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Purpose: In order to overcome the biological barriers at all levels and enhance the delivery efficiency of siRNA, we have prepared
a multifunctional siRNA delivery system (CHCE/siRNA nanoparticles) through self-assembly of the carboxymethyl chitosan modified
with histidine, cholesterol, and anti-EGFR antibody (CHCE).
Methods: The morphology of CHCE/siRNA NPs was detected by dynamic light scattering and scanning electron microscope. In
vitro, we assessed the tumor-targeting, cellular uptake, and endosomal escape by flow cytometry and confocal laser scanning
microscopy, confirming the CHCE/siRNA NPs functions in gene silencing and cell killing ability. In vivo, we examined the
biodistribution of the CHCE/siRNA NPs by the IVIS imaging system and confirmed the therapeutic effect of NPs in the nude-
mouse tumor model.
Results: The CHCE/siRNA NPs exhibited nanosized spherical with narrow size distribution. In vitro, the CHCE/siRNA NPs incorporated
a dual capability of tumor targeting and pH response that could facilitate cellular bind, cellular uptake, and endosomal escape. The CHCE/
siRNA NPs could effectively silence the vascular endothelial growth factor A (VEGFA) to cause cell apoptosis and inhibit proliferation. In
vivo, the CHCE/siRNA NPs could target tumor sites to knock down VEGFA and achieve a better anti-tumor effect.
Conclusion:We successfully prepared a novel siRNA delivery system with the double capability of tumor targeting and pH response,
which can break through the biological barriers to penetrate deep into tumors and achieve better therapeutic tumor effects, providing
a new ideal delivery platform for siRNA.
Keywords: multifunctional carboxymethyl chitosan, targeting delivery, endosomal escape, gene silencing, anti-tumor therapy

Introduction
RNA interference (RNAi) is an evolutionarily conserved biological mechanism regulating gene expression through
small interfering RNA (siRNA) after transcription.1 RNAi has attracted much attention in biomedical fields, as siRNAs
are highly potent in silencing the expression of specific target genes in human cells.2,3 siRNA-based therapeutics have
been proposed to treat various diseases, including inherited disorders, viral infections, and cancers.4 The approval of
the small interfering RNA (siRNA) drug Patisiran is a milestone in the clinical translation of Nobel Prize achievements
after a 20-year wait, which provides a successful model for the research of nano-delivery systems.5 However, siRNA
has poor therapeutic efficacy due to low enzymatic stability, poor pharmacokinetics, and inability to cross through
biological barriers in vivo6,7 and thus requires careful consider with carrier groups to enhance the stability of siRNA,
improve effective therapeutic dose in target tissues and promote efficient cell uptake.
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Nanocarriers are a promising platform for siRNA delivery. Over the past few decades, various novel materials, including
liposomes, natural and synthetic polymers, peptides, and inorganic, have been produced for siRNA delivery.8–12 Although
these delivery systems improved the bioavailability of siRNA in vivo, they have seen limited efficacy in translation to clinical
settings.13–15 Many factors can affect the effective delivery of nanocarriers in vivo.16 It is postulated that the very features that
promote siRNA binding are the factors that lead to these materials’ limited clinical success. For example, a positive charge is
required to bind siRNA and promote the cellular internalization of the NPs. However, the positively charged surfaces also
promote NPs binding to various opsonizing proteins, leading to the rapid clearance by macrophages and monocytes.17 The
non-specific distribution of nanocarriers is also an important issue facing in vivo delivery. Previous studies have shown that the
utilization rate of existing drugs is only 0.7%, and more than 99% of drugs are wasted in the body, producing strong adverse
effects and low therapeutic efficacy.18 Therefore, improving the targeted delivery ability of nanocarriers is of great significance
for improving the interference ability of siRNA. The surface properties of the NPs, such as polarity, particle sizes, and
morphology also directly impact the performance of NPs in vivo.19–21 Furthermore, the drug-loading/release rate of NPs
influences the cumulative concentration of the drug at the targeted tissue, eg, tumor, thus affecting the therapeutic efficacy.22

Therefore, designing optimal NPs for breaking through the biological barriers at all levels has been an intricate engineering
process.

In this manuscript, we report a novel siRNA delivery system targeting epidermal growth factor receptor (EGFR)
expressing cells using carboxymethyl chitosan as the backbone polymer, modified with functional groups including
histidine, cholesterol, and anti-EGFR antibody (CHCE/siRNA NPs) (Figure 1A). The CHCE/siRNA NPs incorporate
a tumor-targeting mechanism (Figure 1B), pH responsiveness (Figure 1C), and cargo siRNA stability, which can
overcome most biological barriers and achieve higher delivery efficiency. In summary, the CHCE/siRNA NPs silenced
the VEGFA gene in tumors to inhibit intratumor vasculature growth and inhibited tumor growth.

