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Abstract

:

After traditional osteosarcoma resection, recurrence of tumor is still a major clinical challenge. The combination of chemotherapy and photothermal therapy (PTT) has great potential in improving therapeutic effect. However, the studies using polydopamine (PDA) as photothermal transducing agent to improve the anti-cancer activity of curcumin (CM)-loaded poly (l-lactic acid) (PLLA) microparticles (PLLA/CM) have seldom been investigated. In this study, we reported the synthesis of PDA-coated PLLA/CM microparticles (PDA-PLLA/CM) prepared by PDA coating on the surface of the PLLA/CM microparticles fabricated by solution-enhanced dispersion by supercritical CO2 (SEDS) for chemo-photothermal therapy of osteosarcoma. The average particle sizes of PLLA/CM and PDA-PLLA/CM microparticles with a spherical shape were (802.6 ± 8.0) nm and (942.5 ± 39.5) nm, respectively. PDA-PLLA/CM microparticles exhibited pH- and near-infrared (NIR)-responsive release behavior to promote CM release in the drug delivery system. Moreover, PDA-PLLA/CM microparticles displayed good photothermal conversion ability and photothermal stability attributed to PDA coating. Additionally, the results of in vitro anti-cancer experiment showed that 500 μg/mL PDA-PLLA/CM microparticles had good anti-cancer effect on MG-63 cells and no obvious toxicity to MC3T3-E1 cells. After incubation with PDA-PLLA/CM microparticles for 2 days, NIR irradiation treatment improved the anti-cancer activity of PDA-PLLA/CM microparticles obviously and reduced the cell viability of osteosarcoma from 47.4% to 20.6%. These results indicated that PDA-PLLA/CM microparticles possessed a synergetic chemo-photothermal therapy for osteosarcoma. Therefore, this study demonstrated that PDA-PLLA/CM microparticles may be an excellent drug delivery platform for chemo-photothermal therapy of tumors.
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1. Introduction


Osteosarcoma is the most common primary malignant tumor of bone in children and adolescents, with a higher incidence in males than females [1,2]. Currently, the most common treatments for osteosarcoma include radiotherapy to kill the cancer cells to control its further metastasis, resection of the tumor tissue, and postoperative radiotherapy/chemotherapy [3]. However, due to the toxicity and low targeting of chemotherapy drugs, serious side effects can be caused to patients, such as cardiomyopathy, renal toxicity, and bone marrow suppression [4,5]. Therefore, it is a key problem to achieve effective treatment of tumors and reduce the damage to normal cells.



Curcumin (CM), a natural polyphenol extracted from turmeric, has been widely reported for its anti-tumor, anti-bacterial, anti-diabetic, and anti-inflammatory properties [6,7]. CM could interact with enzymes, growth factor receptors, albumin, and other substances, such as glutathione S-transferase, hERG and cytochrome P450s [8,9,10,11]. However, several studies have shown that the toxicity can avoided by controlling the amount of CM [12,13]. Furthermore, it has been proved that CM is safe at a high dose (8 g/day) in human clinical trials [14]. Although “Fake Cancer ‘Cures’ Consumers Should Avoid” released by FDA included CM, it only showed that some products containing CM did not exhibit effective anti-cancer ability and did not mean that CM has no anti-cancer effects. A large number of studies have confirmed that CM can inhibit the tumorigenic activity of various carcinogens in colon cancer, liver cancer, breast cancer, oral cancer, and other cancers [15,16,17,18]. Recent study has also shown that CM has good anti-cancer effect on osteosarcoma [12]. However, the bioavailability and therapeutic efficacy of CM are significantly reduced due to its poor water solubility and sensitivity to physiological pH conditions [16]. In recent years, many studies have reported the exploration of various materials to deliver CM to improve its water solubility, bioavailability, and absorption rate in vivo, such as nanoparticles, nanosheets and nanocomposites [19,20,21].



