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Abstract

:

Caffeic acid phenethyl ester (CAPE) is a key bioactive ingredient of honeybee propolis and is claimed to have anticancer activity. Since mortalin, a hsp70 chaperone, is enriched in a cancerous cell surface, we recruited a unique cell internalizing anti-mortalin antibody (MotAb) to generate mortalin-targeting CAPE nanoparticles (CAPE-MotAb). Biophysical and biomolecular analyses revealed enhanced anticancer activity of CAPE-MotAb both in in vitro and in vivo assays. We demonstrate that CAPE-MotAb cause a stronger dose-dependent growth arrest/apoptosis of cancer cells through the downregulation of Cyclin D1-CDK4, phospho-Rb, PARP-1, and anti-apoptotic protein Bcl2. Concomitantly, a significant increase in the expression of p53, p21WAF1, and caspase cleavage was obtained only in CAPE-MotAb treated cells. We also demonstrate that CAPE-MotAb caused a remarkably enhanced downregulation of proteins critically involved in cell migration. In vivo tumor growth assays for subcutaneous xenografts in nude mice also revealed a significantly enhanced suppression of tumor growth in the treated group suggesting that these novel CAPE-MotAb nanoparticles may serve as a potent anticancer nanomedicine.
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1. Introduction


Propolis is a resinous mixture produced by honeybees by mixing their saliva with the botanical sources they live on. It has been used safely in traditional medicine for various health purposes over the past century and assigned a wide range of biological and pharmacological properties including anti-inflammatory, antibacterial, antiviral, antifungal, antiproliferative, and antioxidant activities [1,2,3,4,5,6]. More than 300 bioactive compounds have been identified in propolis [7]. Among these, phenolic acids, flavonoids, phenolic acid esters, terpenoids, steroids, and amino acids have been claimed to be the major bioactive components and explored in various pharmacological studies [8,9]. The chemical composition of propolis has been shown to vary with geographical localization and season [10]. New Zealand propolis has been shown to possess caffeic acid phenethyl ester (CAPE) as a predominant active component [11]. CAPE has been assigned as a potent anticancer component of propolis by in vitro studies using a large variety of cancer cell lines. Remarkably, it has been shown to be safe for normal cells [12,13,14,15,16,17,18,19]. Molecular studies have demonstrated that CAPE suppresses cancer cell proliferation via (i) inhibition of p70S6K and Akt signaling networks [20,21], (ii) activation of cell cycle arrest via Skp2, p53, p21Cip1, and p27Kip1 [22], (iii) inhibition of lipoxygenase [23], (iv) inhibition of nuclear factor kappa B (NF-κB) and activation of Fas [24,25], (v) apoptosis accompanied by activation of caspase-3/caspase-7 [18], (vi) involvement of the PI3-K/Akt and AMPK signaling pathways [26], and (vii) suppression of β-catenin associated signaling pathway and p53-dependent apoptosis mediated by p38 MAPK [27,28]. Consistent with the in vitro reports, the anticancer activity of CAPE was also established by in vivo studies in mice [26,29]. Although these reports have endorsed the presence of bioactivities in CAPE and suggested it as a natural drug for cancer prevention and therapy, its use has been limited due to instability and degradation by cellular esterases [30,31]. Hence, further investigations are warranted to design its formulations/derivatives that overcome the issues of its bioavailability and degradation. We earlier showed that the CAPE when complexed with γCD is protected against the degradation by esterases and possesses high stability and anticancer activity [30,31].



Among the various challenging issues of the pharmaceutical formulation of CAPE, the most important is to improve the poor water solubility and bioavailability at the target site for the therapeutic effect of this hydrophobic compound. Of the numerous strategies including recruitment of carriers such as antibodies, liposomes, and nanoparticles while drug designing, nanomedicine is one of the most promising medical applications of nanotechnology for diagnostic and therapeutic purposes. It can help to improve the efficacy, safety, specificity, tolerability, and therapeutic index of corresponding drugs [32,33,34,35,36]. The nanocarriers can effectively encapsulate and release various small molecules by the modification of physicochemical properties (size, shape, composition, surface charge, ligands, hydrophilicity, and hydrophobicity) [37,38,39]. Recently, polymers have gained much attention in the field of drug delivery. For example, polyethylene glycol (PEG)-coated polymer nanocarriers have shown to boost the therapeutic action of drugs by passive targeting based on enhanced permeability and retention (EPR) effect [40,41]. EPR effect has been reported to play an important role in the accumulation of nanocarriers in tumor cells [42]. The engineered molecules and their derivatives have been able to enhance the therapeutic potential through efficiently targeting drug delivery. However, it requires the corresponding optimization in sufficient quantities for the targeted and uniform delivery of the nanocarriers to tumors. Therefore, an ideal nanocarrier must be very selective for a receptor that is highly or differentially expressed on the surface of tumor cells for the targeted release of the carried drug.



Mortalin, a highly conserved heat shock chaperone, is located in mitochondria, endoplasmic reticulum, plasma membrane, cytoplasmic vesicles, and cytosol with different subcellular distribution patterns in normal and transformed human cells [43,44,45]. Mortalin has been extensively reported to be enriched in cancer cells and contributes to carcinogenesis [46,47,48]. Aggressive and metastatic cancer cells have also been shown to express mortalin on their cell surface that can bind to unique anti-mortalin antibodies (MotAb) and cause their internalization into the cells [49,50,51]. Due to their unique cell internalization property, MotAb was proposed as a promising vehicle for targeted delivery of candidate anticancer drugs [51]. In this context, we predicted that in comparison to naked CAPE, CAPE-MotAb nanoparticles may offer enhanced delivery, selectivity, and cytotoxicity to cancer cells. In the present study, we have generated CAPE-MotAb nanoparticles and demonstrate their physical and functional characterization that indeed prove their higher anticancer efficacy in vitro and in vivo.




2. Materials and Methods


2.1. Preparation of CAPE-MotAb


Caffeic acid phenethyl ester (CAPE; 10 mg) (SynphaTec Japan Co., Ltd, Osaka, Japan) and DSPE-PEG-NHS (3-(N-succinimidyloxyglutaryl) aminopropyl, polyethyleneglycol-carbamyl distearoylphosphatidyl-ethanolamine; MW 2000; 50 mg) (SUNBRIGHT DSPE-020GS; Yuka Sangyo, Tokyo, Japan) were dissolved in 10 mL PBS (phosphate-buffered saline) buffer and stirred at room temperature for about 1 h. The mixture was then sonicated in ice-cold water for 10 min using a pulse-type sonicator (VCX-600; Sonics, Danbury, CT, USA). A total of 400 μg (2.6 nM) of cell internalizing anti-mortalin monoclonal antibody (MotAb; Clone C1-3) raised in our laboratory was immediately added into this reaction and stirred at 4 °C overnight. In order to avoid the existence of free antibody, the ratio of antibody (2.6 nM) to DSPE-PEG-NHS (25 μM) in the mixture was kept at 1:9600 ratio. The mixture was centrifuged at 1000 rpm for 30 min. The supernatant was used for subsequent experiments. The CAPE-PEG nanoparticles (without adding MotAb) were prepared by the same protocol and used as a negative control.




2.2. Characterization of CAPE-MotAb


The MotAb loaded in the nanocapsules was detected by non-reducing SDS-PAGE analysis. Briefly, samples were prepared using 1 X SDS sample buffer without adding β-mercaptoethanol and loaded into the wells of the gel, along with a molecular weight marker. The gel was stained with 0.1% Coomassie brilliant blue G-250. The spectral profiles and concentrations of CAPE in nanocapsules were measured at room temperature on an ultraviolet-visible-near infrared (UV-Vis-NIR) spectrophotometer (UV-2600; Shimazu, Tokyo, Japan). The absorption spectra were measured from 200 to 800 nM. The structure and morphology of CAPE-MotAb nanoparticles were visualized by high-resolution transmission electron microscope (Tecnai F20 TEM; FEI Company, Eindhoven, Netherlands). An aliquot of 10-fold diluted CAPE-MotAb solution was applied onto a TEM specimen grid covered with a thin carbon support film of which the surface was made hydrophilic by a hydrophilic treatment device, HDT-400 (JEOL DATUM, Tokyo, Japan). The excess solution was blotted by a filter paper followed by negatively staining with 2% uranyl acetate. Samples were carefully observed on a TEM operated at an accelerating voltage of 120 kV. TEM images were recorded by making use of the slow-scan CCD camera (Retractable Multiscan Camera; Gatan, Inc., Pleasanton, CA, USA) at magnifications 25 k, and 62 k. The size distribution was analyzed using Image-J from TEM images software (National Institute of Health, Bethsda, MD, USA) (7500 particles were measured).




2.3. Encapsulation and Loading Efficiency of CAPE-MotAb


CAPE-MotAb was prepared with different weight ratios of purified CAPE powder and DSPE-PEG-NHS polymers as indicated. After using the nanocapsules preparation procedure, as mentioned above, the different CAPE-MotAb were left undisturbed for more than 24 h. The supernatant in the mixture was collected and the amount of CAPE was measured by UV-Vis-NIR spectrophotometer. This amount of CAPE was determined against a reference of its calibration curve in the region of 335 nM. The encapsulation and loading efficiency of CAPE into CAPE-MotAb was estimated as given below:


   Encapsulation   efficiency     (   EE %   )  =     CAPE   supernatant      (  mg  )     Total   adding   CAPE   amount     (  mg  )    × 100 %  










   Loading   efficiency     (   LE %   )  =     CAPE   supernatant      (  mg  )        Total   adding   CAPE   and   DSPE − PEG − NHS       amount    (  mg  )        × 100 %  












2.4. Cell Lines and Culture


Human cancer and normal cells purchased from the National Institute of Physical and Chemical Research (RIKEN, Japan) and the Japanese Collection of Research Bioresources (JCBR), Japan were used in the present study. Human breast carcinoma (MCF7, MDA-MB-231, MDA-MB-453, and T47D), osteosarcoma (U2OS and Saos-2), colon carcinoma (COLO-320, DLD-1, HCT116, and HT-29), lung carcinoma (A549 and H1299), cervical carcinoma (HeLa, ME-180, CaSki, and SKG-II), liver carcinoma (Huh6 and Huh7), fibrosarcoma (HT1080), ovarian carcinoma (SKOV-3), and normal human lung fibroblast (MRC5) were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco BRL, Grand Island, NY, USA) supplemented with 10% (v/v) fetal bovine serum (Gibco BRL) and 1% (v/v) penicillin/streptomycin at 37 °C in a humidified incubator with 5% CO2 and 95% air.




