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The serious therapeutic obstacles to glioma treatment include poor penetration across the blood-brain barrier (BBB) and low accumulation of therapeutic drugs at tumor sites. In this study, borneol combined with CGKRK peptide (a ligand of the heparan sulfate which overexpress on the glioma cells) modified paclitaxel prodrug self-assembled redox-responsive nanoparticles (CGKRK-PSNPs) were hypothesized to enhance the BBB penetration ability and active tumor targeting efficiency, respectively. The resulting CGKRK-PSNPs possessed a spherical shape with a small particle size (105.61 ± 1.53 nm) and high drug loading for PTX (54.18 ± 1.13%). The drug release behavior proved that CGKRK-PSNPs were highly sensitive to glutathione (GSH) redox environment. The in vitro cell experiments suggested that CGKRK-PSNPs significantly increased the cellular uptake and cytotoxicity of U87MG cells, meanwhile CGKRK-PSNPs showed the low cytotoxicity against BCEC cells. Combined with borneol, CGKRK-PSNPs exhibited enhanced transportation across in vitro BBB model. In intracranial U87MG glioma-bearing nude mice, the higher accumulation of CGKRK-PSNPs combined with borneol was observed through real-time fluorescence image. Moreover, the in vivo anti-glioma results confirmed that CGKRK-PSNPs combined with borneol could improve the anti-glioma efficacy with the prolonged medium survival time (39 days). In conclusion, the collaborative strategy of CGKRK-PSNPs combined with borneol provided a promising drug delivery routine for glioblastoma therapy.
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Introduction

Glioblastoma multiforme (GBM) is the most common and malignant tumor in glioma. It accounts for 50% of primary gliomas in adults with only a 10% probability of 5 years survival (Sasmita et al., 2018). Despite aggressive surgery, radiotherapy, and chemotherapy, the prognosis of GBM has not improved significantly in recent years. The blood-brain barrier (BBB) and blood-brain tumor barrier (BBTB) act as two physical barriers to prevent most chemotherapeutic drugs entering into the brain, which restrict chemotherapy effects (Jain, 2018). In the past few decades, targeted drug delivery vehicles, such as nanoparticle, liposome, and dendrimer, have revolutionized the diagnosis and treatment of glioma (Li and Xie, 2017). However, these nanocarriers still have some drawbacks limiting the clinical applications, for example, the low drug loading, premature release of drug into the blood circulation, without active targeting, and poor permeability to cross the BBB (Hernández-Pedro et al., 2013). The utilization of natural cells as vehicles to encapsulate therapeutic cargoes for drug delivery applications has achieved some progress (Chen et al., 2020). Overall, multidisciplinary technology should be taken together to promote the development of advanced drug delivery systems for cancer therapy (Gao, 2017; Qian et al., 2018).

Borneol (Bor) is widely used in traditional Chinese medicine, which can assist other drugs enter the brain. Studies have reported that Bor could open the intercellular tight junctions and improve the permeation of drugs across the BBB, therefore enhance their concentration in the brain (Guo et al., 2019; Meng et al., 2019). However, there is a great risk for anti-glioma drugs because they will cause serious side effects to normal brain tissue due to lacking of active targeting ability (Han et al., 2018).

CGKRK peptide, which was discovered using in vivo phage display technique, was demonstrated it could target tumor cells and tumor neovascular through binding to the specific receptor heparan sulfate (Lv et al., 2016; Griffin et al., 2017; Zhang et al., 2019). It was reported that CGKRK peptide could specifically target tumor vasculature in high-grade glioma and not to normal vessels (Treps, 2018). Agemy et al. (2013) have demonstrated that CGKRK peptide could effectively penetrate tumor cells and tumor blood vessel endothelial cells.

In order to realize precise release of drugs at tumor sites and reduce toxicity to normal brain tissue, tumor microenvironment-responsive drug delivery systems have been arisen widespread attention (for example ROS, pH, redox, and lysosomal enzymes) (Song et al., 2017; Tao and He, 2018; Zhang et al., 2018). The redox-responsive drug carrier is connected by disulfide bond between the carrier and drug molecule, or formed by two block copolymers linked by disulfide bond with drug molecule self-assemble in solvent (Raza et al., 2018). Studies have demonstrated that the disulfide bond is very stable under normal physiological conditions, but it can be cleaved into thiols by GSH (Han et al., 2019; Yu et al., 2020). The concentration of GSH in cancerous cells is about 1,000 times higher than in plasma (Tian et al., 2018; Zhu et al., 2018), and is several times higher than that in normal cells (Liu et al., 2011). In addition, tumor tissue is more reductive than normal tissue due to hypoxia. Therefore, disulfide bond is widely used in GSH trigger system. Our group have studied disulfide bond paclitaxel prodrug (PTX-SS-C18) conjugate self-assembled nanoparticles (PSNPs) used as “carrier-free” system to accurately triggered-release PTX in tumor cells by the intracellular GSH (Jiang et al., 2017).

In this study, we integrated the Bor as a “guide” drug to open the BBB with CGKRK modified PTX-SS-C18 conjugate self-assembled active targeted nanoparticles to enhance the anti-glioma efficacy. As shown in Figure 1, Bor was intragastrically administrated for 0.5 h in advance to open the tight junctions of BBB reversibly. Then CGKRK-PSNPs were injected via tail vein and penetrated across the BBB to accumulate at tumor sites with the assistance of Bor and active glioma target ability. Lastly, CGKRK-PSNPs could be internalized into glioma cells through heparan sulfate-mediated endocytosis, and the PTX was responsively released to the intracellular GSH. The morphology, particle size, and drug release kinetics of CGKRK-PSNPs in vitro were all characterized. In addition, cellular uptake and cytotoxic assay were investigated in both BCEC and U87MG cells. Meanwhile, the effect of Bor was evaluated using BBB model in vitro. Finally, the intracranial glioma mice model was established to study glioma targeting and anti-glioma efficacy of CGKRK-PSNPs combined with Bor in vivo.