Currently, microparticles as a drug delivery system can improve the bioavailability and stability of drugs, which is an effective method to address the limitation of CM in tumor treatment [22]. At present, many different materials can be used as drug carriers, including liposomes, natural/artificial polymers, inorganic porous materials, etc. [23,24,25]. Due to the stable performance, biodegradability and biocompatibility of polymer materials, a variety of polymers, such as chitosan, alginate, poly (l-lactic acid) (PLLA), polyethylene glycol etc., have been applied to function as drug carriers [26,27,28,29]. Therein, PLLA microspheres, one of the most frequently used biodegradable synthetic polymer microspheres, have been designed to prepare drug loaded microspheres of small molecules, peptides and proteins [30,31,32]. According to differences between drugs, PLLA microspheres can be prepared by phase separation, melting, spray drying and other techniques [33,34,35]. The preparation process of phase separation method is complicated with many influencing factors. Therefore, it is difficult to control the quality of products. The melting method and spray drying technology require high temperature melting and are not suitable for drugs with poor thermal stability, as they inactivate the active substance.



Supercritical fluid granulation is a way to make use of the unique properties of supercritical fluid and realize the preparation of microparticles by controlling temperature and pressure, and supercritical carbon dioxide (scCO2) is the most widely used [36,37]. Supercritical CO2 technology is one of the most promising methods to produce drug delivering microparticles. The process operates at a gentle temperature without destroying drug molecules and has no residual organic solvents in the final products [38,39]. The solution-enhanced dispersion by scCO2 (SEDS) process has been widely used to prepare small size particles. The solution with dissolved solute is sprayed into supercritical CO2 as anti-solvent, which can also enhance solution dispersion. The solvent diffuses into CO2, and the organic solvent is extracted into supercritical CO2 very quickly, contributing to reducing the solubility of the solute. Then, the solute is precipitated out in the form of particles [40,41]. The smaller the diameter of the nozzle used is, the higher the injection speed is, and the larger the atomization degree is, the smaller the size of the droplets sprayed, so that the solvent in the solution can be more evenly removed by CO2 reverse extraction [41].



Recently, photothermal therapy (PTT) has attracted wide attention due to its advantages of low side effects, repeatable treatment, short treatment time, and obvious effects [42]. PTT is a minimally invasive treatment that converts light energy into heat energy under the irradiation of an external light source such as near infrared (NIR) light, raising the temperature of the illuminated area to an effective therapeutic temperature to achieve thermal ablation of tumors [43]. In the process of PTT, the temperature of the local tumor is the key to photothermal therapy. To achieve the ideal effect of photothermal therapy, the local temperature of tumor usually is required to reach about 45 °C to cause the heat injury of tumor cells and no damage to nearby normal tissue [44]. PTT cannot only cause death in cancer cells directly through raising the temperature, but also accelerate the release of drugs, playing a synergistic therapeutic effect. Therefore, the development of photothermal transducing agent with high Photothermal conversion rate, good water solubility and good biocompatibility has become the focus of research [42,45]. Polydopamine (PDA) is a biocompatible and biodegradable photothermal material, attracting extensive attention in the field of biomedical materials [46]. Compared with other photothermal transducing agents, PDA has higher photothermal conversion rate, good cell affinity and tissue adhesion, having a great prospect in the photothermal treatment of cancer [47]. A large amount of research has reported that PDA has been widely used as an efficient photothermal transducing agent and drug nanocarrier in PTT to improve anti-cancer efficacy [13,19,20,21]. PDA was used as a coating material to give some drug carriers the potential for photothermal therapy, protect the drug from premature release, and avoid rapid elimination from the body. PDA could be deposited on the surfaces of materials of various types and shapes by self-polymerization of dopamine under slightly alkaline conditions, such as nanosheets, nanoparticles and other materials [19,48]. Researchers have also reported that PDA was able to coat many drug-loaded microspheres, including CM-loaded microspheres [12,48]. However, studies using PDA-coated drug-loaded PLLA microparticles for the photothermal treatment of osteosarcoma have seldom been performed.



