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Abstract

:

Doxorubicin hydrochloride (DOX) is a well-known antitumor drug used as first line treatment for many types of malignancies. Despite its clinical relevance, the administration of the compound is negatively affected by dose-dependent off-target toxicity phenomena. Nanotechnology has helped to overcome these important limitations by improving the therapeutic index of the bioactive and promoting the translation of novel nanomedicines into clinical practice. Herein, nanoparticles made up of wheat gliadin and stabilized by polyoxyethylene (2) oleyl ether were investigated for the first time as carriers of DOX. The encapsulation of the compound did not significantly affect the physico-chemical features of the gliadin nanoparticles (GNPs), which evidenced a mean diameter of ~180 nm, a polydispersity index < 0.2 and a negative surface charge. The nanosystems demonstrated great stability regarding temperature (25–50 °C) and were able to retain high amounts of drug, allowing its prolonged and sustained release for up to a week. In vitro viability assay performed against breast cancer cells demonstrated that the nanoencapsulation of DOX modulated the cytotoxicity of the bioactive as a function of the incubation time with respect to the free form of the drug. The results demonstrate the potential use of GNPs as carriers of hydrophilic antitumor compounds.
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1. Introduction


DOX is the leading member of the anthracycline family which includes antibiotics characterized by a broad spectrum of anticancer activity [1]. It is a Food-and-Drug-Administration (FDA)-approved chemotherapeutic agent commercially available under the trade name of Adryamicin®, extensively used (alone or in combination with other compounds) for the treatment of a number of solid and liquid tumors [2]. Despite the advancements made in terms of new anticancer drugs discovered/synthesized, DOX still plays a leading role in cancer treatment. Indeed, it is included in the latest version of the World Health Organization list of essential medicines [3].



The cytotoxic activity of the drug is related to the arrest of the cell cycle thanks to the formation of a DNA-DOX adduct, and the inhibition of the activity of the Type II topoisomerase enzyme [4]. In addition, a reactive oxygen species-mediated mechanism (redox cycling) has been proposed. This is due to the conversion of the anthraquinone moiety of the drug into a semiquinone radical, which promotes an increased cell exposition to the radical species and leads to their death [5]. Unfortunately, since this activity is aspecific, severe adverse reactions against non-targeted tissues/organs have been observed. Indeed, dose-dependent cardiotoxicity and myelosuppression are the most common limiting effects of DOX administration [6,7]. Another important issue is related to the appearance of chemoresistant cell lines, a phenomenon caused by the upregulation of drug efflux transporters or epigenetic modifications [8,9].



In recent decades the entrapment of DOX in various types of drug delivery systems has been performed in order to bypass the aforesaid drawbacks, obtaining a controlled release of the active compound and a decrease of the administration times as well as an increased accumulation in tumor tissues [10]. To this end, liposomes, polymeric micelles, metallic- or solid-lipid nanoparticles have been developed, and some of them translated from bench to bedside. In this regard, Doxil®/Caelyx® represents the milestone among the FDA and European-Medicinal-Agency (EMA)-approved nanomedicines [11,12,13].



The development of nanoformulations able to improve the pharmacological efficacy of antitumor drugs is a topic of great interest in pharmaceutical technology [14,15,16]. In this context, the selection of a biocompatible material to be used as the main component of the nanosystems plays a pivotal role, and the exploitation of natural polymers is continuously growing [17,18,19,20]. Among these, proteins are emerging as attractive biomaterials to be used to reach this goal [21]. This is mainly due to specific features of these macromolecules, such as their wide availability, great biocompatibility and opportunity to self-assemble into well-defined nanoaggregates by using simple and rapid preparation procedures and biocompatible solvents, while avoiding the use of chemical crosslinkers [22,23]. The last of these is of advantage because it avoids the toxicity phenomena associated with the presence of organic solvents and/or unreacted materials during the preparation procedure [22,23]. Moreover, protein nanoparticles favor the administration of lipophilic compounds in polar media and albumin-bound paclitaxel (Abraxane®) is probably the most noteworthy example [24].



Among the proteins, investigations concerning the use of wheat gliadin have increased [25]. This is due to the noteworthy emulsifying and mucoadhesive properties of the polymer, which, combined with its predominantly hydrophobic nature, have favored its exploitation in the biopharmaceutical and alimentary fields, especially for the delivery of water-insoluble compounds [26]. Nonetheless, to the best of our knowledge, only a very few investigations have focused on the encapsulation of anticancer drugs within gliadin-based nanoformulations such as all-trans-retinoic acid [27], cyclophosphamide [28], paclitaxel [29], diosmin [30,31,32] curcumin and methotrexate [33]. Indeed, hardly any active compounds have been tested.