Figure 1 | Schematic of borneol combined with CGKRK modified PTX-SS-C18 conjugate self-assembled targeted nanoparticles (CGKRK-PSNPs) for glioma treatment.





Materials and Methods


Materials

Paclitaxel (purity > 99.9%) was purchased from Zelang Medical Technology Co., Ltd. (Nanjing, China). DiR (1,1′-dioctadecyl-3,3,3′,3′-tetramethyl indotricarbocyanine iodide) (purity > 95.0%), Dithiodiglycolic acid (purity > 96.0%), 1-Octadecanol (purity > 99.0%), Glutathione(purity > 98.0%) and were obtained from Aladdin Reagent Database Inc. (Shanghai, China). CGKRK peptides (purity > 95%) were purchased from GL Biochem Co., Ltd. (Shanghai, China), Maleimide-PEG2000-DSPE (purity > 99%) and MeO-PEG2000-DSPE (purity > 99%) were purchased from Avanti Polar Lipids, Inc. (Alabama, USA). Bor (purity > 97.0%), glutathione-reduced ethyl ester (purity > 90.0%), and Coumarin-6 (purity ≥ 99%) were provided by Sigma-Aldrich (St. Louis, MO, USA). 3-(4, 5-Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) (purity >99%) and BCA kit were purchased from Beyotime Biotechnology Co., Ltd. (Nantong, China). Penicillin-streptomycin, DMEM medium, fetal bovine serum (FBS), and 0.25% (w/v) trypsin solution were purchased from Gibco BRL (MD, USA). The other chemical reagents were of analytical grade and used as received.



Preparation and Characterization of CGKRK-PSNPs

CGKRK-PEG-DSPE was synthesized and characterized as follows. Briefly, 10 mg of CGKRK peptide and 4 mg of Mal-PEG2000-DSPE were dissolved in 1 ml of PB (0.2 M, pH 7.4) buffer and 1 ml of DMF, respectively. Both of the abovementioned solution were dripped slowly into 8 ml of PB buffer to react with magnetic stirring under nitrogen. The excessive unreacted CGKRK peptide and DMF were removed through dialysis (MWCO 1.0 kDa) against distilled water. Finally, the solution was freeze-dried to obtain CGKRK-PEG-DSPE, which was characterized by 1H NMR.

PTX-SS-C18, PSNPs, and PEG-PSNPs were synthesized and characterized by previously described method (Jiang et al., 2017). The chemical reaction processes of PTX-SS-C18 were shown in Figure S1. CGKRK-PSNPs were prepared using ethanol injection method. In brief, 5 mg of PTX-SS-C18 was dissolved in 500 μl of anhydrous ethanol and then injected into 10 ml distilled water containing 1 mg CGKRK-PEG-DSPE under 650 rpm stirring for 5 min. After evaporating ethanol at 60°C with a vacuum rotary evaporator, the self-assemble CGKRK-PSNPs were filtrated through 0.45 and 0.22 μm microporous membrane, respectively.

For coumarin-6 or DiR-labeled nanoparticles, both coumarin-6 and DiR were dissolved in anhydrous ethanol using the same method as above.

Transmission electronic microscopy (TEM) (JEOL USA, Wilmington, DE, USA) was used to observe the morphology of nanoparticles. Dynamic light scattering (DLS) (Zs90, Malvern, U.K.) was applied to characterize the particle size and zeta potential of nanoparticles.



In Vitro Reduction-Triggered Drug Release

The in vitro release profile of PTX from CGKRK-PSNPs was performed by ultrafiltration centrifugation method. First, PEG-PSNPs and CGKRK-PSNPs were diluted to 4 ml release media, which containing 30 μg of PTX to achieve sink condition. The release medium were phosphate buffer saline (PBS) solutions at pH 7.4 with 1 μM GSH and HAc-NaAc buffer at pH 5.0 with 10 mM GSH containing 0.5% (w/v) Tween-80. The mixtures were kept in 10-ml tubes shaking with a speed of 150 rpm at 37°C. At predetermined time points, the solutions were immediately transferred to ultrafiltration centrifuge tube (MWCO = 30 kDa), centrifuging at 4,000 rpm for 10 min to obtain free PTX. Taking filtrate to measure the concentration of PTX by HPLC analysis.



In Vitro Cellular Uptake

The cellular uptake of PEG-PSNPs and CGKRK-PSNPs was detected qualitatively using fluorescent microscopy. The U87MG cells were implanted at 5 × 104 cells/well in a 24-well plate. After incubation for 24 h, the cells were exposed to coumarin-6-labeled nanoparticles at the coumarin-6 concentrations of 5, 10, and 30 ng/ml for 1 h at 37°C and 4°C, respectively. Afterward, the cells were rinsed with cold PBS thrice and immobilized with 4% formaldehyde for 15 min. Finally, the samples were observed and photographed with fluorescent microscopy (Imager A1, Zeiss, Germany).

HPLC analysis was utilized to further investigate quantitative cell uptake of nanoparticles in U87MG cells. 1 × 105 of U87MG cells per well were inoculated in a 24-well plate. After 24 h, the cells were incubated with PEG-PSNPs and CGKRK-PSNPs at PTX concentrations ranged from 10 to 100 μg/ml for 1 h at 37°C or 4°C, respectively. After washed with cold PBS, the cells were lysed by 400 μl of 1% TritonX-100 per well, and then shook for 10 min. Next, the samples were centrifuged at 8000 rpm for 10 min. In order to determine the total cell protein content, an aliquot of the cell lysate from each well was analyzed using BCA protein assay. The PTX concentration of each well was measured by HPLC.

For the competition assay, after 24 h of cell culture, CGKRK peptide was added to the wells at a concentration of 200 μg/ml at 37°C for 30 min. Next, the cells were washed twice with PBS, and then added the media containing coumarin-6-labeled CGKRK-PSNPs or CGKRK-PSNPs, followed the preceding steps for both qualitative and quantitative assays.