Herein, we report a compound drug-loaded microsphere, encapsulating CM in PLLA by the SEDS process to obtain PLLA/CM microparticles, which are then coated by PDA on the surface, for treating osteosarcoma with a chemo-photothermal therapy (Scheme 1). The morphology, size, CM loading efficiency, in vitro release behavior and photothermal properties of the PDA-PLLA/CM microparticles are studied in this article. The synergistic chemo-photothermal therapy effects of PDA-PLLA/CM microparticles were further studied by in vitro experiments. This study provides a new strategy for the use of the SEDS process and a synergistic chemo-photothermal therapy for promoting osteosarcoma cell apoptosis by drug-loaded microparticles.




2. Materials and Methods


2.1. Materials


PLLA (100 kDa, 98%, Macklin, Shanghai, China), CM (Aladdin Shanghai, China), dopamine hydrochloride (Aladdin, Shanghai, China), Tris-HCl solution (pH 8.5 Beyotime Biotechnique, Jiangsu, China), CO2 (99.9%, Wuhan Xiangyun, Wu Han, China), Dichloromethane (DCM, Aladdin, Shanghai, China), ethanol (Aladdin, Shanghai, China), MTS dye (Promega Biotech, Beijing, China) and Calcein-AM/PI Double Stain Kit (Beijing Solarbio Science & Technology, Beijing, China) were used as obtained. The MC3T3-E1 cells and MG-63 cells were supplied by China Center for Type Culture Collection.




2.2. Methods


2.2.1. Synthesis of PLLA/CM Microparticles by SEDS Process


Firstly, PLLA (200 mg) and CM (50 mg) were dissolved in DCM (50 mL). After stirring (1000 r/min) for 2 h, drug-loaded microparticles were prepared by using SEDS technology. The CO2 is delivered by a pump through a special tube into a pressure vessel. When the CO2 was preheated to 35 °C and reached 10 MPa, keep CO2 flow rate (20 g/min) and control the system pressure. The PLLA/CM solution is then injected at a flow rate (1 mL/min). After all the solution was transported, CO2 was pumped to keep flow in the system under the same conditions for 30 min for removing the residual organic solvents. Finally, PLLA/CM microparticles were then collected on the bottom of the high-pressure vessel.




2.2.2. Preparation of PDA–PLLA/CM Microparticles


PLLA/CM (0.5 mg/mL) was dispersed in deionized water and ultrasound treatment was performed in an ice bath for 15 min. After maximizing dispersion, dopamine hydrochloride (2.5 mg/mL) and Tris-HCl (1%) were successively added to the solution, and mixed at room temperature for 2 h. The solution gradually changed from light yellow to black. The PDA-PLLA/CM microparticles were centrifuged (10,000 rpm, 30 min) and washed 3 times and then finally lyophilized under vacuum.




2.2.3. Characterization of PDA–PLLA/CM Microparticles


Fourier transform–infrared spectroscopy was performed using Nicolet 6700 from USA to study the component analysis of the prepared microparticle samples. X-ray diffraction (XRD, Bruker AXS, Billerica, MA, USA) was performed using D8 Advance from Germany to evaluate the phase structure of various samples. Field emission–scanning electron microscopy (FE-SEM, JEOL, Tokyo, Japan) was conducted using S-4800 from Japan to observe the surface morphology of the materials. The microscopic morphology, size and distribution of samples can be inspected with different magnification. The hydrodynamic diameter of the microparticles were measured with a Malvin laser particle size analyzer (Mastersizer 2000, Malvern, Shanghai, China). Ultraviolet (UV)-spectrophotometer (SHIMADZU, Kyoto, Japan) was used to record the absorbance of the PLLA, PLLA/CM, PDA-PLLA and PDA-PLLA/CM microparticles.




