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Abstract

:

Nanotechnology is focused on the development and application of novel nanomaterials with particular physicochemical properties. Palladium nanoparticles (PdNPs) have been used as antimicrobials, antifungals, and photochemicals and for catalytic activity in dye reduction. In the present investigation, we developed and characterized PdNPs as a carrier of quercetin and initiated a study of its effects in colorectal cancer cells. PdNPs were first functionalized with polyvinylpyrrolidone (PVP) and then coupled to quercetin (PdNPs-PVP-Q). Our results showed that quercetin was efficiently incorporated to PdNPs-PVP, as demonstrated using UV/Vis and FT-IR spectroscopy. Using transmission electron microscopy, we demonstrated a reduction in size from 3–14.47 nm of PdNPs alone to 1.8–7.4 nm of PdNPs-PVP and to 2.12–3.14 of PdNPs-PVP-Q, indicating an increase in superficial area in functionalized PdNPs-Q. Moreover, hydrodynamic size studies using dynamic light scattering showed a reduction in size from 2120.33 nm ± 112.53 with PdNPs alone to 129.96 nm ± 6.23 for PdNPs-PVP-Q, suggesting a major reactivity when quercetin is coupled to nanoparticles. X-ray diffraction assays show that the addition of PVP or quercetin to PdNPs does not influence the crystallinity state. Catalytic activity assays of PdNPs-PVP-Q evidenced the chemical reduction of 4-nitrophenol, methyl orange, and methyl blue, thus confirming an electron acceptor capacity of nanoparticles. Finally, biological activity studies using MTT assays showed a significant inhibition (p < 0.05) of cell proliferation of HCT-15 colorectal cancer cells exposed to PdNPs-PVP-Q in comparison to untreated cells. Moreover, treatment with PdNPs-PVP-Q resulted in the apoptosis activation of HCT-15 cells. In conclusion, here we show for the first time the development of PdNPs-PVP-Q and evidence its biological activities through the inhibition of cell proliferation and apoptosis activation in colorectal cancer cells in vitro.
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1. Introduction