In Vitro Cytotoxicity

The MTT assay was used to evaluate the cytotoxicity of PEG-PSNPs and CGKRK-PSNPs in U87MG and BCEC cells. First, 5 × 103 cells/well of U87MG and BCEC cells were cultured in the 96-well plate for 24 h. Then, the cells were treated with Taxol®, PEG-PSNPs and CGKRK-PSNPs at different PTX concentration (0.01, 0.1, 1, 5, 10 μg/ml), respectively. After 48 h, 20 μl/well of MTT (5 mg/ml) reagents were added to incubate another 4 h. Subsequently, the mixture was removed, and each well was supplemented with 200 μl of DMSO shaking in the darkness for 10 min to dissolve formazan crystals completely. Finally, the cell viability was measured using a microplate reader (Thermo Multiskan MK3, USA) with the excitation wavelength at 490 nm.

In order to verify the redox response of drug release of PSNPs in cells, the U87MG and BCEC cells were seeded as described above and pretreated with or without 10 mM glutathione monoester (GSH-OEt). After incubation for 2 h at 37°C, the cells were washed twice with PBS to remove extracellular residual GSH-OEt, and then 1 and 5 μg/ml of different PTX formulations were added into the cells for 48 h. U87MG and BCEC cells without GSH-OEt pretreatment were used as the control, respectively. The cell cytotoxicity was evaluated by the MTT method.



BBB Penetration In Vitro

BCEC cell monolayer was used to establish the BBB model in vitro. In briefly, 1×105 BCEC cells were seeded into transwell filters with the polycarbonate membrane of 3 μm pore size for 10 days. The BBB transport model was evaluated by measuring transepithelial electrical resistance (TEER) value. Afterward, 200 μl of coumarin-6-labeled PEG-PSNPs and CGKRK-PSNPs with or without Bor (10 μg/ml) were added into upper compartment, respectively. After incubation for 0.5, 1, 1.5, 2, 2.5, 3, and 4 h, 200-μl samples were taken from basal chamber and supplied with the equal volume of culture medium. The coumarin-6 concentration of sample was determined using microplate reader of multi-wavelength.



In Vivo Imaging Analysis

Four to 5 weeks male Balb/c nude mice weighing approximately 20 g were obtained from BK Lab Animal Ltd. (Shanghai, China). All animal experiments were approved by the laboratory animal ethics committee of Nanjing Medical University. The operational procedures were performed according to protocols evaluated.

The real-time fluorescence imaging analysis was used to evaluate the biodistribution of CGKRK-PSNPs in vivo. Intracranial U87MG tumor-bearing mice were established as described previously (Xin et al., 2011; Wang et al., 2014). After 18 days, the glioma-bearing mice were randomly dived into 4 groups. The mice in groups 2 and 4 were given 100 μl of DiR-labeled PEG-PSNPs and CGKRK-PSNPs via tail vein, respectively. For groups 1 and 3, besides PEG-PSNPs and CGKRK-PSNPs, 25 mg/kg Bor solution was administrated intragastrically before 0.5 h. Next, the mice were scanned using an in vivo imaging system (Caliper, USA) at 4 h to acquire the fluorescent images. Afterward, all mice were sacrificed, and their organs were harvested for ex vivo fluorescent imaging.



In Vivo Anti-Glioma Efficacy

To evaluate the in vivo anti-glioma activity of different PTX formulations, intracranial glioma bearing nude mice were randomly divided into six groups and administered with saline, Taxol®, PEG-PSNPs, PEG-PSNPs with Bor, CGKRK-PSNPs, and CGKRK-PSNPs with Bor every other day for four times at a PTX dose of 10 mg/kg, respectively. For nanoparticles with Bor group, the mice were orally administrated with 25 mg/kg Bor 0.5 h before intravenous injection of nanoparticles suspension. Next, the survival time of each mice was recorded to plot Kaplan-Meier survival curves.



Statistical Analysis

All the results were expressed as mean± standard deviation (SD). One-way ANOVA was utilized for statistical evaluation. Statistical analysis was performed with SPSS 20.0 software. Differences were considered significant when *P< 0.05, **P< 0.01, ***P < 0.001, respectively.




Results and Discussion


Characterization of Nanoparticles

The structures of Mal-PEG2000-DSPE and CGKRK-PEG-DSPE were determined by 1H NMR (Figure 2). The methylene protons of PEG in Mal-PEG2000-DSPE was at 3.6 ppm (Figure 2A), and the maleimide group has a characteristic peak at 6.7 ppm (Figure 2A) before reaction. However, after reaction with CGKRK peptide, the maleimide peak (δ 6.7) disappeared in the 1H NMR spectra of CGKRK-PEG-DSPE (Figure 2B), whereas the PEG segment was still presented at 3.6 ppm (Figure 2B). It suggested that CGKRK peptide was conjugated with Mal-PEG2000-DSPE.




Figure 2 | 1H NMR spectrum of Mal-PEG2000-DSPE (A) and CGKRK-PEG-DSPE (B).



PTX-SS-C18 compound was synthesized and characterized according to our previous study (Jiang et al., 2017). The CGKRK-PSNPs were prepared via ethanol injection method. The physical characterizations of nanoparticles including particle size, polymer dispersion index (PDI), zeta potential, and loading capacity (LC) were shown in Table 1. The mean particle size of PEG-PSNPs and CGKRK-PSNPs were 96.57 ± 1.25 nm and 105.61 ± 1.53 nm, respectively, with a narrow distribution (PDI < 0.2). Typically, nanoparticles with a particle size of 20 to 200 nm could passively extravasate and accumulate at malignant sites through the enhanced permeability and retention (EPR) effects (Deshantri et al., 2018). After modified with CGKRK peptide, the particles size had a slight increase but still close to 100 nm, which was beneficial for tumor drug delivery. All the nanoparticles showed negative zeta potential (about −30 mV). The LC of PEG-PSNPs and CGKRK-PSNPs were 55.41 ± 1.27% and 54.18 ± 1.13%, respectively, which was superior to traditional PTX nanoformulations with less than 10% (w/w) (Zhang et al., 2013; Nehate et al., 2014).


