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Doxorubicin (DOX) is one of the most commonly used chemotherapeutic agents for treating human cancer. However, its clinical use has been limited by DOX-induced cardiotoxicity as well as other side effects. In the present study, we designed and synthesized the fullerenol (FU)-DOX conjugates and folic acid (FA)-grafted FU-DOX conjugates for improving the selectivity and activity of DOX in cancer cells. We further characterized the physicochemical properties and examined the release kinetics, cellular uptake, and in vitro anticancer activities of FU-DOX and FA-FU-DOX. The results showed that FU-DOX and FA-FU-DOX had a mean diameter of <200 nm and a low polydispersity. Both FU-DOX and FA-FU-DOX exhibited pH sensitivity and their DOX release rates were higher at pH 5.9 vs. pH 7.4. The cellular uptake studies indicated that FU conjugation enhanced the intracellular accumulation of DOX in human hepatocellular carcinoma (HCC) cell lines (BEL-7402 and HepG2) and the immortalized normal human hepatocytes (L02). The conjugation of FA to FU-DOX further promoted the drug internalization in an FR-dependent manner and enhanced the cytotoxicity against HCC cells. In conclusion, the newly prepared FA-FU-DOX conjugates can optimize the safety and efficacy profile of DOX.
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INTRODUCTION
Doxorubicin (DOX, also named adriamycin), as a broad-spectrum anticancer drug, is widely used in leukemia, lymphomas, and solid tumors such as liver cancer, breast cancer, ovarian cancer, etc. (Kalyanaraman, 2020). However, the side effects of DOX, such as life-threatening cardiotoxicity, hepatotoxicity, and bone marrow suppression limit its clinical application (Gonçalves et al., 2020). The development of drug delivery system is considered as an effective and feasible strategy to enhance the efficacy of chemotherapeutic drugs and reduce its side effects (Raj et al., 2019; Ouyang et al., 2020). In recent years, numerous studies have shown that a variety of nanocarriers can improve the bioavailability and therapeutic efficacy of anticancer drugs while providing preferential accumulation at the target site (Tan et al., 2020). Among them, fullerenes and their derivatives are also attracting more attention for their unique physicochemical properties and biological activities (Kumar and Raza 2018).
Fullerene is a series of cage-like, spherical nano-molecules formed by carbon atoms, which have been found to have some excellent biological activities, such as antioxidant, antiviral, anticancer, and immunomodulatory effects, etc. (Xu et al., 2011; Martinez et al., 2016; Hao et al., 2017; Xu et al., 2019). Besides, fullerenes have the ability to accumulate in the tumor mass; based on the enhanced permeability and retention (EPR) effect, they penetrate easily through the less-tight blood vessels nourishing cancer (Kepinska et al., 2018a; Kepinska et al., 2018b). In addition, fullerene and hydroxylated fullerene (fullerenol, FU) have also been reported to have the cardioprotective and hepatoprotective effects (Borović et al., 2014; Elshater et al., 2018; Petrovic et al., 2018). The administration of fullerene alone before DOX administration or complexed with DOX via non-covalent bonds could diminish DOX-induced acute toxicity in the heart or liver (Borović et al., 2014; Seke et al., 2016; Jacevic et al., 2019; Petrovic et al., 2018). More importantly, fullerene can act as a transporter for anticancer drugs, such as DOX (Grebinyk et al., 2019; Kazemzadeh and Mozafari, 2019). These biological properties of fullerenes and the potential ability to carry drugs make it attractive to be applied in the drug delivery system.
Tumor targeted drug delivery systems (TTDDSs) can selectively deliver cytotoxic substances to tumor tissues, thus minimizing the side effects of patients and improving the treatment index (Xiao et al., 2020). Folate receptor (FR) has attracted considerable attention in this field. Its expression is limited in normal cells but overexpressed in most tumor cells, such as liver cancer, lung cancer, breast cancer, and so on (Boss and Ametamey, 2020). More importantly, in the receptor-mediated internalization pathway, FR interacts with TTDDSs and rapidly recycles back to the cell surface for the maximum delivery of targeted therapeutics (Fernández et al., 2018). Researchers have grafted folic acid (FA) to the surface of various drug delivery systems, which has significantly increased the drug accumulation in tumors (Su et al., 2020; Tie et al., 2020).
