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Abstract

:

The combination of chemodynamic therapy (CDT) and photothermal therapy (PTT) has proven to be successful in combating the challenges associated with cancer therapy. A combination of these therapies can maximize the benefits of each therapeutic modality through endogenous reduction-oxidation (redox) reaction and external laser power induction. In the current work, we have designed a copper-aluminum layered double hydroxide (CuAl-LDH) loaded doxorubicin (DOX) by a co-precipitation method; the surface was coated with polydopamine (PDA). The synthesized CuAl-LDH@DOX@PDA nanocarrier (NC) served as a Fenton-like catalyst with photothermal properties. It is well known that metal ion incorporated NCs can induce intracellular depletion of reduced glutathione (GSH) levels along with the reduction of Cu2+ to Cu+. The Cu+ ions in turn react with DOX leading to the generation of intracellular hydrogen peroxide (H2O2) molecules to produce the highly toxic hydroxyl radicals (•OH) through a Fenton-like reaction. The enhanced absorption of CuAl@DOX@PDA at 810 nm, greatly improved the photothermal efficiency in comparison with bare CuAl-LDH and CuAl-LDH@DOX. In vitro studies revealed the tremendous CDT/PTT efficacy of CuAl@DOX@PDA in suppressing A549 cancer cells. Furthermore, reactive oxygen species (ROS) assays and intracellular levels of various ROS cascade biomolecules support our findings in the efficient destruction of cancer cells through synergistic CDT/PTT therapy.
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1. Introduction


Cancer is the leading cause of death worldwide [1]. Several approaches have been developed for the management of cancers, including chemotherapy (CT), CDT, PTT, photodynamic therapy (PDT), photothermal therapy, radiotherapy (RT), and surgical therapy [2]. However, the use of a single therapeutic modality for cancer treatment is often associated with limitations such as minimal therapeutic efficacy, toxicity, reoccurrence of the malignancy, and resistance to a particular type of treatment [3]. To overcome these limitations associated with monotherapy, synergistic treatment modalities combining different treatments have evolved and have proven to be advantageous [4]. In recent years, the synergistic effects of CDT and PTT have been proven to be beneficial in the suppression of cancers [5,6]. NC-based therapeutic delivery has gained widespread attention recently due to the benefits such as site-specific drug delivery, targeted drug delivery, bio-imaging, cancer therapy, and applications in other bio-logical fields [7,8,9]. Various types of NC were used for biological applications such as mesoporous silica, polymeric NC, carbon nanotubes, lipid-based NCs, and LDH [10]. Among the NCs studied, LDH has versatile characteristics, such as adjustable elemental composition, good biocompatibility, and high interlayer gallery space facilitating a high drug loading capacity. Previous in vivo studies have confirmed that LDH NCs are non-toxic to animals without any signs of inflammation, blood obstruction, and histological changes after four weeks of treatment [11,12,13,14].



In our current report, the intercalation of the chemotherapeutic drug in the LDH interlayers is efficient in ROS generation inside the cells through cellular pathways, whereas the transitional metal in the layered architecture can generate highly toxic hydroxyl radicals through a Fenton-like reaction by CDT. In addition, PDA aids in PTT through synergistic enhancement of CT and CDT effects by increasing cell death via heat generation from the specific light source. Lu et al. reported dihydroartemisinin-loaded manganese ion-doped magnesium-Iron-LDH NCs for synergistic CDT/PTT [15]. The developed NC’s showed tremendous photothermal properties with a photothermal conversion efficacy of up to 10.7% [15]. In another study, Sun et al. reported indocyanine green intercalated copper (Cu) substituted LDH for combinational PTT/PDT therapy to inhibit tumor growth in vivo. The intercalated metal ion is shown to generate a Fenton-like reaction with amplification of ROS species through the Cu+ oxidation [16]. Several other researchers have developed hybrid LDH NC’s by incorporation of various metal ions for multimodal synergistic therapies [17,18,19,20,21].



In our current work, we reported CuAl-LDH/ICG NC’s for tri-modal cancer therapy viz, CDT/PDT/PTT. Initially, we synthesized CuAl-LDH through the co-precipitation method and further intercalated the chemotherapeutic DOX within the LDH interlayers. Further PDA is coated over the surface to aid in PTT and sustained drug release. The in-vitro cell viability, cellular uptake studies, GSH depletion, and ROS detection assays prove that the synthesized NCs are efficient in inhibiting cancer cell proliferation. The synergistic mode of action of our NCs is explained in the scheme.