Nanotechnology has become a very wide and diverse research area with rapid development and application. An objective of nanotechnology study is nanoparticles (NPs) with different compositions. Metallic nanoparticles have been of great interest due to their specific physicochemical characteristics. These characteristics include a small size (between 1–100 nm), a large superficial area, high reactivity, and the extraordinary quantum effect [1,2]. Due to their physical-chemical characteristics, NPs have incredible pharmacokinetic properties and can be used as carriers of drugs or molecules for a specific purpose (antibiotics, antibodies, or organic molecules) [3,4]. However, nanoparticle stability remains challenging, due to the electrostatic attraction in naked NPs, which tend to agglomerate. PdNPs superficial modification to avoid agglomeration has been reported [5,6]. Molecules as glucosamine [7], sodium dodecyl sulfate (SDS) [8,9], tween [10], and PEG [5,6,11] have been used to superficially modified the NPs. The mechanisms reported to avoid agglomeration were the addition of negative charges to NP surfaces, which increases the repulsion forces inhibiting the union of several NPs [12], and molecule additions to surface NPs generate a steric stabilization [13]. Palladium nanoparticles (PdNPs) have been added to carbon nanofibers using SDS as a surfactant. The ends of SDS bind to palladium ions and the fast ion reduction suppresses the agglomeration of PdNPs [14]. Palladium is a platinum group element (PEG). In this group, it is possible to find the platinum derivate cisplatin, a metal-based drug used in cancer therapy. Nevertheless, cancer therapy with platinum showed high secondary effects, and many cancer types have developed resistance to it. In this respect, the palladium complex derivate and PdNPs show promising antitumor activity. A few PdNP antitumor effects have been reported. PdNPs were used in a transferrin platform, loaded with paclitaxel, and used to study inhibitory effects in an MCF-7 cellular line. The results showed that a combination of PdNP and paclitaxel in polymeric nanoparticles increased cytotoxicity more than PdNPs or paclitaxel alone. The use of lasers increased cytotoxicity activity [15]. Phan et al. [16] synthesized PdNP coatings with chitosan, which showed a 20% inhibition in MDA-MB-231 cells when irradiated with infrared light. Moreover, PdNPs have been used for bacterial [17] or fungal inhibition [18], showing effective inhibition. Different PdNP synthesis methods have been validated. The use of such plant extracts as Ananas comosus [19], Spirulina platensis [20], and Sapium sebiferum [21], among other reducing agents, have shown that metabolites from natural sources can be used as reducing and stabilizing agents. The presence of proteins and phytochemicals such as steroids, flavonoids, alkaloids, and other molecules in these extracts favors metal reduction and nanoparticle stability [22,23]. The activity shown in these nanoparticles can be mediated by the functional groups adhering to the PdNP surface. Among the molecules adhering to the NP superficies are flavonoids. Flavonoids are molecules that show important antioxidant (activating enzymes involved in oxidative stress response), antitumor, and anti-inflammatory activity. Anti-inflammatory activity inhibits cytokine production, among other activities [24]. It has been reported that this flavonoid affects cell proliferation in different cancer cell line types [25,26]. One of the most studied flavonoids is quercetin due to its antioxidant, anti-inflammatory, and antiproliferative effects [27]. Quercetin is the most abundant flavonoid and is ubiquitously distributed in plants. Dietary sources of quercetin include apples, strawberries, onion, tea, and wine [28]. Moreover, the role of quercetin in iron regulation through inhibiting lipid oxidation and reducing iron valence is well described [29]. It has been stated that quercetin inhibits cell proliferation and triggers apoptosis by deregulating the genes Bax and Bcl-2, and this generates an arrested cell cycle at G2/M phases in glioblastoma U251 cells [30]. It was reported that in metastatic ovarian cancer cells, quercetin increases the level of proapoptotic molecules such as cytochrome c, Bid, Bad, Bax, caspase-3, and caspase-9, indicating the mitochondrial-mediated apoptotic pathway [31]. Similar results have been described in prostate cancer; quercetin activates caspase-3 and caspase-9 triggering apoptotic mechanisms via the mitochondrial pathway [32].The NPs used as carriers for the delivery of quercetin into target cells have been evaluated in different diseases [33,34]. On the one hand, NPs alone offers a system that causes damage to specific cells by mechanisms such as oxidative stress, lipids and proteins oxidation, and high toxicity due to their physicochemical characteristic as the superficial charge [35]. In some cases, like cancer, central nervous degenerative, and cardiovascular diseases damage is generated by oxidative stress [36]. Two strategies to respond to oxidative stress have been described: (i) endogenous detoxifying systems including the enzymatic activities such as superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx) and (ii) nonenzymatic activity of exogenous molecules such as quercetin, vitamin C, and lycopene which also show potent antioxidant activities [34]. However, the exogenous antioxidant molecules are light, temperature and pH sensible, and enzymatic degradation susceptible [36]. An efficient form to inhibit this degradation is the encapsulation or transportation of these molecules by organic or metallic nanoparticles [36]. Gold NPs have been used as quercetin carriers, the NPs inhibit epithelial-mesenchymal transition, angiogenesis, and metastasis in breast cancer cell lines [37]. Quercetin has been encapsulated in a self-assembled chitosan system. The system proved to be efficient in the inhibition of breast cancer cell proliferation [38]. Metallics and organic nanoparticles coupled to quercetin have been also proved to be useful in the inhibition of oxidative stress in degenerative diseases [37,39]. Ultrasmall bimetallic Cu2-xSe-based bimetallic nanoparticles modified with quercetin promoted the microglia polarization and downregulate IL-6 and upregulate IL-10 playing anti-inflammatory activity [34]. However, as was describe before, PdNPs play an important role in nanomedicine and nanobiology due to their activity against a broad spectrum of organisms, and their chemical properties make the PdNPs a desirable candidate for the functionalization with quercetin.



