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Abstract

:

Small interfering RNA (siRNA) can specifically silence disease gene expression. This project investigated the overexpression of programmed death receptor ligand 1 (PD-L1) and vascular endothelial growth factor (VEGF) on the surface of tumor cells. However, the main obstacle to the development of gene therapy drugs is the lack of an efficient delivery vector, which should be able to overcome multiple delivery barriers and protect siRNA to enter the target cells. Therefore, a novel fluorine-modified endogenous molecular carrier TFSPEI was constructed by linking fluorinated groups with hydrophobic and hydrophilic characteristics on the surface of PEI and spermine. The results showed that lower toxicity, higher endocytosis, and silencing efficiency were achieved. We found that the inhibition of VEGF targets can indirectly activate the immune response to promote the tumor-killing and invasion effects of T cells. The combined delivery of anti-VEGF siRNA and anti-PD-L1 siRNA could inhibit the expression of corresponding proteins, restore the anti-tumor function of T cells and inhibit the growth of neovascularization, and obtained significant anti-tumor effects. Therefore, this safe and efficient fluorinated spermine and small molecule PEI-based anti-PD-L1 and anti-VEGF siRNA delivery system is expected to provide a new strategy for gene therapy of tumors.
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1. Introduction


In recent years, the incidence of tumors has been increasing year by year, seriously threatening human health. The drugs used to treat tumors are still concentrated on traditional small-molecule chemical drugs and macromolecular protein drugs [1], but the targets of these drugs only account for 2–5% of the whole genome [2], and more than 90% of the remaining genome requires gene drugs to achieve target druggability. By the end of 2017, nearly 2600 gene therapy clinical trials were underway or have been approved globally, 65% of which are used for the treatment of cancer [3,4].



In most malignant tumors, continuous angiogenesis is regarded as an important tumor marker [5,6]. Among the factors promoting tumor angiogenesis, VEGF has been proved to be the most important, which can stimulate the growth of vascular endothelial cells and hinder the effective delivery of anti-tumor drugs to tumor tissues [7,8,9]. In recent years, many studies have shown that VEGF can also induce the proliferation and differentiation of regulatory cells and myeloid-derived suppressor cells, inhibit the maturation of dendritic cells (DCs), and induce the expression of immunosuppressive molecules PD-L1 in DCs, thereby inhibiting the body’s immune response to tumor cells [10,11,12,13,14]. In addition, PD-L1 is highly expressed in tumor cells and tumor-associated activating antigen-presenting cells, and programmed cell death protein 1 (PD-1) is highly expressed in tumor-infiltrating lymphocytes under long-term stimulation of tumor antigens [15]. The combination of PD-L1 and PD-1 can induce T cell apoptosis and exhaustion, inhibit the activation, proliferation, and anti-tumor function of tumor antigen-specific CD8-positive T cells and realize the immune escape of tumor cells [16,17,18]. Therefore, the combined inhibition of PD-L1 and VEGF expression can effectively activate the immune response, promote the tumor infiltration effect of T cells, and inhibit tumor angiogenesis, making it an ideal target for combined therapy [10,19].



Small interfering RNA (siRNA) is a short-chain (21–23 bp) RNA that can specifically block gene expression in messenger RNA (mRNA) [20,21]. It can correspond to therapeutic gene targets, and specifically silence genes in the transcriptional and post-transcriptional stages [22,23]. However, the clinical use of siRNA is limited by factors such as being easily degraded by ribonuclease (RNase), and that it is difficult to be taken up by cells [24]. Therefore, a nucleic acid delivery carrier that can break through a series of barriers and ensure safe and efficient delivery is essentiall [25]. Non-virus carriers with high security and ease to be modified have been widely studied [26]. Non-viral vector transfection reagents include anionic liposomes, cationic liposomes, inorganic nanomaterials, and other cationic compounds synthesized for cell transfection [27]. Among them, cationic liposomes and cationic polymers are the main types of cationic transfection reagents for non-viral carriers. Polyethyleneimine (PEI), as a classical non-viral carrier, has great potential for structural modification and has a good ability to compress and transport nucleic acids [28]. This is due to its high amino density and strong buffering capacity in acidic environments. The transfection ability of PEI is highly correlated with charge density, and it is generally believed that the transfection efficiency increases with the increase of molecular weight. Moreover, increasing the nitrogen to phosphorus (N/P) ratio of the “PEI-nucleic acid” polyplex can also enhance cell transfection ability [29]. However, there is usually a positive correlation between transfection efficiency and cytotoxicity [30]. Due to siRNA’s low surface charge density, the polyplex structure formed with delivery carriers is relatively loose, is easily replaced by negative electrolyte in plasma and also reduces the delivery efficiency [31,32].



To solve these problems, it is feasible to modify the PEI structure by hydrophobic groups such as hydrocarbon alkyl chain and cholesterol, which can significantly improve the stability of polyplex in an aqueous solution. However, such polyplexes are unstable in the phospholipid cell membrane and are easily disturbed by the alkyl chain in the phospholipid molecules [33,34,35]. Therefore, a PEI/siRNA polyplex with high efficiency and low toxicity, which can maintain stability in aqueous and hydrophobic phospholipid environments, is the key to the success of gene therapy [36,37]. Recent studies have shown that fluorinated modification can simultaneously improve the stability of polyplex, endocytosis, endosome escape, intracellular nucleic acid release, and antiserum performances, thus greatly increasing the efficiency of gene delivery [38,39,40,41]. This is due to the unique fluorophilic effects of fluorophilic groups, which have high affinity and can produce surface energy, so siRNA can be condensed and delivered at a low mass ratio, achieving high transfection efficiency and low cytotoxicity [42]. Moreover, due to the weak interaction between fluorine-containing groups and phospholipid molecules, it is easier to be taken up by cells, and the disturbance to the cell membrane is correspondingly reduced [43]. As fluoroalkyl is both hydrophobic and hydrophilic, fluorinated polycationic carriers are inert to the proteins and lipids in the serum, showing excellent serum stability in nucleic acid delivery [44,45]. In addition to fluoroalkyl, fluorine-containing aromatic structures also have the same effect, which is directly proportional to the number of fluorine atoms on the aromatic ring in a certain range [40,46].



In this study, 2,3,5,6-tetrafluoroterephthaldehyde was selected to react with PEI 1.8 kDa and spermine, and fluorinated modification was performed by forming imine bonds. The novel fluorinated carrier was used to deliver corresponding siRNA to mediate silencing of the expression of VEGF and PD-L1, effectively restoring the anti-tumor function of T cells and inhibiting tumor angiogenesis through multiple signal pathways. Subsequently, the physicochemical properties of the polyplex were characterized. Anti-PD-1/PD-L1 immune checkpoint blocking therapies have been extensively studied in breast cancer, non-small cell lung cancer, and colorectal cancer [47]. Among them, colorectal cancer has become the third most prevalent tumor and an important factor in the high cancer mortality rate. Therefore, CT26 colorectal cancer cells were taken as the representative cell line to provide a basis for the therapeutic effect of our drug delivery system on tumors. The cytotoxicity and silencing efficiency of the polyplex were investigated in vitro on CT26 cells with high expression of VEGF and PD-L1. Lastly, a tumor-bearing mouse model was established to evaluate the tumor-suppressive effect and toxicity of the gene delivery system (Figure 1).