Table 1 | Characterizations of various nanoparticles.



The morphology of CGKRK-PSNPs was observed by TEM (Figure 3A). CGKRK-PSNPs showed spherical shape, and the diameter was about 100 nm, which was in line with the size distribution (Figure 3B).




Figure 3 | TEM images (A) and particle size and size distribution (B) of CGKRK-PSNPs.





In Vitro Reduction-Triggered Drug Release

In previous reports, the intracellular GSH concentration in tumor cells is about 2 to 10 mM, while in the plasma is almost 1 to 2 μM (Maggini et al., 2016). In this study, 10 mM GSH was used to mimic the intracellular redox condition. The in vitro PTX release behavior was shown in Figure 4, when exposed to 1 μM GSH (pH = 7.4) solution, it showed that the nanoparticles remained stable with no PTX release over 24 h. By contrast, when the GSH concentration was adjusted to 10 mM, more than 50% of PTX was released before 5 h. After 24 h, PEG-PSNPs and CGKRK-PSNPs showed the cumulative release of PTX were 74.37% and 74.92%, respectively. These results suggested that CGKRK-PSNPs were highly sensitive to redox environment, which indicating the disulfide bond could rapidly be cleaved in cancer cells to release PTX. The reduction-responsive PTX-SS-C18 conjugate self-assembled targeted nanoparticles provided a great potential to improve the anti-tumor effect.




Figure 4 | Reduction-triggered PTX release from CGKRK-PSNPs with 1 μM GSH or 10 mM GSH (n = 3).





In Vitro Cellular Uptake

The cellular uptake assay was performed qualitatively by fluorescent microscopy with coumarin-6 as the fluorescence probe. As shown in Figure 5A, the fluorescence intensity of U87MG cells treated with PEG-PSNPs and CGKRK-PSNPs was increased with the increasing concentration of coumarin-6 ranging from 5 to 30 ng/ml, suggesting concentration-dependent cellular uptake of nanoparticles. From Figures 5Aa–f, it was shown that CGKRK-PSNPs exhibited stronger fluorescence intensity as compared to that of PEG-PSNPs at all the detected concentrations after 1 h incubation. Besides, the competition assay showed that CGKRK-PSNPs group that pre-incubated with free CGKRK peptide exhibited much weaker fluorescence intensity than that of untreated ones at the same concentration of coumarin-6, respectively (Figures 5Ag–i). Moreover, the fluorescence intensity of CGKRK-PSNPs decreased when the incubation temperature dropped from 37°C to 4°C (Figures 5Aj–l).




Figure 5 | Cellular uptake of coumarin-6-labeled PEG-PSNPs (a–c) and CGKRK-PSNPs (d–l) at 37°C (a–i) and 4°C (j–l) after incubation for 1 h at the coumarin-6 concentration of 5 (a, d, g, j), 10 (b, e, h, k), and 30 ng/ml (c, f, i, l) in U87MG and CGKRK pretreated U87MG cells (g–i) was examined by fluorescent microscopy (A). Original magnification: ×20. U87MG uptake of PEG-PSNPs and CGKRK-PSNPs at different conditions after incubation for 1 h at the PTX concentrations from 10 to 100 μg/ml (n = 3) (B). ***P < 0.001, **P < 0.01, *P < 0.05.



The quantitative results were fully consistent with qualitative fluorescence intensity (Figure 5B). The cellular association of CGKRK-PSNPs was 1.4, 1.44, 1.31, and 1.29 folds higher than that of PEG-PSNPs on U87MG cells at the PTX concentration of 10, 20, 50, and 100 μg/ml at 37°C, respectively. In competition assay, the cellular uptake of CGKRK-PSNPs was 1.74, 1.95, 1.76, and 1.71 folds higher than that of pretreated with free CGKRK peptide at 37°C, respectively. In addition, the cellular uptake of CGKRK-PSNPs at 37°C was 2.33, 2.44, 2.28, and 2.59 folds higher than that of 4°C, respectively.

Based on qualitative and quantitative experiment results, it indicated that CGKRK peptide acted as a positive targeting role in CGKRK-PSNPs cellular uptake through heparan sulfate receptor-mediated endocytosis in U87MG cells.



In Vitro Cytotoxicity

The in vitro anti-proliferation of different PTX formulations against U87MG and BCEC cells was evaluated using the MTT assay. The results (Figure 6A) showed that all the PTX formulations inhibited U87MG cells viability in a concentration dependent manner with the increasing concentration of PTX ranging from 0.01 to 10 μg/ml. In line with the cellular uptake results, CGKRK-PSNPs displayed significantly stronger cytotoxicity as compared to PEG-PSNPs. As shown in Figures 6A, B, Taxol® exhibited much lower cell viability than nanoparticles, because they could passively transport into cells and diffused to cytosol rapidly (Tian et al., 2018), whereas nanoparticles needed to be internalized by endocytosis and then the disulfide bond would be cleaved to release PTX under high concentration of GSH (Feng et al., 2018). In BCEC cells (Figure 6B), PEG-PSNPs and CGKRK-PSNPs displayed negligible cytotoxicity at all the detected concentrations, which suggested that the GSH concentration was too low to cleave disulfide bond in normal cells. These results implied that CGKRK-PSNPs could improve the cellular uptake via receptor-mediated endocytosis and then further enhance the cytotoxicity to tumor cells, meanwhile the redox-responsive characteristic of CGKRK-PSNPs realized precise release of PTX in tumor cells, avoiding the cytotoxic side effects to normal cells.