Since cardiotoxicity and hepatotoxicity are the main reasons for restricting the application of DOX, FU with cardioprotective and hepatoprotective effects is increasingly being developed as a drug delivery system for DOX. Several recent studies have indicated that the non-covalent nanocomplex of DOX and fullerene or FU can significantly increase the cytotoxicity of DOX and reduce its side effects on the heart and liver (Seke et al., 2016; Petrovic et al., 2018;Maleki et al., 2020). However, other studies have shown that the loading of DOX onto FU nanoparticles with non-covalent bonds or the conjugated complex of DOX and FU with ester bonds might be unstable in the body and cannot deliver drugs efficiently (Chaudhuri et al., 2009). In the present study, DOX and FU conjugates (FU-DOX) were synthesized by using an acid-sensitive hydrazone bond and further modified by FA to obtain FA-FU-DOX conjugates for improving the tumor-targeting effects. Besides, the cellular uptake and cytotoxicity of FU-DOX and FA-FU-DOX were also examined.
MATERIALS AND METHODS
Materials
Doxorubicin hydrochloride (DOX, also named adriamycin, Shanghai Jizhi Biochemical Technology Co., Ltd.), fullerenol (FU, Suzhou Hengqiu Technology Co., Ltd.), folic acid (FA), N-hydroxysuccinimide (NHS), N1-((ethylimino)methylene)-N3,N3-dimethylpropane-1,3-diamine (EDC), oxalohydrazide, dimethyl sulfoxide (DMSO), acetic acid, ethanol, methanol, etc. were obtained commercially and used without further purification.
Synthesis of Folic Acid-Grafted Fullerenol-Doxorubicin Conjugates (FA-FU-DOX).
Preparation of Hydrazinated Fullerenol (FU-CONHNH2)
As shown in Figure 1, oxalohydrazide (100 mg) was added to a solution of fullerenol (100 mg, 87 μmol) in purified water (10 ml). The reaction mixture was stirred at 50°C for 5 days. Then, it was subjected to dialysis through a cellulose membrane (MW 1000) against deionized water for three times. After 2 days of lyophilization, a dark brown product FU-CONHNH2 was obtained.
[image: Figure 1]FIGURE 1 | Reaction route for the synthesis of FA-FU-DOX.
Synthesis of Fullerenol-Doxorubicin Conjugates (FU-DOX)
Doxorubicin hydrochloride (30 mg, 50 μmol) and acetic acid (1 drop) as a catalyst were added to the solution of FU-CONHNH2 (70 mg, 50 μmol) in water (10 ml) (Figure 1). The reaction solution was stirred for 2 days in the dark at room temperature. When the thin-layer chromatography (TLC) showed little DOX left, the reaction mixture was poured into methanol (30 ml) to precipitate the products. The precipitation was filtrated and washed by methanol three times and dried under reduced pressure to give 58 mg dark red solid with 69% yield.
Preparation of Folic Acid Succinimidyl Ester (FA-NHS)
Folic acid (38 mg, 86 μmol) and DMSO (2 ml) were put into a round bottom flask and sonicated until completely dissolved (Figure 1). Then, NHS (11 mg, 95 μmol) and EDC (33 mg, 172 μmol) were added and the reaction mixture was stirred under nitrogen protection in dark at room temperature overnight. An orange-red solution was obtained, which was the activated folic acid (FA-NHS).
Synthesis of Folic Acid-Grafted Fullerenol-Doxorubicin Conjugates (FA-FU-DOX)
The prepared FA-NHS solution (19 mg, 43 μmol, 1 ml) was added into a solution of fullerenol-doxorubicin conjugates (85 mg, 43 μmol) in a mixed solvent of water and DMSO (1:1) (20 ml). The reaction solution was stirred in dark at room temperature for 8 h (Figure 1). The products were precipitated upon treatment with ethanol and filtered to give a brown solid with 64% yield.
Characterization of FA-FU-DOX
Nuclear Magnetic Resonance, Infrared Spectroscopy, and Differential Thermal Analysis
The NMR spectra were recorded on a Bruker advance 500 nuclear magnetic resonance (NMR) spectrometer, using tetramethylsilane (TMS) as an internal reference. D2O was used as a solvent for fullerenol and deuterated DMSO was used as a solvent for FA, DOX, and FA-FU-DOX. The infrared (IR) spectra were recorded on a Fourier-transform infrared (FTIR) spectrometer (Thermo Fisher Nicolet iS50). KBr tablets of DOX and DOX derivatives were used in the IR instrument. The IR spectra were acquired after 16 scans with a scanning range of 400–4,000 cm−1. Differential thermal analysis (DTA) was done in Mettler Toledo DSC. The detection conditions were 30–300°C, the heating rate was 15°C/min, and the N2 flow was 100 ml/min.