Previously, we have developed PdNPs and tested their effects as a fungicide, showing that treatments induce cell wall damage and oxidative stress in Aspergillus niger and Candida albicans [18]. Here, we extend these initial findings in fungus; we functionalized PdNPs with PVP (PdNPs-PVP) and with quercetin (PdNPs-PVP-Q). The physicochemical characteristics were evaluated, and their biological activity was tested in colorectal adenocarcinoma HCT-15 cells, as quercetin is a well-known antitumor naturally occurring agent. Although several studies have reported the anti-tumor effects of quercetin in HCT-15 cancer cells, no previous approaches using palladium nanoparticles coupled with quercetin to deliver cargo into colon cancer cells have been reported.




2. Materials and Methods


2.1. Materials and Cells


All chemicals used for the NP synthesis and functionalization were reactive grade. Potassium palladium (II) chloride (CAS number 10025-98-6), sodium tetrahydroborate (CAS number 16940-66-2), polyvinylpyrrolidone (CAS number 9003-39-8), quercetin (CAS number 849061-97-8), methylene blue (CAS number 122965-43-9), methyl orange (CAS number 547-58-0), and 4-nitrophenol (CAS 100-02-7) were supplied by Sigma-Aldrich (St. Louis, MO, USA). HCT-15 colorectal cancer cells (ATCC-CCL-225) were purchased from ATCC and were grown in Dulbecco’s Modified Eagle Medium (DMEM) culture media at 37 °C in a 5% CO2 atmosphere.




2.2. Nanoparticles Synthesis


The PdNPs, PdNPs-PVP, and PdNPs-PVP-Q were synthesized using the reduction method described by Creighton and Eadont [40] with some modifications. The modifications were made in a reaction of K2PdCl4 (1 mM) with NaBH4 (3 mM). PVP was added in a final proportion of 5% (p/v). The reaction was stirred for 24 h at room temperature. Afterward, PVP-PdNPs were centrifuged for 20 min at 37,567 RCF. They were washed with distilled water twice and left to dry at 60 °C. The PVP-PdNPs were used for quercetin functionalization. A known weight of PVP-PdNPs was suspended in water and mixed with a quercetin solution in a 2% final concentration (p/v). The suspension was then agitated 12 h in light absence. PdNPs-PVP-Q were recovered by centrifugation and characterized. The synthesis of all nanoparticles was monitored by a UV/visible spectrophotometer in a range from 200 to 1100 nm (Evolution 220 Thermo Scientific).




2.3. Nanoparticles Characterization


The size, morphology, and agglomeration of all nanoparticles were analyzed by electronic microscopy. All the samples were suspended in ethanol, and the suspensions were then sonicated for 30 min using a bath sonicator (Cole-Parmer). Afterward, the samples were placed in an aluminum support for Scanning Electron Microscopy (JEOL JSM model 7401F) and carbon-coated copper grid for Transmission Scanning Microscopy (JEOL model TEM-2100F). An average of 300 nanoparticles was counted to obtain the distribution size. The hydrodynamic size and zeta potential were determined in a Malvern Zetaziser Nano ZS instrument operating at a light source wavelength of 532 nm, and a fixed scattering angle of 173° was used. A flow rate of 0.5 mL/min was used, and dynamic light scattering was analyzed every 3 s. Zeta potential was determined with laser Doppler electrophoresis using the same equipment. Changes in structure and confirmation of PVP and quercetin addition were measured via X-ray diffraction and FTIR-IR analysis. The crystallinity structure of all synthesized NPs was determined in an X-ray diffractometer model XDR, DP Phillips Xpert PRO, with Cu-Kα radiation (λ = 0.15406 nm) in a 2θ range from 20° to 80°. FTIR-IR analysis was done in a range from 399 to 3999 cm-1 in a FTIR-IR Afinnity-1S spectrophotometer (Shimadzu).




2.4. Nanoparticles Reactivity Characterization


2.4.1. Dye Degradation


All nanoparticles were employed to evaluate their degradation dye evaluation. The dyes employed were methylene blue (MB), methyl orange (MO), and 4-nitrophenol (4N; all at 10 μM) with sodium borohydride (NaBH4; 5 mM). All dyes were exposed to NPs at 10 ppm and were incubated in the dark for 60 min. After that, the absorbance in a UV-visible spectrum was measured from 300 to 800 nm (Varioskan Lux Thermo Scientific, Waltham, MA, USA).