2. Materials and Methods


2.1. Materials


Branched polyethyleneimine (PEI; 1.8 and 25 kDa in average Mw), dichloromethane, spermine were purchased from Sigma-Aldrich (St. Louis, MO, USA). 2,3,5,6-Tetrafluoroterephthaldehyde was purchased from Ling Feng (Shanghai, China). Cellulose membranes (MWCO = 3500 Da) were purchased from Thermo Fisher Scientific (Waltham, MA, USA). siRNA was all constructed by GenePharma (Shanghai, China), the sequence of anti-VEGF siRNA was 5′-CUU ACG CUG AGU ACU UCG AdTdT-3′, anti-PD-L1 siRNA was 5′-AGA CGU AAG CAG UGU UGA AdTdT-3′, NC-siRNA was 5′-UUC UCC GAA CGU GUC ACG UdTdT-3′. All the reagents were used as received without further purification.




2.2. Methods


2.2.1. Cell Culture


CT26 was ordered from the cell bank of the Chinese Academy of Sciences (Shanghai, China). CT26 was cultured in RPMI-1640 (GIBCO, Grand Island, NY, USA) with 10% fetal bovine serum (FBS; Biological Industries, Kibbutz Beit Haemek, Israel) and 1% penicillin/streptomycin at 37 °C in the cell incubator with 5% CO2.




2.2.2. Synthesis and Characterization of TFSPEI


First, PEI 1.8 kDa (180 mg, 0.1 mmoL), spermine (40.5 mg, 0.2 mmoL), and 2,3,5,6-tetrafluoroterephthaldehyde (82.4 mg, 0.4 mmoL) were dissolved in dichloromethane, respectively. 2,3,5,6-Terafluoroterephtaldehyde solution was slowly added to the spermine solution in an ice bath under the protection of nitrogen. After two hours of reaction at room temperature, PEI 1.8 kDa solution was slowly added to the solution. The reaction solution was stirred for 24 h before vacuum filtration and rotary evaporation to remove dichloromethane. The products were then dissolved in deionized water and dialyzed through cellulose membranes (3500 Da MWCO) for 48 h. TFSPEI was obtained after freeze-drying for 48 h and stored at −20 °C.



The structure of TFSPEI was characterized by Fourier transform infrared spectroscopy (FTIR, Bruker Optics FT-IR spectrometer, Munich, Germany.) and proton nuclear magnetic resonance imagery (19F NMR, Baita Xinbao Instrument Factory SHZ-82A, Changzhou, China), respectively. TFSPEI and dried potassium bromide were mixed and ground in an agate mortar and pressed into transparent slices. Dried potassium bromide was used for blank calibration. The blank potassium bromide slice was evenly smeared with a small amount of PEI 1.8 kDa. About 20 mg of TFSPEI and 2,3,5,6-tetrafluoroterephthaldehyde were placed in a centrifugal tube, and deuterium chloroform was used as the solvent. The average molecular weight was confirmed by size exclusion chromatography (SEC, EcoSEC HLC-8321GPC/HT, Japan). TFSPEI and PEI standards (Mw 800, 1300, 1800, 2000, 10,000, 25,000, and 70,000 kDa) were weighed and dissolved in ultra-pure water to form solutions with a concentration of 2.0 mg/mL. Test parameters were set as follows: Column: PL Aquagel–OH 30 8 μm; Mobile phase: water; Mobile phase flow rate: 1 mL/min; Column temperature: 40 °C.




2.2.3. Preparation of TFSPEI Polyplex


TFSPEI and siRNA were dissolved in RNase-free water and diluted into 2 mg/mL and 20 μg/mL as stock solutions, respectively. To obtain various weight/weight (w/w) ratios, the polyplex was prepared by mixing different volumes of TFSPEI stock solution with siRNA stock solution, followed by incubating at room temperature for 30 min to form a self-assembled polyplex. Similarly, positive control PEI 25 kDa/siRNA polyplex was obtained in the same way.




2.2.4. Agarose Gel Electrophoresis


The ability of TFSPEI to condense siRNA at different w/w ratios (0.05, 0.1, 0.5, 1, 3, 5, 10) was determined by agarose gel electrophoresis (AGE). PEI 25 kDa/siRNA polyplex (w/w ratio = 2) was served as the positive control and naked siRNA (40 ng/μL) was served as the negative control. All the samples were carried out on the 3.0% (w/v) agarose gel in 1 × TAE running buffer and electrophoresed at 120 V and 400 A for 45 min. The bands of siRNA were imaged under UV illumination (Tanon 2500 Gel Image System, Shanghai, China).



AGE was also used to measure the stability of polyplex in 10% FBS. The TFSPEI and siRNA were prepared at the w/w ratio of 50 and incubated in a 37 °C, 100 rpm incubator. 100 μL samples were collected at 0 h, 3 h, 6 h, 12 h, 24 h, 36 h, and 48 h respectively. Naked siRNA (40 ng/μL) and pure FBS were served as the control.




2.2.5. Particle size, Zeta Potential, and Morphology Measurements


The particle size, polydispersity index (PDI), and zeta potential of polyplex at various w/w ratios (1, 5, 10, 20, 30, 40, 50, 60) were determined by dynamic light scattering (DLS) and electrophoretic light scattering (ELS, Brookhaven Particle Size Analyzer, Holtsville, NY, USA), respectively. All measurements were repeated three times. The morphology of the polyplex (w/w ratio = 50) was detected by a 120 kV Transmission Electron Microscope (TEM; Talos L120C G2, Thermo Fisher Scientific, Waltham, MA, USA).




2.2.6. In Vitro Cytotoxicity


Cytotoxicity of TFSPEI polyplex against CT26 was determined by Cell Counting Kit-8 (CCK-8; DOJINDO LABORATORISE, Shanghai, China) assay. CT26 with the complete medium were seeded into 96-well plates (1 × 104 cells/well) and incubated overnight. The medium in each well was replaced by a 50 μL basic medium, and 10 μL TFSPEI polyplex at different w/w ratios (1, 5, 10, 20, 30, 40, 50, 60) were incubated with CT26 for 4 h and 24 h, respectively. Then, 10 μL CCK-8 and 50 μL fresh basic medium were added for additional incubation. After about 2 h, 96-well plates were measured with a multifunctional microplate reader (SpectraMax M3 Multi-Mode Microplate Reader, Sunnyvale, CA, USA) under the absorbance of 450 nm and reference at 630 nm. To investigate whether the cytotoxicity was caused by TFSPEI alone or was related to the types of compressed siRNA, the three polyplexes used in the subsequent experiments were tested. To keep the N/P ratio of each polyplex constant, three groups were set as follows: TFSPEI-anti-VEGF polyplex group (siRNA = 50% anti-VEGF siRNA + 50% NC-siRNA), TFSPEI-anti-PD-L1 polyplex group (siRNA = 50% anti-PD-L1 siRNA + 50% NC-siRNA) and TFSPEI-combination polyplex group (siRNA = 50% anti-PD-L1 siRNA + 50% anti-VEGF siRNA). PEI 25 kDa-combination polyplex at the same w/w ratios was prepared as the positive control, and the blank control group which cells treated with PBS were considered as 100% cell viability. Each ratio was repeated 6 times.