2. Materials and Methods


2.1. Reagents


Aluminum chloride hexahydrate (AlCl3·6H2O) and Sodium hydroxide (NaOH) were purchased from J.T. Bakers (Clare, MI, USA). Copper chloride dihydrate (CuCl2·2H2O), Doxorubicin hydrochloride (DOX·HCl), 2,7-Dichlorofluorescin diacetate (DCFDA), and Dopamine were purchased from the Sigma Aldrich (St. Louis, MO, USA).




2.2. Characterization


The transmission electron microscopic (TEM) images of LDH were captured by a transmission electron microscope Hitachi HT7700, (Tokyo, Japan) ran at an acceleration voltage of 120 kV. X-ray powder diffraction (XRD) analysis was conducted by X-ray diffractometer (Bruker, Robin Hill Road, Santa Barbara, CAy; Cu Kα radiation, ʎ = 0.15405 nm) at 30 kV and 30 mA with a scanning rate of 10°/min with 2θ ranging from 10° to 80°. The zeta size and zeta potential were obtained by using Zetasizer Nano ZS-90, (Malvern, UK). The cell viability assay was determined by using a PerkinElmer Enspire Multimode Plate Reader (Waltham, MA, USA). The functional group analysis was done by Fourier transmission infrared spectroscopic (FTIR) studies, which were recorded on Brucker’s Tensors 27 series spectrometer (Texas city, TX, USA). Ultraviolet-visible (UV-Vis) absorbance studies were carried out by Uv-1700 Pharma Spec, Shimadzu, MA (canton), USA.




2.3. Synthesis of LDH


LDH NCs were prepared by co-precipitation method by following the previously reported methods [22]. Briefly, 1.5 mmol CuCl2·2H2O and 0.5 mmol of AlCl3·6H2O were added into 1 M NaOH (40 mL) and stirred at room temperature for 3 h. Furthermore, the slurry pH was adjusted with NaOH (0.2 M) solution to 10. The slight blue color precipitate was collected and centrifuged at 12,000 rpm for 17 min and the contents were washed with deionized water (degassed water) twice and the resultant solid was dispersed into 100 mL deionized water in a stainless-steel hydrothermal flask. The hydrothermal flask was placed in the oven at 100 °C for 24 h. The solids were collected and redispersed into 30 mL of deionized water twice. The resultant solids were dried by a freeze-dryer and stored at 4 °C for further experiments. The product is labeled as CuAl-LDH.




2.4. DOX Loading into Interlayers of CuAl-LDH


The DOX was loaded into NC by following the previously reported protocols. Aqueous DOX (1 mg/mL) solution 10 mL was added to 200 mg of dried CuAl-LDH and continued to stir overnight at room temperature (RT). The DOX-loaded NC was collected by centrifugation and wash with deionized water twice. The DOX loading percentage was calculated by the following equation and the product was named CuAl-LDH@DOX.


Entrapment Efficiency% (EE%) = (Amount of drug in NC/Amount of drug used in formulation) × 100










Loading Efficiency% (LE%) = (Amount of drug in NC/Amount of NC) × 100












2.5. Surface Coating with PDA


The DOX-loaded CuAl-LDH (500 mg) was dispersed into 400 mL of dopamine-deionized (0.4 M) water solution. The contents were stirred at room temperature for 30 min, and 5 mL of Tris-HCl was added to the above suspension dropwise and stirred for 24 h. The formation of black color indicates the successful polymerization of polydopamine over CuAl-LDH@DOX NC’s. Finally, PDA-coated CuAl-LDH@DOX solids were collected by centrifugation and washed several times with deionized water (degassed). The dried solid was collected by freeze-drying process and the solid was stored at 4 °C for further use. The product was labeled as CuAl-LDH@DOX@PDA.