2.4.2. Quercetin Liberation


The nanoparticles were suspended in a phosphate buffer, collocated in a dialysis membrane (repligen ® MWCO, 300 Kd), and stirred for 24 h at 4 °C at a pH of 6.5 and 7.0. Samples were taken at 12 and 24 h for quercetin determination. The quercetin concentration was determined in a UV-visible spectrum (Varioskan Lux Thermo Scientific, Waltham, MA, USA), using quercetin as the standard curve.





2.5. Cellular Activity


2.5.1. Cell Proliferation Assays


HCT-15 cells were plated at a density of 1 × 104 cells/well into 96-well dishes in a complete medium. The HC-T15 cells were treated with PdNPs, PdNPs-PVP, and PdNPs-PVP-Q at 1000 ppm for 0 and 36 h. For cell proliferation analysis, the MTT reagent ([3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyltetrazolium bromide] was added to HCT-15 cells (1 × 104) and incubated for 3 h at 37 °C. Afterward, isopropanol was added to the cells, and the cells were incubated for 10 min. Absorbance was recorded at different time points using a spectrophotometer (model Evolution 220; Thermo Scientific, 570 nm). Assays were performed three times, and data were expressed as mean ± standard deviation (SD).




2.5.2. Apoptosis Assays


Death of the HCT-15 colorectal cancer cells was quantified by fluorescence-activated cell sorting (FACS) assays using the annexin V method. An annexin-V/propidium iodide (PI) double assay was performed using the apoptosis detection kit (Roche). For assays, HCT-15 cancer cells were treated with PdNPs, PdNPs-PVP, and PdNPs-PVP-Q at 1000 ppm and were then incubated at 37 °C in a 5% CO2 atmosphere for 36 h. Cells were detached and resuspended in 100 µL of incubation buffer with 2 µL of Annexin and 2 µL of propidium iodide according to the manufacturer’s recommendations. Stained cells were analyzed in a FACSCALIBUR flow cytometer (BD Biosciences). Quercetin and cisplatin controls were added at 40 and 50 μM concentrations, respectively. The assays were repeated three times, and data were expressed as mean ± standard deviation (SD). Statistical analyses were performed using a Student’s t-test, and a p-value <0.05 was considered significant.





2.6. Statistical Analysis


Experiments were performed three times in triplicate, and results were expressed as mean ± standard deviation (SD). A p < 0.05 value was considered statistically significant.





3. Results and Discussion


3.1. Nanoparticles Synthesis


Due to their physicochemical activity, NPs have been proposed as carriers of drugs, biological molecules, and antibodies. In our previous work, PdNPs demonstrated antifungal activity [18]. In this work, we added PVP to the PdNP synthesis as a surfactant to modify their surface, and this worked as a link between quercetin and PdNPs. PdNP modification by PVP and the further addition of quercetin were evaluated by UV/Vis spectrometry (Figure 1). The reaction showed a color change from yellow-orange to brown dark, indicating Pd ion reduction. These color changes have been reported in other works [41,42]. UV/vis spectrometry analysis showed peaks of absorption in a range from 199 to 414 nm in the PdNPs-PVP-Q, suggesting incorporation of both components in the PdNPs system (Figure 1). These results are consistent with the green synthesized PdNPs mediated by carboxymethylcellulose [41] and an extract from Euphorbia granulate [43].




3.2. Nanoparticle Characterization


Scanning and transmission electron microscopy (SEM and TEM, respectively) were used to characterize NP size and morphology. The SEM micrographs showed a spherical nanoparticle with a size of approximately 5 nm without the surfactant and quercetin (Figure 2a). When the PVP and the quercetin were added to the reaction, an envelope was observed (Figure 2b,c). Agglomeration in PdNP synthesis with PVP has been shown [44,45]. However, Çelik et al. [46] showed a palladium cobalt nanoparticle synthesized with PVP without agglomeration. Agglomeration could be attributed to PdNP synthesis, because, in this experiment, a reduction method synthesis was used. The influence of method synthesis in size and morphology has been shown in previous works [47,48].