Transmission Electron Microscope and Dynamic Light Scattering
The diameter and morphology of FU, FU-DOX, and FA-FU-DOX were obtained by a transmission electron microscope (TEM, H-7650, Hitachi, Japan). Dispersions of particles were dropped onto a carbon-coated copper grid, dried in air at room temperature, and imaged immediately. The size distribution of the FU-DOX and FA-FU-DOX complexes was determined by dynamic light scattering (DLS) using Zetasizer Nano ZS-90 (Malvern, United Kingdom). Data were recorded at 25°C with a detection angle of 173° (Voruganti et al., 2015).
Release Kinetic Studies of FU-DOX and FA-FU-DOX
Preparation of a Standardization Curve
To obtain a 100 mg/L stock solution of DOX, the accurately weighed DOX (5.0 mg) was put in a 50 ml volumetric flask, to which DMSO was added to dissolve and dilute to the set volume. To prepare the DOX series solutions with concentrations of 2, 5, 10, 20, and 40 mg/L, 0.2, 0.5, 1.0, 2.0, and 4.0 ml of the stock solutions were added into a 10 ml volumetric flask, diluted with DMSO to a constant volume, and recorded on a UV-2550 spectrophotometer (Shimadzu, Japan). The regression equation was A = 0.022C − 0.027 (r = 0.999), indicating that the peak area of DOX has a good linear relationship within the concentration of 0–40 mg/L region.
Drug Release Studies
Portions (2.0 mg) of FU-DOX or FA-FU-DOX were put into dialysis bags (MW 1000), which were placed into the releasing medium of phosphate buffer (30 ml) at a pH of 7.4 or 5.9, in vials respectively. The closed vials were then placed in the water bath and incubated at 37°C. The concentration of released DOX was determined by the UV spectrophotometer at predetermined time points. The rate of drug release was calculated by dividing the concentration of DOX (released from FU-DOX or FA-FU-DOX) at a certain time by the initial concentration of FU-DOX or FA-FU-DOX (Voruganti et al., 2015).
Cell Lines and Cell Culture
Human hepatocellular carcinoma (HCC) cell lines (BEL-7402 and HepG2) and the immortalized normal human hepatocytes (L02) were obtained from the Cell Bank of the Chinese Academy of Science (Shanghai, China). All cell lines were cultured in DMEM medium supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin as described previously (Wang et al., 2019).
Cellular Uptake Studies of DOX, FU-DOX, and FA-FU-DOX
Fluorescence Microscopic Imaging
The cellular uptake of DOX, FU-DOX, and FA-FU-DOX was examined by fluorescence microscopic imaging as reported previously (Qin et al., 2016). In detail, a piece of coverslip was put into each well of 6-well plates. Cells were seeded on the coverslips in 6-well plates at a cell density of 3 × 105 cells/well in 2 ml of culture medium. After 24 h of incubation, cells were treated with DOX, FU-DOX, or FA-FU-DOX at equivalent concentrations of 3 μM DOX. After 1, 2, and 4 h of incubation, the drug-containing medium was discarded. The cells were washed with PBS three times, fixed with 75% ice-cold ethanol for 30 min, and analyzed under a Fluorescence Microscope Axio Observer A1 (Zeiss, German).
Flow Cytometry Analysis
Cells were incubated in 6-well plates (3 × 105 cells/well) for 24 h and then treated with DOX, FU-DOX, or FA-FU-DOX at equivalent concentrations of 3 μM DOX for 1, 2, and 4 h. The treated cells were washed with PBS, harvested, measured by an FACS Calibur flow cytometer (BD, United States), and analyzed with the CytExpert software (Beckman Coulter, United States) (Wang et al., 2020b).
In Vitro Anticancer Activity Evaluation
The cell viability assay was performed as described previously (Wang et al., 2020a; Zhang et al., 2020). Briefly, cells were grown in 96-well plates (3 × 103 cells/well) for 24 h and incubated with DOX, FU-DOX, or FA-FU-DOX at equivalent concentrations for 72 h. Then, 10 μL of CCK-8 solution (Beyotime, CA) was added to each well. The cells were further incubated at 37°C for 2 h and examined by measuring absorption at 450 nm with an MK-3 microplate reader (Thermo Fisher Scientific, United States) (Li et al., 2013; Qin et al., 2013).
Statistical Analysis
All data were generated from three or more independent experiments and presented as means ± SD. The data were analyzed using Student’s t-test by Prism software version 6 (Graph Pad Software Inc., United States) and the critical level of significance was set at p < 0.05.