2.2.4. Drug Loading and Controlled Release Study


The drug loading efficiency of the PDA-PLLA/CM microparticles was evaluated by the following protocol. The PDA-PLLA/CM microparticles were dissolved in DCM and were further dissolved in ethanol (v/v = 1/99) and subsequently sonicated for 15 min. After centrifugation (10,000 r/min) for 15 min, the amount of CM in the supernatant was quantified according to the optical density at 425 nm. The CM loading efficiency was calculated by the following equation:


  DL   CM    %   =     the   amount   of   CM   in   the   microparticles       the   weight   of   the   microparticles       × 100 %   



(1)







The amount of drug release was evaluated by the following method. PDA-PLLA/CM microparticles (1 mg/mL) were incubated into the mixed solution of phosphate-buffered saline (PBS) and Tween 80 (1%) with pH = 7.4 and 5.5, respectively. A 3 mL volume of sample solution was placed into the dialysis bag, replenished in different buffers (30 mL), then shaken at 100 rpm and kept at 37 °C. At the dedicated time intervals, 4 mL supernatant was collected with the replacement of 4 mL buffer with the same pH value. In addition, before and after 808 nm NIR irradiation (10 min), the CM release amount was detected at specific time points (10 h, 23 h, 48 h, 72 h), showing NIR-responsive release behavior. Combining the UV–Vis spectrophotometry and the standard curve of CM, the drug release amount was calculated and the cumulative release curve was drawn. Three parallel groups were set for all samples.




2.2.5. In Vitro Photothermal Performance


The temperature of PDA-PLLA/CM microparticles with different concentrations was recorded to study the temperature rise caused by 808 nm NIR laser (MDL-H-808–5W-BJ00440, Changchun New Industries Optoelectronics Tech. Co., Changchun, China). PDA-PLLA/CM microparticles were dispersed in deionized water (60, 125, 250, 500 and 1000 μg/mL) with 1.3 W/cm2 for 10 min. In addition, the same volume of pure deionized water was used as control. The temperature changes of the microparticles (500 μg/mL) were also recorded with different laser power (1.0, 1.3, 1.5 W/cm2) for 10 min. Meanwhile, in order to study the photothermal stability, the PDA-PLLA/CM microparticles (500 μg/mL) were irradiated with a NIR laser for 5 cycles in 1200 s intervals. During the above experiment, the temperature of the solution was recorded using a liquid crystal thermometer every 1 min. The photothermal conversion efficiency (η) was calculated using a reported method by the following equations [49]:


   η =    h S    T  max        −   T    room          −   h S ( T     max , water         −   T    room   )      I ( 1   −   10       − A    808     )    



(2)






   τ s   =    mC   h S      



(3)







According to Equation (3), the value of hS could be calculated. h refers to the heat transfer coefficient and S refers to the area of the container. I represents the NIR laser power and A808 is the absorbance of PDA-PLLA/CM microparticles (500 μg/mL) at 808 nm. In addition, m is the mass of the sample solution, C is the heat capacity (Cwater = 4.2 J/(g·°C)).




2.2.6. Cell Culture and Proliferation


MG-63 cells (human osteosarcoma cells) were cultured with MEM medium consisting of 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (P.S). MC3T3-E1 cells (mouse pre-osteoblast cells) were cultured in α-MEM medium with 10% FBS and 1% P.S. The cells were then incubated in a humidified atmosphere containing 95% air and 5% CO2 at 37 °C.