Materials and Methods
Materials
Breast cancer MDA-MB-231 cells and malignant melanoma SK-MEL-28 cells were purchased from American Type
Culture Collection (ATCC). MDA-MB-231 and SK-MEL-28 cells were cultured in DMEM supplemented with 10% FBS
and 100 units mL−1 penicillin and streptomycin. All cells were incubated at 37 °C with 5% CO2. The C57BL/6 mice and
CD1 nude mice were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. Ethical approval was
obtained before the research from the Zhengzhou University Animal Ethics Committee (ZZU-LAC2020070703). The
siRNAs and the FITC-siRNAwere purchased from Shanghai GenePharma Co., Ltd. The siRNA sequences of VEGFA are
shown as follows: sense 5’-GCAGCUACUGCCAUCCAAUTT-3; antisense 5’-AUUGGAUGGCAGUAGCUGCTT-3.
The negative control siRNAs sequences are shown as follows: sense 5’-UUCUCCGAACGUGUCACGUTT-3; antisense
5’-ACGUGACACGUUCGGAGAATT-3.

Synthesis of CHCE/siRNA NPs
The CHCE was synthesized as per the method described in the Supplementary Methods section. The infrared spectra of
CHCE were shown in Supplementary Figure 1. 10 mg CHCE was dissolved in 5 mL HEPES buffer (20 mM, pH 7.4).
Then, a probe-type ultrasonic processor is used for ultrasonic treatment at 100 W for 2 minutes, and the ultrasonic
treatment step is repeated three times. To prevent the sample solution from accumulating heat during ultrasonic treatment,
the pulse function is 2s on and 2s off. Mix a certain concentration of CHCE solution and siRNA solution according to
a certain mass ratio (8:1) at 4°C for 30 min to synthesize the multifunctional CHCE/siRNA nanoparticles.The siRNA
encapsulation efficiency and siRNA loading content of the CHCE/siRNA NPs were detected in Supplementary Table 1.

Characterization of CHCE/siRNA NPs
The particle size and Zeta potential of CHCE/siRNA NPs were determined by dynamic light scattering (DLS) using
a Zetasizer Nano ZS90 (Malvern Instruments, U.K). The CHCE/siRNA NPs were diluted in phosphate buffer solution,
the concentration of CHCE/siRNA NPs was 1 mg/mL, the test temperature was 25°C.
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The morphology of CHCE/siRNA NPs was measured by scanning electron microscope (SEM). Drop 2 microliters of
the solution on the silicon wafer, let it dry naturally, then spray gold for 10 sec and observe it under a scanning electron
microscope.

The CHCE/siRNA NPs were incubated in 50% mouse serum at 37°C. Collect 5 μL aliquots at different time points
(5 min, 3 h, 6 h, 12 h, 24 h) and probe on a 1% agarose gel with nucleic acid dye. The fluorescence imaging system
obtained the gel images, and the dissociated siRNA is positioned and the pure siRNA band (the second lane). The
siRNA dissociation was analyzed by ImageJ image processing software.

Targeted Adhesion of CHCE/siRNA NPs
1×105 MDA-MB-231 cells with low expression of EGFR (EGFR-) and SK-MEL-28 cells with high expression of EGFR
(EGFR+) cells23 were inoculated with PBS, pure siRNA, CHC/siRNA, and CHCE/siRNA (the siRNA were modified
with FITC, and the siRNA concentration in each group was 1.6 μg/mL) were incubated with MDA-MB-231 cells and
SK-MEL-28 cells for 1 h at room temperature. Collect the cells and the binding efficiency of CHCE/siRNA NPs to cells
was detected by flow cytometry. The cells treated with PBS were used as blank control. The inhibitory effect of
Panitumumab on the binding between CHCE/siRNA NPs and SK-MEL-28 cells were detected according to the following
method: The SK-MEL-28 cells were cultured with different concentrations of Panitumumab and a fixed concentration of
CHCE/siRNA NPs for 1 h at room temperature (the siRNA was modified with FITC, the siRNA concentration was 1.6