2.2.7. In Vitro Endocytosis Efficiency


CT26 with the complete medium were seeded into 24-well plates (6 × 104 cells/well) and incubated overnight. The medium in each well was replaced by a 500 μL fresh medium. Then, 100 μL TFSPEI polyplex (siRNA was labeled with fluorescence Cy5) at different w/w ratios (10, 20, 30, 40, 50, 60) were incubated with CT26. After 4 h, the cells were collected and positive cell rates were detected by flow cytometry (FCM) (BD LSRFortessa, Franklin Lakes, NJ, USA) to analyze the endocytosis efficiency of cells in the different cultural environments. PEI 25 kDa polyplex at the same w/w ratios was prepared as the positive control, naked siRNA as the negative control, and PBS as the blank control. Each ratio was repeated 6 times.




2.2.8. Intracellular Uptake


In order to qualitatively analyze the cellular uptake of TFSPEI polyplex, a Confocal Laser Scanning Microscope (CLSM; TCS SP8 STED 3X, Lecia, Wetzlar, Germany) was used to investigate the localization of polyplex (siRNA was labeled with fluorescence Cy5) in CT26. First, CT26 with the complete medium were seeded into 12-well plates (1 × 105 cells/well) containing cell slides (Fisherbrand, MA, USA) and incubated overnight. The medium was then replaced with a 1 mL basic medium and 200 μL polyplex with a w/w ratio of 50. After incubation for 2 h and 4 h, the cells were washed and added with 2 mL LysoTracker Green (100 nM; Beyotime, Shanghai, China) to label lysosomes for 1 h at 37 °C. Cells were washed again and 1 mL 0.4% trypan blue solution (Thermo Fisher Scientific, Waltham, MA, USA) was used to mark living cells for 2 min. The washed cells were then fixed with 1 mL 4% paraformaldehyde for 30 min. Finally, 2 mL DAPI (2.5 μg/mL; Roche Diagnostics, Mannheim, Germany) was added to label the nuclei at 37 °C for 3 min, and CLSM was used for the study.




2.2.9. In Vitro Gene Silencing Efficiency


Western blotting (WB) was used to quantitatively analyze the silencing efficiency of targeted proteins. CT26 with the complete medium were seeded into 6-well plates (5 × 105 cells/well) and incubated overnight. The medium was replaced by a 2 mL fresh complete medium and 400 μL TFSPEI polyplex at the w/w ratio of 50 for 4 h. Then, each well was replaced by a 4 mL complete medium, followed by additional incubation. After 48 h, cells were collected and protein content was detected by WB. To verify whether the presence of two siRNA in the combination group would affect the expression of corresponding proteins mutually, i.e., produce synergistic or antagonistic effects, except for the target protein detection TFSPEI polyplex group, the TFSPEI-combination polyplex group was also set as control. PEI 25 kDa polyplex at w/w ratio of 2 was used as the positive control, naked siRNA was used as the negative control, and PBS was used as the blank control.




2.2.10. In Vivo Anti-Tumor Treatment


An in vivo CT26 tumor-bearing mouse model was established to evaluate the anti-tumor effect of TFSPEI polyplex. Twenty-four BALB/c mice (male, 20 ± 2 g) were allocated to four groups including blank group (saline), TFSPEI-anti-PD-L1 group, TFSPEI-anti-VEGF group, and TFSPEI-combination group randomly. Then, a 0.1 mL CT26 cell suspension (5 × 106/mL) was subcutaneously injected into the right subaxillary of the mice. When the tumor volume ranged from 100~150 mm3, mice in each group were given 0.1 mL of the corresponding solution for intra-tumor injection every 3 days. The length (L) and width (W) of the tumor and the body weight of mice were recorded. The tumor volume (V = W2 × L/2) was calculated synchronously with the injection time. The mice were sacrificed 3 weeks after the first injection, and the tumors were extracted and weighed, while the organs including heart, liver, spleen, lung, and kidney were extracted.




2.2.11. In Vivo Anti-Tumor Effects


The blood vessels amount of tumor sections were stained by CD31 immunofluorescence and CD34 immunohistochemical to assess the tumor suppression effect. The corresponding expressions CD8 in tumor sections were analyzed by immunohistochemical staining to evaluate the regulatory effect of each treatment group on immune-related factors. For immunohistochemical staining, the tumor slices were treated with different primary antibodies according to the protocols, including CD31 antibody (Abcam, Cambridge, UK), CD34 antibody (Abcam, Cambridge, UK), and CD8 antibody (Abcam, Cambridge, UK). Three regions of each section were chosen randomly and quantitatively analyzed by Image-Pro Plus software. The expression of the target protein in tumor tissues was quantitatively evaluated by WB.




2.2.12. In Vivo Cytotoxicity


The extracted organs were immersed into 4% paraformaldehyde to fix for 24 h. After fixation, the organs were stained with hematoxylin and eosin (H&E staining) to evaluate in vivo cytotoxicity.




2.2.13. Statistical Analysis


The data were presented as mean values ± standard deviation (S.D.). Statistical analysis was tested by independent sample t-test and one-way ANOVA for multiple comparisons. Statistical analyses were performed using GraphPad Prism (San Diego, CA, USA) and significance was defined as follows: * p < 0.05, ** p < 0.01, and *** p < 0.001.






3. Results and Discussion


3.1. Characterization of TFSPEI


TFSPEI was synthesized by condensing PEI 1.8 kDa and spermine with 2,3,5,6-tetrafluoroterephthaldehyde through imine linkage. First, a few spermines were reacted with 2,3,5,6-tetrafluoroterephthaldehyde to construct an oligomer short chain. Spermine contains intermediate transition link groups that can expose fluorine atoms. After that, an excess of small molecular weight PEI 1.8 kDa was added to the reaction solution, and the oligomeric further reacted with PEI 1.8 kDa using the exposed aldehyde groups at both ends, which not only links all fluorine atoms to the final product but increases the molecular weight and overall charge density. As shown in Figure 2a, the strong absorption peak of 1704 cm−1 in 2,3,5,6-tetrafluoroterephthaldehyde was attributed to the –C=O– bond, while there was no such absorption peak in TFSPEI, indicating that the aldehyde group had been completely reacted. Compared with PEI 1.8 kDa, TFSPEI had an obvious peak of –C=N– at 1640 cm−1, whose characteristic infrared absorption peak range was at 1690~1630 cm−1, indicating the occurrence of the dehydration condensation reaction. The absorption peak of 1383 cm−1 was shown in the spectrum, indicating the presence of the C-F bond.