2.2.7. In Vitro Biocompatibility and Antitumor Effect


MTS assay was used for both antitumor effect of the PDA-PLLA/CM microparticles on MG-63 cells and no toxicity on MC3T3-E1 cells. The MG-63 and MC3T3-E1 cells were preincubated for 24 h. Then, the cells were co-cultivated with various samples for 48 h (or 1, 3, 5 days). Subsequently, the culture medium was discarded, the cells were washed three times with PBS, 50 μL of MTS solution and 250 μL of fresh medium were added into each well. After incubating for 4 h, the absorbance values were recorded at 490 nm using by a microplate reader from Thermo Scientific. The cellular viability was determined by the following equation:


   Cell   viability     %   =       absorbance   of   experiment   cells     absorbance   of   control       ×   100 %   



(4)







In addition, a Live/Dead assay was applied to further investigate the effects of the different samples and concentrations on MG-63 and MC3T3-E1 cells. After being co-cultivated with different microparticles for 48 h, the cells were stained using a Calcein-AM/PI double staining kit for 30 min. The morphology of the cells was examined using a fluorescent microscope from OLYMPUS (Tokyo, Japan).




2.2.8. In Vitro Chemo-Photothermal Therapy Evaluation


The effect of the chemo-photothermal therapy was evaluated using the activity of MG-63 cells treated with PLLA, CM (75 μg/mL), PLLA/CM, PDA-PLLA, PDA-PLLA/CM microparticle solutions at 500 μg/mL under NIR laser irradiation. The cells were seeded on 48-well plates and then co-cultured with different samples for 48 h. Subsequently, the cells were irradiated using 808 nm NIR laser with an intensity of 1.3 W/cm2 (10 min) and placed in an incubator for 12 h. The activity of MG-63 cells was determined by MTS regent and Calcein-AM/PI Double Stain Kit (Beijing Solarbio Science & Technology, Beijing, China).




2.2.9. Statistical Analysis


All the data are given as mean values ± standard deviation (SD) from at least three independent samples. Statistical analysis was conducted using SPSS software (version 19.0) to evaluate the significance. (*) represents p-value < 0.05, (**) represents p-value < 0.01, and (***) represents p-value < 0.001.






3. Results and Discussion


3.1. Synthesis and Characterization of PDA–PLLA/CM Microparticles


The FTIR and XRD patterns of PLLA, CM, PLLA/CM and PDA-PLLA/CM microparticles were used to verify that CM was loaded on PLLA and PDA layer was coated on PLLA/CM. As shown in Figure 1A, the pertinent peaks at 1756 cm−1 in the FTIR spectra of PLLA, PLLA/CM and PDA-PLLA/CM microparticles corresponded to the C=O stretching vibration in PLLA. The absorption band in the range of 1600 and 1400 cm−1 could be ascribed to aromatic C=C stretching vibration connecting with CM [36], indicating loading of CM in PLLA/CM and PDA-PLLA/CM microparticles. After modification by PDA, the absorption peak of the bending vibration of N–H at 1509 cm−1 appeared in the FTIR spectra of PDA-PLLA/CM. The XRD patterns of PLLA, CM, PLLA/CM and PDA-PLLA/CM microparticles are shown in Figure 1B. The characteristic high-intensity peaks at 2θ = 12.4°, 14.6°, 16.7° and 19.0° were attributed to PLLA. The characteristic diffraction peaks attributed to CM at 8.8° and 17.2° were observed in PDA-PLLA/CM microparticles, indicating the presence of CM. From the FTIR and XRD analysis results, it can be further confirmed that the prepared microparticles are PDA-PLLA/CM composite microparticles.



The morphology of PLLA/CM and PDA-PLLA/CM microparticles was characterized by SEM. As shown in Figure 2A,C, microparticles before and after being coated with PDA both presented a spherical morphology. It was observed that the surface of PLLA/CM was smooth, while the surface of microparticles after modification by PDA was rough. Malvern laser particle size analyzer was used to obtain the microparticle size and size distribution. From Figure 2B,D, the average particle sizes of PLLA/CM and PDA-PLLA/CM microparticles were (802.6 ± 8.0) nm and (942.5 ± 39.5) nm, respectively. Compared with PLLA/CM microparticles, the average sizes of PDA-PLLA/CM microparticles was larger, which may be contributed to the PDA layers forming a covering over the CM-loaded PLLA microparticles.