2.5. Cell Viability and Morphological Observations


The short-term cell cytotoxicity was evaluated by MTT 3-(4, 5- dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide assay as described earlier [51]. Cells (5 × 103 cells/well) were seeded in 96-well plates and allowed to adhere overnight with incubation at 37 °C in a CO2 incubator. The cells were then treated with different concentrations of CAPE, CAPE-PEG, CAPE-MotAb, DSPE-PEG-NHS, and MotAb as indicated, followed by addition of 10 μL of MTT (5 mg/mL; Sigma-Aldrich, St. Louis, MO, USA) to each well and further incubated at 37 °C for 4 h. The medium with MTT was replaced with 100 μL of dimethyl sulfoxide (DMSO). The absorbance of the plates was then measured on a microplate reader (Infinite M200 PRO; TECAN, Männedorf, Switzerland) at 570 nM. In order to observe the morphology, cells (2 × 105 cells/well) were seeded in 6-well plates and treated with CAPE-PEG, CAPE-MotAb, DSPE-PEG-NHS and MotAb followed by observation under the phase-contrast microscope (Nikon Eclipse TE300; Nikon, Tokyo, Japan).




2.6. Colony Formation Assay


The long-term cytotoxicity effect of CAPE-PEG, CAPE-MotAb, DSPE-PEG-NHS, and MotAb on human cells was evaluated by colony-forming assay. Cells (500 per well) were seeded in 6-well plates and allowed to adhere to the substratum for overnight followed by 12-h treatment with CAPE-PEG, CAPE-MotAb, DSPE-PEG-NHS, and MotAb. The cells were cultured in normal medium with a regular change of medium every third day until colonies were formed. Colonies were washed thrice with cold PBS and fixed with methanol/acetone (1:1, v/v) at 4 °C for 10 min. Fixed colonies were again washed thrice with cold PBS, stained with 0.1% crystal violet solution (Wako, Osaka, Japan) overnight, de-stained with water, and left open for air drying. The plates were then subjected to photography, scanning by EPSON scanner, and colony counting.




2.7. Flow Cytometry Analysis


Mortalin expression was detected on the surface of various cancer cell lines using the Cell Surface Staining Flow Assay Kit (Novus Biologicals, LLC, Englewood, CO, USA) following the manufacturer’s instructions. The expression analysis was performed using Guava PCA flow cytometer (Millipore, Billerica, MA, USA) following the manufacturer’s protocol.



For cell cycle analysis, cells (2 × 105 cells/well) treated with CAPE-PEG and CAPE-MotAb were harvested using trypsin after 24-h incubation. Cell pellets were washed with cold PBS and fixed with 70% cold ethanol at −20 °C overnight. The fixed cells were centrifuged (500× g) for 5 min at 4 °C and washed twice with cold PBS followed by resuspension in 1 mL cold PBS. RNase A was used to remove RNA and to avoid false DNA-PI staining. RNAse was added to the final concentration of 100 μg/mL and incubated at 37 °C for 1 h followed by centrifugation (500× g) at 4 °C for 5 min. The supernatant was replaced with 200 μL Guava Cell Cycle reagent (Millipore), incubated in the dark at room temperature for 30 min, and then subjected to the Guava PCA flow cytometer (Millipore).



The data obtained from these two experiments were further analyzed using FlowJo software (version 7.6; LLC, USA).




2.8. Apoptosis Assay


Cell apoptosis was determined by Annexin-V and 7-aminoactinomycin (7-AAD) double staining. Cells were seeded at a density of 2 × 105/well followed by treatments as indicated. Suspended and attached cells were harvested with trypsin and centrifuged (1200 rpm) at 4 °C for 2 min. Cells were resuspended in medium to make the concentration equal to 1 × 106 cells/mL. One hundred microliters of each cell suspension were incubated with 100 μL of Guava Nexin Reagent (Millipore) at room temperature in the dark for 20 min and subjected to the Guava PCA flow cytometer (Millipore). Apoptotic cells were determined with FlowJo software (version 7.6; LLC, USA).




2.9. Western Blotting


Cellular protein from the plasma membrane fraction was extracted using the plasma membrane protein extraction kit (ab65400; Abcam, Cambridge, MA, USA). The protein was further incubated with anti-mortalin antibody for Western blotting. Cells were lysed in radioimmunoprecipitation assay buffer (RIPA buffer; Thermo Fisher Scientific, Waltham, MA, USA) supplemented with a protease inhibitor cocktail (Roche Applied Science, Mannheim, Germany). Protein concentrations were determined using the Pierce BCA Protein Assay kit (Thermo Fisher Scientific). Western blotting was performed as described earlier [52] with the following primary antibodies: Anti-p53 (FL-393), anti-cyclin D1 (CD1.1), anti-CDK4 (C-22), anti-PARP-1 (H-250), anti-Caspase 9 (H-83), anti-Bax (N-20), anti-MMP2 (H-76), anti-MMP3/10 (FL-10), anti-Vimentin (V9) from Santa Cruz Biotechnology (Santa Cruz, CA, USA), anti-p21WAF-1 (12D1), anti-pRb (ser780), anti-Bcl-2 (2876S), anti-MMP9 (G657), anti-hnRNP-k (R332) from Cell Signaling Technologies (Danvers, MA, USA), anti-Caspase 3 (610322; BD Transduction Laboratories, San Diego, CA, USA), anti-Cytochrome C (ab133504; Abcam, Cambridge, MA, USA), and anti-CARF (FL-10) [53]. Anti-β-actin (AC-15; Abcam, Cambridge, MA, USA) was used as an internal loading control. Quantitation results of the protein expression were determined using ImageJ software (National Institute of Health).



Tumor tissues were obtained from sacrificed mice as mentioned in Section 2.14. Tumors were washed with PBS thrice and lysed in RIPA buffer containing protease inhibitor cocktail by homogenization using a glass tissue homogenizer. The tumor lysates were collected by centrifugation at 13,000 rpm for 30 min at 4 °C and then subjected to Western blotting as mentioned above.




2.10. Fluorescence Microscopy


Cells (1 × 105 cells/well) were seeded on 18-mm glass coverslips placed in 12-well culture dishes. After incubation with CAPE-PEG, CAPE-MotAb, DSPE-PEG-NHS, and MotAb, cells were washed thrice with cold PBS, fixed with methanol/acetone (1/1, v/v) at 4 °C for 10 min and then again washed thrice with cold PBS. Coverslips containing cells were then incubated with Alexa Fluor-conjugated secondary antibodies (Thermo Fisher Scientific). Nuclei were stained with Hoechst 33342 (1 µg/mL; Thermo Fisher Scientific) for 10 min. After three washes with PBS, the cells were mounted and visualized under a Carl Zeiss microscope (Axiovert 200 M; Tokyo, Japan). Quantitation of the images was obtained by ImageJ software (National Institute of Health).




2.11. Cellular Uptake


Cellular uptake was quantified as described elsewhere [54]. The calibration curve of CAPE amount was obtained based on the absorbance at 335 nM using various concentrations of CAPE-PEG. Cells (2 × 105 cells/well) were seeded in 6-well plates and incubated overnight. After adherence, cells were treated with CAPE-PEG or CAPE-MotAb in the medium for 12 h. Cell pellets were harvested and lysed in RIPA buffer. After three washes with PBS, cell pellets were collected and resuspended in RIPA buffer followed by 30 min of sonication. One portion of the cell lysate was used for protein estimation (Pierce BCA Protein Assay kit; Thermo Fisher Scientific). The remaining cell lysate was used to measure the absorbance at 335 nM in triplicate using a microplate reader (TACAN). The concentration of CAPE in cell lysates (CAPE/protein) was estimated based on the corresponding calibration curves.




2.12. Wound Scratch Assay


The wound scratch assay was used to examine the cell motility. Cell monolayers were wounded by uniformly scratching the surface with a 200-μL tip. Movement of the control and treated cells in the scratched area was then periodically monitored under a phase-contrast microscope with a 10 X phase objective (Nikon Eclipse TE300; Nikon, Tokyo, Japan). The migration capacity of the cells was calculated by measuring the percentage of open area in 6 to 10 randomly captured images.




2.13. Cell Invasion Assay


Cell invasion assays were carried out using Corning BioCoat™ Matrigel Invasion Chamber (24-well plate 8.0 Micron; BD Biosciences, Tokyo, Japan) following the manufacturer’s instructions. For measurement, cells were stained, and the invading cells were counted by photographing the membrane in a phase-contrast microscope (Nikon Eclipse TE300; Nikon, Tokyo, Japan).