Figure 1 The preparation and siRNA delivery of CHCE/siRNA NPs. (A) Synthesis of CHCE/siRNA nanoparticle. Nanocarrier backbone carboxymethyl chitosan (red),
cholesterol (blue), and helper histidine (Green). The CHCE forms stable NPs through self-assembly. (B) The CHCE/siRNA NPs target delivery to the tumor. (C) The
endosomal escape and RNAi-induced gene silencing.
Abbreviation: RISC, RNA-induced silencing complex.
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μg/mL, the Panitumumab concentration were 2.4 μg/mL, 1.2 μg/mL, 0.6 μg/mL, 0.3 μg/mL, 0 μg/mL). The inhibitory
effects of Panitumumab were detected by flow cytometry. For laser scanning confocal microscope detection, fix with 4%
paraformaldehyde for 5 min, then stained with DAPI (Invitrogen) for 10 minutes. The inhibitory effect of Panitumumab
was detected by a laser scanning confocal microscope.

The Cellular Uptake of CHCE/siRNA NPs
1×105 SK-MEL-28 cells were cultured with CHCE/siRNA NPs (the siRNA concentration was 1.6 μg/mL) for a different
time (0 min, 15 min, 30 min, 1 h, 2 h, 4 h), then collected the cells and flow cytometry detected the cellular uptake
efficiency of CHCE/siRNA NPs. The cells untreated were used as blank control. For laser scanning confocal microscope
detection, fix with 4% paraformaldehyde for 5 min and stain with DAPI for 10 minutes. Then laser scanning confocal
microscope detected the cellular uptake efficiency of CHCE/siRNA NPs.

The Endosomal Escape of CHCE/siRNA NPs
1×105 SK-MEL-28 cells were cultured with CHCE/siRNA NPs (the siRNA concentration was 1.6 μg/mL) for a different
time (30 min, 1 h, 2 h, and 4 h). The endosomes were labeled with LysoTracker-Red (Invitrogen) for 5 min. Then fix with
4% paraformaldehyde for 5 min and stained with DAPI for 10 min. Finally, the intracellular delivery and endosomal
escape of CHCE/siRNA NPs in SK-MEL-28 cells were detected by laser scanning confocal microscope. The corre-
sponding colocalization fluorescence intensity profiles and the corresponding colocalization ratios of siRNA (green) and
endosomes (red) were analyzed by ZEN 3.0 software.

Gene Silencing of CHCE/siRNA NPs
2×105 SK-MEL-28 cells were cultured with PBS, CHCE/nc-siRNA, siRNA, and CHC/siRNA, CHCE/siRNA, PEI/
siRNA (the siRNA concentration in each group was 1.6 μg/mL) for 48 h, respectively. Then the cells were collected to
extract the total RNA and protein, respectively. The gene silencing of CHCE/siRNA NPs was detected by qPCR and
Western blot. The detailed qPCR and Western blot scheme are in the Supplementary Material.

Cell Proliferation and Apoptosis Detection
For Cell proliferation, 1×104 SK-MEL-28 cells were seeded into 96-well microtiter plates and cultured for 24 hours for
attachment. The PBS, CHCE/nc-siRNA, siRNA, and CHC/siRNA, CHCE/siRNA, PEI/siRNA NPs (the siRNA concen-
tration in each group was 1.6 μg/mL) were added into different wells in triplicate. After 48 h of incubation, the MTS
(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)- 2-(4-sulfophenyl)- 2H-tetrazolium) solution (Sigma) was
added to each well and the plates were incubated at 37°C for an additional 1 h. The optical densities were recorded at
490 nm using a microplate reader. Cell viability was calculated as a percentage of PBS.

For Apoptosis detection, 2×105 SK-MEL-28 cells were cultured with PBS, CHCE/nc-siRNA, siRNA, and CHC/
siRNA, CHCE/siRNA, PEI/siRNA (the siRNA concentration in each group was 1.6 μg/mL) for 48h in 5% CO2 at 37°C,
respectively. The cells were collected and 5 μL AnnexinV- FITC solution and 5 μL PI dyeing solution (Nanjing Vazyme
Biotech Co., Ltd) were added to react for 30 min at room temperature away from light. 400 μL of binding buffer was then
added and detected by flow cytometry within 1 h. The negative control was used without Annexin V-FITC and PI.