3.2. Drug Loading and Responsive Release


As shown in Figure 3A, the UV absorption spectral of the samples was used to calculate the drug loading efficiency (DLE) of PLLA/CM, PDA-PLLA/CM microparticles. PLLA and PDA-PLLA microparticles had no obvious characteristic peaks within the detection range of 300–600 nm. After the CM loading process, a characteristic absorption peak appeared at 425 nm in the spectral of PLLA/CM and PDA-PLLA/CM microparticles, proving that CM was successfully loaded on the microparticles. The CM loading rates was 15.6% calculated by the standard curve of CM and corresponding formula for the quantitative analysis.



As depicted in Figure 3B, the CM release behavior of PDA-PLLA/CM microparticles in different condition was investigated in vitro. PDA-PLLA/CM microparticles exhibited a typical pH-responsive release behavior. The release rate of CM accelerated from 24.9% to 58.7% when the pH value changed from 7.4 to 5.5 after 30 days. The similar studies have reported that PDA could more easily degrade from the surface of microparticles after immersed in the acid media, promoting drug release [48,50]. Moreover, after NIR irradiation for 10 min, burst release of CM could be found (Figure 3C). This may be caused by the increase in local temperature generated by PDA after irradiation, accelerating the molecular motion. The pH- and NIR-responsive drug release could make PDA-PLLA/CM microparticles a potential option for synergic tumor chemo-photothermal therapy.




3.3. Photothermal Property Evaluation


To demonstrate the photothermal properties of PDA-PLLA/CM microparticles, the temperature changes were recorded under NIR laser irradiation at room temperature. PDA-PLLA/CM microparticles exhibited excellent photothermal conversion properties, attributing to the coating of PDA. With increasing microparticle concentration and radiation time, the temperature of the solution increased at a power density of 1.3 W/cm2 (Figure 3A). The temperature of the microparticles at concentrations of 250 μg/mL, 500 μg/mL, and 1000 μg/mL reached 46.5 °C, 51.7 °C and 60.8 °C after 10 min, respectively. Moreover, it was revealed that the temperature of the microparticles also changed with different power densities in Figure 4B. The ultimate temperature of PDA-PLLA/CM microparticles (500 μg/mL) was increased rapidly, with a power intensity increase from 1 to 1.5 W/cm2. It has been proved that temperatures of over 44 °C can induce apoptosis by cell damage [51]. Furthermore, the temperature of 5 laser on/off cycles was examined at 1.3 W/cm2 (Figure 4C). It was found that the maximum temperature of all cycles reached at 51.2 ± 0.7 °C, and there was no obvious reduction. Therefore, the photothermal effect would not weaken with increased radiation time, indicating that the microparticles had splendid photostability provided by PDA [48]. In addition, the photothermal conversion efficiency (η) could be calculated to be 18.4% from a cooling curve (Figure 4C) and the thermal time constant (τs = 242.89) (Figure 4D). This value is basically consistent with that presented in previous studies, confirming that the photothermal conversion process of PDA has high efficiency [13].




3.4. In Vitro Anti-Cancer of PDA–PLLA/CM Microparticles


The in vitro anti-cancer effects of PDA-PLLA/CM microparticles with different concentrations are shown in Figure 5A. Obviously, PDA-PLLA/CM microparticles with concentrations ranging from 30 to 60 μg/mL had no significant toxicity to MG-63 cells. When the concentration of the microparticles increased from 125 μg/mL to 500 μg/mL, the cell survival rate decreased from 71.8% to 45.4%. These results suggest that the anti-cancer effect of PDA-PLLA/CM microparticles is concentration dependent. In addition to ensuring drug efficacy, in vitro cytotoxicity should also be considered before beginning human application. Therefore, the effect of PDA-PLLA/CM microparticles with different concentrations on the viability of MC3T3-E1 cells was investigated (Figure 5B). At concentrations lower than 500 μg/mL, the activity of PDA-PLLA/CM microparticles on MC3T3-E1 cells was not significantly decreased. However, the cell survival rate of MC3T3-E1 cells decreased to 86.5% at the concentration of increasing to 1000 μg/mL.