2.14. In Vivo Xenograft Assay


Four- to five-week-old female BALB/c AJcl-nu/nu nude mice were injected subcutaneously in both flanks with 5 × 106 human lung carcinoma A549 cells in 100 μL culture medium. The study was carried out in three groups with 4 mice each. The first group served as a control. The second group was treated with CAPE, while the third group was treated with CAPE-MotAb. An equivalent dosage of CAPE (200 mg/kg) in its free form (in order to compare with the already reported anti-cancer activity [30] and in nanoparticles) was given until cells formed tumors for about 10 days. PBS was used as a negative control. Intraperitoneal injection was given every alternate day. Mice body weight and tumor size was monitored every 2 days. Subcutaneous tumor volume was calculated according to the formula: V = L × W2/2, where L was the length and W was the width of the tumor, respectively. At the end of the experiment, mice were sacrificed, the tumors were taken out and weighed. The tumor growth inhibition rate was calculated as % using (1 − Wt/Wc) × 100% (Wt was the mean volume of treated tumors and Wc was the mean volume of control tumors). This study was carried out in strict accordance with the recommendations from the Animal Experiment Committee, Safety and Environment Management Division, National Institute of Advanced Industrial Science and Technology (AIST), Japan (Approval Number 2019-0025).




2.15. Statistical Analysis


All the experiments were performed at least three independent times and results were presented as mean ± standard deviation (SD). The degree of statistical significance among the control and sample groups were calculated by an unpaired t-test (GraphPad Prism GraphPad Software, San Diego, CA, USA). Significant values have been represented as * p < 0.05, ** p < 0.01, and *** p < 0.001.





3. Results


3.1. Generation and Characterization of CAPE-MotAb Nanoparticles


Polymeric micelles have attracted considerable attention as an effective delivery system for anticancer drugs that face poor water solubility issues [55,56]. Polyethylene glycol (PEG) is the most commonly used hydrophilic segment of polymeric micelles due to its biocompatibility and biodegradability [57]. Herein, we employed phospholipid PEG conjugates that can react with primary amine groups (DSPE-PEG-NHS) and anti-mortalin antibody (MotAb) to encapsulate CAPE in PEG-stabilized polymeric micelles and explored their characteristics (Figure 1A). The schematic illustration of CAPE-MotAb structure is shown in Figure 1B. The polymeric micelles containing CAPE were easily synthesized through a unique self-assembly behavior of amphiphilic block copolymers that have polar or hydrophilic groups as well as nonpolar or hydrophobic portions when dissolved in the solvent. In a hydrophilic solvent, the hydrophobic portions are clustered in a core, away from the solvent and the hydrophilic portions are aligned towards the solvent [58]. Hydrophobic CAPE was encapsulated in the nanoparticles composed of an inner hydrophobic domain (DSPE) and an outer hydrophilic part (PEG-modified with NHS). CAPE-MotAb was expected to have a prolonged circulation time, actively enter and accumulate at the tumor site, and have high loading capacity. Once in the tumor, these CAPE-MotAb nanoparticles were anticipated to rapidly release CAPE in acidic endo/lysosomes and subsequently deliver the drug to the cytoplasm and nucleus (illustrated in Figure 1C). We subjected the nanoparticles to non-reducing SDS-PAGE analysis (Figure 1D). As shown, the antibody was visible at the ~250-kDa molecular weight. Of note, the CAPE-MotAb nanoparticles showed higher molecular weight suggesting successful conjugation of MotAb to DSPE-PEG-NHS. The UV-Vis-NIR spectrum of CAPE-MotAb showed characteristic peaks of MotAb at 280 nM and CAPE at 335 nM confirmed the successful encapsulation of CAPE in MotAb-conjugated polymeric micelles (Figure 1E). The encapsulation efficiency of CAPE improved with an increasing amount of DSPE-PEG-NHS and reached the highest value of 84.88% ± 8.66% at 1:20 ratio of CAPE to DSPE-PEG-NHS (Table 1). The loading efficiency of CAPE reached the highest value of 19.65% ± 0.96% when CAPE and DSPE-PEG-NHS were used in a 1:1 ratio and found to decrease with an increase in polymer amounts (Table 2). The encapsulation and loading efficiency were both satisfactory with a ratio of 1:5 for CAPE and DSPE-PEG-NHS; hence it was selected as the optimum ratio for further experiments. These results strongly suggested that the DSPE-PEG-NHS could efficiently solubilize CAPE in water. As size and morphology have a wide influence on the biological applications of nanoparticles, we examined these aspects by transmission electron microscopy (TEM). The TEM observations revealed that CAPE-MotAb are monodisperse with spherical morphology (Figure 1F). We also calculated the size distribution of these nanoparticles from the TEM images and found that after conjugation with DSPE-PEG-NHS and MotAb, the nanoparticles are in the size ranging from 9 to 19 nm (Figure 1G). Furthermore, we examined the stability of CAPE-MotAb nanoparticles by UV-Vis-NIR spectrum of CAPE and Mot Ab at 335 nm and 280 nm, respectively. As shown in Figure S1, CAPE-MotAb nanoparticles were found to be stable even after eight days of incubation at 4 °C. Having confirmed the easy preparation, high stability, and reproducibility of CAPE-MotAb by multiple experiments, we then evaluated the in vitro and in vivo targeting efficiency, cytotoxicity, and anticancer properties of CAPE-MotAb nanoparticles.




3.2. CAPE-MotAb Showed Enhanced Selective Cytotoxicity in Cancer Cells


In order to test the targeting efficacy of CAPE-MotAb, we first examined the expression level of mortalin on the cell surface of various cancer cells by fluorescence-activated cell sorting (FACS) using a specific anti-mortalin antibody. Quantitative estimation of the mortalin expression is summarized in Figure 2A. Among the cell lines analyzed, whereas MCF7, A549, and H1299 showed a higher level of mortalin expression at the cell surface; Saos-2, HCT116, HT-29, CaSki, SKG-II, and Huh7 showed a lower level. We also confirmed the level of mortalin expression on the cell surface by performing Western blotting on the plasma membrane fractions of HCT116, HT-29, and A549 cells. As shown in Figure 2B, among these three cell lines, A549 (lung carcinoma) showed a considerably higher level of cell surface expression of mortalin than HCT116 and HT-29 cells. Based on these expression data, we selected A549, HCT116, and HT-29 cells for further experiments.



We next examined the cytotoxicity of CAPE-PEG and CAPE-MotAb in A549 and MRC5 cells by MTT assay. An equal amount of MotAb was used as a negative control. Incubation of cells with MotAb did not cause any toxicity to either A549 or MRC5 cells (Figure S2). CAPE-MotAb treated cells showed dose- and time-dependent inhibition of proliferation as compared to free CAPE and CAPE-PEG (Figure 3A and Figure S3). Of note, A549 cells showed significantly higher toxicity to CAPE-MotAb as compared to CAPE and CAPE-PEG both at 24-h and 48-h treatments. On the other hand, HCT116 and HT-29 cells that possessed a lower level of cell surface expression of mortalin did not show significantly enhanced toxicity to CAPE-MotAb as compared to CAPE/CAPE-PEG (Figure S3). Furthermore, there was no difference in viability in MRC5 cells subjected to equivalent doses of CAPE-PEG or CAPE-MotAb (Figure 3B). Cell morphology as observed under the microscope also supported the toxicity of CAPE-MotAb in A549 cancer cells and negligible toxicity in MRC5 normal cells (Figure 3C). We next performed a colony formation assay to investigate the long-term effect of CAPE-PEG and CAPE-MotAb on cell proliferation. A549 cells when treated with CAPE-MotAb for 12 h showed a greater reduction in colony-forming efficiency (Figure 3D) as compared with CAPE-PEG treated cells. Of note, MotAb when added along with CAPE-PEG, without making a complex, failed to cause an increase in cytotoxicity at all doses of CAPE examined (Figure 3E). Furthermore, and as expected, the pre-incubation of CAPE-MotAb nanoparticles with MotAb compromised its cytotoxicity (Figure 3E).




3.3. CAPE-MotAb Showed Selective Uptake in Cancer Cells


We next examined the uptake of CAPE-MotAb nanoparticles in A549 and MRC5 cells by fluorescence microscopy. Cells were incubated with CAPE-PEG, CAPE-MotAb, DSPE-PEG-NHS, and MotAb in culture medium at 37 °C for 12 h followed by staining with secondary antibody; the nucleus was stained with Hoechst (blue). As shown in Figure 4A and Figure S4, preferential internalization of MotAb in A549 cells was confirmed [51]; MRC5 cells showed only negligible internalization. In line with this data, the internalization of CAPE-MotAb nanoparticles in A549 cells was confirmed with secondary antibody staining (Figure 4A); MRC5 cells showed negligible staining (Figure 4B). Furthermore, A549 cells showed a time-dependent (12 to 48 h) increase in internalization as determined by MotAb fluorescence endorsing time-dependent cellular uptake of CAPE-MotAb nanoparticles (Figure S5).



In addition to the fluorescence microscopy, the uptake amount of CAPE in A549 and MRC5 cells was also determined to calculate the relative uptake efficiency and evaluate the cellular uptake of CAPE-PEG and CAPE-PEG-MotAb. The lysates from control and treated cells were subjected to spectrophotometric measurement of CAPE and the total protein. Here, CAPE uptake efficiency was defined as the amount of CAPE versus the total amount of protein. The uptake efficiency was found to be 6.9 μg/mg for CAPE-PEG and 14.9 μg/mg for CAPE-MotAb for A549 cells for 12-h treatment showing a 2.2-fold increase in uptake (Figure 4C). Remarkably, such an increase was not detected in MRC5 cells (Figure 4C). These results were consistent with the fluorescence imaging results and that further confirmed the cancer cell-specific targeting of CAPE-MotAb nanoparticles.