2.6. DOX Release Quantification


The drug release was investigated by following the previous protocols. The percentage of DOX release was determined by immersing CuAl-LDH@DOX, and CuAl-LDH@DOX@PDA in phosphate buffer solution (PBS) at two different pH (pH 5.0 and 7.4). The solids were suspended in 1 mL Eppendorfs at 37 °C on a rotation apparatus at 200 rpm, and at multiple time intervals (viz 0, 1, 2, 3, 4, 5, 6, 8, 10, 14, 20, and 24 h) the buffer was replaced with a 1.0 mL solution of fresh PBS. The amount of DOX was estimated by using UV-Vis spectroscopy by measuring DOX absorbance at 481 nm. The experiments were performed in triplicates.




2.7. PTT In-Vitro Studies


The PTT studies were conducted by following previous studies, in which 1 mL quartz cuvette having samples were irradiated with a light source (NIR 808 nm, 1 W/cm2) and temperature changes were recorded by the thermal camera (FLIR ONE PRO, Wilsonville, OR, USA).




2.8. Cell Culture


A549 cells were used for all in vitro experiments, which were cultured with Dulbecco’s modified Eagle’s medium (DMEM) along with 10% FBS. 1% penicillin-streptomycin was used as the cell culture medium, and the 3-(4.5-dimethyl-2-thiazolyl)-2,5-diphenyl tetrazolium bromide (MTT) assay was performed to measure the cell viability in various treatment groups.




2.9. Cell Viability MTT Assay


To evaluate the CDT efficacy in vitro, A549 cells were cultured in 96-well plates and incubated for 24 h. The next day plates were treated with various concentrations of NC. Then, the plates were incubated for another 24 h and, finally, cell viability was measured by MTT colorimetric assay. To investigate the PTT efficacy in vitro, A549 cells were seeded in 96 well plates and after incubation for 24 h; each well was treated with different concentrations of PDA coated NCs. After incubating for another 24 h, each well was washed with PBS two times, and the plates were irradiated with 810 nm laser (1.0 W/cm) for 5 min and MTT assay was performed to measure the cell viability. Formazan crystals were dissolved in DMSO.




2.10. Invitro ROS Detection Assay


To examine the generation of intracellular ROS, A549 cells were cultured in six-well plates and incubated for one day. Then, wells are treated with 100 µg/mL of CuAl-LDH@DOX, and CuAl-LDH@DOX@PDA (except control wells) and PTT experiments, were carried out following the same experimental conditions by with and without using the light source. After incubation for 24 h, every well was treated with 5 µg/mL DCFDA and incubated for 30 min in Corning® (Glendale, AZ, USA) 96-well plates with a transparent bottom and black sidewalls. The wells were washed with PBS solution. The generation of ROS was estimated by a microplate reader to detect the fluorescence intensity by fluorescence microscope. The experiments were performed in triplicates and hydrogen peroxide (H2O2) was used as the negative control.




2.11. GSH Levels Detection Assay


The levels of GSH were estimated by GSH assay kits (Promega, Madison WI, USA). A549 cells were seeded onto 96 well transparent Corning® 96-well plates and treated with NC (100 µg/mL), with and without light irradiation. After treatment, the amount of GSH levels at the cellular level were determined by following the manufacturer’s instructions. The experiments were performed in triplicates. Bicinchonic acid assay (BCA) was used to measure the protein contents.




2.12. Statistical Analysis


All data were stated as mean ± standard deviation (S.D.). In all analyses, p ≤ 0.001 (***), p ≤ 0.01 (**), and p ≤ 0.05 (*) were judged statistically significant. The data were analyzed by Student’s t-test to compare two mean values and one-way ANOVA followed by Tukey’s multi comparison test which was used to compare more than two mean values. Graphpad prism 5 was used to calculate the statistical significances.





3. Results and Discussion


3.1. Synthesis and Anticancer Mechanism


The rational design and synthesis of CuAl-LDH NC’s are illustrated in Scheme 1. A simple co-precipitation technique was employed to produce CuAl-LDH by dispensing NaOH into an aqueous solution of CuCl2 and AlCl3 salts at room temperature under continuous stirring. After 3 h, the contents were collected by centrifugation and repeated washing with deionized water thrice and aged in a hydrothermal flask for 24 h. The collected washed, and freeze-dried NC was stored at 4 °C for further loading of DOX & PDA coating. The designed NC’s display therapeutic properties by responding to the acidic conditions present in the tumor microenvironment resultant from a high glycolytic rate [23]. Most notably, CuAl-LDH initiates CDT by the conversion of Cu to Cu2+ in the presence of acidic conditions of the tumor. The resultant Cu2+ could convert endogenous H2O2 to O2 resulting in the generation of •OH through Fenton reaction to initiate CDT [24]. Simultaneously, the acidic environment facilitates the release of copper coordinated DOX from the LDH interlayers resulting in CDT. In addition, the polymer coating provides an extended release of DOX along with PTT upon light irradiation.