For these reasons, the current study was designed to investigate the suitability of gliadin nanoparticles (GNPs) in antitumor therapy, and to this end DOX was used as a model of a water-soluble drug. Notwithstanding the inherent hydrophobic character of the polymer, our research group has recently demonstrated that polyoxyethylene (2) oleyl ether -stabilized gliadin nanoparticles can efficiently retain hydrophilic compounds [34,35]. The idea was to evaluate the physico-chemical and technological features of the DOX-loaded nanosystems in order to identify the best formulation to be used for in vitro experiments. And then the cytotoxic activity of the carriers was assessed against a model of breast cancer. The goal was to compare the antitumor features of the DOX-loaded nanoparticles with respect to those of the free drug, so as to be able to evaluate the benefits deriving from the nanoencapsulation of the compound in a gliadin-based matrix.




2. Materials and Methods


2.1. Materials


Gliadin from wheat, 3-(4,5-dimethylthiazol-2-yl)-3,5-diphenyltetrazolium bromide salt (used for MTT test), phosphate buffered saline tablets (PBS), dimethyl sulfoxide and amphotericin B solution (250 µg/mL) were all obtained from Sigma Aldrich (Milan, Italy). DOX was purchased from DBA Italia S.r.l. (Segrate, Milan, Italy) whereas Super Refined polyoxyethylene (2) oleyl ether was obtained from Croda International (Snaith, UK). Ethanol was purchased from Carlo Erba SpA (Milan, Italy). Dulbecco’s modified Eagle’s culture medium (DMEM) enriched with glutamax I, trypsin/ethylene diamine tetraacetic acid (EDTA), penicillin/streptomycin solution and fetal bovine serum (FBS), used during in vitro studies, were purchased from GIBCO (Life Technologies, Monza, Italy). Human breast adenocarcinoma cells (MCF-7) were obtained from the IRCCS Azienda Ospedaliera Universitaria San Martino—IST Istituto Nazionale per la Ricerca sul Cancro. Spectrum Laboratories Inc. (Eindhoven, The Netherlands) provided the cellulose acetate membrane used for in vitro release studies (cut-off 10 kDa).




2.2. Preparation of GNPs


GNPs were obtained by the nanoprecipitation technique, as previously described [34]. Briefly, gliadin (1.66 mg/mL) and polyoxyethylene (2) oleyl ether (0.1% w/v) were dissolved in 3 mL of a binary mixture of ethanol/water (2:1 v/v, pH 10). This solution was added to 5 mL of MilliQ water and then homogenized with an Ultraturrax (model T25 IKA®, Werke Gmbh & Co., Staufen, Germany) at 24,000 rpm for 2 min. The resulting suspension was mechanically stirred (8 h, 600 rpm, room temperature) with the aim of promoting the complete evaporation of the organic solvent. The final concentration of gliadin was 1 mg/mL.



DOX-loaded nanoparticles (DOX-GNPs) were obtained in the same way adding various amounts of the active compound (0.2–0.8 mg/mL) in the aqueous phase. The unencapsulated drug and/or the unreacted components were removed by means of ultracentrifugation (90,000× g for 1 h, 4 °C), using an Optima TL apparatus (Beckman Coulter s.r.l., Milan, Italy). The purification step was also performed before in vitro experiments using Amicon® filters (cut-off 10 kDa, 4000 rpm for 40 min) [36].




2.3. Physico-Chemical Characterization


Photon Correlation Spectroscopy (PCS) was used to evaluate the mean diameter, size distribution and zeta potential of the systems using a 1:50 dilution and applying the third-order cumulant fitting correlation function (Zetasizer Nano ZS apparatus, Malvern Panalytical Ltd., Spectris plc, Malvern, UK) [37]. Transmission Electron Microscopy (TEM) was used in order to investigate the morphology of the nanosystems, as previously described [35,37].



Moreover, a Turbiscan Lab Expert® apparatus (Formulaction, Toulouse, France) was employed with the aim of evaluating the stability of the various samples; the results were processed using Turby Soft 2.0 software (Formulaction, Toulouse, France) and expressed as Turbiscan Stability Index (TSI) as a function of time and temperature [35,38].