3.4. CAPE-MotAb Caused Stronger Cell Cycle Arrest and Apoptosis in Cancer Cells


In order to determine the biological activity of CAPE-MotAb nanoparticles, we performed cell cycle analysis. Control and treated A549 cells were subjected to flow cytometry analysis. We found that when A549 cells were treated with CAPE-MotAb there was a significant increase in cell population at G2/M phase (Figure 5A). The proportion of G2/M phase increased from 14% in control to 19% and 27% in CAPE-PEG and CAPE-MotAb treated cells, respectively, suggesting the enhancement of CAPE potency to cause growth arrest when conjugated with MotAb (Figure 5A). To further investigate the molecular mechanism of CAPE-MotAb-induced growth arrest, we analyzed the expression of various proteins (p53, p21WAF1, cyclin D1, CDK4, and pRb) involved in cell cycle progression [59,60]. Western blotting of cells treated with CAPE-MotAb revealed a stronger upregulation of p53, a major tumor suppressor protein (Figure 5B). Cell cycle progression is strictly controlled by cyclins and cyclin-dependent kinases (CDKs). The activated cyclin/CDK complexes (CDK4 and CDK6 associate with D-type cyclins) phosphorylate and inactivate members of the retinoblastoma (Rb) protein family, resulting in progression of the cell cycle [61]. In line with the stronger upregulation of p53 and its effector p21WAF1 in CAPE-MotAb treated cells, they showed a higher decrease in the expression of Cyclin D1, CDK4, and pRb as compared to CAPE-PEG treated cells. These results supported that the stronger growth arrest in CAPE-MotAb treated cells is mediated by enhanced activation of p53-p21 and inhibition of pRb signaling pathways.



We next performed Annexin V/7-AAD double staining to evaluate the apoptosis in CAPE-PEG and CAPE-MotAb treated cells. Cell populations in Annexin V-/7- ADD-, Annexin V+/7-ADD-, Annexin V+/7-ADD+, and Annexin V-/7-ADD+ represent healthy, early apoptotic, late apoptotic and debris cells, respectively. Annexin V positive (early and late apoptosis) cells were considered as the apoptotic population. As shown in Figure 5C, apoptosis was significantly enhanced in CAPE-MotAb treated A549 cells as compared to CAPE-PEG treated cells. With the use of MotAb, the apoptotic cell population increased from 29% (CAPE-PEG) to 45% (CAPE-MotAb) (Figure 5C). To determine the molecular mechanism of CAPE-MotAb induced apoptosis, we analyzed the expression of proteins involved in apoptosis. These included polyADP-ribose polymerase-1 (PARP-1), B-cell lymphoma 2 (Bcl-2), Caspase 3, Caspase 9, Cytochrome C, and Bax that are known to be tightly involved in the apoptotic signaling pathway (Figure 5D). Suppression of the anti-apoptotic factors or activation of the pro-apoptotic members of the Bcl-2 family leading to altered mitochondrial membrane permeability resulting in the release of cytochrome c into the cytosol is a well-known mechanism. Binding of Cytochrome C to apoptotic protease activating factor 1 (Apaf-1) triggers the activation of Caspase 9, which then accelerates apoptosis by activating other caspases. Western blot analysis revealed that the downregulation of Bcl2, pro-caspase 3, and pro-caspase 9 was stronger in CAPE-MotAb as compared to CAPE-PEG treated cells (Figure 5D). Whereas the expression level of PARP-1 and Cytochrome C proteins was strongly downregulated, Bax (pro-apoptosis marker) was upregulated to a larger extent in A549 cells exposed to CAPE-MotAb as compared to CAPE-PEG (Figure 5D). Taken together, these results demonstrated that CAPE exerted anticancer activity through induction of cell cycle arrest and apoptosis, and CAPE-MotAb nanoparticles offered higher potency.




3.5. CAPE-MotAb Caused Enhanced Anti-Migration and Anti-Invasion Activities


CAPE has earlier been shown to inhibit cancer cell migration. We, therefore, investigated the effect of CAPE-MotAb nanoparticles on cancer cell migration and invasive abilities by wound scratch and cell invasion assays, respectively. Microscopic observations of the motility of living cells in the scratch area revealed that cell migration was significantly delayed in CAPE-MotAb treated cells compared to CAPE-PEG treated counterparts (Figure 6A). We observed that the gap area in A549 cells treated with CAPE-MotAb for 24 and 48 h (28% and 26%, respectively) was larger than that of CAPE-PEG (23% and 20%, respectively) from the initial value of 32%, suggesting that CAPE-MotAb caused stronger inhibition of cancer cell migration (Figure 6A). Similarly, in the cell invasion assay, CAPE-MotAb treatment markedly attenuated the invasion ability of A549 cells (Figure 6B). The number of invasive A549 cells was significantly decreased from 53% in CAPE-PEG to 22% in CAPE-MotAb treated cells (Figure 6B). In order to test this further, we next examined the expression level of key metastasis-regulatory proteins and found a significant decrease in MMP-2, MMP-3, MMP-9, CARF, and Vimentin in CAPE-MotAb treated A549 cells (Figure 6C). Furthermore, the level of hnRNP-K (pro-metastasis marker) was also evidently downregulated in cells subjected to CAPE-MotAb treatment (Figure 6C). Of note, CAPE-MotAb treated cells showed a significant decrease in the expression of metastasis-regulatory protein markers as compared to CAPE-PEG treated cells. Taken together, these results demonstrated that CAPE-MotAb nanoparticles possessed enhanced anti-migration and anti-invasion activity as compared to CAPE alone.




3.6. CAPE-MotAb Nanoparticles Caused Enhanced Tumor Suppression


We finally investigated the antitumor efficacy of CAPE-MotAb in in vivo conditions by employing nude mice A549 subcutaneous xenograft models. For this purpose, CAPE-MotAb nanoparticles were prepared freshly and subjected to intraperitoneal injection in A549 xenograft nude mice. A549 tumor-bearing nude mice, with an initial average tumor volume of 22 mm3, were randomly divided into three groups. The control group was administered with PBS only. The second and third groups were administered with an equivalent dose (200 mg/kg body weight) of either CAPE (known to possess anticancer activity) or CAPE-MotAb nanoparticles. The average tumor volume in PBS-treated mice rapidly increased and reached 188 mm3 at the end of the experiment (24 days). Notably, the average tumor volume of CAPE and CAPE-MotAb treated mice were 127 mm3 and 49 mm3, respectively, at 24 days (Figure 7A). Tumor growth suppression observed in the CAPE-MotAb treated group was significantly higher than the control and CAPE groups. The data strongly supported that the CAPE-MotAb nanoparticles possess enhanced tumor suppressor activity (Figure 7B). No significant change in the bodyweight of mice throughout the treatment period was observed suggesting the lack of toxicity or negative effects of the treatment in any group (Figure 7C). At the endpoint, the mice were sacrificed, and their tumors were excised and weighed. The average tumor weight decreased from 0.38 g in the control to 0.27 g (CAPE) and 0.15 g (CAPE-MotAb), respectively (Figure 7D). A significant reduction in tumor size was observed at the endpoint in the group treated with CAPE-MotAb, when compared to control and CAPE groups (Figure 7E). Following the above assay, tumor tissue lysates were subjected to Western blotting for proteins involved in cell migration/tumor malignancy and metastasis. As shown in Figure S6, we found that the tumors from the group that were treated with CAPE-MotAb possessed significantly lower expression levels of proteins involved in malignant transformation of cells including, MMP-2, MMP-3/10, MMP-9, CARF, and mortalin. Furthermore, as shown in Figure 7F, the tumor growth inhibition rate in response to CAPE-MotAb treatment reached 71.7% in the A549 xenografts, which was much higher than those treated with CAPE (31.8%). These data clearly demonstrated that CAPE-MotAb nanoparticles possessed higher selectivity and cytotoxicity for cancer cells both in in vitro and in vivo. Anticancer activity of CAPE has earlier been assigned to its several mechanisms of action including activation of tumor suppressor and apoptotic activities of p53 protein [11,18,28,30,62,63], modulation of the redox state of cells [64], restoration of gap junctional intercellular communication [65], inhibition of VEGF-induced angiogenesis [66], inhibition of EMT [67], radio- and chemo-sensitization of cancer cells [16,68,69], inhibition of inflammation signaling [70], activation of MAPK-ERK1/2 signaling [71] and inactivation of oncogenic PAK1 signaling [72].





4. Discussion


CAPE has been identified as an active phenolic compound in New Zealand propolis and assigned a variety of therapeutic activities, including modulation of proteins and pathways molecules involved in immune response and cancer [11,20,21,22,23,24,25,26,27,28]. However, poor water-solubility of phenolic compounds has been documented to limit their efficacy [73]. In addition, bioavailability and hence the therapeutic action of CAPE falls off due to its degradation by cellular esterases [30,31]. Our previous study demonstrated that CAPE can be protected from esterases by its combination with γCD, and hence exhibited stronger anticancer activity [30,31]. It has been widely shown that through the modification of physicochemical properties (size, shape, composition, surface charge, ligands, hydrophilicity, and hydrophobicity), the natural or synthetic molecules and their derivatives can achieve better therapeutic potential [37,38,39]. In order to overcome poor water solubility and low bioavailability that limits its therapeutic efficacy, we currently considered to develop nanoparticles that could potentially serve as nanomedicine [74]. Polyethylene glycol (PEG)-coated polymer has been shown to serve as nanocarriers [75,76,77]. Based on the fact that mortalin is overexpressed on the surface of aggressive and metastatic cancer cells [49,50,51], we recruited DSPE-PEG-NHS and unique anti-mortalin antibody (that possesses cell-internalization characteristics) to target, these nanoparticles selectively to cancer cells.