Based on the above results, 500 μg/mL PDA-PLLA/CM microparticles had outstanding anti-cancer activity, and no obvious cytotoxicity to MC3T3-E1 cells was identified. As demonstrated in previous studies, the anti-cancer activity of CM could be attributed to the inhibition of hypoxia-induced proliferation and invasion of MG-63 osteosarcoma cells by downregulating the expression of Notch1 and activating miR-125a/ERRα Signal Pathway by downregulating ERRα gene expression and upregulating miR-125a level [52,53]. It has also been shown in other studies that tumor cells are more sensitive to the cytotoxicity of CM than normal cells [12,13,48]. Therefore, PDA-PLLA/CM microparticles with a concentration of 500 μg/mL were selected to study the effects of different culture time on the viability of MG-63 and MC3T3-E1 cells. As shown in Figure 5C, the PLLA and PDA-PLLA microparticles exhibited no influence on the activity of MG-63 cells after co-cultured for 1, 3 and 5 days, while CM, PLLA/CM and PDA-PLLA/CM microparticles could markedly decrease the activity of MG-63 cells. The anti-cancer effects of PDA-PLLA/CM microparticles increased with the prolongation of co-culture time, suggesting that the microparticles has a long-term and stable anti-cancer effect. This may be a result of the effect of the stable CM release from PDA-PLLA/CM microparticles on cells. From Figure 5D, the PDA-PLLA/CM microparticles had a good cytocompatibility with MC3T3-E1 cells. With the extension of culture time, the proliferation of MC3T3-E1 cells was not significantly inhibited by PDA-PLLA/CM microparticles. Consequently, PDA-PLLA/CM microparticles have good application prospects in the treatment of bone tumor.



The fluorescence images of the staining assay (Figure 5E) show that in comparison with culturing with 500 μg/mL PDA-PLLA/CM microparticles, MG-63 cells were more obviously ablated when co-cultured with 500 μg/mL sample solution for 48 h, which is consistent with the above results. Furthermore, as shown in Figure 5F, even at a concentration of 500 μg/mL, PLLA, CM (75 μg/mL), PLLA/CM, PDA-PLLA and PDA-PLLA/CM microparticles had good cytocompatibility, further demonstrating that all samples had no obvious toxicity for osteoblasts.




3.5. In Vitro Chemo-Photothermal Therapy Effect


To study the effects of PDA-PLLA/CM microparticles on tumor cells under NIR irradiation, MG-63 cells were incubated with PLLA, CM, PLLA/CM, PDA-PLLA and PDA-PLLA/CM microparticles with or without NIR laser radiation. As shown in Figure 6A, PLLA had almost no effect on the viability of MG-63 cells before and after NIR treatment, verifying the safety of the laser. When MG-63 cells were co-cultured with CM and PLLA/CM before and after NIR irradiation, the cell activity was about 48.1% and 44.7%, 48.2% and 47.4%, respectively. As shown in Figure 3C, the heat could accelerate CM release to induce the tumor cells apoptosis with NIR irradiation. The viability of MG-63 cell was 91.1% and 49.7% when incubated with the PDA-PLLA and PDA-PLLA/CM microparticles without NIR irradiation, further confirming the effective loading of CM. Moreover, after being co-cultured with PDA-PLLA/CM microparticles with NIR irradiation, cell activity could be reduced to only 20.6%, indicating that the therapeutic effect was greatly improved. It has been reported that a “suppressive hyperthermia” (45–48 °C) could cause rapid necrotic death in cancer cells that are resistant to standard hyperthermia [54].