3.2. Characterization and Properties


Figure 1A shows the TEM image of CuAl-LDH NC’s, possessing hexagonal morphology with an average size of 70 nm. From the dynamic light scattering (DLS) studies it is evident that the mean particle size slightly increased from 70 nm to 90 nm after DOX loading (Figure 1B(a,b)). Furthermore, PDA polymer coating resulted in a significant increase in particle size to 125 nm (Figure 1B(c)). Moreover, the charge of the NCs was evaluated by zeta potential measurements at pH 7.4. The zeta potential was positive (+35.02 and 34.23 mV) for both CuAl-LDH and CuAl-LDH@DOX. PDA coating slightly reduced the positive surface charge to −14.61 mV in CuAl-LDH@DOX@PDA confirming the polymer adsorbed to the surface of CuAl-LDH@DOX NC’s. The size of LDH NCs is beneficial for cell uptake and drug release at the desired site in cancer cells, the optimal size around 100 nm-sized NC showing promising cellular uptake by endocytosis according to the previous reports. The size and charge could influence the NC uptake, translocation efficacy into the cytosol, and drug release at the desired site of action [8,25].



The FTIR spectra of the CuAl-LDH, CuAl-LDH@DOX, and CuAl-LDH@DOX@PDA are presented in Figure 2A. In CuAl-LDH samples (Figure 2A(a)) the broad characteristic bands at 3500 cm−1 correspond to O–H stretching vibrations, whereas the band at 1625 cm−1 can be ascribed to O–H bending of the surface OH functional groups and water molecules. The sharp peak at 1375 cm−1 is attributed to the interlayer chloride ions. The band at 1030 cm−1 can be assigned to a C-O stretching vibration. The presence of the characteristics bands of DOX at 1106 cm−1 and 1420 cm−1 resultant from δ (CH3O-) stretching and δ(N-H) vibration of DOX confirms the successful loading of DOX in CuAl-LDH@DOX (Figure 2A(b,c)) [26]. Furthermore, coating of PDA resulted in additional bands at 1460 and 1630 cm−1 which corresponds to the indole groups in PDA [27,28]. Additionally, characteristic -CH2-stretching vibrations are found at 2920 cm−1 in CuAl-LDH@DOX@PDA samples confirming successful adsorption of PDA onto CuAl-LDH@DOX (Figure 2A(d)). CuAl-LDH, CuAl-LDH@DOX, and CuAl-LDH@DOX@PDA NC’s showed crystalline planes structures as evident from the P-XRD patterns in Figure 2B. The layered structure of CuAl-LDH with symmetrical geometry displaying different crystal planes consisting of (003), (006), and (009) values, confirming hydrotalcite structure (Figure 2B(a)). There is a slight shift of the P-XRD pattern in CuAl-LDH@DOX samples, which could be attributed to the d-spacing changes in brucite-like structure resulting from drug intercalation into the NC’s interlayers (Figure 2B(b)). [29]. PDA loading did not affect the crystal structure and shows similar values to that of CuAl-LDH and CuAl-LDH@DOX (Figure 2B(c)).




3.3. In Vitro DOX Release


LDH has several desirable characteristics for drug delivery including, optimal biocompatibility, anion exchange properties, great chemical stability, and pH-dependent solubility. In particular, LDH is well known for its efficacy in delivering negatively charged therapeutics as it possesses a net positive surface charge which promotes easy adsorption and uptake through cell membranes bearing a net negative charge without necessitating additional nanocarrier modifications which can affect the stability of nanomaterials [8,25].