The TEM analysis showed that the nanoparticles have a semispherical shape regardless of the PdNP type evaluated (Figure 2a–f). Similar results were found with the reduction of palladium chloride by tetraethylene glycol with KOH [45] and with reduction mediated by heat and the use of carboxymethylcellulose [41]. Nevertheless, other authors have reported PdNP synthesis as spherical, using methanol as a reducing agent [47], square-shaped, with citric acid as a reduction agent, heat, and PVP as a stabilizing agent [49], and flower-shaped and porous [16].



TEM analysis showed the differences in size with the PVP and quercetin addition (Figure 2g–i). The PdNPs alone showed a size between 3.7 and 14.47 nm, with almost 30% of PdNPs in a range from 6.42 to 7.42 nm (Figure 2g). The surfactant addition produces nanoparticles with a size range between 1 and 8.74 nm, with 35% of PdNPs in a size from 2.12 to 3.14 nm (Figure 2h). When the quercetin was added to PdNPs-PVP, the nanoparticles showed a tighter distribution from 2.3 to 8.29 nm (Figure 2i). Additionally, the PdNPs-PVP-Q showed 50% of PdNPs in a size range from 3.6 to 5.09 nm (Figure 2i). Quercetin helps nanoparticles to have a more uniform size, even more so the surfactant (PVP). Change in the distribution size could be attributed to the addition of quercetin on the PdNPs-PVP surface, which avoids nucleation and increases in size. It has been reported that NP size decreased when surfactant was added to the nanoparticle synthesis due to the NPs’ stabilization [48,50] [49,51,52]. This stabilization depends on the molecule size employed, the charge, and the molecule’s nature [9,12]. Regarding NP synthesis mediated by an extract from plants, it was suggested that the reduction of metallic salts could be carried out by flavonoid molecules such as apigenin and luteolin [51]. Additionally, these molecules and phenols provide stability in the nanoparticle formed [52,53].



Nanoparticles agglomerate in a solution depending on the solution’s ionic strength and the nanoparticles’ superficial charge [54]. Because of this, determining the size of the nanoparticles in suspension is important. To determine these nanoparticle characteristics, hydrodynamic size and zeta potential were analyzed (Figure 3). In each part of the NP synthesis, the addition of PVP or quercetin changes the hydrodynamic size and zeta potential (Figure 3a and 3b, respectively). Hydrodynamic size showed a diminution depending on the NP type (Figure 3a). This diminution showed an exponential correlation between the type and the hydrodynamic size form (R2 = 0.999; Figure 3a). PdNPs alone showed a size 2120.33 ± 112.53 nm, three times larger than PdNPs-PVP and 16 times larger than PdNPs-PVP-Q (Figure 3a). The size diminution with PVP addition in silver nanoparticles [55], antimony [56], or bismuth [57] has been shown. Surfactant and quercetin addition generated a diminution in size and zeta potential.



The index of the interaction between colloidal nanoparticles is estimated by the zeta potential. Thus, this parameter measures the nanoparticles’ capacity to agglomerate or its dispersion stability. Nanoparticles with a zeta potential larger than +30 mV or −30 mV normally are considered stable [55]. The addition of PVP or PVP-Q addition to PdNPs showed a change in the zeta potential (Figure 3b). PdNPs-PVP-Q showed the smallest value with a charge of −7.9 ± 0.73 mV. In both attributes (hydrodynamic size and zeta potential), the quercetin contributes to the size of nanoparticles favorably. These results are coincident with the result shown by Vergara-Castañeda et al. [58]. However, this result is not consistent with the zeta potential increase from Sb2S3 [56] or Bi2S3NPs [57], where the increase was related to the hydrodynamic size diminution. Two mechanisms have been reported for NP stabilization: (1) electrostatic stabilization, where the nanoparticles are repelled by the NPs’ surface charge, and (2) steric stabilization, where NPs are coated by macromolecules, which generates repelling forces [13,50].