2.4. Entrapment Efficiency (EE), Loading Capacity (LC) and Release Profiles


The amount of DOX retained by GNPs was evaluated by UV-vis spectroscopy (Lambda 35, Perkin Elmer, Waltham, MA, USA). In detail, the calibration curve of the drug was obtained using various dilutions (140–5 µg/mL) of a stock solution of DOX (1 mg/mL in water). The calibration curve equation was


y = 0.0138x + 0.0808



(1)




where x and y represent the known DOX concentration (µg/mL) and the relative absorbance, respectively. The obtained coefficient of linear regression (r2) was equal to 0.9983.



Each sample was centrifuged as described in Section 2.2, and the supernatant analyzed at a λmax of 480 nm. The EE% was calculated as follows:


EE (%) = De/Dt × 100



(2)




where De and Dt represent the amount of compound that became entrapped within the polymeric matrix and the amount of DOX initially added, respectively [35]. No interference between DOX and the other components of the GNPs was observed.



In addition, the iodine-iodide assay was applied in order to quantify the amount of Brij effectively integrated into the colloidal systems [23,35]. The drug loading capacity (LC) of the various formulations was calculated as the ratio percentage between the amount of entrapped DOX versus the total weight of the nanoparticles, according to the following equation:


LC (%) = (Entrapped DOX)/(Total weight of nanoparticles) × 100



(3)







The leakage of DOX from GNPs was evaluated by means of the dialysis method, at different pH and temperatures (pH 7.4, 37 °C and pH 5.5, 42 °C) [36,39]. In both cases, an isotonic solution of PBS 0.01 M was used, while the pH of the buffer was adjusted to 5.5 by the addition of hydrochloric acid 1 mol/L (pHmeter SevenCompact S210 Mettler Toledo).



Briefly, 1 mL of each formulation was placed in a dialysis bag and immersed into 200 mL of a constantly stirred and warmed PBS solution. The sink conditions were preserved. At fixed time points, 1 mL of the receptor fluid was withdrawn and replenished with an equal volume of fresh medium; the collected samples were then analyzed as described at the beginning of this section.



The amount of drug released was calculated as the ratio percentage between the amount of DOX found in the release media at each time point (DOXrel) with respect to the amount of drug entrapped within the particles (DOXload), as reported below:


Release (%) = DOXrel/DOXload × 100



(4)







In addition, the release kinetics of DOX from GNPs were investigated by fitting the results of release experiments using the Zero order, Higuchi, First order and Korsmeyer-Peppas mathematical models, as already described [40].




2.5. Cell Cultures and Cytotoxicity


MCF-7 cells were cultured in plastic culture dishes (100 mm × 20 mm) using a water-jacketed CO2 incubator (Thermo Scientific, Dreieich, Germany) at 37 °C (5% CO2) in a DMEM culture medium with glutamine, enriched with penicillin (100 UI/mL), streptomycin (100 µg/mL), amphotericin B (250 µg/mL) and FBS (10% v/v) [23].



The antitumor features of DOX (as an aqueous solution or encapsulated in GNPs), were assayed by MTT-testing. Namely, 7 × 103 cells/well were seeded in a 96-multiwell culture plate and treated with various drug concentrations (0.01–5 µM) at different incubation times (24–72 h), as previously described [36,41].



Cell viability was evaluated by adding 20 μL of tetrazolium salts (solubilized in PBS at a concentration of 5 mg/mL) to each well, incubating the plate for 3 h at 37 °C and then analyzing the samples at 540 nm with a reference wavelength of 690 nm with a microplate spectrophotometer (xMARK™-BIORAD, Bio-Rad Laboratories Inc., Hercules, CA, USA). The cytotoxic profiles of the DOX-loaded GNPs were normalized with respect to those of the empty GNPs tested at the same concentrations.



The cell viability resulted from the mean of three different experiments ± standard deviation and expressed as follows:


Cell viability (%) = (AbsT/AbsC) × 100



(5)




in which AbsT is the absorbance of treated cells and AbsC is the absorbance of control (untreated cells).



Moreover, the concentration of DOX (in the free form or encapsulated within the carriers) that decreased the cell viability by half as compared to control (IC50), was calculated by fitting the MTT-test curves using the following four-parameter logistic equation (Sigmaplot 14.0, Systat software GmbH, Erkrath, Germany), as previously reported [42,43]


y = min + (max − min)/1 + (x/IC50)−Hill slope



(6)




where:



y: is the response at the concentration x;



min: bottom of the curve;



max: top of the curve;



IC50: half-maximal inhibitory concentration;



Hill slope: is an absolute value that characterizes the slope of the curve at its midpoint.