Figure 6 | Cytotoxicity of Taxol®, PEG-PSNPs, and CGKRK-PSNPs in U87MG cells (A) and BCEC cells (B) after incubation for 48 h (n = 6). Viability of GSH-OEt pretreated or non-pretreated U87MG cells (C) and BCEC cells (D) incubated with Taxol®, PEG-PSNPs and CGKRK-PSNPs for 48 h. ***P < 0.001, **P < 0.01, *P < 0.05.



To further investigate whether PTX release from nanoparticles triggered by different intracellular GSH concentration, exogenous GSH was artificially added into the cell as external enhancers to increase the intracellular concentration of GSH (Zhang et al., 2016; Wang et al., 2017). It was reported that GSH-OEt could generate the high intracellular concentration of GSH by ethyl ester hydrolyzation in cytoplasm (Liu et al., 2011). The cytotoxicity of the redox-responsive nanoparticles was further analyzed by MTT assay against U87MG and BCEC cells. Before the addition of various PTX formulations, the cells were firstly pretreated with 10 mM GSH-OEt for 2 h. It proved that GSH-OEt did not affect the viability and endocytosis ability of the cells at the tested concentration (Zhang et al., 2016). Cells without pretreatment were used as the control. As shown in Figures 6C, D, PEG-PSNPs and CGKRK-PSNPs exhibited significant higher inhibitory effect on both U87MG and BCEC cells pretreated by GSH-OEt when compared with the control cells. It was noted that CGKRK-PSNPs showed significant cytotoxicity than PEG-PSNPs to the pretreated U87MG cells (Figure 6C). At the same time, the proliferation of U87MG or BCEC cells incubated with Taxol® was not affected after adding GSH-OEt to the cell culture media at PTX dose of 1 and 5 μg/ml. These results demonstrate that the GSH concentration in tumor cells can accelerate PTX release from PSNPs, and then increase the cytoplasm uptake of PTX, afterward enhance proliferation inhibition to tumor cells. Therefore, it indicates that CGKRK-PSNP is a promising site-specific delivery carrier for tumor treatment.



BBB Penetration In Vitro

The BBB maintains the brain microenvironment homeostasis due to its unique structure and cellular composition, which consists of capillary endothelium with its tight junctions, basal lamina, the end-feet of astrocytes and pericytes (Seo et al., 2019). This special physical barrier prevents most pharmaceutical anti-tumor drugs from entering the brain. In this study, we used BCEC cells to establish the in vitro BBB model to investigate the penetration efficiency of CGKRK-PSNPs with the assistance of Bor. As shown in Figure 7, the BBB permeability of CGKRK-PSNPs combined with Bor was significantly higher than the other groups after incubated for 3 h. The transport behavior of different nanoparticles displayed a time-dependent profile. After 4 h incubation, the transportation ratios were 19.33% and 13.11% for PEG-PSNPs (with or without Bor), 23.85% and 18.38% for CGKRK-PSNPs (with or without Bor), respectively. The results suggested that Bor could enhance the migration efficiency of both PEG-PSNPs and CGKRK-PSNPs penetrating the in vitro BBB. At all the determined time points, the permeability of CGKRK-PSNPs was higher than PEG-PSNPs, which might be due to BCEC as one kind of vascular endothelial cells, there was also a certain expression of heparin sulfate receptor on surface.




Figure 7 | The transport ratios of PEG-PSNPs and CGKRK-PSNPs (with or without borneol) across the BBB model in vitro. ***P < 0.001, **P < 0.01, *P < 0.05 significantly lower than that of CGKRK-PSNPs with borneol.





In Vivo Imaging Analysis

In order to estimate the brain targeting capability of CGKRK-PSNPs combined with Bor, U87MG glioma-bearing nude mice were imaged using DiR as the fluorescent marker. As shown in Figure 8A, the fluorescence intensity of CGKRK-PSNPs and PEG-PSNPs with Bor was higher compared with that without Bor, respectively, which indicted that Bor could improve the BBB penetration. When combined with Bor, the fluorescence signal of CGKRK-PSNPs group was slightly higher than PEG-PSNPs group. In addition, the images of ex vivo brains and the semi-quantitative results (Figures S2 and 8B) also confirmed that CGKRK-PSNPs combined with Bor exhibited the highest accumulation than other three groups at the glioma sections. Taken together, the enhanced glioma site distribution of CGKRK-PSNPs combined with Bor was attributed to the CGKRK peptide-mediated endocytosis and Bor for BBB penetration enhancement.




Figure 8 | In vivo fluorescence imaging of U87MG glioma-bearing nude mice after administration with DiR-labeled CGKRK-PSNPs with borneol, DiR-labeled CGKRK-PSNPs, DiR-labeled PEG-PSNPs with borneol, and DiR-labeled PEG-PSNPs (A). The corresponding semi-quantitative radiant efficiency of brains (B). *P < 0.05 significantly lower than that of CGKRK-PSNPs with borneol.





In Vivo Anti-Glioma Efficacy

The anti-glioma efficacy of CGKRK-PSNPs combined with Bor was investigated on intracranial U87MG glioma mice models. As shown in Figure 9 and Table 2, the medium survival time of mice treated with CGKRK-PSNPs combined with Bor (39 days) was longer when compared to saline (18 days, P < 0.001), Taxol® (20 days, P < 0.001), PEG-PSNPs (27 days, P < 0.001), PEG-PSNPs with Bor (32 days) and CGKRK-PSNPs (33 days). These results confirmed that CGKRK-PSNPs combined with Bor had great advantage in improving anti-glioma efficacy.




Figure 9 | Kaplan-Meier survival curve of U87MG glioma-bearing mice treated with different PTX formulations at a dose of 10mg/kg PTX on day 2, 4, 6, and 8 post implantation (n = 9).




Table 2 | In vivo anti-glioma efficacy of different PTX formulations on intracranial U87MG glioma mice model (n = 9).