The efficacy of a chemotherapeutic drug and the side effects greatly depend on their release profile up to a certain extent [30]. There were several reports on the disintegration of LDH layers specifically in the acidic promoting drug release at the tumor microenvironment [31,32,33]. Thus, the release behavior of DOX from CuAl-LDH@DOX and CuAl-LDH@DOX@PDA samples was evaluated in phosphate-buffered saline at two different pHs, viz 7.4 and 5.0, to simulate normal and tumor microenvironments (Figure 3a) [34]. In the traditional drug delivery methods, there is a rapid increase and decrease in the drug levels in the blood, which necessitates the administration of drugs at multiple-time intervals. In contrast, the extended drug delivery methods maintain a constant level of the drug for prolonged periods, which can drastically reduce the dose and frequency of drug intake, thereby alleviating the associated side effects. Nevertheless, one of the key challenges in extended drug delivery is the initial burst release of the drug in the early phases. In CuAl-LDH@DOX samples, the initial drug release was rapid (50% within the first 5 h) whereas, PDA coating over the surface of LDH allowed the extended-release of DOX with about 21% DOX release within the first 10 h. In both CuAl-LDH@DOX and CuAl-LDH@DOX@PDA samples, there is a significant increase of drug release in acidic pH values when compared to basic pH due to the degradation of LDH layers, thereby increasing DOX release.




3.4. Photothermal Performance of CuAl-LDH@DOX@PDA


In recent years, there were several reports on the ability of PDA to convert NIR light to heat for the destruction of tumors (Figure 3b) [34,35,36]. Therefore, we sought to investigate the photothermal properties of PDA. The photothermal properties of CuAl-LDH@DOX@PDA are evaluated by heating the NC dispersions at different concentrations (50, 100, and 250 µg/mL under NIR irradiation (810 nm) with a time interval between 25–400 s. With the increase in time, there is a significant increase in temperature in a dose-dependent manner. Our results provide strong evidence that photothermal performance can be controlled by varying the concentration of NC according to necessity.




3.5. Cellular Uptake and Intracellular Distribution of NC


To determine the endocytosis of CuAl-LDH, a co-localization analysis was performed in A549 cells using FITC conjugated LDH. The results indicated a time-dependent increase in cellular uptake. After 6 h of incubation, there is an increase in green fluorescence at the cytoplasm indicating successful endocytosis of LDH (Figure 4A) [25]. To investigate the uptake of NC intercalated DOX into the cells, A549 cells were incubated with CuAl-LDH@DOX@PDA samples for 24 h before taking fluorescence images. As shown in Figure 4B, A549 cells incubated with CuAl-LDH@DOX@PDA showed a strong red fluorescence, indicating a high uptake of NC through endocytosis which is in agreement with previous studies on LDH@DOX uptake [29,37].




3.6. In Vitro Cell Viability and ROS Production


The in vitro therapeutic efficacy of NC was verified using methyl thiazolyl tetrazolium (MTT) assay in cells treated with DOX, CuAl-LDH@DOX, and CuAl-LDH@DOX@PDA with and without light at different drug concentrations. As seen in Figure 5. CuAl-LDH@DOX@PDA displayed better cytotoxic effects than DOX and CuAl-LDH@DOX at all the tested concentrations. In addition, light irradiation significantly reduced the number of viable cells (IC 50 12.5 ng/mL for DOX, CuAl-LDH@DOX, and CuAl-LDH@DOX (−L), 6.25 ng/mL for CuAl-LDH@DOX (+L)) in CuAl-LDH@DOX@PDA treated samples conforming to chemo-photothermal synergistic properties of the NC similar to previous findings.



Intracellular ROS levels were determined in A549 cells using ROS-sensitive fluorescent dye, 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA). DCFH-DA emits a green, fluorescent signal upon reacting with 1O2 oxygen species. As shown in Figure 6, cells without NC (negative control) incubation exhibited a weak fluorescence signal, while cells treated with H2O2 (positive control) displayed a strong fluorescent signal confirming the presence of ROS. CuAl-LDH@DOX and CuAl-LDH@DOX@PDA samples displayed similar fluorescent signals in the absence of light, however, NIR irradiation exhibited a significant increase in ROS levels in CuAl-LDH@DOX@PDA samples, an additional confirmatory test that revealed CDT/PTT synergistic properties of the NC.