Particle size, encapsulation and loading efficiency of CAPE-MotAb nanoparticles was investigated by physical and chemical assays. Encapsulation and loading efficiency of the nanoparticles were both satisfactory with a ratio of 1:5 for CAPE and DSPE-PEG-NHS (Table 1 and Table 2). The successful conjugation of MotAb to DSPE-PEG-NHS and encapsulation of CAPE in MotAb-conjugated polymeric micelles were confirmed by non-reducing SDS-PAGE analysis and UV-Vis-NIR spectrum of CAPE-MotAb (Figure 1). Cell based assays revealed higher cytotoxicity of CAPE-MotAb in cancer cells in which mortalin is enriched on the cell surface (Figure 2 and Figure 3). A549 cells have higher cellular uptake of CAPE-MotAb nanoparticles in a time-dependent manner as observed by fluorescence microscopy-based uptake study in vitro (Figure 4 and Figure S5). CAPE-MotAb nanoparticles cause stronger cell cycle arrest and apoptosis as analyzed by flow cytometry (Figure 5). Enhanced anti-migration and anti-invasion activities are also shown in CAPE-MotAb nanoparticles- treated cancer cells (Figure 6). Furthermore, tumor suppression in animal model provided evidence that CAPE-MotAb nanoparticles possess better anti-tumor activity (Figure 7 and Figure S6). Taken together, all these experimental results support our hypothesis that MotAb-conjugated nanoparticles can specifically deliver CAPE to cancer cells that are enriched in mortalin on the cell surface. Presently, PEGylation has become a mainstay in nanoparticle formulation and PEGylated-nanoparticle based nanoformulations are approved by FDA [76]. Considering the observations made in the present study, we believe that the targeted CAPE delivery approach using MotAb-conjugated nanoparticles holds considerable potential with better outcomes, initiating further studies in a preclinical setup.




5. Conclusions


In conclusion, we have developed a simple, water-soluble, and cell internalizing CAPE-MotAb nanoparticles with enhanced targeted delivery and selective cytotoxicity to cancer cells in vitro and in vivo. We, therefore, propose CAPE-MotAb as a suitable nanomedicine and a platform to facilitate the use of caffeic acid phenethyl ester for cancer treatment and hence warrant clinical trials.








Supplementary Materials


The following are available online at https://www.mdpi.com/2072-6694/12/9/2370/s1, Figure S1: UV-Vis-NIR absorption spectra of CAPE-MotAb nanoparticles at different time points (0 and 8 days), Figure S2: Viability of (A) A549 and (B) MRC5 cells treated with DSPE-PEG-NHS and MotAb (at the concentrations indicated) for 24 h and 48 h, Figure S3: Cytotoxic effect of CAPE, CAPE-PEG, and CAPE-MotAb on (A) A549, (B) HCT116, and (C) HT-29 cells at the concentrations indicated for 24 h and 48 h, respectively, Figure S4: Fluorescence microscopy images of A549 and MRC5 cells treated with DSPE-PEG-NHS and MotAb for 12 h followed by staining with Alexa FluorTM 594-tagged secondary antibody, Figure S5: Fluorescence microscopy images of A549 cells treated with CAPE-PEG and CAPE-MotAb for 24 and 48 h respectively, Figure S6: Western blotting analysis of tumor lysates.





Author Contributions


Conceptualization, S.C.K., Y.Y., E.M. and R.W.; methodology, J.W., P.B., Y.Y., A.N.S., H.Z., N.I., and K.Y.; software, J.W., and R.W.; validation, J.W., P.B., Y.Y., A.N.S., H.Z., N.I., and K.Y.; formal analysis, J.W., P.B., Y.Y., A.N.S., H.Z., N.I., and K.Y.; investigation, J.W., P.B., Y.Y., A.N.S., H.Z., N.I., and K.Y.; resources, Y.I., K.T., S.C.K. and R.W.; data curation, J.W., P.B., Y.Y., A.N.S., H.Z., N.I., and K.Y.; writing—original draft preparation, J.W., P.B., Y.Y., A.N.S., H.Z., N.I., and K.Y.; writing—review and editing, Z.Z., Y.I., K.T., S.C.K., E.M., and R.W.; visualization, J.W., P.B., Y.Y., A.N.S., H.Z., N.I., and K.Y.; supervision, R.W.; project administration, Y.Y., S.C.K., R.W.; funding acquisition, S.C.K. and R.W. All authors have read and agreed to the published version of the manuscript.




Funding


This study was supported by the funds granted by AIST (Japan) and the Department of Biotechnology (DBT) (Govt. of India).




Conflicts of Interest


Yoshiyuki Ishida and Keiji Terao are affiliated to CycloChem Co., Ltd., 7-4-5 Minatojima-minamimachi, Chuo-ku, Kobe 650-0047, Japan. The authors declare that there is no conflict of interest.




References


	



Khayyal, M.T.; el-Ghazaly, M.A.; el-Khatib, A.S. Mechanisms involved in the antiinflammatory effect of propolis extract. Drugs Exp. Clin. Res. 1993, 19, 197–203. [Google Scholar]

	



Przybylek, I.; Karpinski, T.M. Antibacterial Properties of Propolis. Molecules 2019, 24, 2047. [Google Scholar] [CrossRef]

	



Schnitzler, P.; Neuner, A.; Nolkemper, S.; Zundel, C.; Nowack, H.; Sensch, K.H.; Reichling, J. Antiviral activity and mode of action of propolis extracts and selected compounds. Phytother. Res. 2010, 24 (Suppl. 1), S20–S28. [Google Scholar] [CrossRef]

	



Banskota, A.H.; Nagaoka, T.; Sumioka, L.Y.; Tezuka, Y.; Awale, S.; Midorikawa, K.; Matsushige, K.; Kadota, S. Antiproliferative activity of the Netherlands propolis and its active principles in cancer cell lines. J. Ethnopharmacol. 2002, 80, 67–73. [Google Scholar] [CrossRef]

	



Galeotti, F.; Maccari, F.; Fachini, A.; Volpi, N. Chemical Composition and Antioxidant Activity of Propolis Prepared in Different Forms and in Different Solvents Useful for Finished Products. Foods 2018, 7, 41. [Google Scholar] [CrossRef]

	



Kujumgiev, A.; Tsvetkova, I.; Serkedjieva, Y.; Bankova, V.; Christov, R.; Popov, S. Antibacterial, antifungal and antiviral activity of propolis of different geographic origin. J. Ethnopharmacol. 1999, 64, 235–240. [Google Scholar] [CrossRef]

	



Sforcin, J.M.; Bankova, V. Propolis: Is there a potential for the development of new drugs? J. Ethnopharmacol. 2011, 133, 253–260. [Google Scholar] [CrossRef] [PubMed]

	



Viuda-Martos, M.; Ruiz-Navajas, Y.; Fernandez-Lopez, J.; Perez-Alvarez, J.A. Functional properties of honey, propolis, and royal jelly. J. Food Sci. 2008, 73, R117–R124. [Google Scholar] [CrossRef] [PubMed]

	



Bankova, V.; Popova, M.; Trusheva, B. Propolis volatile compounds: Chemical diversity and biological activity: A review. Chem. Cent. J. 2014, 8, 28. [Google Scholar] [CrossRef] [PubMed]

	



Toreti, V.C.; Sato, H.H.; Pastore, G.M.; Park, Y.K. Recent progress of propolis for its biological and chemical compositions and its botanical origin. Evid. Based Complement Altern. Med. 2013, 2013, 697390. [Google Scholar] [CrossRef]

	



Bhargava, P.; Grover, A.; Nigam, N.; Kaul, A.; Doi, M.; Ishida, Y.; Kakuta, H.; Kaul, S.C.; Terao, K.; Wadhwa, R. Anticancer activity of the supercritical extract of Brazilian green propolis and its active component, artepillin C: Bioinformatics and experimental analyses of its mechanisms of action. Int. J. Oncol. 2018, 52, 925–932. [Google Scholar] [PubMed]

	



Ozturk, G.; Ginis, Z.; Akyol, S.; Erden, G.; Gurel, A.; Akyol, O. The anticancer mechanism of caffeic acid phenethyl ester (CAPE): Review of melanomas, lung and prostate cancers. Eur. Rev. Med. Pharmacol. Sci. 2012, 16, 2064–2068. [Google Scholar] [PubMed]

	



Xiang, D.; Wang, D.; He, Y.; Xie, J.; Zhong, Z.; Li, Z.; Xie, J. Caffeic acid phenethyl ester induces growth arrest and apoptosis of colon cancer cells via the beta-catenin/T-cell factor signaling. Anticancer Drugs 2006, 17, 753–762. [Google Scholar] [CrossRef] [PubMed]

	



Chen, M.F.; Wu, C.T.; Chen, Y.J.; Keng, P.C.; Chen, W.C. Cell killing and radiosensitization by caffeic acid phenethyl ester (CAPE) in lung cancer cells. J. Radiat Res. 2004, 45, 253–260. [Google Scholar] [CrossRef] [PubMed]

	



Omene, C.O.; Wu, J.; Frenkel, K. Caffeic Acid Phenethyl Ester (CAPE) derived from propolis, a honeybee product, inhibits growth of breast cancer stem cells. Investig. New Drugs 2012, 30, 1279–1288. [Google Scholar] [CrossRef]

	



Motawi, T.K.; Abdelazim, S.A.; Darwish, H.A.; Elbaz, E.M.; Shouman, S.A. Modulation of Tamoxifen Cytotoxicity by Caffeic Acid Phenethyl Ester in MCF-7 Breast Cancer Cells. Oxid. Med. Cell. Longev. 2016, 2016, 3017108. [Google Scholar] [CrossRef]

	



Kabala-Dzik, A.; Rzepecka-Stojko, A.; Kubina, R.; Jastrzebska-Stojko, Z.; Stojko, R.; Wojtyczka, R.D.; Stojko, J. Comparison of Two Components of Propolis: Caffeic Acid (CA) and Caffeic Acid Phenethyl Ester (CAPE) Induce Apoptosis and Cell Cycle Arrest of Breast Cancer Cells MDA-MB-231. Molecules 2017, 22, 1554. [Google Scholar] [CrossRef]

	



Chen, M.J.; Chang, W.H.; Lin, C.C.; Liu, C.Y.; Wang, T.E.; Chu, C.H.; Shih, S.C.; Chen, Y.J. Caffeic acid phenethyl ester induces apoptosis of human pancreatic cancer cells involving caspase and mitochondrial dysfunction. Pancreatology 2008, 8, 566–576. [Google Scholar] [CrossRef]

	