Conclusions

In summary, CGKRK peptide modified redox-sensitivity nanoparticles were successfully developed in this study. In vitro release study showed that CGKEK-PSNPs kept stable under physiological conditions and disassembled rapidly with high concentration of GSH. Compared with PEG-PSNPs, CGKEK-PSNPs displayed enhanced cellular uptake and cytotoxicity against U87MG cells. Nevertheless, both of them showed negligible cytotoxicity on BCEC cells. In vitro BBB model, CGKEK-PSNPs combined with Bor significantly improved the BBB penetration ability. Furthermore, CGKEK-PSNPs combined with Bor exhibited higher accumulation at the glioma site and extended survival time in U87MG glioma-bearing mice. In conclusion, the strategy that combined Bor with receptor-mediated redox-responsive drug delivery system displayed a great potential for glioma treatment.



Data Availability Statement

The datasets generated for this study are available on request to the corresponding authors.



Ethics Statement

The animal study was reviewed and approved by Nanjing Medical University.



Author Contributions

YC, YT, and HX designed the experiments. LL, XinL, and WQ performed the experiments. LL and HX wrote the main manuscript. SL, YJ, and YX analyzed the data. JX, WL, and XiaL prepared the figures and tables. All authors reviewed the manuscript.



Funding

This work was supported by the grants from National Natural Science Foundation of China (81973255), Six Talent Peaks Project of Jiangsu Province (SWYY-051), the grants from the Suzhou Science and Technology Plan Project (SYSD2018219), Science and Technology Development Foundation of Nanjing Medical University (2017NJMU216) and Science and Technology Plan Project of Jiangxi Province Education Department (GJJ170736).



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2020.00558/full#supplementary-material



References

 Agemy, L., Kotamraju, V. R., Friedmann-Morvinski, D., Sharma, S., Sugahara, K. N., and Ruoslahti, E. (2013). Proapoptotic peptide-mediated cancer therapy targeted to cell surface p32. Mol. Ther. 21, 2195–2204. doi: 10.1038/mt.2013.191

 Chen, Z. W., Wen, D., and Gu, Z. (2020). Cargo-encapsulated cells for drug delivery. Sci. China Life Sci. 63, 599–601. doi: 10.1007/s11427-020-1653-y

 Deshantri, A. K., Moreira, A. V., Ecker, V., Mandhane, S. N., Schiffelers, R. M., Buchner, M., et al. (2018). Nanomedicines for the treatment of hematological malignancies. J. Control. Release 287, 194–215. doi: 10.1016/j.jconrel.2018.08.034

 Feng, R. Y., Chen, Q., Zhou, P., Wang, Y. S., and Yan, H. (2018). Nanoparticles based on disulfide-containing poly (β-amino ester) and zwitterionic fluorocarbon surfactant as a redox-responsive drug carrier for brain tumor treatment. Nanotechnology 29, 495101. doi: 10.1088/1361-6528/aae122

 Gao, H. L. (2017). Perspectives on Dual Targeting Delivery Systems for Brain Tumors. J. Neuroimmune Pharmacol. 12, 6–16. doi: 10.1007/s11481-016-9687-4

 Griffin, J. I., Cheng, S. K. K., Hayashi, T., Carson, D., Saraswathy, M., Nair, D. P., et al. (2017). Cell-penetrating peptide CGKRK mediates efficient and widespread targeting of bladder mucosa following focal injury. Nanomedicine 13, 1925–1932. doi: 10.1016/j.nano.2017.04.004

 Guo, X. Y., Wu, G. J., Wang, H., and Chen, L. K. (2019). Pep-1&borneol-Bifunctionalized Carmustine-Loaded Micelles Enhance Anti-Glioma Efficacy Through Tumor-Targeting and BBB-Penetrating. J. Pharm. Sci. 108, 1726–1735. doi: 10.1016/j.xphs.2018.11.046

 Han, S. P., Zheng, H. Y., Lu, Y. P., Sun, Y., Huang, A. H., Fei, W. D., et al. (2018). A Novel Synergetic Targeting Strategy for Glioma Therapy Employing Borneol Combination with Angiopep-2-modified, DOX-loaded PAMAM Dendrimer. J. Drug Targeting 26, 86–94. doi: 10.1080/1061186X.2017.1344849

 Han, L., Hu, L., Liu, F., Wang, X., Huang, X., Liu, B., et al. (2019). Redox-sensitive micelles for targeted intracellular delivery and combination chemotherapy of paclitaxel and all-trans-retinoid acid. Asian J. Pharm. Sci. 14, 531–542. doi: 10.1016/j.ajps.2018.08.009

 Hernández-Pedro, N. Y., Rangel-López, E., Magaña-Maldonado, R., de la Cruz, V. P., del Angel, A. S., Pineda, B., et al. (2013). Application of Nanoparticles on Diagnosis and Therapy in Gliomas. BioMed. Res. Int. 2013, 351031. doi: 10.1155/2013/351031

 Jain, K. K. (2018). A Critical Overview of Targeted Therapies for Glioblastoma. Front. Oncol. 8, 1–19. doi: 10.3389/fonc.2018.00419

 Jiang, Y., Wang, X. Z., Liu, X., Lv, W., Zhang, H. J., Zhang, M. W., et al. (2017). Enhanced Antiglioma Efficacy of Ultrahigh Loading Capacity Paclitaxel Prodrug Conjugate Self-Assembled Targeted Nanoparticles. ACS Appl. Mater. Interf. 9, 211–217. doi: 10.1021/acsami.6b13805

 Li, R., and Xie, Y. (2017). Nanodrug delivery systems for targeting the endogenous tumor microenvironment and simultaneously overcoming multidrug resistance properties. J. Control. Release 251, 49–67. doi: 10.1016/j.jconrel.2017.02.020

 Liu, J. Y., Pang, Y., Huang, W., Huang, X. H., Meng, L. L., Zhu, X. Y., et al. (2011). Bioreducible micelles self-assembled from amphiphilic hyperbranched multiarm copolymer for glutathione-mediated intracellular drug delivery. Biomacromolecules 12, 1567–1577. doi: 10.1021/bm200275j