Pharmacokinetic Study
The siRNA, CHC/siRNA, and CHCE/siRNA nanoparticles (The siRNA was labeled with FITC) were injected into the
body at the same siRNA dose per nude mouse through the tail vein. Blood samples were collected from the venous
plexus of the naked eye of the mouse at the 0 h, 4 h, 8 h, 12 h, 16 h, 20 h, and 24 h time points and placed in sample tubes
pretreated with sodium heparin-centrifuge at 2000 rpm for 10 mins at 4°C. An equal amount of plasma samples was
collected. FITC-labeled siRNA at a standard concentration was used as a control. Pharmacokinetic studies were
performed by measuring the blood siRNA concentration in nude mice using a fluorescence optical protractor.
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The Biodistribution and Antitumor of CHCE/siRNA NPs
Harvest SK-MEL-28 cells and dilute the cells with serum-free MEM medium at the appropriate concentration 5×107

cells/mL; Inject 1×107 cells in 200 μL subcutaneously into 5–6 weeks old Nude mice. For in vivo biodistribution studies,
the siRNA, CHC/siRNA, and CHCE/siRNA (the siRNA in each group was 8 μg, total volume of 250 µL) were
administrated into mice bearing tumors (400–600 mm3) via tail vein injection. Images were taken on an IVIS imaging
system at 1 h, 10 h, and 24 h post-injection. The tumors and other major organs were collected for ex vivo imaging. Then
the tissue sections were prepared and were observed by optical fluorescence microscopy. For antitumor effect studies,
when the tumor sizes reach 100 mm3, regroup the animals; The PBS, siRNA, CHC/siRNA, PEI/siRNA, and CHCE/
siRNA were administrated into mice bearing tumors (100 mm3) via tail vein injection. Intravenous injections were
repeated 4 times, 8 μg siRNA each time, a total of 32 μg siRNA. The volume and weight of nude mice were measured
monitored once every three days. The tumor volume was measured by the formula V = LW2/2. L and W represent the
length and width of the tumor, respectively. The tumors and main organs were collected, including the heart, liver, spleen,
lung, and kidney. The tissue sections were obtained by paraffin embedding, and hematoxylin-eosin stain (H&E) and
Immunohistochemistry (IHC) were performed. Observe with a fluorescence microscope.

Potential Immune Responses of CHCE/siRNA NPs
The PBS, siRNA, CHC/siRNA, PEI/siRNA, and CHCE/siRNA were administrated into C57BL/6 mice via tail vein
injection. Then the mice were sacrificed, and blood samples were collected after 24h and 48h intravenous administra-
tions. The plasma was isolated for cytokine ELISA measurements of IL-1, IL-6, IFN-γ, and TNF-α (MultiSciences
(Lianke) Biotech Co., Ltd).

Statistical Analyses
All experiments were replicated over three times, and the resulting data were represented mean ± s.e.m. The resulting
data were statistically analyzed by independent samples t-test. The values are significantly different (p < 0.05). All
analyses were done by using GraphPad Prism software (version 5).

Results
Preparation and Characterization of CHCE/siRNA NPs
We first synthesized the CHCE, and the infrared spectroscopy signature indicated that the CHCE has been successfully
synthesized (Supplementary Figure 1). The CHCE/siRNA NPs were formed through CHCE and siRNA by self-assembly
(Figure 2A). The lower critical micelle concentration of CHCE (0.1 mg/mL) indicated the CHCE owned excellent self-
assembling ability to form spheroids (Figure 2B). Analyzing the mechanism of self-assembly into a ball may be that the
amino acid cholesteryl ester can form a hydrophobic domain through the hydrophobic force and promote the long-chain
carboxymethyl chitosan polymer in the stretched state to curl to form a hydrophilic shell.24 Scanning electron microscope
results confirmed the formation of stable spherical particles with a high degree of dispersion and a narrow particle size
distribution (Figure 2C and D). The above results confirmed that we have successfully engineered a novel nanoparticle
delivery system for siRNA with a uniform and stable physical structure.

PH-Responsive Behaviors of CHCE/siRNA NPs
The Zeta potential of CHCE/siRNA NPs was measured in different pH buffer solutions (7.4, 6.5, and 5.4). The results
indicated that in neutral (or basic conditions, pH > 7), the Zeta potential maintained an anionic surface, once the pH
reverses toward acidic conditions (pH≤6.5), amine groups on histidine were protonated leading to the positively charged
surface and the lower the pH value, the higher the positive charge on the surface (Figure 2E). Although the particle size
of CHCE/siRNA NPs increased with the pH decreasing, the polydispersity index (PDI) showed that the CHCE/siRNA
NPs had good stability at different pH levels (Figure 2F). Besides, the results of the electrophoresis gel showed that the
release of the cargo siRNA from CHCE/siRNA NPs was slow with better stability (Figure 2G). All the above
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characterization of CHCE/siRNA NPs indicated that our novel siRNA delivery vehicle has a stable physical structure,
pH-responsive particle charges.