From Figure 2b, 2,3,5,6-tetrafluoroterephthaldehyde has a unique peak at −43.75, which was produced by the fluorine atoms at the four equivalent positions in its structure. In the spectra of TFSPEI, the two chemical shifts were −139.16 and −143.58, respectively. This is due to the two aldehyde groups on the benzene ring linked to different groups, in line with the expected structure of the product. The 19F NMR spectrum was consistent with FTIR, which also proved the presence of the C-F bond, indicating the successful synthesis of TFSPEI. The weight average molecular weight (Mw) and the number average molecular weight (Mn) of TFSPEI determined by SEC were 13.196 kDa and 2.238 kDa, respectively (Figure 2c).




3.2. AGE and Serum Stability


The ability of carriers to condense siRNA into nanoparticles and to avoid genes being degraded before entering cells are prerequisites for gene delivery [34]. As shown in Figure 3a, when the w/w ratio was higher than 1, no electrophoresis strips of siRNA appeared, indicating that TFSPEI could successfully condense and protect siRNA at a low ratio. In addition, the stability of the complex in 10% FB was also tested. Because in a biological environment, the complex works in an environment-containing serum, large amounts of negatively charged substances may bind to the complex and destroy its structure. No siRNA strips appeared in Figure 3b, which shows that TFSPEI polyplex had high stability in FBS and could effectively protect siRNA from leakage within 48 h.




3.3. Zeta Potential, Particle Size, and Morphology Measurements


Zeta potential can evaluate the stability of polyplex in solution and whether it is easy to enter cells through the cell membrane. If the overall potential of the polyplex is too high, it will be excessively electrostatically combined with the phospholipid bilayer of the cell membrane, resulting in greater cytotoxicity. As shown in Figure 4a, when the w/w ratio was greater than 5, the potential of the TFSPEI polyplex is in the range of 20–30 mV and is relatively stable. At the same time, the PDI of the polyplex uniformity was concentrated at 0.2~0.3 (Figure 4b), indicating that the uniformity was suitable with little difference under different w/w ratios. The polyplex should be successfully endocytosed into the cell to play the subsequent silencing effect, which is highly related to the particle size. The hydrodynamic diameter of TFSPEI polyplex was concentrated at 200~300 nm (Figure 4c), which was within the range that can effectively contact the cell membrane and can be easily ingested. The morphology photograph (Figure 4d) more intuitively shows that at the w/w ratio of 50, the particle size of TFSPEI polyplex showed a similar spherical shape with the range of 100~200 nm. Since DLS measures the hydrodynamic diameter of the polyplexes, the results of particle size are slightly different from dynamic particle size.




3.4. In Vitro Cytotoxicity


CCK-8 was used to quantitatively determine the effect of the polyplex on cell survival rate in different periods (4 h and 24 h). As shown in Figure 5, the cytotoxicity of different polyplex groups increased with the increase of the w/w ratio. In the 4 h experiment, the cell survival rate of the TFSPEI polyplex was about 70% when w/w = 50/1. After 24 h, more than 50% of the cells in this group were still alive. Compared with TFSPEI polyplex, the cytotoxicity of the positive control PEI 25 kDa was significantly increased. In the 4-h experiment, the cell survival rate was less than 25% when w/w was greater than 20/1, and almost no cell survival was observed when w/w was greater than 30/1. This result was more obvious in the 24-h toxicity experiment. It shows that compared with PEI 25 kDa, TFSPEI has better biocompatibility and has less effect on cell survival during the process of siRNA delivery, which provides a feasible basis for subsequent application in animal experiments. In addition, the cytotoxicity of the three kinds of siRNA condensed by TFSPEI was similar. This suggests that among the siRNA selected in this study, the cytotoxicity of TFSPEI polyplex after being endocytosed may be related to the properties of the material.




3.5. In Vitro Endocytosis Efficiency


The ability of the polyplex to be taken up and endocytosed into the cell is the basis of their silencing function in cells [48]. As shown in Figure 6, the endocytosis efficiency of the naked siRNA group was extremely low, which was similar to that of the blank cells, indicating that it was difficult for naked siRNA to enter cells autonomously. In the serum-free environment, both PEI 25 kDa and TFSPEI polyplex showed high endocytosis efficiency, and the endocytosis efficiency of TFSPEI polyplex was positively correlated with the w/w ratio. In the environment containing 10% FBS, the endocytosis efficiency of PEI 25 kDa polyplex was significantly reduced to less than 70%, which for the TFSPEI polyplex was also reduced. However, the endocytosis efficiency of the TFSPEI polyplex was higher than that of the positive control when the w/w ratio reached 40. This result shows that compared with PEI 25 kDa, the fluorine-modified carrier has better serum stability and maintains a higher endocytosis efficiency of the system. Based on the cytotoxicity and endocytosis efficiency of TFSPEI polyplex, the w/w ratio of TFSPEI polyplex was set at 50 for subsequent cell and animal experiments. At this ratio, the endocytosis efficiency of the polyplex in the presence of serum was higher than that of the positive control PEI 25 kDa, and more than 50% of the cells were still alive in the 24 h cytotoxicity experiment.




3.6. Intracellular Uptake


The state of the polyplex after endocytosis was qualitatively observed under confocal laser microscopy (Figure 7). To explore the effect of endocytosis time on endocytosis efficiency, two experimental groups of 2 h and 4 h were set up. Compared with the 2 h group, the number of endosomes and lysosomes labeled with green fluorescence and the polyplex labeled with red fluorescence increased in the 4 h group, and the two superimposed in the same position showed yellow fluorescence. The results indicate that more polyplex successfully entered the acidic organelles at 4 h than at 2 h. In addition, there was no red fluorescence in the nucleus labeled with blue, which proved that the active site of siRNA was the cytoplasm and would not be delivered into the nucleus. These results suggest that the TFSPEI complex can be successfully endocytosed into cells and protect siRNA from degradation.




3.7. In Vitro Gene Silencing Efficiency


As shown in Figure 8a,b, the protein content of the blank group was regarded as 100%, and the protein content of the naked group showed no significant difference, indicating that naked siRNA was difficult to enter cells autonomously to play a silencing effect. The VEGF protein content in the PEI 25 kDa group and TFSPEI group was significantly decreased, and the inhibition of protein expression in the TFSPEI group was stronger, indicating that the serum stability of TFSPEI polyplex was better in the presence of serum. In addition to the improvement of the antiserum performance of hydrophobic and hydrophilic fluorine-containing groups, the polyplex formed by the fluorine-modified carrier can also maintain a high endosomal escape ability in the serum environment. Compared with the TFSPEI group, there was no significant change in VEGF protein content in the TFSPEI-com group, indicating that there was no relevant pathway for anti-PD-L1 siRNA to synergically inhibit the expression of VEGF protein.



