

represented those for which only DOX and RNA were internalized separately. Q2 quadrant represented those for which

both RNA and DOX were internalized.

Figure 4. Cell internalization of peptide-RNA-DOX in MDA-MB-231 cells. CLSM images of cells after the incubation with

PBS (the first line), free DOX (the second line), peptide-DOX (the third line), peptide-RNA-DOX with PD-L1 proteins (the

fourth line), and peptide-RNA-DOX (the fifth line) for 0.5 h. Scale bar 50 μm.

[32]



Figure 5. MDA-MB-231 cells were incubated with peptide-RNA-DOX for 0.5 h and then were detected by flow cytometry

(A) and quantified (B).

4. Anti-Tumor Effects In Vitro

Gene therapy is a method that has great expectations to treat various diseases. This is due to its great potential to realize

some affections that small-molecular inhibitors and antibodies will never possess, which was known as undruggable

targets . Knocking down gene expression, altering mRNA splicing, targeting trinucleotide repeat disorders, upregulating

target genes, expressing genes, and editing the genome are examples of its functions . Practically, some siRNA-based

therapeutic products have been proved by the Food and Drug Administration (FDA), such as Patisiran, Givosiran,

Lumasiran, and Inclisiran. However, the main obstacle of gene therapy is the billion-year-old lipid barrier , which

prevents large, charged molecules such as RNA. Thus, many types of nanosystems are constructed to deliver RNA into

cells.

Since SURVIVIN is an inhibitor of apoptosis protein (IAP) that is overexpressed in nearly every type of cancer  and

DOX is widely used in treating breast cancer, we used flow cytometry to detect the apoptosis of cells after administrations.

Figure 6A,B showed peptide-RNA, peptide-DOX, and peptide-RNA-DOX caused cell apoptosis. The most apoptosis

happened when RNA and DOX were both administrated. Real-time qPCR (Figure 6C) indicated the significant decrease

in the expression of SURVIVIN, which was consistent with Western blot results (Figure 6D). These results suggested that

peptide-RNA-DOX was a good system to treat breast cancer.

Figure 6. Cell apoptosis. (A) flow cytometry of cells after incubation with PBS (left top), peptide-RNA (5 μM) (right top),

peptide-DOX (2 μg/mL) (left bottom), and peptide-RNA (5 μM)-DOX (2 μg/mL) (right bottom). Except for PBS, other
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groups caused apoptosis, and the last group was the most severe and the qualification (B). (C) q-rtPCR of cDNA reversed

from mRNA extracted from cells after the administration of peptide-SiCN or peptide-SiRNA. (D) Western blot assays

indicated that peptide did not decrease the expression of SURVIVIN while peptide-RNA did. *** p < 0.001, n = 3.

5. Anti-Tumor Effects In Vivo

After gaining the results above, we wondered if this medication effect would be consistent when curing tumors in vivo.

Thus, we injected MDA-MB-231 cells into BALB/c nude mice and then we used our drug systems to treat them. Figure 7A

illustrated that there were no significant changes in body weight, which suggested the good biocompatibility of our nano

vehicles. Figure 7B–D showed that both peptide-RNA and DOX can significantly restrain the growth of tumors. Notably,

peptide-RNA-DOX can further inhibit tumor cells. However, some injuries can be observed on the heart when DOX was

injected. These results supported the anti-tumor effects of our vehicles.

Figure 7. In vivo experiments. (A) Body weights of mice in four groups including PBS, peptide-RNA, free DOX, and

peptide-RNA-DOX, which illustrated that there were no significant changes in different groups. (B) The tumor volumes of

four groups during the therapy period. The chart illustrated that there were significant changes when using PBS and

peptide-RNA. Additionally, peptide-RNA-DOX significantly decreased tumor volumes than DOX. (C) The photograph of

tumors extracted from mice after tumors were fixed, which indicated the same trend as above. (D) Each weight of the

fixed tumor. * p < 0.05, n = 5.
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