Tumor Adhesion of CHCE/siRNA NPs in vitro
An active targeting strategy of modifying with EGFR monoclonal antibody was adopted to improve the tumor adhesion
ability of CHCE/siRNA NPs.25 The results showed that the CHCE/siRNA NPs target SK-MEL-28 cells (high expression
of EGFR) efficiency with 90% of the cells labeled by the fluorescence, while the MDA-MB-231 cells (low expression of
EGFR) was only about 5% (Figure 3A and B). To further confirm that the targeting specificity of CHCE/siRNA NPs was
via EGFR, the Panitumumab, which bonded to EGFR and prevented EGFR monoclonal antibody from EGFR,26 was
used to incubate sk28 cells with CHCE/siRNA NPs. The results indicated that the Panitumumab could well inhibit the
binding between CHCE/siRNA NPs and SK-MEL-28 cells, a dose-dependent inhibition of CHCE/siRNA NPs binding by
SK-MEK28 cells, and that the Panitumumab could well inhibit the binding between CHCE/siRNA NPs and SK-MEL-28
cells (Figure 3C). The laser confocal microscope images also showed an apparent reduction of the binding of CHCE/
siRNA NPs to SK-MEL-28 cells with an increase of Panitumumab concentration (Figure 3D). Taking these findings into
account, we concluded that the CHCE/siRNA NPs could specifically target and bind to the tumor cells.

Cellular Uptake and Endosomal Escape of CHCE/siRNA NPs
For the cellular uptake of CHCE/siRNA NPs, the results showed that compared with the simple siRNA, both CHC/
siRNA NPs and CHCE/siRNA NPs could enter the cytoplasm, and the most CHCE/siRNA NPs entered the cytoplasm

Figure 2 Preparation and characterization of CHCE/siRNA NPs. (A) Synthesis of CHCE/siRNA nanoparticle. (B) The relationship between the intensity ratio (I372/I385)
from excitation spectra of pyrene and the logarithm of the concentration of CHCE. (C) SEM image of CHCE/siRNA NPs in distilled water. (D) The size distribution of
CHCE/siRNA NPs in SEM image. (E) The zeta potential distribution of CHCE/siRNA NPs in PBS buffers with different pH. (F) The size distribution of CHCE/siRNA NPs in
PBS buffers with different pH. (G) The stability of CHCE/siRNA NPs in 50% serum at 37°C was detected by the electrophoresis gel. The dissociated siRNA is positioned
against the mark band and the pure siRNA band.
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(Supplementary Figure 2). The cellular uptake of CHCE/siRNA NPs was concentration-dependent, and the cell uptake
efficiency reached the maximum when the siRNA concentration was 1.6ug/mL (Supplementary Figure 3). The cellular
uptake of CHCE/siRNA NPs was also time-dependent, and the longer the time, the higher the cell uptake efficiency
(Figure 4A). Interestingly, the CHCE/siRNA NPs are only attached to the cell surface at 30 minutes of incubation. As the
time prolonged, more CHCE/siRNA NPs were internalized via endocytosis and accumulated in the intracellular vesicles
(Figure 4B). For the endosomal escape of CHCE/siRNA NPs, the results showed the CHCE/siRNA NPs bound to the cell
surface at 30 min, accumulated in the endosomes at 1h-2h, and separated from the endosomes again at 4h (Figure 4C).
The corresponding colocalization fluorescence intensity profiles and the corresponding colocalization ratio indicated that
the CHCE/siRNA NPs have successfully escaped from the endosomes (Figure 4D and E).

Gene Silencing of CHCE/siRNA NPs
The qPCR results indicated that, compared with other treatments, the CHCE/siRNA NPs showed a marked down-
regulation of VEGFA mRNA (Figure 5A). The Western blot results also further verify the silencing efficiency of CHCE/
siRNA NPs (Figure 5B). Some researchers have demonstrated that VEGF knockdown suppresses tumor cells
proliferation.27 To assess the cytotoxicity of the CHCE/siRNA NPs, the proliferation of SK-MEL-28 cells treated was
tested by MTS. The results showed that the CHCE/siRNA NPs had the best anti-proliferation effect on the SK-MEL-28
cells (Figure 5C). Some researchers have also demonstrated that downregulation of VEGF could promote apoptosis.28,29