As shown in Figure 8c,d, the protein content of PD-L1 in the TFSPEI group was lower than that in the PEI 25 kDa group, indicating that the TFSPEI group had a stronger inhibitory effect on protein expression. Moreover, the PD-L1 protein content of TFSPEI-com was significantly lower than that of the TFSPEI group. Through quantitative analysis of WB results, it can be seen that the contents of the two groups were significantly different, confirming that anti-VEGF siRNA can synergically inhibit the expression of PD-L1 protein, providing a research basis for the combined delivery of anti-VEGF siRNA and anti-PD-L1 siRNA for gene therapy of tumors.




3.8. In Vivo Anti-Tumor Effects


After 3 weeks of administration, the mice were sacrificed and the tumors were extracted. The final tumor growth results in each group are shown in Figure 9a–c. With the prolongation of treatment time, the tumor volume in the blank group increased rapidly, finally growing to about 2800 mm3. Tumor growth was significantly slower in the treatment group, and the TFSPEI-Combination group was the slowest. The tumor volume growth trend of the TFSPEI-anti-VEGF group and the TFSPEI-anti-PD-L1 group was similar. It shows that the TFSPEI polyplex can effectively inhibit tumor growth and the therapeutic effect of simultaneously delivering anti-PD-L1 siRNA and anti-VEGF siRNA was better than that of a single siRNA. Taking the average weight of the tumor in the blank group as 100%, the tumor weight in the TFSPEI-combination group was the lowest, only about 25% of the blank group. In Figure 9d, with the increase of treatment time, the bodyweight of mice in each group increased continuously, and the overall trend was consistent, with little difference in body weight. The body weight growth curve of the mice indicated that the drug administration did not affect the growth state of the mice, and the TFSPEI polyplex used in the experiment had good biocompatibility and safety.




3.9. In Vivo Anti-Tumor Effect Analysis


According to the H&E staining of tumor tissue in Figure 10a, the color and morphology of tumor tissues in each group were consistent without significant difference, and the cell growth was dense and vigorous. The results indicate that the tumor types in each group are consistent and no abnormal tumor tissue exists. CD31 and CD34, as the markers of endothelial tissue differentiation, can be used to evaluate tumor angiogenesis [49,50]. As shown in Figure 10b,c, the nuclei were marked blue, the CD31-positive areas were marked dark brown, and CD34-positive areas were marked green. There were many positive signals in the blank group and the TFSPEI-anti-PD-L1 group, and the overall distribution was uniform and dense, indicating that there were more new blood vessels and vigorous tumor growth. The positive signal density was significantly reduced in the TFSPEI-anti-VEGF group and the TFSPEI-combination group, and the difference between the two groups was not significant. These results show that anti-VEGF siRNA delivered by TFSPEI can effectively inhibit tumor angiogenesis, and there is no relevant pathway for anti-PD-L1 siRNA to synergically inhibit the expression of VEGF protein. Image-Pro Plus was used for semi-quantitative analysis of the number of blood vessels, and the average number of new blood vessels was consistent with the above observations (Figure 10e,f).



CD8 is an antigen that can characterize the specific killing activity of T cells against target cells [51]. The more CD8-positive cells, the stronger the killing and invasion effect of T cells against the tumor. As shown in Figure 10d, the nuclei were marked blue, and CD8-positive areas were marked dark brown. The blank group had the least positive signals, with loosely distributed and small areas. The positive signals in the TFSPEI-anti-VEGF group and the TFSPEI-anti-PD-L1 group were significantly higher than those of the blank group, indicating that the specific killing activity of T cells to target cells was restored to a certain extent. The TFSPEI-combination group had the highest positive signal density, indicating that silencing the expression of PD-L1 and VEGF on the surface of tumor cells with dual signal pathways can achieve bidirectional targeted therapy of tumors and synergistically enhance the anti-tumor effect. Image-Pro Plus was used for semi-quantitative analysis of the number of CD8-positive cells, the result was consistent with the above observations (Figure 10g).



The inhibition effect of target protein content, the final expression form of the delivery system at the cell level, was measured by the WB experiment, to directly evaluate the ability of TFSPEI polyplex to deliver siRNA to inhibit the expression of related proteins. As shown in Figure 11a, at the VEGF level, the protein content of the TFSPEI-anti-PD-L1 group was similar to that of the blank group, while the protein content of the TFSPEI-anti-VEGF group was significantly reduced. This result suggested that anti-VEGF siRNA delivered by TFSPEI could effectively inhibit the expression of VEGF protein. Compared with the TFSPEI-anti-VEGF group, the amount of protein in the TFSPEI-combination group did not significantly change, indicating that there was no relevant pathway for anti-PD-L1 siRNA to synergically inhibit the expression of VEGF. At the PD-L1 level, the protein content of the TFSPEI-anti-PD-L1 group decreased, while the TFSPEI-combination polyplex group further decreased, indicating that the simultaneous delivery of anti-VEGF siRNA and anti-PD-L1 siRNA through TFSPEI can play a synergistic role, effectively restore the lethality of T cells and inhibit tumor growth. Taking the result of blank group protein content as 100%, the specific value obtained by semi-quantitative protein analysis with Image J was consistent with the above observations (Figure 11b,c).




3.10. In Vivo Cytotoxicity


Histopathological biopsy of main organs is the most visual way to observe tissue morphology and judge the pathological changes of organs. As shown in Figure 12, the color and tissue morphology of each group were normal and similar, and no abnormal areas such as tissue necrosis appeared, indicating that the TFSPEI polyplex used in each treatment group had good biocompatibility and safety, and would not cause obvious in vivo toxicity to organisms.





4. Conclusions


In this study, fluoride TFSPEI was successfully constructed by forming an imine linkage between PEI 1.8 kDa, spermine, and the aldehyde group. The carrier can condense siRNA at a low w/w ratio and protect them from degradation, with ideal uniformity and serum stability. Compared with PEI 25 kDa, TFSPEI has lower toxicity, better biocompatibility, and higher endocytosis and silencing efficiency in the serum environment. In the study of solid tumor models, the delivery of anti-VEGF siRNA and anti-PD-L1 siRNA can inhibit the expression of corresponding proteins, restore the anti-tumor function of T cells, and inhibit the growth of new blood vessels. The therapeutic effect of simultaneously delivering anti-PD-L1 siRNA and anti-VEGF siRNA was better than that of a single siRNA. In addition to the inherent anti-angiogenesis mechanism, the inhibition of VEGF targets can indirectly activate the immune response to promote the tumor-killing and invasion effects of T cells, which can produce synergistic anti-tumor effects when combined with immunotherapy. Consequently, we believe that a more practical approach will be the combined delivery of anti-PD-L1 and anti-VEGF siRNA through TFSPEI polyplex because it has efficient gene delivery and can realize bidirectional targeted therapy of tumors.