3.7. Effects of NC on Reduced GSH Levels


Within the cells, glutathione exists in a reduced monomeric form (GSH) or an oxidized dimeric form (GSSG). Usually, most of the cellular glutathione exists in the reduced state (95%) [38] and a decrease in intracellular GSH levels indicates utilization of GSH or development of GSH-adducts one assessment of cellular oxidative stress. We assessed the effects of CuAl-LDH, CuAl-LDH@DOX, and CuAl-LDH@DOX@PDA with and without light irradiation on reduced GSH levels (Figure 7). Treatment with CuAl-LDH, CuAl-LDH@DOX significantly reduced the GSH levels when compared to CuAl-LDH. Additionally, light irradiation significantly depleted GSH levels in CuAl-LDH@DOX@PDA due to the synergistic CDT/PTT properties.





4. Conclusions


In summary, we established a multifunctional CuAl-LDH@DOX@PDA NC for combined chemo dynamic and photothermal therapy for the ablation of A549 cancer cells. NC’s successfully delivered the DOX to the cancer cells efficiently in an acidic environment and participated in the CDT sequential reactions to enhance the ROS levels. In addition, efficient PTT therapy under specified light sources potentially enhanced the cancer therapy. Therefore, CuAl-LDH@DOX@PDA NC’s can serve as a good platform for the selective eradication of cancer cells.




5. Limitations and Future Perspectives


Although LDH are efficient materials for therapeutic delivery with high biocompatibility, their inability to surface functionalize biomolecules limits their scope in designing particles with multiple properties. This can be overcome through the development of hybrid nanocarriers by a combination of LDH with other inorganic nanocarriers such as mesoporous silica, metal, and non-metal nanocarriers, etc., that can be effectively functionalized for multiple functions.
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Scheme 1. Graphical representation of the synthesis of CuAl-LDH, DOX loading, and PDA coating. Cellular uptake mechanism, DOX releasing mechanism, and tumor cell eradication by chemo dynamic and photothermal therapy. 
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Figure 1. (A) TEM images of as-synthesized CuAl-LDH (scale bar 100 μm), (B) zeta size of (a) CuAl-LDH, (b) CuAl-LDH@DOX, and (c) CuAl-LDH@DOX@PDA, and (C) zeta potential of CuAl-LDH, CuAl-LDH@DOX, and CuAl-LDH@DOX@PDA. 
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Figure 2. (A) FT-IR spectra of (a) CuAl-LDH, (b) DOX, (c) CuAl-LDH@DOX, and (d) CuAl-LDH@DOX@PDA. (B) P-XRD analysis of (a) CuAl-LDH, (b) CuAl-LDH@DOX, and (c) CuAl-LDH@DOX@PDA. 
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Figure 3. (a) DOX releasing from CuAl-LDH@DOX and CuAl-LDH@DOX@PDA over time at various PBS solutions of pH 5.0 and 7.4 (at 37 °C). (b) Temperature increasing profiles of CuAl-LDH@DOX@PDA under 808 nm laser irradiation over time (50, 100, and 200 μg/mL). 
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Figure 4. (A) Fluorescence microscopic images of CuAl-LDH (100 μg/mL) cellular uptake with the treatment of FITC labeled CuAl-LDH (100 μg/mL), and (B) intracellular DOX uptake in A549 cells treated with CuAl-LDH@DOX@PDA (20× magnification), (Scale bar 100 μm). 
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Figure 5. In vitro cell viability studies, dose-dependent cell viability of A549 cells incubated with DOX, CuAl-LDH@DOX, CuAl-LDH@DOX@PDA, and CuAl-LDH@DOX@PDA (−L) for 24 h and CuAl-LDH@DOX@PDA (+L) treated groups were irradiation light source for 5 min after 24 h treatment (DOX equivalent dose). 
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Figure 6. Intracellular ROS production in A549 cells treated with NCs with and without light irradiation by DCFDA assay. The fluorescence signal was detected by a microplate reader (ʎex = 488 nm, ʎem = 535 nm). 
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Figure 7. NCs inhibits GSH production in A549 cells. Different NCs inhibit GSH production in A549 cells compared with 0 µM of the treatment group. ** and *** denotes the significant differences of CuAl-LDH@DOX@PDA, CuAl-LDH@DOX@PDA (+L) compared with 0 µM of NC. 
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