RESULTS
Preparation and Characterization of FA-FU-DOX
As shown in Figure 1, FA-FU-DOX was successfully synthesized and characterized using NMR spectroscopy. The NMR spectrum of FA-FU-DOX (Figure 2) showed signals at 8.64, 7.64, 6.94, 6.65, 4.48, and 4.33 ppm, representing H-carbon units of FA, and signals at 7.90, 5.47, 5.30, 4.94, 4.85, 4.57, 4.20, and 3.98 ppm, belonging to H-carbon units of DOX, which indicated that FA and DOX had been successfully linked to FU carrier. The formation of FA-FU-DOX was further validated by IR spectroscopy (Supplementary Figure S1). Except for the characteristic peaks belonging to DOX (1,615, 1,584, 1,283, 1,211, and 1,115 cm−1), FA (1,512 and 1,407 cm−1), and FU (1,380 and 1,081 cm−1) in the IR spectrum of FA-FU-DOX, the absence of the carbonyl peak of DOX at 1730 cm−1 and the presence of the -C=N peak of the hydrazone bond at 1,638 cm−1 were observed, indicating the successful coupling of the carbonyl group of DOX with the amine group of FU-CONHNH2. The large endothermic peak at 67°C in the DSC spectrum of FA-FU-DOX also confirmed the formation of this conjugate (Supplementary Figure S2).
[image: Figure 2]FIGURE 2 | The 1H NMR spectra of (A) FU, (B) FA, (C) DOX, and (D) FA-FU-DOX.
The TEM images of FU, FU-DOX, and FA-FU-DOX are shown in Figure 3. Compared to FU, FU-DOX and FA-FU-DOX were larger in diameters, indicating the coupling of DOX and/or FA with FU. DLS established that the mean diameters for FU-DOX and FA-FU-DOX conjugates were about 199 nm (PDI = 0.123) and 195 nm (PDI = 0.108), respectively. The diameters are suitable for efficient targeting in circulation.
[image: Figure 3]FIGURE 3 | The characterization of FU-DOX and FA-FU-DOX. (A) Transmission electron microscopy (TEM) images of FU, FU-DOX, and FA-FU-DOX. (B) Particle size distributions of FU-DOX and FA-FU-DOX.
Drug Release Study of FA-FU-DOX
The stabilities of FU-DOX and FA-FU-DOX were examined by evaluating the cumulative release of DOX at physiological (pH 7.4) and endolysosomal pH conditions (pH 5.9). As shown in Figure 4, after 96 h of incubation, the cumulative release rates of DOX from FA-FU-DOX were found to be 32% (pH 7.4) and 42% (pH 5.9), respectively, while that from FU-DOX were 34% (pH 7.4) and 41% (pH 5.9), respectively. These results were consistent with the degradation characteristics of the hydrazone bond. The introduction of FA did not significantly alter the release kinetics. Both FU-DOX and FA-FU-DOX are expected to release DOX more rapidly in cancer cells after endocytosis than in circulation (Gao et al., 2017).
[image: Figure 4]FIGURE 4 | The cumulative release kinetics of DOX from FU-DOX and FA-FU-DOX in PBS at a pH of 7.4 or 5.9 at 37°C.
Cellular Uptake of FA-FU-DOX
The cellular uptake of DOX, FU-DOX, and FA-FU-DOX was investigated in the HCC cell lines BEL-7402 (FR-positive) (Dai et al., 2011) and HepG2 (FR-negative) (Gao et al., 2015) and the normal human hepatocytes L02 (FR-negative). As shown in Figure 5, the fluorescence microscopy images exhibited that DOX, FU-DOX, and FA-FU-DOX (shown as the red dots) were uptaken by all three cell lines in a time-dependent manner. The FU-DOX and FA-FU-DOX conjugates exhibited higher fluorescence intensity than free DOX, especially at 1 h incubation time, indicating a higher amount of cellular uptake than that for free DOX. It may be explained that the intracellular drug accumulation was efficiently promoted by the FU carrier at the experimental conditions (Grebinyk et al., 2019). Moreover, FA-FU-DOX showed the best cellular uptake in FR-positive BEL-7402 cells but it did not exhibit significant higher accumulation than FU-DOX in FR-negative HepG2 and L02 cells (Figure 5), which suggested that the attachment of FA to FU-DOX enhanced the uptake of the conjugates into FR-positive cells via an FR-mediated endocytic process. Similar results were also obtained by flow cytometry analyses, confirming the important roles of FA and FU in enhancing the cellular uptake of DOX (Figure 6).
[image: Figure 5]FIGURE 5 | Cellular uptake of FU-DOX and FA-FU-DOX. (A) HepG2, (B) BEL-7402, and (C) L02 cells were incubated with DOX, FU-DOX, or FA-FU-DOX for 1, 2, and 4 h, then the cellular uptake was monitored by a fluorescent microscopy (scale bar, 20 μm).