The apoptosis results showed that CHCE/siRNA NPs could induce cell apoptosis with higher efficacy than other
treatment groups (Figure 5D). To summarize, the above results clearly showed that the CHCE/siRNA NPs mediated

Figure 3 EGFR-mediated CHCE/siRNA specific binding to tumor cells. (A) Flow cytometry detected the binding efficiency of CHCE/siRNA. (B) The binding efficiency of
CHCE/siRNA. *P<0.05 (two-tailed t-test). NS: no significant difference. (C) Flow cytometry and (D) Laser scanning confocal microscope detected the inhibitory effect of
panitumumab on the binding between CHCE/siRNA NPs and SK-MEL-28 cells. Scale bar, 10 µm.
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the effective gene silencing of VEGFA mRNA, which induced the cell apoptosis, and finally had a good anti-proliferation
effect.

Biodistribution of CHCE/siRNA NPs
The fluorescence reflectance imaging showed that CHC/siRNA NPs and CHCE/siRNA NPs maintained high concentra-
tions at 10 and 24 hours post-injection, while most of the naked siRNA was cleared at 10 h post-injection (Figure 6A).
The pharmacokinetic results also showed that the CHC/siRNA NPs and CHCE/siRNA NPs could effectively prolong the
circulation time of siRNA, and the naked siRNA was fast cleared from the circulation (Figure 6B). The above results
indicated that the CHC/siRNA NPs and CHCE/siRNA have good stability and protect siRNA from ribozyme

Figure 4 The cellular uptake and endosomal escape of CHCE/siRNANPs. (A) Flow cytometry and (B) Laser scanning confocal microscope detected the cellular uptake efficiency
of CHCE/siRNA NPs. Scale bar, 10 µm. (C) A laser scanning confocal microscope detected the endosomal escape of CHCE/siRNANPs. (the siRNAwere modified with FITC, the
endosomes were labeled with LysoTracker). Scale bar, 10 µm. (D) The corresponding colocalization fluorescence intensity profiles of siRNA (green) and endosomes (red) in SK-
MEL-28 cells after CHCE/siRNA NPs treatment for different times. (E) The corresponding colocalization ratios of siRNA (green) and endosomes (red).
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degradation. In this paper, an active targeting strategy was adopted to improve the tumor-targeted delivery capability of
CHCE/siRNA NPs. The fluorescence reflectance imaging showed that CHCE/siRNA accumulated in the tumor with
a higher concentration than CHC/siRNA (Figure 6A black arrow). The imagines of various organs and tumors further
showed that compared with the simple siRNA and CHC/siRNA NPs, the CHCE/siRNA NPs had a higher accumulation
in the tumor and organs (Figure 6C and D). Besides, the histology sections also proved that the CHCE/siRNA NPs
penetrated the tumor tissue with a higher concentration (Figure 6E and F). Taking these findings into account, we
concluded that CHCE/siRNA NPs prolong the circulation of siRNA and actively target the tumor.

Anti-Tumor Effect of CHCE/siRNA NPs
Considering that CHCE/siRNA NPs have better tumor-targeted delivery capabilities and longer circulation time in vivo, we
further tested the anti-tumor effect of CHCE/siRNA NPs in vivo (Figure 7A). The results showed that the CHCE/siRNA NPs
had a better ability to inhibit tumor growth (Figure 7B and Supplementary Figure 4A). The changes in body weight and
tumor mass also showed that the CHCE/siRNA NPs had better anti-tumor effects and low side effects (Figure 7C and D).
The anti-tumor effect of CHCE/siRNA NPs was also proved by the tumor histopathology with sparse and disordered tumor
structure (Figure 7E). The low side effects were further proved by the organ’s histopathology with the complete tissue
structure and the normal cell morphology (Supplementary Figure 4B). The tumor immunohistochemistry showed that the
CHCE/siRNA NPs could reduce the expression level of VEGFA protein in tumor tissues (Figure 7E), which was the reason
that inhibited tumor growth. Finally, the inflammatory response of CHCE/siRNA NPs was detected after injection 24h and
72h. The results showed that the CHCE/siRNA NPs did not induce any inflammatory response (Figure 7F-I). The above
results indicated that the CHCE/siRNA could effectively inhibit tumor growth with low side effects.