Author Contributions


Y.Z.: Methodology, Investigation, Data curation, Writing—original draft, review and editing, Visualization. Z.Y.: Methodology, Investigation, Data curation, Writing—original draft, review and editing, Visualization. Y.J.: Methodology, Formal analysis, Investigation, Data curation. W.Z.: Methodology, Formal analysis, Investigation, Data curation. W.-E.Y.: Conceptualization, Methodology, Formal analysis, Investigation, Data curation, Writing—review and editing, Funding acquisition, Project administration. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by National Infrastructures for Translational Medicine (Shanghai) Open Project Fund (No. TMSK-2020-136).




Institutional Review Board Statement


All experimental procedures were carried out following the guidelines of the Management of Laboratory Animals (Beijing, China, 2017) and the National Standards of Experimental Animal Environment and Facilities (GB14925-2010). The Institutional Animal Care and Use Committee (IACUC) of Shanghai Jiao Tong University approved the experiment (Project NO. A2018073, 21 August 2018).




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


We appreciate the help from faculties of the Instrumental Analysis Centre (IAC) of Shanghai Jiao Tong University.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Holohan, C.; Van Schaeybroeck, S.; Longley, D.B.; Johnston, P.G. Cancer drug resistance: An evolving paradigm. Nat. Rev. Cancer 2013, 13, 714–726. [Google Scholar] [CrossRef]

	



Rask-Andersen, M.; Masuram, S.; Schioth, H.B. The druggable genome: Evaluation of drug targets in clinical trials suggests major shifts in molecular class and indication. Annu. Rev. Pharmacol. Toxicol. 2014, 54, 9–26. [Google Scholar] [CrossRef] [PubMed]

	



Ginn, S.L.; Amaya, A.K.; Alexander, I.E.; Edelstein, M.; Abedi, M.R. Gene therapy clinical trials worldwide to 2017: An update. J. Gene Med. 2018, 20, e3015. [Google Scholar] [CrossRef]

	



Dunbar, C.E.; High, K.A.; Joung, J.K.; Kohn, D.B.; Ozawa, K.; Sadelain, M. Gene therapy comes of age. Science 2018, 359, eaan4672. [Google Scholar] [CrossRef]

	



Gutknecht, M.F.; Seaman, M.E.; Ning, B.; Cornejo, D.A.; Mugler, E.; Antkowiak, P.F.; Moskaluk, C.A.; Hu, S.; Epstein, F.H.; Kelly, K.A. Identification of the S100 fused-type protein hornerin as a regulator of tumor vascularity. Nat. Commun. 2017, 8, 552. [Google Scholar] [CrossRef]

	



Kim, C.G.; Jang, M.; Kim, Y.; Leem, G.; Shin, E.C. VEGF-A drives TOX-dependent T cell exhaustion in anti–PD-1–resistant microsatellite stable colorectal cancers. Sci. Immunol. 2019, 4, eaay0555. [Google Scholar] [CrossRef] [PubMed]

	



Ding, C.; Li, L.; Yang, T.; Fan, X.; Wu, G. Combined application of anti-VEGF and anti-EGFR attenuates the growth and angiogenesis of colorectal cancer mainly through suppressing AKT and ERK signaling in mice model. BMC Cancer 2016, 16, 791. [Google Scholar] [CrossRef]

	



Eisermann, K.; Fraizer, G. The androgen receptor and VEGF: Mechanisms of androgen-regulated angiogenesis in prostate cancer. Cancers 2017, 9, 32. [Google Scholar] [CrossRef] [PubMed]

	



Weddell, J.C.; Imoukhuede, P.I. Computational systems biology for the VEGF family in angiogenesis. In Encyclopedia of Cardiovascular Research and Medicine; Elsevier: Amsterdam, The Netherlands, 2018; pp. 659–676. [Google Scholar]

	



Meder, L.; Schuldt, P.; Thelen, M.; Schmitt, A.; Dietlein, F.; Klein, S.; Borchmann, S.; Wennhold, K.; Vlasic, I.; Oberbeck, S. Combined VEGF and PD-L1 blockade displays synergistic treatment effects in an autochthonous mouse model of small cell lung cancer. Cancer Res. 2018, 78, 4270–4281. [Google Scholar] [CrossRef]

	



Einstein, D.J.; Mcdermott, D.F. Combined blockade of vascular endothelial growth factor and programmed death 1 pathways in advanced kidney cancer. Clin. Adv. Hematol. Oncol. 2017, 15, 478–488. [Google Scholar] [PubMed]

	



Voron, T.; Colussi, O.; Marcheteau, E.; Pernot, S.; Terme, M. VEGF-A modulates expression of inhibitory checkpoints on CD8+ T cells in tumors. J. Exp. Med. 2015, 212, 139–148. [Google Scholar] [CrossRef]

	



Allen, E.; Jabouille, A.; Rivera, L.B.; Lodewijckx, I.; Missiaen, R.; Steri, V.; Feyen, K.; Tawney, J.; Hanahan, D.; Michael, I.P. Combined antiangiogenic and anti–PD-L1 therapy stimulates tumor immunity through HEV formation. Sci. Transl. Med. 2017, 9, eaak9679. [Google Scholar] [CrossRef] [PubMed]

	



Oussa, N.A.; Dahmani, A.; Gomis, M.; Richaud, M.; Andreev, E.; Navab-Daneshmand, A.R.; Taillefer, J.; Carli, C.; Boulet, S.; Sabbagh, L.; et al. VEGF requires the receptor NRP-1 to lnhibit lipopolysaccharide-dependent dendritic cell maturation. J. Immunol. 2016, 197, 3927–3935. [Google Scholar] [CrossRef] [PubMed]

	



Gordon, S.R.; Maute, R.L.; Dulken, B.W.; Hutter, G.; George, B.M.; Mccracken, M.N.; Gupta, R.; Tsai, J.M.; Sinha, R.; Corey, D. PD-1 expression by tumour-associated macrophages inhibits phagocytosis and tumour immunity. Nature 2017, 545, 495–499. [Google Scholar] [CrossRef]

	



Akhmetzyanova, I.; Drabczyk, M.; Neff, C.P.; Gibbert, K.; Dietze, K.K.; Werner, T.; Liu, J.; Chen, L.; Lang, K.S.; Palmer, B.E.; et al. PD-L1 expression on retrovirus-infected cells mediates immune escape from CD8+ T cell killing. PLoS Pathog. 2015, 11, e1005224. [Google Scholar]

	



Garris, C.S.; Arlauckas, S.P.; Kohler, R.H.; Trefny, M.P.; Garren, S.; Piot, C.; Engblom, C.; Pfirschke, C.; Siwicki, M.; Gungabeesoon, J.; et al. Successful anti-PD-1 cancer immunotherapy requires T cell-dendritic cell crosstalk involving the cytokines IFN-gamma and IL-12. Immunity 2018, 49, 1148–1161.e1147. [Google Scholar] [CrossRef] [PubMed]

	