 Lv, L. Y., Jiang, Y., Liu, X., Wang, B. Y., Lv, W., Zhao, Y., et al. (2016). Enhanced Antiglioblastoma Efficacy of Neovasculature and Glioma Cells Dual Targeted Nanoparticles. Mol. Pharm. 13, 3506–3517. doi: 10.1021/acs.molpharmaceut.6b00523

 Maggini, L., Cabrera, I., Ruiz-Carretero, A., Prasetyanto, E. A., Robinet, E., and De Cola, L. (2016). Breakable mesoporous silica nanoparticles for targeted drug delivery. Nanoscale 8, 7240–7247. doi: 10.1039/c5nr09112h

 Meng, L. W., Chu, X. Y., Xing, H. Y., Liu, X., Xin, X., Chen, L. Q., et al. (2019). Improving glioblastoma therapeutic outcomes via doxorubicin-loaded nanomicelles modifed with borneol. Int. J. Pharm. 567, 118485–118500. doi: 10.1016/j.ijpharm.2019.118485

 Nehate, C., Jain, S., Saneja, A., Khare, V., Alam, N., Dubey, R. D., et al. (2014). Paclitaxel formulations: challenges and novel delivery options. Curr. Drug Deliv. 11, 666–686. doi: 10.2174/1567201811666140609154949

 Qian, W. B., Qian, M., Wang, Y., Huang, J. F., Chen, J., Ni, L. C., et al. (2018). Combination Glioma Therapy Mediated by a Dual-Targeted Delivery System Constructed Using OMCN-PEG-Pep22/DOX. Small 14, e1801905. doi: 10.1002/smll.201801905

 Raza, A., Hayat, U., Rasheed, T., Bilal, M., and Iqbal, H. M. N. (2018). Redox-responsive nano-carriers as tumor-targeted drug delivery systems. Eur. J. Med. Chem. 157, 705–715. doi: 10.1016/j.ejmech.2018.08.034

 Sasmita, A. O., Wong, Y. P., and Ling, A. P. K. (2018). Biomarkers and therapeutic advances in glioblastoma multiforme. Asia-Pac J. Clin. Oncol. 14, 40–51. doi: 10.1111/ajco.12756

 Seo, S., Kim, H., Sung, J. H., Choi, N., Lee, K., and Kim, H. N. (2019). Microphysiological systems for recapitulating physiology and function of blood-brain barrier. Biomaterials 232, 119732. doi: 10.1016/j.biomaterials.2019.119732

 Song, Q. L., Yin, Y. J., Shang, L. H., Wu, T. T., Zhang, D., Kong, M., et al. (2017). Tumor Microenvironment Responsive Nanogel for the Combinatorial Antitumor Effect of Chemotherapy and Immunotherapy. Nano Lett. 17, 6366–6375. doi: 10.1021/acs.nanolett.7b03186

 Tao, W., and He, Z. (2018). ROS-responsive drug delivery systems for biomedical applications. Asian J. Pharm. Sci. 13, 101–112. doi: 10.1016/j.ajps.2017.11.002

 Tian, C. H., Asghar, S., Xu, Y. R., Chen, Z. P., Zhang, J. W., Ping, Q. N., et al. (2018). Tween80-modified hyaluronic acid-ss-curcumin micelles for targeting glioma: Synthesis, characterization and their in vitro evaluation. Int. J. Biol. Macromol. 120, 2579–2588. doi: 10.1016/j.ijbiomac.2018.09.034

 Treps, L. (2018). EnLIGH Tenment of tumor vessel normalization and immunotherapy in glioblastoma. J. Pathol. 246, 3–6. doi: 10.1002/path.5103

 Wang, B. Y., Lv, L. Y., Wang, Z. Y., Zhao, Y., Wu, L., Fang, X. L., et al. (2014). Nanoparticles functionalized with Pep-1 as potential glioma targeting delivery system via Interleukin 13 receptor 2-mediated endocytosis. Biomaterials 35, 5897–5907. doi: 10.1016/j.biomaterials.2014.03.068

 Wang, X. L., He, C. Y., Yang, Q. L., Tan, L. J., Liu, B. Y., Zhu, Z. G., et al. (2017). Dynamic covalent linked triblock copolymer micelles for glutathione-mediated intracellular drug delivery. Mater. Sci. Eng. C 77, 34–44. doi: 10.1016/j.msec.2017.03.240

 Xin, H. L., Jiang, X. Y., Gu, J. J., Sha, X. Y., Chen, L. C., Law, K., et al (2011). Angiopep-conjugated poly(ethylene glycol)-co-poly(ϵ-caprolactone) nanoparticles as dual-targeted drug delivery system for brain glioma. Biomaterials 32, 4293–4305. doi: 10.1016/j.biomaterials.2011.02.044

 Yu, X., Xieripu, A., Xu, Q., Zulipikaer, A., Song, Y., Cai, L., et al. (2020). GSH-responsive curcumin/doxorubicin encapsulated Bactrian camel serum albumin nanocomposites with synergistic effect against lung cancer cells. J. Biomed. Res. 34, 54–66. doi: 10.7555/JBR.33.20190036

 Zhang, Z., Mei, L., and Feng, S. S. (2013). Paclitaxel Drug Delivery Systems. Expert Opin. Drug Deliv. 10, 325–340. doi: 10.1517/17425247.2013.752354

 Zhang, Y., Han, L., Zhang, Y., Chang, Y. Q., Chen, X. W., He, R. H., et al. (2016). Glutathione-mediated mesoporous carbon as a drug delivery nanocarrier with carbon dots as a cap and fluorescent tracer. Nanotechnology 27, 355102. doi: 10.1088/0957-4484/27/35/355102