Figure 5 The gene silence of CHCE/siRNA NPs in vitro. The PBS was the blank control group, the CHCE/nc-siRNA was the negative control group, and the PEI/siRNA was
the positive control group. (A) The qPCR detected the VEGFA mRNA expression in tumor cells. (mean ± sem, n = 3). *p < 0.05 (two-tailed t-test). (B) Western blot
detected the VEGFA protein expression. GAPDH was used as a reference protein. The band intensity of VEGFA and GAPDH expression was measured with ImageJ. The
relative ratio was calculated with the intensity of VEGFA divided by the intensity of GAPDH in the same treatment group. (C) The cell viability of CHCE/siRNA NPs was
detected by MTS (mean ± sem, n = 3). * p <0.05, (two-tailed t-test). NS: no significant difference. (D) Cell apoptosis was detected by Annexin V and PI staining. The lower
left, lower right, upper right, and upper left quadrants represent cell survival, early apoptosis, late apoptosis, and necrosis.
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Discussions
The pH-Responsiveness Promotes CHCE/siRNA NPs Breakthrough Biological
Barriers at All Levels
It is crucial to evaluate the effect of the surrounding environment on the particles’ critical characteristics as the surface
charge directly affects the delivery efficiency and circulation time in vivo.30 Considering that the high metabolic rate of
cancer cells and the hypoxic tumor microenvironment generate a lower pH in the tumor microenvironment comparing
normal tissues,31 we incorporated histidine due to its reversible protonation on ionizable amines in the imidazole group,
resulting in the pH-responsiveness of the particles’ charges. Therefore, the CHCE/siRNA NPs would present as anionic
particles in the blood circulation system and cationic particles in tumor tissue, prolonging circulation time and averting
rapid clearance. NPs cannot enter the cells to deliver siRNA via passive diffusion, and cell entry will depend on cellular
endo/phagocytic mechanisms.32 Factors affecting the cellular uptake efficiency of NPs include the membrane compat-
ibility, surface charge, cellular mechanisms mediating uptake and microenvironment, etc.33 The hypoxic and low pH in
the tumor microenvironment would trigger histidine protonation, inducing a positively charged surface on the CHCE/
siRNA NPs, facilitating binding to the negatively charged cell membrane.

Moreover, as a component of the cell membrane, cholesterol also makes nanocarriers more biocompatible with the
cell membrane, facilitating cellular absorption.34 The pH-responsiveness protonation can promote the lysosomal escape
of CHCE/siRNA NPs. As a critical biological barrier with extremely low pH, lysosomes can rapidly degrade nanocarriers

Figure 6 Biodistribution of CHCE/siRNA in vivo. (A) Whole-body NIR fluorescence imaging of mice bearing tumors. (B) Pharmacokinetic studies were performed by
measuring the blood siRNA concentration in vivo. (mean ± sem, n = 3). *p < 0.05 (two-tailed t-test). (C) Ex vivo imaging of tumors and other major organs. (D) Quantitative
analysis of CHCE/siRNA in tumors and other major organs by the ex vivo fluorescence signals. *P < 0.05 (two-tailed t-test). (E) The tumor penetration of CHCE/siRNA.
Green, FITC-labelled siRNA. Scale bar, 50 µm. (F) The green fluorescent signal intensity of CHCE/siRNA. *p < 0.05 (two-tailed t-test).
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and strongly efflux. Previous studies have found that histidine with reversible protonation elicits the proton sponge effect,
which causes the lysosome to swell, rupture, and finally release the NPs.35 The pH-responsive protonation could also
endow the CHCE/siRNA NPs with better release ability, and its pH sensitivity mainly comes from the protonation of the
imidazole and amine groups of histidine. The greater the degree of protonation, the greater the charge on the internal
groups, resulting in increased electrostatic repulsion between groups and greater swelling.36 The hydrophobic effect of

Figure 7 The antitumor effect of CHCE/siRNA NPs in vivo. (A) The treatment schemes. (B) The growth curves of tumors with various siRNA agents. The PEI/siRNA was
the positive control group. (mean ± s.e.m., n=5). *p < 0.05, (two-tailed t-test). (C) The change in body weight after treatments (mean ± s.e.m., n=5). *p < 0.05, (two-tailed
t-test). (D) The tumor volume and the tumor weight at the end of treatment. (mean ± s.e.m., n=5). *p < 0.05, (two-tailed t-test). (E) H&E and IHC showing antitumor effect.
Scale bar, 50 µm. (F–I) Potential immune responses after treatments were detected by ELISA (data represent mean ± s.e.m., n = 3), *p < 0.05, **p < 0.01 (two-tailed t-test).
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cholesterol can also promote the swelling transition of nanocarriers, which can be completed in a narrow pH range.37 In
this study, we did not specifically design experiments to measure how siRNA is released from CHCE/siRNA NPs, but
studies by other researchers have demonstrated that changes in pH can cause siRNA to be released from NPs.38 Because
our design resulted in a marked change in the pH of the nanoparticles in the endosome, we speculate that the persistence
of their low pH also contributed to their release from the nanoparticles. However, the specific release mechanism needs
further study. In conclusion, the pH-responsiveness promotes CHCE/siRNA NPs breakthrough biological barriers at all
levels and promotes releasing of cargo siRNA into the cytosol of the target cells.