Rzepecka-Stojko, A.; Kabala-Dzik, A.; Mozdzierz, A.; Kubina, R.; Wojtyczka, R.D.; Stojko, R.; Dziedzic, A.; Jastrzebska-Stojko, Z.; Jurzak, M.; Buszman, E.; et al. Caffeic Acid phenethyl ester and ethanol extract of propolis induce the complementary cytotoxic effect on triple-negative breast cancer cell lines. Molecules 2015, 20, 9242–9262. [Google Scholar] [CrossRef]

	



Kuo, Y.Y.; Lin, H.P.; Huo, C.; Su, L.C.; Yang, J.; Hsiao, P.H.; Chiang, H.C.; Chung, C.J.; Wang, H.D.; Chang, J.Y.; et al. Caffeic acid phenethyl ester suppresses proliferation and survival of TW2.6 human oral cancer cells via inhibition of Akt signaling. Int. J. Mol. Sci. 2013, 14, 8801–8817. [Google Scholar] [CrossRef]

	



Chuu, C.P.; Lin, H.P.; Ciaccio, M.F.; Kokontis, J.M.; Hause, R.J., Jr.; Hiipakka, R.A.; Liao, S.; Jones, R.B. Caffeic acid phenethyl ester suppresses the proliferation of human prostate cancer cells through inhibition of p70S6K and Akt signaling networks. Cancer Prev. Res. 2012, 5, 788–797. [Google Scholar] [CrossRef] [PubMed]

	



Lin, H.P.; Lin, C.Y.; Huo, C.; Hsiao, P.H.; Su, L.C.; Jiang, S.S.; Chan, T.M.; Chang, C.H.; Chen, L.T.; Kung, H.J.; et al. Caffeic acid phenethyl ester induced cell cycle arrest and growth inhibition in androgen-independent prostate cancer cells via regulation of Skp2, p53, p21Cip1 and p27Kip1. Oncotarget 2015, 6, 6684–6707. [Google Scholar] [CrossRef] [PubMed]

	



Mirzoeva, O.K.; Yaqoob, P.; Knox, K.A.; Calder, P.C. Inhibition of ICE-family cysteine proteases rescues murine lymphocytes from lipoxygenase inhibitor-induced apoptosis. FEBS Lett. 1996, 396, 266–270. [Google Scholar] [CrossRef]

	



Watabe, M.; Hishikawa, K.; Takayanagi, A.; Shimizu, N.; Nakaki, T. Caffeic acid phenethyl ester induces apoptosis by inhibition of NFkappaB and activation of Fas in human breast cancer MCF-7 cells. J. Biol. Chem. 2004, 279, 6017–6026. [Google Scholar] [CrossRef]

	



Natarajan, K.; Singh, S.; Burke, T.R., Jr.; Grunberger, D.; Aggarwal, B.B. Caffeic acid phenethyl ester is a potent and specific inhibitor of activation of nuclear transcription factor NF-kappa B. Proc. Natl. Acad. Sci. USA 1996, 93, 9090–9095. [Google Scholar] [CrossRef]

	



Chiang, E.P.; Tsai, S.Y.; Kuo, Y.H.; Pai, M.H.; Chiu, H.L.; Rodriguez, R.L.; Tang, F.Y. Caffeic acid derivatives inhibit the growth of colon cancer: Involvement of the PI3-K/Akt and AMPK signaling pathways. PLoS ONE 2014, 9, e99631. [Google Scholar] [CrossRef]

	



He, Y.J.; Liu, B.H.; Xiang, D.B.; Qiao, Z.Y.; Fu, T.; He, Y.H. Inhibitory effect of caffeic acid phenethyl ester on the growth of SW480 colorectal tumor cells involves beta-catenin associated signaling pathway down-regulation. World J. Gastroenterol. 2006, 12, 4981–4985. [Google Scholar] [CrossRef]

	



Lee, Y.J.; Kuo, H.C.; Chu, C.Y.; Wang, C.J.; Lin, W.C.; Tseng, T.H. Involvement of tumor suppressor protein p53 and p38 MAPK in caffeic acid phenethyl ester-induced apoptosis of C6 glioma cells. Biochem. Pharmacol. 2003, 66, 2281–2289. [Google Scholar] [CrossRef]

	



Carrasco-Legleu, C.E.; Sanchez-Perez, Y.; Marquez-Rosado, L.; Fattel-Fazenda, S.; Arce-Popoca, E.; Hernandez-Garcia, S.; Villa-Trevino, S. A single dose of caffeic acid phenethyl ester prevents initiation in a medium-term rat hepatocarcinogenesis model. World J. Gastroenterol. 2006, 12, 6779–6785. [Google Scholar] [CrossRef]

	



Wadhwa, R.; Nigam, N.; Bhargava, P.; Dhanjal, J.K.; Goyal, S.; Grover, A.; Sundar, D.; Ishida, Y.; Terao, K.; Kaul, S.C. Molecular Characterization and Enhancement of Anticancer Activity of Caffeic Acid Phenethyl Ester by gamma Cyclodextrin. J. Cancer 2016, 7, 1755–1771. [Google Scholar] [CrossRef]

	



Ishida, Y.; Gao, R.; Shah, N.; Bhargava, P.; Furune, T.; Kaul, S.C.; Terao, K.; Wadhwa, R. Anticancer Activity in Honeybee Propolis: Functional Insights to the Role of Caffeic Acid Phenethyl Ester and Its Complex with gamma-Cyclodextrin. Integr. Cancer Ther. 2018, 17, 867–873. [Google Scholar] [CrossRef] [PubMed]

	



Kumari, A.; Yadav, S.K.; Yadav, S.C. Biodegradable polymeric nanoparticles based drug delivery systems. Colloids Surf. B Biointerfaces 2010, 75, 1–18. [Google Scholar] [CrossRef] [PubMed]

	



ElBayoumi, T.A.; Torchilin, V.P. Tumor-targeted nanomedicines: Enhanced antitumor efficacy in vivo of doxorubicin-loaded, long-circulating liposomes modified with cancer-specific monoclonal antibody. Clin. Cancer Res. 2009, 15, 1973–1980. [Google Scholar] [CrossRef] [PubMed]

	



Wolfram, J.; Zhu, M.; Yang, Y.; Shen, J.; Gentile, E.; Paolino, D.; Fresta, M.; Nie, G.; Chen, C.; Shen, H.; et al. Safety of Nanoparticles in Medicine. Curr. Drug Targets 2015, 16, 1671–1681. [Google Scholar] [CrossRef] [PubMed]

	



Barnes, T.A.; Amir, E.; Templeton, A.J.; Gomez-Garcia, S.; Navarro, B.; Seruga, B.; Ocana, A. Efficacy, safety, tolerability and price of newly approved drugs in solid tumors. Cancer Treat. Rev. 2017, 56, 1–7. [Google Scholar] [CrossRef] [PubMed]

	



Farokhzad, O.C.; Langer, R. Impact of nanotechnology on drug delivery. ACS Nano 2009, 3, 16–20. [Google Scholar] [CrossRef]

	



Navya, P.N.; Daima, H.K. Rational engineering of physicochemical properties of nanomaterials for biomedical applications with nanotoxicological perspectives. Nano Converg. 2016, 3, 1. [Google Scholar] [CrossRef]

	



Cosco, D.; Paolino, D.; De Angelis, F.; Cilurzo, F.; Celia, C.; Di Marzio, L.; Russo, D.; Tsapis, N.; Fattal, E.; Fresta, M. Aqueous-core PEG-coated PLA nanocapsules for an efficient entrapment of water soluble anticancer drugs and a smart therapeutic response. Eur. J. Pharm. Biopharm. 2015, 89, 30–39. [Google Scholar] [CrossRef]

	



Cosco, D.; Mare, R.; Paolino, D.; Salvatici, M.C.; Cilurzo, F.; Fresta, M. Sclareol-loaded hyaluronan-coated PLGA nanoparticles: Physico-chemical properties and in vitro anticancer features. Int. J. Biol. Macromol. 2019, 132, 550–557. [Google Scholar] [CrossRef]

	



Din, F.U.; Aman, W.; Ullah, I.; Qureshi, O.S.; Mustapha, O.; Shafique, S.; Zeb, A. Effective use of nanocarriers as drug delivery systems for the treatment of selected tumors. Int. J. Nanomed. 2017, 12, 7291–7309. [Google Scholar] [CrossRef]

	



Torchilin, V. Tumor delivery of macromolecular drugs based on the EPR effect. Adv. Drug Deliv. Rev. 2011, 63, 131–135. [Google Scholar] [CrossRef] [PubMed]

	



Navya, P.N.; Kaphle, A.; Srinivas, S.P.; Bhargava, S.K.; Rotello, V.M.; Daima, H.K. Current trends and challenges in cancer management and therapy using designer nanomaterials. Nano Converg. 2019, 6, 23. [Google Scholar] [CrossRef]

	



Wadhwa, R.; Taira, K.; Kaul, S.C. An Hsp70 family chaperone, mortalin/mthsp70/PBP74/Grp75: What, when, and where? Cell Stress Chaperones 2002, 7, 309–316. [Google Scholar] [CrossRef]

	



Ran, Q.; Wadhwa, R.; Kawai, R.; Kaul, S.C.; Sifers, R.N.; Bick, R.J.; Smith, J.R.; Pereira-Smith, O.M. Extramitochondrial localization of mortalin/mthsp70/PBP74/GRP75. Biochem. Biophys. Res. Commun. 2000, 275, 174–179. [Google Scholar] [CrossRef] [PubMed]

	



Wadhwa, R.; Kaul, S.C.; Mitsui, Y.; Sugimoto, Y. Differential subcellular distribution of mortalin in mortal and immortal mouse and human fibroblasts. Exp. Cell Res. 1993, 207, 442–448. [Google Scholar] [CrossRef]

	