X-ray diffraction analysis was performed to describe the crystallinity of the nanoparticles (Figure 4). PdNPs showed a centered cubic structure (fcc) with five pics at 40.1, 46.4, 67.9, 82.7, and 86.7 2-tetha, indicating the presence of (111), (200), (220), (311), and (222) planes. The PVP and quercetin addition in the nanoparticles caused a diminution in intensity compared to PdNPs alone (Figure 4b,c). However, such an addition does not change the NPs’ crystallinity. Previous studies have reported that the addition of PVP to PdNPs showed no change in the NPs’ crystallinity, only in the intensity [59].



To further confirm the incorporation of quercetin with PdNPs, we used FT-IR spectroscopy (Figure 5). Our results indicated that quercetin showed characteristic transmittance bands. The OH group stretching was detectable at 3406 and 3283 cm−1, while the OH bounded to the phenol group was detected at 1379 cm−1. The aryl group was detectable at 1666 cm−1, and the C=C from the aromatic ring was found at 1610, 1560, and 1510 cm−1. The C-H in aromatic hydrocarbon in the plane was detectable at 1317 −1, whereas the C-H out of the plane was observed at 933, 820, 679, and 600 cm−1. The C-O stretch in the aryl ether group was observed at 1263 cm−1, while C-O stretching in the phenol was observed at 1200 cm−1, and the C-CO-C stretch in ketone was observed in 1165 cm−1 which has been reported as a band typical of quercetin [60].



The PVP characteristic bands in the 1655 cm−1 correspond to the C=O group. The bands stretching at 1492, 1460, and 1421 nm correspond to CH2 deformation, the 1372 cm−1 band corresponds to CH deformation and 646 N-C=O bands [61]. Quercetin used to load ZnO with PBA as a surfactant showed the successful load of quercetin into NPs [62]. Additionally, quercetin has been used to load silica NPs without the addition of surfactants, indicating the possibility of quercetin union without an intermediate [58]. The interaction of quercetin with the PVP could be mediated by hydrogen bonds between the OH from quercetin and the O and NH from PVP.




3.3. Nanoparticles Reactivity Characterization


PdNPs promises to be useful as catalysts in various reaction types as a Suzuki’s reaction [63] or dye degradation [7]. This characteristic is important since it shows their reactivity in an environment that surrounds them. PdNPs works as an electron acceptor in the presence of H2 in a catalytic reaction [64]. These reaction mechanisms could be involved in the toxicity mechanisms with different cell types. It has been explained that a Fenton-type reaction is involved in the toxicity mechanism of NPs. This catalytic reaction has also been used in organic pollutant degradation [65]. As a part of PdNPs-PVP-Q characterization, dye degradation was evaluated (Figure 6). The PdNPs-PVP-Q showed catalytic activity in the MO and 4N (Figure 6a,b, respectively) but not in MB. The decolorization changes were observed immediately after Na2BH4 addition. The degradation of 4N has been reported by PdNPs synthesized using protein ferritin from Pyrococcus furios as a stabilizer [66]. The degradation of MB at a low rate due to a large kinetic energy barrier has been reported [52]. Many factors influence MB degradation, such as pH and the presence of amine groups [67]. Additionally, the photolytic activity degradation of MB by PdNPs has been demonstrated [7]. Dye water contamination is an important pollution problem [68], and NPs represent an alternative to a solution to this. Different NPs used for wastewater have been used as an alternative for dye degradation [68,69].