Tumor Targeting Can Increase the Use Rate of siRNA in Tumors
Previous studies have shown that the utilization rate of existing drugs is only 0.7%, and more than 99% of drugs are
wasted in the body, producing strong adverse effects and low therapeutic efficacy.18 To improve the tumor-targeting
delivery, an active targeting strategy of modifying the EGFR monoclonal antibody was adopted.25 The surface
modification with EGFR monoclonal antibody enhances the specific adhesion of CHCE/siRNA NPs and triggers
receptor-mediated endocytosis in conjunction with corresponding receptor processes to increase cell uptake
efficiency.39 The experiments also have confirmed that CHCE/siRNA NPs had the better tumor adhesion and tumor
targeting delivery ability. However, although the active targeting strategy is a promising approach for the delivery
in vivo, targeted modification still faces many problems so far.40 The main problem is that most of the so-called specific
antigens in tumor tissues are not completely specific and slightly expressed in other normal tissues. Although scientists
have worked hard to explore a variety of tumor targets, these targets are only tumor-related rather than tumor-
specific.41–43

The second problem is that some studies have shown that targeted modified NPs would bind to various protein factors
in the blood circulation system and form a “protein halo” on the surface of the nanocarrier complex.44 This “protein halo”
could prevent the NPs from specifically binding to tumor receptors, resulting in the loss of targeting effect of the NPs.45

In addition, the heterogeneity of tumor cells leads to the expression of different tumor-specific receptors on the tumor
surface, which also brings severe challenges to the targeted modification of NPs.46 Although nanocarrier targeted
modification still faces many problems in its fabrication and in vivo application, fortunately, the successful clinical
application of monoclonal antibody-drug conjugates provides a good demonstration for nanocarrier targeted
modification.47 We believe that nanocarriers will gain efficiently targeted delivery capabilities with the resolution of
various problems.

Knockdown of VEGFA Can Effectively Inhibit the Growth of Blood Vessels and Tumor
Growth
The abnormal tumor vessels supply oxygen and nutrients and remove waste products and promote abnormal tumor
microenvironment by impairing perfusion.48 The tumor microenvironments own hypoxia, low pH, and high interstitial
pressure.49,50 This specific tumor microenvironment not only reduces the delivery efficiency of various therapeutic drugs
but also inhibits the activity of the delivered payloads, resulting in poor therapeutic effects and even drug resistance.51

Among the various factors supporting tumor microenvironment growth, the protein VEGFA is crucial for promoting
abnormal blood vessels’ rapid and disordered growth and the unlimited growth of tumor cells.52 Many experiments have
proved that as long as the expression of the VEGFA gene is reduced in tumors, it can inhibit angiogenesis growth.53,54

Moreover, the VEGFA can also potentiate the metastasis of metastatic cancer cells in the blood vessels to distant
organs.55 Therefore, silencing the expression of VEGFA by siRNA can potentially inhibit tumor angiogenesis and thus
change tumor microenvironment and inhibit tumor growth. The experiment results indicated that CHCE/siRNA NPs
could effectively knock down the expression of VEGFA and inhibit tumor growth, which also powerfully proved that the
CHCE/siRNA NPs could breakthrough biological barriers at all levels and promote the siRNA to perform corresponding
biological functions. Although CHCE/siRNA NPs had an excellent inhibitory effect on tumor growth, the tumor was not
eliminated. Therefore, instead of single siRNA delivery, our focus is shifted to simultaneous delivery of multiple siRNA
of oncogenes, bringing synergistic effects and increasing the opportunity to overcome cancer completely. In addition,
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RNA interference technology can also be combined with radiotherapy and chemotherapy for standard anti-tumor
treatment to complete cancer treatment.

Conclusions
In short, we optimized and designed a novel delivery system that could simultaneously accommodate all the requirements
of breaking through all biological barriers and could target delivery siRNA to the tumor site and achieve a better
therapeutic effect. We believe that the delivery system will provide exciting opportunities for RNAi technology.
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