 Zhang, P. F., Wang, J. Q., Chen, H., Zhao, L., Chen, B. B., Chu, C. C., et al. (2018). Tumor microenvironment-responsive ultra-small-nanodrug generators with enhanced tumor delivery and penetration. J. Am. Chem. Soc 140, 14980–14989. doi: 10.1021/jacs.8b09396

 Zhang, J., Zeng, Y., Su, M., Yu, M., Zhang, Y., Cheng, H., et al. (2019). Multifunctional Ferritin Nanoparticles as Theranostics for Imaging-Guided Tumor Phototherapy. J. Biomed. Nanotechnol. 15, 1546–1555. doi: 10.1166/jbn.2019.2788

 Zhu, X. F., Zhou, H., Liu, Y. N., Wen, Y. Y., Wei, C. F., Yu, Q. Q., et al. (2018). Transferrin/aptamer conjugated mesoporous ruthenium nanosystem for redoxcontrolled and targeted chemo-photodynamic therapy of glioma. Acta Biomater. 82, 143–157. doi: 10.1016/j.actbio.2018.10.012



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Lv, Li, Qian, Li, Jiang, Xiong, Xu, Lv, Liu, Chen, Tang and Xin. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fphar-11-00558-g002.jpg
Maleimide

8 7 6 5 4 3 2 1ppm

8 7° 6 5 4 3 2  1ppm





OEBPS/Images/fphar-11-00558-g005.jpg
PEG-PSNPs|

CGKRK-PSNPs|

CGKRK-PSNPs|

COKRK-PSNPs|

I PEG-PSNPs, 37T
50| ECoRRRPSNPe 37

B8 CORRIPaps » CoKRK, 37T
7O COKRK-PSNPs, 4T

£
2

PTX (ug/mg protein)

10 20 50 100
Concentration (ug/mL)





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fphar-11-00558-g009.jpg
Sum survival

1.0

0.8

06

0.4

0.2

0.0
0

—saline
Taxol
—— PEG.PSNPs.

—— PEG-PSNPs+Bomeol
—— CGKRK-PSNPs
GKRK-PSNPs+Boreol

H

10

20

30 40 50 60
Time (days)





OEBPS/Images/table2.jpg
Dose (mg/ke) ST (days) Median (days) Compare with saline”  Compare with Taxol®  Compare with PEG-PSNPs”

Groups.
Saine — 174209 ® — — —
Taxol 0 203210 20 . — =
PEG PSNPS 10 276214 27 —
PEG-PSNPS +bomaol 10 27219 @

CGKAK PSNPs. 10 354222 ) s
GGKAK PSNPs sbomedt 10 89223 % "

P < 0.001 of log-rank analysis.





OEBPS/Images/fphar-11-00558-g007.jpg
[Transport ratio (%)

Bl PEG-PSNPs

[ PEG-PSNPs + Borneol
[ CGKRK-PSNPs

I CGKRK-PSNPs + Borneol

05 1 15 2 25
Time (h)





OEBPS/Images/fphar-11-00558-g003.jpg
%50 100 150 200
Size (nm)






OEBPS/Images/fphar.2020.00558_cover.jpg
, frontiers
in Pharmacology

Enhanced Anti-Glioma Efficacy by
Borneol Combined With CGKRK-
Modified Paclitaxel Self-Assembled
Redox-Sensitive Nanoparticles





OEBPS/Images/fphar-11-00558-g001.jpg
e, Self-assemt by
B

BBB i
slslslsisislois = slslslslelsls
. @ % e

CoKRKPEC.0SPE






OEBPS/Images/logo.jpg
’ frontiers
in Pharmacology





OEBPS/Text/nav.xhtml


  

    Table of Contents



    

		Cover



      		

        Enhanced Anti-Glioma Efficacy by Borneol Combined With CGKRK-Modified Paclitaxel Self-Assembled Redox-Sensitive Nanoparticles

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Materials

          



          		

            Preparation and Characterization of CGKRK-PSNPs

          



          		

            In Vitro Reduction-Triggered Drug Release

          



          		

            In Vitro Cellular Uptake

          



          		

            In Vitro Cytotoxicity

          



          		

            BBB Penetration In Vitro

          



          		

            In Vivo Imaging Analysis

          



          		

            In Vivo Anti-Glioma Efficacy

          



          		

            Statistical Analysis

          



        



        



        		

          Results and Discussion

        

          		

            Characterization of Nanoparticles

          



          		

            In Vitro Reduction-Triggered Drug Release

          



          		

            In Vitro Cellular Uptake

          



          		

            In Vitro Cytotoxicity

          



          		

            BBB Penetration In Vitro

          



          		

            In Vivo Imaging Analysis

          



          		

            In Vivo Anti-Glioma Efficacy

          



        



        



        		

          Conclusions

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fphar-11-00558-g004.jpg
—=— CGKRK-PSNPs, pH 5.0 + 10 mM GSH
—e—PEG-PSNPs, pH 5.0 + 10 mM GSH
—4— CGKRK-PSNPs, pH 7.4 + 1uM GSH
—v—PEG-PSNPs, pH 7.4 + 1uM GSH

PTX Release (%)
&
5

30
20
10
o - e — -
0 5 10 15 20 25

Time (h)





OEBPS/Images/fphar-11-00558-g006.jpg
A 8w,

U g S ey
Concentration (ugimi)

s
°

rore oo By o oot

1=

1

g
z

“ |

g gyl e T






OEBPS/Images/table1.jpg
PEG-PSNPs CGKRK-PSNPs

Particie size (nm) 9572125 105612 1.53
Polydspersity index (PD) 0142005 0162006
Zeta potential (mV) 3062 1.32 2842121
Loading capacity (LC %) 55412127 54182113

Data &6 represented with mean = SO (1=3).





OEBPS/Images/fphar-11-00558-g008.jpg
Targeted
+Bomneol

Radiant Efficiency (x107)

Targeted  Untargeted Untargeted

+Bomneol

Targeted
SRRacar

Targeted Untargeted Untargeted
Al