Quercetin Liberation



The capacity of nanoparticles as carriers has been widely reported [70,71]. In this work, we studied the ability of NPs to release quercetin at different pH levels (Figure 7). PdNPs-Q and PdNPs-PVP-Q were employed (orange and gray bars in Figure 7, respectively). Both nanoparticles were effective in quercetin liberation, but PdNPs-PVP were the most efficient. pH was shown to affect this liberation. No influence of time was observed. The quercetin concentration was the same at 6 and 12 h (Figure 8A,B). However, pH 7.5 allowed for the liberation of almost twice the concentration of quercetin than at pH 6.5 (Figure 8B). pH influence in molecule liberation from NPs has been shown before [11,15]. Rhodamine B liberation of silica-alginate nanoparticles was more efficient at a pH of 7.5 than 2.5 [72]. Quercetin has been used as a load molecule for ZnONPs; however, in these nanoparticles, more efficient quercetin liberation was presented at a pH of 6.5 [62]. In contrast, Akal et al. [73] showed that in silica, NPs loaded with folic acid and quercetin, a pH of 4.4 was more efficient for quercetin liberation.




3.4. Effects of PdNPs-PVP-Q on the Cell Viability and Apoptosis of Cancer Colorectal Cells


A colorectal adenocarcinoma HCT-15 cell line was employed to evaluate the capacity of PdNPS-PVP-Q to inhibit cell proliferation. After 36 h of incubation, PdNPs-PVP and PdNPs-PVP-Q treatments resulted in a significant cell growth inhibition in comparison with the untreated control. Differences between both PdNPs-PVP and PdNPs-PVP-Q treatments were found (p < 0.05; Figure 8A). Afterward, the apoptotic percentage of cells exposed to PdNPs-PVP and PdNPs-PVP-Q was evaluated. The exposure of HCT-15 cells to PdNPs-PVP did not result in significant differences in cell death in comparison to the untreated control. In contrast, the incubation of cells with PdNPs-PVP-Q resulted in a slight but significant (p < 0.05) increase in apoptosis (Figure 8B). As a control, we used quercetin (40 μM) alone and observed a considerable increase in cell death, as has been reported [74]. Additionally, as a positive control of cell death, we used cisplatin (50 μM), which induced extensive cell death, as expected. It has been proved that PdNPs generate oxidative stress, induce mitochondrial dysfunction, and induce apoptosis increasing caspase 3 in SKOV3 cells [75]. Additionally, porous palladium transferrin-conjugated nanoparticles have been reported to be effective in chemo-phototherapy with regard to MC-7 human breast adenocarcinoma cell lines [15]. Concave PdNPs have been used with ascorbate for the inhibition of colorectal adenocarcinoma cell viability. The addition of concave PdNPs to the ascorbate promoted dose-dependent PdNP toxicity and increased ascorbate activity [76]. Quercetin has been reported as a very potent antioxidant molecule [77] and as a chemosensitizer and cancer chemotherapy [78]. Quercetin triggers apoptotic mechanisms as a growth control of colorectal cancer [15]. Our data showed that PdNPs-PVP-Q induces a small increase (8%) in apoptosis relative to control. This slight effect may be due to (i) the low effective concentration of quercetin delivered in the cellular cytoplasm, (ii) the effect of temperature in the release of quercetin from PdNPs in the cellular microenvironment, and (iii) the potential agglomeration of PdNPs-PVP-Q in the culture media. Thus, further measurements of PdNPs-PVP-Q and quercetin in cellular compartments are required.