Wadhwa, R.; Ryu, J.; Ahn, H.M.; Saxena, N.; Chaudhary, A.; Yun, C.O.; Kaul, S.C. Functional significance of point mutations in stress chaperone mortalin and their relevance to Parkinson disease. J. Biol. Chem. 2015, 290, 8447–8456. [Google Scholar] [CrossRef] [PubMed]

	



Wadhwa, R.; Takano, S.; Kaur, K.; Deocaris, C.C.; Pereira-Smith, O.M.; Reddel, R.R.; Kaul, S.C. Upregulation of mortalin/mthsp70/Grp75 contributes to human carcinogenesis. Int. J. Cancer 2006, 118, 2973–2980. [Google Scholar] [CrossRef]

	



Deocaris, C.C.; Lu, W.J.; Kaul, S.C.; Wadhwa, R. Druggability of mortalin for cancer and neuro-degenerative disorders. Curr. Pharm. Des. 2013, 19, 418–429. [Google Scholar] [CrossRef]

	



Kaul, Z.; Yaguchi, T.; Harada, J.I.; Ikeda, Y.; Hirano, T.; Chiura, H.X.; Kaul, S.C.; Wadhwa, R. An antibody-conjugated internalizing quantum dot suitable for long-term live imaging of cells. Biochem. Cell Biol. 2007, 85, 133–140. [Google Scholar] [CrossRef]

	



Shin, B.K.; Wang, H.; Yim, A.M.; Le Naour, F.; Brichory, F.; Jang, J.H.; Zhao, R.; Puravs, E.; Tra, J.; Michael, C.W.; et al. Global profiling of the cell surface proteome of cancer cells uncovers an abundance of proteins with chaperone function. J. Biol. Chem. 2003, 278, 7607–7616. [Google Scholar] [CrossRef]

	



Shiota, M.; Ikeda, Y.; Kaul, Z.; Itadani, J.; Kaul, S.C.; Wadhwa, R. Internalizing antibody-based targeted gene delivery for human cancer cells. Hum. Gene Ther. 2007, 18, 1153–1160. [Google Scholar] [CrossRef] [PubMed]

	



Kalra, R.S.; Cheung, C.T.; Chaudhary, A.; Prakash, J.; Kaul, S.C.; Wadhwa, R. CARF (Collaborator of ARF) overexpression in p53-deficient cells promotes carcinogenesis. Mol. Oncol. 2015, 9, 1877–1889. [Google Scholar] [CrossRef] [PubMed]

	



Hasan, M.K.; Yaguchi, T.; Minoda, Y.; Hirano, T.; Taira, K.; Wadhwa, R.; Kaul, S.C. Alternative reading frame protein (ARF)-independent function of CARF (collaborator of ARF) involves its interactions with p53: Evidence for a novel p53-activation pathway and its negative feedback control. Biochem. J. 2004, 380, 605–610. [Google Scholar] [CrossRef] [PubMed]

	



Yu, Y.; Wang, J.; Kaul, S.C.; Wadhwa, R.; Miyako, E. Folic Acid Receptor-Mediated Targeting Enhances the Cytotoxicity, Efficacy, and Selectivity of Withania somnifera Leaf Extract: In vitro and in vivo Evidence. Front. Oncol. 2019, 9, 602. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Huang, Y.; Li, S. Polymeric micelles: Nanocarriers for cancer-targeted drug delivery. AAPS Pharm. Sci. Tech. 2014, 15, 862–871. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.; Huang, Y.; Li, S. Nanomicellar carriers for targeted delivery of anticancer agents. Ther. Deliv. 2014, 5, 53–68. [Google Scholar] [CrossRef]

	



Li, Y.; Zhang, T.; Liu, Q.; He, J. PEG-Derivatized Dual-Functional Nanomicelles for Improved Cancer Therapy. Front. Pharmacol. 2019, 10, 808. [Google Scholar] [CrossRef]

	



Trivedi, R.; Kompella, U.B. Nanomicellar formulations for sustained drug delivery: Strategies and underlying principles. Nanomedicine 2010, 5, 485–505. [Google Scholar] [CrossRef]

	



Al Bitar, S.; Gali-Muhtasib, H. The Role of the Cyclin Dependent Kinase Inhibitor p21(cip1/waf1) in Targeting Cancer: Molecular Mechanisms and Novel Therapeutics. Cancers 2019, 11, 1475. [Google Scholar] [CrossRef]

	



Lim, S.; Kaldis, P. Cdks, cyclins and CKIs: Roles beyond cell cycle regulation. Development 2013, 140, 3079–3093. [Google Scholar] [CrossRef]

	



Malumbres, M.; Barbacid, M. To cycle or not to cycle: A critical decision in cancer. Nat. Rev. Cancer 2001, 1, 222–231. [Google Scholar] [CrossRef] [PubMed]

	



Su, Z.Z.; Lin, J.; Prewett, M.; Goldstein, N.I.; Fisher, P.B. Apoptosis mediates the selective toxicity of caffeic acid phenethyl ester (CAPE) toward oncogene-transformed rat embryo fibroblast cells. Anticancer Res. 1995, 15, 1841–1848. [Google Scholar] [PubMed]

	



Nomura, M.; Kaji, A.; Ma, W.; Miyamoto, K.; Dong, Z. Suppression of cell transformation and induction of apoptosis by caffeic acid phenethyl ester. Mol. Carcinog. 2001, 31, 83–89. [Google Scholar] [CrossRef] [PubMed]

	



Chiao, C.; Carothers, A.M.; Grunberger, D.; Solomon, G.; Preston, G.A.; Barrett, J.C. Apoptosis and altered redox state induced by caffeic acid phenethyl ester (CAPE) in transformed rat fibroblast cells. Cancer Res. 1995, 55, 3576–3583. [Google Scholar]

	



Na, H.K.; Wilson, M.R.; Kang, K.S.; Chang, C.C.; Grunberger, D.; Trosko, J.E. Restoration of gap junctional intercellular communication by caffeic acid phenethyl ester (CAPE) in a ras-transformed rat liver epithelial cell line. Cancer Lett. 2000, 157, 31–38. [Google Scholar] [CrossRef]

	



Izuta, H.; Shimazawa, M.; Tsuruma, K.; Araki, Y.; Mishima, S.; Hara, H. Bee products prevent VEGF-induced angiogenesis in human umbilical vein endothelial cells. BMC Complement Altern. Med. 2009, 9, 45–55. [Google Scholar] [CrossRef]

	



Chen, M.J.; Shih, S.C.; Wang, H.Y.; Lin, C.C.; Liu, C.Y.; Wang, T.E.; Chu, C.H.; Chen, Y.J. Caffeic Acid phenethyl ester inhibits epithelial-mesenchymal transition of human pancreatic cancer cells. Evid. Based Complement. Altern. Med. 2013, 2013, 270906–270911. [Google Scholar] [CrossRef]

	



Anjaly, K.; Tiku, A.B. Radio-Modulatory Potential of Caffeic Acid Phenethyl Ester: A Therapeutic Perspective. Anticancer Agents Med. Chem. 2018, 18, 468–475. [Google Scholar] [CrossRef]

	



Tolba, M.F.; Esmat, A.; Al-Abd, A.M.; Azab, S.S.; Khalifa, A.E.; Mosli, H.A.; Abdel-Rahman, S.Z.; Abdel-Naim, A.B. Caffeic acid phenethyl ester synergistically enhances docetaxel and paclitaxel cytotoxicity in prostate cancer cells. IUBMB Life 2013, 65, 716–729. [Google Scholar] [CrossRef]

	



Ma, Y.; Zhang, J.X.; Liu, Y.N.; Ge, A.; Gu, H.; Zha, W.J.; Zeng, X.N.; Huang, M. Caffeic acid phenethyl ester alleviates asthma by regulating the airway microenvironment via the ROS-responsive MAPK/Akt pathway. Free Radic. Biol. Med. 2016, 101, 163–175. [Google Scholar] [CrossRef]

	



Chung, L.C.; Chiang, K.C.; Feng, T.H.; Chang, K.S.; Chuang, S.T.; Chen, Y.J.; Tsui, K.H.; Lee, J.C.; Juang, H.H. Caffeic acid phenethyl ester upregulates N-myc downstream regulated gene 1 via ERK pathway to inhibit human oral cancer cell growth in vitro and in vivo. Mol. Nutr. Food Res. 2017, 61, 10–16. [Google Scholar] [CrossRef] [PubMed]

	



Messerli, S.M.; Ahn, M.R.; Kunimasa, K.; Yanagihara, M.; Tatefuji, T.; Hashimoto, K.; Mautner, V.; Uto, Y.; Hori, H.; Kumazawa, S.; et al. Artepillin C (ARC) in Brazilian green propolis selectively blocks oncogenic PAK1 signaling and suppresses the growth of NF tumors in mice. Phytother. Res. 2009, 23, 423–427. [Google Scholar] [CrossRef] [PubMed]

	



Queimada, A.J.; Mota, F.L.; Pinho, S.P.; Macedo, E.A. Solubilities of biologically active phenolic compounds: Measurements and modeling. J. Phys. Chem. B 2009, 113, 3469–3476. [Google Scholar] [CrossRef] [PubMed]

	



Grimaldi, N.; Andrade, F.; Segovia, N.; Ferrer-Tasies, L.; Sala, S.; Veciana, J.; Ventosa, N. Lipid-based nanovesicles for nanomedicine. Chem. Soc. Rev. 2016, 45, 6520–6545. [Google Scholar] [CrossRef] [PubMed]

	



Parveen, S.; Sahoo, S.K. Nanomedicine: Clinical applications of polyethylene glycol conjugated proteins and drugs. Clin. Pharmacokinet. 2006, 45, 965–988. [Google Scholar] [CrossRef]

	