Live cells stained with fluorescent dye were observed to further investigate the growth of cells. As shown in Figure 6B, under the NIR irradiation, the number of live cells in PDA-PLLA/CM microparticles group was obviously less than in the CM and PLLA/CM microparticle groups. Therefore, it could also be confirmed that NIR irradiation could enhance antitumor effects significantly of the PDA-PLLA/CM microparticles.





4. Conclusions


In conclusion, we report a composite drug-loaded microsphere, which was synthesized by the SEDS process and then functionalized by PDA, for the chemo-photothermal treatment of osteosarcoma. The PLLA/CM microparticles with a size of (802.6 ± 8.0) nm prepared by SEDS technology improved the bioavailability of CM. The PDA-PLLA/CM microparticles with a size of (942.5 ± 39.5) nm were able to realize pH- and near-infrared (NIR) responsive release of CM. PDA had a strong thermal response to 808 nm NIR radiation, not only providing photothermal treatment for tumor particles, but also promoting the release of CM. In vitro anti-cancer experiment results showed that the growth of MG-63 cells was effectively inhibited by PDA-PLLA/CM microparticles and the activity of MC3T3-E1 cells was not affected. In addition, the cell viability of MG-63 was reduced from 47.4% to only 20.6% for chemo-photothermal therapy incubated with 500 μg/mL PDA-PLLA/CM microparticles before and after NIR irradiation. Therefore, PDA-PLLA/CM microparticles reported in this study provides a new strategy for the application of SEDS technology, and also has great potential for synergetic chemo-photothermal therapy for osteosarcoma.
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Scheme 1. The scheme of the construction route of PDA-PLLA/CM and the chemo-photothermal synergistic therapy of osteosarcoma. 
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Figure 1. (A) FTIR spectra, (B) XRD patterns of PLLA, CM, PLLA/CM and PDA-PLLA/CM microparticles. 
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Figure 2. Morphology character of samples. (A) SEM images of PLLA/CM microparticles. (B) Size distribution of PLLA/CM microparticles. (C) SEM images of PDA-PLLA/CM microparticles. (D) Size distribution of PDA-PLLA/CM microparticles. 
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Figure 3. Drug-loading character of microparticles. (A) UV−Vis absorption spectra of PLLA/CM and PDA-PLLA/CM microparticles for CM (425 nm). (B) CM release curves under different pH. (C) NIR-response release of CM for 10 min (pH 5.5, 1.3 W/cm2). 
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Figure 4. Photothermal properties of PDA-PLLA/CM microparticles. (A) Temperature variation at different concentrations under 808 nm irradiation (1.3 W/cm2) for 10 min, (B) at different powers of irradiation (500 μg/mL) for 10 min, and (C) over 5 irradiation cycles (808 nm, 500 μg/mL, 1.3 W/cm2). (D) Fitting curves of the time logarithm of the temperature during the cooling process. 
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Figure 5. (A,B) Cell viability after being co-cultured with PDA-PLLA/CM microparticles at different concentrations for 48 h. (C,D) After being treated with different samples for 1, 3, 5 days. (E,F) Fluorescence staining images of MG-63 and MC3T3-E1 cells incubation with different samples. (PLLA, PLLA/CM, PDA-PLLA and PDA-PLLA/CM microparticles, 500 μg/mL; CM, 75 μg/mL). (* p-value < 0.05, *** p-value < 0.001). 
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Figure 6. (A) Cell viability ofMG-63 cells after being cultured with PLLA, PLLA/CM, PDA-PLLA and PDA-PLLA/CM microparticles at the same CM concentration level with or without NIR irradiation (PLLA, PLLA/CM, PDA-PLLA and PDA-PLLA/CM microparticles, 500 μg/mL; CM, 75 μg/mL). (B) Fluorescence staining images of MG-63 cells with or without NIR irradiation (1.3 W/cm2) for 10 min. (*** p-value < 0.001). 
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