4. Conclusions


Here we report the successful development of novel PdNPs-PVP nanoparticles coupled to quercetin. The addition of quercetin to PdNPs-PVP was confirmed using UV/Vis and FT-IR spectrometry. Our data indicate that PdNPs-PVP-Q showed the smallest primary size, as well as the smallest hydrodynamic size and zeta potential than PdNPs or PdNPs-PVP. Furthermore, PdNPs-PVP-Q showed catalytic activity in the degradation of 4N and MO, but not for BM. In addition, we provide data indicating that quercetin liberation from PdNPs-PVP-Q was more efficient at a pH of 7.5, which is close to physiological pH (7.4), but no differences in quercetin liberation at 12 and 24 h were found. Additionally, significant differences in cell viability were observed in HCT-15 cells incubated with PdNPs-PVP or PdNPs-PVP-Q after 36 h. We also found that PdNPs-PVP-Q induced apoptosis of HCT-15 cells at 36 h relative to the control, suggesting a potential antitumoral effect in vitro. We are aware of the limitation of our study, as we observed that PdNPs-PVP-Q induced only a small increase (8%) in apoptosis of colorectal cancer cells relative to control, which may be due to the experimental conditions tested here which influenced the effective concentration of quercetin delivered in the cellular cytoplasm and the effect of temperature in the release of quercetin from PdNPs-PVP in the cellular microenvironment. Additionally, we did not discard the potential agglomeration of PdNPs-PVP-Q in the culture media and other unknown mechanisms involved in the cancer cell response to NDPs such as autophagy induction and cell cycle arrest. Therefore, further studies of PdNPs-PVP-Q and quercetin in cellular compartments are required to fully understand its utility in vitro and in vivo. In conclusion, the result of this study reveals that PdNPs-PVP may be used as a carrier of molecules with biological activity such as quercetin. Further studies are needed to increase the quercetin liberation from PdNPs-PVP and to use these palladium-based nanoparticles as carriers for different therapeutic molecules in cancer and other human diseases.
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Figure 1. Nanoparticles UV/visible analysis. The absorbance was shown for all the components involved in the functionalization  [image: Applsci 11 01988 i001] quercetin (Q),  [image: Applsci 11 01988 i002] polyvinylpyrrolidone (PVP),  [image: Applsci 11 01988 i003] Palladium nanoparticles (PdNPs)-PVP-Q. 






Figure 1. Nanoparticles UV/visible analysis. The absorbance was shown for all the components involved in the functionalization  [image: Applsci 11 01988 i001] quercetin (Q),  [image: Applsci 11 01988 i002] polyvinylpyrrolidone (PVP),  [image: Applsci 11 01988 i003] Palladium nanoparticles (PdNPs)-PVP-Q.



[image: Applsci 11 01988 g001]







[image: Applsci 11 01988 g002 550] 





Figure 2. Characterization of size and morphology by electron microscopy. (a–c) Scanning electron microscopy: (a). PdNPs alone, (b). PdNP-PVP, and (c). PdNP-PVP-Q. (d–f) Transmission electron microscopy: (d). PdNPs alone, (e). PdNP-PVP, and (f). PdNP-PVP-Q. (g–i). Distribution analysis of primary size: (g). PdNPs alone, (h). PdNP-PVP, and (i). PdNP-PVP-Q. The white and black lines represent the scale in every micrograph in a-f. 
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Figure 3. Hydrodynamic size and potential zeta characterization. (a). Hydrodynamic size determination. (b). Potential zeta size determination. Both were determined in bidistilled water with a concentration of 300 ppm for each nanoparticle. 
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Figure 4. X-ray diffraction of PdNPs synthetized alone (a), with PVP (b), or with PVP-Q (c). 
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Figure 5. Fourier transformed infrared spectroscopy (FT-IR). The transmittance is shown for all components involved in functionalization  [image: Applsci 11 01988 i001] Q,  [image: Applsci 11 01988 i002] PVP,  [image: Applsci 11 01988 i003] PdNPs-PVP-Q. 
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Figure 6. PdNPs-PVP-Q Catalytic activity. (a). 4-nitrophenol, (b). methyl orange, and (c). methyl blue. The components involved in functionalization:  [image: Applsci 11 01988 i001] quercetin,  [image: Applsci 11 01988 i002] PVP,  [image: Applsci 11 01988 i003] PdNPs-PVP-Q,  [image: Applsci 11 01988 i004] dye. 
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Figure 7. Quercetin liberation at different pH. (a) pH 6.5 and (b) pH 7.5. 
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Figure 8. PdNPs-PVP-Q effects in HCT-15 cancer cells. (A). Cell proliferation assays were evaluated by MTT experiments. (B). Effect of PdNPs-PVP-Q on cell death. Graphs show the distribution of cell populations stained with Annexin-V and iodide propidium (IP) and sorted by flow cytometry. All assays were done in triplicate. Significance differences were indicated by * p < 0.05 and ** p < 0.005. 
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