Spranger, S.; Spaapen, R.M.; Zha, Y.; Williams, J.; Meng, Y.; Ha, T.T.; Gajewski, T.F. Up-regulation of PD-L1, IDO, and T(regs) in the melanoma tumor microenvironment is driven by CD8(+) T cells. Sci. Transl. Med. 2013, 5, 200ra116. [Google Scholar] [CrossRef] [PubMed]

	



Kim, Y.H.; Choi, J.; Yang, M.J.; Hong, S.P.; Lee, C.K.; Kubota, Y.; Lim, D.S.; Koh, G.Y. A MST1–FOXO1 cascade establishes endothelial tip cell polarity and facilitates sprouting angiogenesis. Nat. Commun. 2019, 10, 838. [Google Scholar] [CrossRef] [PubMed]

	



Duxbury, M.S.; Matros, E.; Ito, H.; Zinner, M.J.; Ashley, S.W.; Whang, E.E. Systemic siRNA-mediated gene silencing: A new approach to targeted therapy of cancer. Ann. Surg. 2004, 240, 667–674, discussion 675–666. [Google Scholar] [CrossRef]

	



Wen, Y.; Meng, W.S. Recent in vivo evidences of particle-based delivery of small-interfering RNA (siRNA) into solid tumors. J. Pharm. Innov. 2014, 9, 158–173. [Google Scholar] [CrossRef]

	



Kaczmarek, J.C.; Kowalski, P.S.; Anderson, D.G. Advances in the delivery of RNA therapeutics: From concept to clinical reality. Genome Med. 2017, 9, 60. [Google Scholar] [CrossRef]

	



Hu, B.; Zhong, L.; Weng, Y.; Peng, L.; Huang, Y.; Zhao, Y.; Liang, X.J. Therapeutic siRNA: State of the art. Signal Transduct. Target. Ther. 2020, 5, 101. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Malcolm, D.W.; Benoit, D.S.W. Controlled and sustained delivery of siRNA/NPs from hydrogels expedites bone fracture healing. Biomaterials 2017, 139, 127–138. [Google Scholar] [CrossRef]

	



Reis, L.O.; Pereira, T.C.; Favaro, W.J.; Cagnon, V.H.A.; Lopes-Cendes, I.; Ferreira, U. Experimental animal model and RNA interference: A promising association for bladder cancer research. World J. Urol. 2009, 27, 353–361. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, Z.; Liu, X.; Zhu, D.; Wang, Y.; Zhang, Z.; Zhou, X.; Qiu, N.; Chen, X.; Shen, Y. Nonviral cancer gene therapy: Delivery cascade and vector nanoproperty integration. Adv. Drug Deliv. Rev. 2017, 115, 115–154. [Google Scholar] [CrossRef] [PubMed]

	



Ma, K.; Mi, C.L.; Cao, X.X.; Wang, T.Y. Progress of cationic gene delivery reagents for non-viral vector. Appl. Microbiol. Biotechnol. 2021, 105, 525–538. [Google Scholar] [CrossRef]

	



Pandey, A.P.; Sawant, K.K. Polyethylenimine: A versatile, multifunctional non-viral vector for nucleic acid delivery. Mater. Sci. Eng. C 2016, 68, 904–918. [Google Scholar] [CrossRef]

	



Wang, X.; Niu, D.; Hu, C.; Li, P. Polyethyleneimine-based nanocarriers for gene delivery. Curr. Pharm. Des. 2015, 21, 6140–6156. [Google Scholar] [CrossRef]

	



Beyerle, A.; Irmler, M.; Beckers, J.; Kissel, T.; Stoeger, T. Toxicity pathway focused gene expression profiling of PEI-based polymers for pulmonary applications. Mol. Pharm. 2010, 7, 727–737. [Google Scholar] [CrossRef]

	



Kwon, J.Y. Before and after endosomal escape: Roles of stimuli-converting siRNA/polymer interactions in determining gene silencing efficiency. Acc. Chem. Res. 2012, 45, 1077–1088. [Google Scholar] [CrossRef]

	



Benjaminsen, R.V.; Mattebjerg, M.A.; Henriksen, J.R.; Moghimi, S.M.; Andresen, T.L. The possible “proton sponge ” effect of polyethylenimine (PEI) does not include change in lysosomal pH. Mol. Ther. 2013, 21, 149–157. [Google Scholar] [CrossRef]

	



Shi, S.; Zhu, X.; Guo, Q.; Wang, Y.; Zuo, T.; Luo, F.; Qian, Z. Self-assembled mPEG-PCL-g-PEI micelles for simultaneous codelivery of chemotherapeutic drugs and DNA: Synthesis and characterization in vitro. Int. J. Nanomed. 2012, 7, 1749–1759. [Google Scholar]

	



Shi, J.; Xiao, Z.; Votruba, A.R.; Vilos, C.; Farokhzad, O.C. Differentially charged hollow core/shell lipid-polymer-lipid hybrid nanoparticles for small interfering RNA delivery. Angew. Chem. Int. Ed. Engl. 2011, 50, 7027–7031. [Google Scholar] [CrossRef] [PubMed]

	



Gurtovenko, A.A. Molecular-level insight into the interactions of DNA/polycation complexes with model cell membranes. J. Phys. Chem. B 2019, 123, 6505–6514. [Google Scholar] [CrossRef]

	



Roberts, T.C.; Langer, R.; Wood, M.J.A. Advances in oligonucleotide drug delivery. Nat. Rev. Drug Discov. 2020, 19, 673–694. [Google Scholar] [CrossRef]

	



Setten, R.L.; Rossi, J.J.; Han, S.P. The current state and future directions of RNAi-based therapeutics. Nat. Rev. Drug Discov. 2019, 19, 291. [Google Scholar] [CrossRef]

	



Wang, M.; Liu, H.; Li, L.; Cheng, Y. A fluorinated dendrimer achieves excellent gene transfection efficacy at extremely low nitrogen to phosphorus ratios. Nat. Commun. 2014, 5, 3053. [Google Scholar] [CrossRef]

	



Xu, J.; Lv, J.; Zhuang, Q.; Yang, Z.; Liu, Z. A general strategy towards personalized nanovaccines based on fluoropolymers for post-surgical cancer immunotherapy. Nat. Nanotechnol. 2020, 15, 1–10. [Google Scholar] [CrossRef]

	



Xiao, Q.; Rubien, J.D.; Wang, Z.; Reed, E.H.; Hammer, D.A.; Sahoo, D.; Heiney, P.A.; Yadavalli, S.S.; Goulian, M.; Wilner, S.E.; et al. Self-sorting and coassembly of fluorinated, hydrogenated, and hybrid janus dendrimers into dendrimersomes. J. Am. Chem. Soc. 2016, 138, 12655–12663. [Google Scholar] [CrossRef]

	



Gillis, E.P.; Eastman, K.J.; Hill, M.D.; Donnelly, D.J.; Meanwell, N.A. Applications of fluorine in medicinal chemistry. J. Med. Chem. 2015, 58, 8315–8359. [Google Scholar] [CrossRef]