2.6. Statistical Analysis


The statistical analysis of the various experiments was performed by ANOVA and the results were confirmed by a Bonferroni t-test, with a p value of <0.05 considered statistically significant.





3. Results and Discussion


3.1. Characterization of Nanosystems


GNPs prepared following the nanoprecipitation technique and stabilized by Brij O2, the non-ionic surfactant, have been recently proposed as potential delivery systems of various active compounds [34,35]. The main innovation of this formulation is based on the exploitation of a commercial-grade raw material, with the aim of obtaining wheat gluten-based nanoparticles characterized by a mean diameter of ~150 nm, a narrow size distribution (PdI ≈ 0.1) and a negative surface charge. The nanosystems entrapped large amounts of water-soluble compounds [34,35]; this last finding was contrary to what would be expected, considering the great hydrophobicity of the gliadin polymer which thereby can be dissolved only in binary ethanol/water mixtures [44].



Herein, GNPs were used for the encapsulation and delivery of DOX used as a model of a hydrophilic antitumor drug. In particular, the influence of the compound on the physico-chemical properties of the nanosystems was evaluated and reported in Figure 1A,B. The nanosystems evidenced no significant variations of the investigated physico-chemical parameters up to 0.6 mg/mL of drug. This data was supported by TEM analyses which evidenced a round-shaped morphology of the systems (Figure 1C,D).



Contrarily, greater amounts of the active compound exerted a negative influence on the particles promoting an increase of the mean diameter and polydispersity; indeed, a PdI of 0.3 was obtained when 0.8 mg/mL of compound was used during the preparation of the GNPs (Figure 1A).



The evaluation of the surface charge evidenced a progressive decrease of Zeta potential up to a DOX concentration of 0.6 mg/mL. The use of a greater amount of drug (0.8 mg/mL) promoted a slight variation of this parameter, probably as a consequence of the rearrangement of the colloidal structure. The fact that the samples were characterized by a negative surface charge could be advantageous for their potential application through intravenous administration (Figure 1B) [38,45].



The stability of the DOX-loaded GNPs was investigated as a function of time and temperature, by using the static multiple light scattering technique. The aim was to obtain qualitative information concerning the potential destabilizing phenomena occurring during the storage of the formulations [35,36]. Figure 2 shows the variation of the TSI slopes of each formulation, allowing an easy comparison of the behavior of the samples. In detail, no differences can be observed between the profiles of the empty and drug-loaded nanosystems when the analysis was performed at room temperature. A corroboration of this finding emerged when the transmission and backscattering profiles were evaluated (ΔT and ΔBS, respectively) (Figure S1). On the contrary, it was possible to observe that the sample prepared with 0.8 mg/mL of DOX evidenced a profile typical of an unstable formulation at 37 °C, since a consistent increase in its TSI slope occurred (Figure 2). This could be related to the adverse phenomena exerted by the heating process and by the substantial amounts of drug used during the sample preparation, as was also demonstrated by the reported ΔT and ΔBS profiles (Figure S2). The influence of temperature was further investigated using the PCS technique in the range between 30 and 50 °C (Table 1). The choice of this temperature range was due to the possibility that exists to use thermal ablation (50 °C) in cancer therapy to directly kill the malignant cells or to enhance the therapeutic response to chemo- or radiotherapy (adjuvant thermo-chemotherapy, 40–43 °C) [46,47,48]. In this context, it is necessary for the investigated formulations to show no or, at most, slight variations during the heating process in order to avoid any premature leakage of the entrapped drug, due to possible changes in the protein structure.



Figure 2 and Table 1 evidence the noteworthy stability of the nanoparticles which were characterized by a mean diameter of <200 nm and a narrow size distribution (0.1 ≥ PdI ≤ 0.2). In particular, it is possible to observe that the empty GNPs were not affected by the temperature. The samples prepared with an initial DOX amount up to 0.4 mg/mL followed the same trend, while the formulation obtained using 0.6 mg/mL of the active compound evidenced a slight increase in the sizes with respect to the empty systems. The comparison of the size distribution of the samples obtained at 37 °C and 50 °C showed overlapping trends; once again the nanoparticles prepared with 0.8 mg/mL of DOX demonstrated scarce physical stability (Figure 2). As previously observed, the surface charge of the various formulations did not evidence any variations upon heating (Table 1).