Suk, J.S.; Xu, Q.; Kim, N.; Hanes, J.; Ensign, L.M. PEGylation as a strategy for improving nanoparticle-based drug and gene delivery. Adv. Drug Deliv. Rev. 2016, 99, 28–51. [Google Scholar] [CrossRef]

	



Paolino, D.; Accolla, M.L.; Cilurzo, F.; Cristiano, M.C.; Cosco, D.; Castelli, F.; Sarpietro, M.G.; Fresta, M.; Celia, C. Interaction between PEG lipid and DSPE/DSPC phospholipids: An insight of PEGylation degree and kinetics of de-PEGylation. Colloids Surf. B Biointerfaces 2017, 155, 266–275. [Google Scholar] [CrossRef]








[image: Cancers 12 02370 g001a 550][image: Cancers 12 02370 g001b 550] 





Figure 1. Schematic illustration of the construction and characteristics of CAPE-MotAb nanoparticles for targeted drug delivery. (A) MotAb modified with DSPE-PEG-NHS. (B) Structure of mortalin-targeted CAPE-MotAb nanoparticles formed by self-assembly of amphiphilic block copolymers (DSPE-PEG-NHS) with MotAb. (C) General mechanism of targeted action by CAPE-MotAb for cancer treatment: the nanocapsules with long blood circulation times get accumulated at the tumor region through passive targeting achieved by EPR effect and subsequently internalized by tumor cells via mortalin-mediated endocytosis. The low pH in endo/lysosomes offers an optimal environment to facilitate the CAPE escape to the cytoplasm by decomposing micelles, thus resulting in cell death. (D) Non-reducing SDS-PAGE analysis of CAPE, DSPE-PEG-NHS, CAPE-PEG, MotAb, and CAPE-MotAb. MotAb appeared at MW ~250-kDa, CAPE-MotAb was seen at higher molecular weight suggesting the successful conjugation of MotAb to DSPE-PEG-NHS. (E) UV-Vis-NIR absorption spectra of CAPE-MotAb. Characteristic peaks of MotAb at 280 nM and CAPE at 335 nM (marked with black arrows) were simultaneously observed in CAPE-MotAb showing successful encapsulation of CAPE in polymeric micelles. (F) Representative TEM image of CAPE-MotAb (a magnified inset is shown in the top right corner). (G) Quantitative size distribution of CAPE-MotAb shown as monodisperse and spherical in shape with a diameter ranging from 9 to 19 nM. 
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Figure 2. Cell surface expression of mortalin in different cancer cell lines. (A) Mean fluorescence intensity (MFI) of mortalin. FACS analysis showed cell surface expression, although to a variable extent, of mortalin in various cancer cells. Values are expressed as a median. (B) Western blotting for mortalin in the plasma membrane fractions of HCT116, HT-29, and A549 cells is shown; NaK-ATPase and Ezrin were used as the loading control and irrelevant membrane protein control, respectively. Quantitation data of Western blotting from three independent experiments is shown on the right (mean ± SD, n = 3), * p < 0.05, *** p < 0.001 (Student’s t-test). 
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Figure 3. Enhanced selective cytotoxicity of CAPE-MotAb in vitro. (A) Cell viability assay indicated dose-dependent cytotoxicity of CAPE-PEG and CAPE-MotAb in A549 cancer cells treated for 24 h. CAPE-MotAb enhanced cancer-killing activity of CAPE in A549 cells, but not in MRC5 normal cells (B) (mean ± SD, n = 3), *** p < 0.001 (Student’s t-test). (C) Phase-contrast images showing toxicity of CAPE-MotAb (CAPE concentration: 20 μg/mL) in human cancer cells; MRC5 normal cells did not show significant toxicity after 24 h incubation. (D) A stronger reduction in colony-forming ability was observed in cells treated with CAPE-MotAb (CAPE concentration: 20 μg/mL). Quantitation from three independent experiments (mean ± SD, n = 3), ** p < 0.01 (Student’s t-test). (E) Cell viability of A549 cells treated with CAPE-PEG and CAPE-MotAb with/without MotAb (0.8 μg/mL) for 48 h (mean ± SD, n = 3), * p < 0.05, ** p < 0.01, *** p < 0.001 (Student’s t-test). CAPE-MotAb caused a dose-dependent decrease in cell viability, partially compromised by preincubation/simultaneous with MotAb. 
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Figure 4. Selective cellular uptake of CAPE-MotAb in cancer cells by targeting mortalin. (A) Fluorescence microscopy images of A549 and MRC5 cells treated with CAPE-PEG and CAPE-MotAb followed by staining with Alexa FluorTM 594-tagged secondary antibody. The nuclei were stained with Hoechst. Higher cellular uptake efficiency of CAPE-MotAb was observed in A549 cells. (B) Quantitation of mortalin expression from fluorescence images (mean ± SD, n = 3), *** p < 0.001 (Student’s t-test). (C) Quantitative analysis of cellular uptake of CAPE-PEG and CAPE-MotAb in A549 and MRC5 cells (mean ± SD, n = 3), *** p < 0.001 (Student’s t-test). CAPE-MotAb treated A549 cells exhibited higher CAPE accumulation as compared to MRC5 cells treated with the same nanoparticles. A549 and MRC5 cells for all above experiments were treated with an equivalent dose of CAPE (20 µg/mL) for 12 h. 
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Figure 5. Stronger cell cycle arrest and apoptosis induced by CAPE-MotAb in A549 cells. (A) Cell cycle analysis of CAPE-MotAb treated A549 cells after 24-h incubation showing an increase in cell population in the G2/M phase in comparison to CAPE-PEG treated A549 cells. Quantitation of cell population from three independent experiments. (B) Western blot for cell cycle regulatory proteins (p53, p21WAF1, Cyclin D1, CDK4, and pRb) after 48-h incubation of CAPE-MotAb. Quantitation of the results is shown on the right (mean ± SD, n = 3), ** p < 0.01, *** p < 0.001 (Student’s t-test to control). (C) Apoptosis analysis from flow cytometry after 48-h incubation showing a sharp increase in apoptotic cells when treated with CAPE-MotAb. Quantitation of apoptotic cells from three independent experiments (mean ± SD, n = 3), ** p < 0.01 (Student’s t-test). (D) Western blot for apoptotic proteins (PARP-1, Bcl-2, pro-caspase 3, pro-caspase 9, Cytochrome C, and Bax) after 48-h incubation of cells with CAPE-MotAb. Quantitation of the results is shown on the right (mean ± SD, n = 3), ** p < 0.01, *** p < 0.001 (Student’s t-test to control). A549 cells were treated with an equivalent dose of CAPE (10 µg/mL) for all the above experiments. 
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Figure 6. CAPE-MotAb possesses enhanced anti-migration and anti-invasion activity. (A) Wound scratch assay showing that CAPE-MotAb treated A549 cells moved slower when compared to the other two groups as indicated in the open area of the wound (CAPE concentration: 5 μg/mL). Quantitation of the open area from three independent experiments (mean ± SD, n = 3), * p < 0.05, ** p < 0.01, *** p < 0.001 (Student’s t-test to control). (B) Representative images of the invasion assay exhibiting impaired invasion in CAPE-MotAb treated A549 cells. Quantitation of cell invasion results from three independent experiments (mean ± SD, n = 3), *** p < 0.001 (Student’s t-test). A549 cells were treated with an equivalent dose of CAPE (10 µg/mL) for 24 h. (C) Western blot analysis for metastasis-associated proteins (MMP2, MMP3, MMP9, hnRNP-k, CARF, and Vimentin) after 48 h incubation of cells with CAPE-MotAb (10 µg/mL). Quantitation of the results is shown on the right (mean ± SD, n = 3), * p < 0.05, ** p < 0.01, *** p < 0.001 (Student’s t-test to control). 
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Figure 7. Enhanced selective tumor-suppression activity of CAPE-MotAb in in vivo conditions. (A) Relative tumor volumes of A549 cells in the control, CAPE, and CAPE-MotAb treated mice (mean ± SD, n = 4), *** p < 0.001 (Student’s t-test). The tumor-forming ability in nude mice bearing A549 xenografts treated by CAPE-MotAb was significantly decreased when compared to control and CAPE treated groups. (B) Images showing a greater reduction in tumor volume after treatment with CAPE-MotAb compared to the other two groups. (C) No significant changes in body weight were observed during the treatment period. The average weights (D) and images (E) of A549 xenograft tumors dissected at the experiment endpoint (mean ± SD, n = 4), ** p < 0.01, *** p < 0.001 (Student’s t-test). (F) Tumor growth inhibition rate following treatment with CAPE and CAPE-MotAb in A549 xenografts (mean ± SD, n = 4), *** p < 0.001 (Student’s t-test). All the formulations were administered intraperitoneally with an equivalent dose of CAPE (200 mg/Kg/2 days). 
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Table 1. Encapsulation efficiency of CAPE-MotAb prepared with different weight ratios of CAPE powder and DPSE-PEG-NHS polymers.
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	CAPE/Polymer (w/w)
	Encapsulation Efficiency (%)





	1:0.5
	27.74 ± 0.58



	1:1
	38.29 ± 2.24



	1:2
	40.41 ± 1.06



	1:4
	71.12 ± 6.94



	1: 5
	75.88 ± 1.99



	1: 10
	80.91 ± 7.58



	1: 20
	84.88 ± 8.66



	1: 30
	77.21. ± 6.78
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Table 2. Loading efficiency of CAPE-MotAb prepared with different weight ratios of CAPE powder and DPSE-PEG-NHS polymers.
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	CAPE/Polymer (w/w)
	Loading Efficiency (%)





	1:0.5
	18.50 ± 0.39



	1:1
	19.65 ± 0.96



	1:2
	13.47 ± 0.35



	1:4
	14.22 ± 0.14



	1: 5
	12.65 ± 0.33



	1: 10
	7.36 ± 0.69



	1: 20
	4.04 ± 0.41



	1: 30
	2.49 ± 0.22
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