[image: Figure 6]FIGURE 6 | Flow cytometry analyses of the intracellular accumulation of DOX, FU-DOX, and FA-FU-DOX in HepG2, BEL-7402, and L02 cells after 1-, 2-, or 4-h incubation.
In Vitro Anticancer Activity of FA-FU-DOX
We further compared the in vitro anticancer activities of DOX, FU-DOX, and FA-FU-DOX in HepG2, BEL-7402, and L02 cell lines. As shown in Figure 7, all cell lines were more sensitive to DOX than FU-DOX or FA-FU-DOX, which could be attributed to the slow release of DOX from FU-DOX and FA-FU-DOX after endocytosis. Importantly, DOX did not show any selective cytotoxicity against cancer cells but exhibited more potent inhibitory effects on the viability of normal human hepatocytes L02. However, FU-DOX and FA-FU-DOX showed significantly weaker cytotoxicities against L02 cells, especially at lower concentrations (32 and 64 nM), suggesting that the conjugations of FU and FA to DOX could improve the safety profile of DOX. Furthermore, FA-FU-DOX exhibited more potent cytotoxicity than FU-DOX in FR-positive BEL-7402 cells (at 160 and 400 nM), further supporting the inference of FA-mediated endocytosis and FU-mediated transportation.
[image: Figure 7]FIGURE 7 | In vitro cytotoxicity of DOX, FU-DOX, and FA-FU-DOX. (A) HepG2, (B) BEL-7402, and (C) L02 cells were exposed to various concentrations of DOX, FU-DOX, and FA-FU-DOX for 72 h for determination of cell death by CCK-8 assays. Data represent mean ± SD from three independent experiments (*p < 0.05 and #p < 0.01).
CONCLUSION
In the present study, we designed, synthesized, and characterized the FA-FU-DOX conjugate as a new delivery system for the commonly used chemotherapeutic agent DOX. FA-FU-DOX has a diameter of around 190–200 nm, beneficial to the targeting of tumor tissues in the circulation. Our results have shown that the cumulative release rates of DOX from FU-DOX and FA-FU-DOX are similar at both physiological (pH 7.4) and endolysosomal pH conditions (pH 5.9), which is in line with the degradation features of the hydrazine group (Liu et al., 2014; Rezaian et al., 2018). We have also shown that FU-DOX and FA-FU-DOX have a higher release rate in an acidic environment, suggesting that DOX may release from these conjugates faster in the tumor microenvironment (acidic environment) (Seyfoori et al., 2019;Maleki et al., 2020).
Because FR is overexpressed in tumor tissues but restricted in normal tissues, it has been considered as a promising target for developing efficient TTDDSs. FA and methotrexate (MTX) through ethylenediamine have been attached to the surface of functionalized multi-walled carbon nanotubes by Karimi et al., which improves the cancer cell-targeting ability of MTX and enhances its anticancer activity (Karimi et al., 2019). Moreover, the modification of nanomaterials with FA terminated-polyglycol as well as the subsequent loading with DOX improve the biocompatibility and selectivity against cancer cells, consequently improving its ability to eradicate tumors in vivo with negligible systemic toxicity (Wang et al., 2018). Besides, Yan et al. have used FA-modified multi-walled carbon nanotubes to deliver DOX to tumor sites, which not only enhanced the suppression of tumor growth but also decreased the side effects of DOX (Yan et al., 2018).
In this study, the cellular uptake and cytotoxicities of FU-DOX and FA-FU-DOX have been investigated in BEL-7402 (HCC, FR-positive), HepG2 (HCC, FR-negative), and L02 (normal, FR-negative) cells. It has been observed that the attachment of FA to FU-DOX increases the cellular uptake in FR-positive BEL-7402 cells in an FR-dependent manner. As expected, FA-FU-DOX has also exhibited more potent cytotoxicity than FU-DOX in BEL-7402 cells but not in FR-negative HepG2 and L02 cells. Besides, FU-DOX and FA-FU-DOX have shown relatively weak cytotoxicities against normal L02 cells. Taken together, the FA-FU-DOX conjugate has a better selectivity against cancer cells and a more promising safety profile.
In conclusion, our studies have demonstrated that the FA-FU-DOX conjugate has the potential to be developed as an effective approach for enhancing the efficacy and reducing the toxicity of chemotherapeutic drugs. Further investigations are warranted to examine the tumor-targeting efficacy and safety in clinically relevant animal models, especially liver cancer models.
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