	



Kukowska-Latallo, J.F.; Chen, C.; Raczka, E.; Qunintana, A.; Rymaszewski, M.; Baker, J.R. Intravascular and endobronchial DNA delivery to murine lung tissue using a novel, nonviral vector. Hum. Gene Ther. 2000, 11, 1385–1395. [Google Scholar] [CrossRef]

	



Wang, L.H.; Wu, D.C.; Xu, H.X.; You, Y.Z. High DNA-binding affinity and gene-transfection efficacy of bioreducible cationic nanomicelles with a fluorinated core. Angew. Chem. Int. Ed. Engl. 2016, 55, 755–759. [Google Scholar] [CrossRef]

	



Wang, X.; Cheng, W.; Yang, Q.; Niu, H.; Liu, Q.; Liu, Y.; Gao, M.; Xu, M.; Xu, A.; Liu, S. Preliminary investigation on cytotoxicity of fluorinated polymer nanoparticles. J. Environ. Sci. 2018, 69, 217–226. [Google Scholar] [CrossRef]

	



Zhang, T.; Huang, Y.; Ma, X.; Gong, N.; Liu, X.; Liu, L.; Ye, X.; Hu, B.; Li, C.; Tian, J.H.; et al. Fluorinated oligoethylenimine nanoassemblies for efficient siRNA-mediated gene silencing in serum-containing media by effective endosomal escape. Nano Lett. 2018, 18, 6301–6311. [Google Scholar] [CrossRef] [PubMed]

	



Wang, M.; Cheng, Y. The effect of fluorination on the transfection efficacy of surface-engineered dendrimers. Biomaterials 2014, 35, 6603–6613. [Google Scholar] [CrossRef] [PubMed]

	



Duan, F.; Hu, M.; Guo, C.; Song, Y.; Wang, M.; He, L.; Zhang, Z.; Pettinari, R.; Zhou, L. Chromium-based metal-organic framework embedded with cobalt phthalocyanine for the sensitively impedimetric cytosensing of colorectal cancer (CT26) cells and cell imaging. Chem. Eng. J. 2020, 398. [Google Scholar] [CrossRef]

	



Midoux, P.; Breuzard, G.; Gomez, P.J.; Pichon, C. Polymer-based gene delivery: A current review on the uptake and intracellular trafficking of polyplexes. Curr. Gene Ther. 2008, 8, 335–352. [Google Scholar] [CrossRef] [PubMed]

	



Lertkiatmongkol, P.; Liao, D.; Mei, H.; Hu, Y.; Newman, P.J. Endothelial functions of platelet/endothelial cell adhesion molecule-1 (CD31). Curr. Opin. Hematol. 2016, 23, 253–259. [Google Scholar] [CrossRef] [PubMed]

	



De Ravin, S.S.; Reik, A.; Liu, P.Q.; Li, L.; Wu, X.; Su, L.; Raley, C.; Theobald, N.; Choi, U.; Song, A.H. Targeted gene addition in human CD34(+) hematopoietic cells for correction of X-linked chronic granulomatous disease. Nat. Biotechnol. 2016, 34, 424–429. [Google Scholar] [CrossRef] [PubMed]

	



Clark, G.; Stockinger, H.; Balderas, R.; van Zelm, M.C.; Zola, H.; Hart, D.; Engel, P. Nomenclature of CD molecules from the tenth human leucocyte differentiation antigen workshop. Clin. Transl. Immunol. 2016, 5, e57. [Google Scholar] [CrossRef]








[image: Pharmaceutics 13 02058 g001 550] 





Figure 1. Schematic diagram of experimental principle. Schematic illustration shows the formation of the polyplex and its mode of action in tumor cells. 
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Figure 2. The FTIR (a), 19F NMR spectra (b), and SEC (c) were obtained for TFSPEI analysis. 
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Figure 3. (a) AGE of the TFSPEI polyplex with different w/w ratios (0.05, 0.1, 0.5, 1, 3, 5, and 10) and (b) serum stability of the TFSPEI polyplex at the w/w ratio of 50 at different incubation times (0 h, 3 h, 6 h, 12 h, 24 h, 36 h, and 48 h). 
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Figure 4. Characterization of TFSPEI polyplexes. (a) Zeta potential, (b) PDI, and (c) particle size of the polyplex. Data are shown as the mean ± S.D. (n = 3). (d) TEM images of the polyplex at the w/w ratio of 50. 
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Figure 5. Cell viability of CT26 of four groups (TFSPEI-anti-VEGF polyplex, TFSPEI-anti-PD-L1 polyplex, TFSPEI-combination polyplex, and PEI 25 kDa-combination polyplex) at different w/w ratios (1, 5, 10, 20, 30, 40, 50, 60) incubated for (a) 4 h and (b) 24 h. Data are shown as the mean ± S.D. (n = 6). 
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Figure 6. Endocytosis efficiency of TFSPEI polyplex incubated for 4 h at different w/w ratios (10, 20, 30, 40, 50, 60) with (a) 0% FBS and (b) 10% FBS. Data are shown as the mean ± S.D. (n = 3). 
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Figure 7. Intracellular uptake images of TFSPEI polyplex in CT26 incubated for 2 h and 4 h. Bars = 10 μm. (blue: DAPI; green: LysoTracker Green; red: Cy5-labeled siRNA). 
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Figure 8. In vitro silencing efficiency of the VEGF and PD-L1 gene. The silencing efficiency of the VEGF (a) treated by Western blotting and (b) was quantitatively analyzed by ImageJ Pro. The silencing efficiency of the PD-L1 (c) treated by Western blotting and (d) was quantitatively analyzed by ImageJ Pro. Data are shown as the mean ± S.D. (n = 3, ** p < 0.01, *** p < 0.001). 
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Figure 9. Evaluation of anti-tumor effects in vivo. (a) Photograph of the extracted tumors in each group on the 21st day. (b) The tumor volume growth curve (c) relative tumor weight and (d) weight growth curve of mice. Data are shown as the mean ± S.D. (n = 6, ** p < 0.01, *** p < 0.001). 
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Figure 10. (a) H&E staining images of tumors. CD31 (b), CD34 (c), and CD8 (d) immunohistochemical staining images of tumors. Quantification of capillaries was analyzed by ImageJ Pro (e): CD31, (f): CD34). (g) Image-Pro Plus was used to analyze the positive rate of CD8. Data are shown as the mean ± S.D. (n = 3, ** p < 0.01, *** p < 0.001). 
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Figure 11. In vivo gene silencing efficiency of VEGF and PD-L1. (a) Western blotting was used to indicate the expression of VEGF and PD-L1. The expression of VEGF (b) and PD-L1 (c) was quantitatively analyzed by Image J. Data are shown as the mean ± S.D. (n = 4, ** p < 0.01, *** p < 0.001). 
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Figure 12. Evaluation of in vivo toxicity to main organs. H&E staining images of the main organs. Bars = 100 μm. 
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