3.2. Retention Rate of DOX and Release Profiles


The second step of this investigation was based on the evaluation of the retention rate of DOX within the GNPs with the aim of selecting the most suitable formulation to be used for in vitro testing.



The data concerning the entrapment efficiency (EE) showed that when 0.2 mg/mL of DOX was used 60% of the drug became entrapped (~0.12 mg of drug/mg of nanoparticles), and this parameter reached almost 90% when the initial amount of compound was doubled (0.35 mg drug/mg of formulation). The highest drug retention was obtained when 0.6 mg/mL of DOX was initially added, because an encapsulation of 0.45 mg/mL of compound occurred; however, the same value (EE% ~74) was obtained when the drug concentration initially used was equal to 0.8 mg/mL, allowing an encapsulation of ~0.59 mg of the bioactive compound/mL of formulation (Figure 3); on the other hand, the physico-chemical characterization of the nanosystems demonstrated that this concentration promoted a significant increase of the average diameter, PdI and TSI values of GNPs (Figure 1A and Figure 2, respectively).



The LC of the samples confirm this trend and showed increasing values confirming the ability of the polymeric matrix to hold the drug. These profiles can result from non-covalent bonds between the protonated amine group of DOX and the negatively-charged carboxyl groups of the polymer, as already described for several other protein-based DOX-loaded nanoformulations [49,50,51,52,53].



Another plausible explanation was provided by Kayani and coworkers, who evidenced that following the desolvation of the β-lactoglobulin molecules, a reduction in the solubility of DOX takes place, and this promotes multiple drug-polymer interactions, favoring the entrapment of the compound within the polymeric matrix [54]. It is also reasonable to believe that the amino-sugar moiety of DOX (daunosamine) contributes to the retention of the compound on the part of the gliadin nanoparticles. Indeed, it has been recently demonstrated that hydrogen bonds between the aminoglycoside mycosamine and the threonine residues brought about by gliadin, favor suitable encapsulation profiles for the antifungal agent natamycin [55].



The release rate of the active compound from the GNPs was evaluated in buffers simulating both physiological and tumor environments, respectively, as previously reported [39,56,57].



As can be seen (Figure 4), the obtained profiles were quite similar and evidenced a biphasic drug leakage with a burst effect early on, followed by a sustained drug release over time. In particular, the higher the initial drug concentration in the formulation, the slower was the release obtained. The burst effect that took place is in agreement with previous reports on gliadin-based formulations [58,59] as well as with our previous findings [34,35], and can often be observed in polymeric drug delivery systems containing hydrophilic compounds [60].



It was shown that an acidic medium and the increase in temperature promoted a slight increase in the amount of DOX released in the initial phase of testing (10–20% at pH 5.5, 42 °C vs. 5–10% at physiological pH, 37 °C) (Figure 4); a small amount of DOX leakage was observed in both simulated conditions, thus suggesting that most of the drug remained confined in the polymeric matrix.



Once again, this confirms the great stability of the carriers which are able to prevent any premature drug leakage into blood circulation, allowing the release of DOX only when the tumor area is reached.



In view of these results, the formulation prepared with an initial DOX concentration of 0.6 mg/mL was chosen as the ideal amount to obtain nanosystems to be used for further experiments. For this reason, the release profile of DOX from this system was analyzed by different mathematical models in order to obtain information concerning the mechanisms governing the leakage of the drug from the GNPs.



Based on the obtained R2, the model that best describes the DOX leakage from the investigated formulation was the Higuchi one, typical of matrix-based systems [61] (Figures S3 and S4). In fact, the amount of drug released over time was function of the square root of time and was governed by the diffusion of the active compound though the gliadin matrix in physiological as well as simulated tumor condition (Figures S3 and S4). This trend is in agreement with those described for other polymeric formulations proposed for the delivery of DOX [62,63,64,65].




3.3. In Vitro Cytotoxic Effects of DOX-Loaded GNPs


Considering the aforesaid results, the nanosystems prepared using an initial amount of drug of 0.6 mg/mL were used to perform the experiments of cytotoxicity. More in detail, the last phase of this study was aimed at comparing the antitumoral features of DOX-loaded GNPs with respect to those of the free drug.



Figure 5A shows that DOX brought about a significant decrease in cell viability (50–80%) after only 24 h when the drug concentration was >0.01 µM. Contrarily, the encapsulation of the active compound promoted a decrease of its cytotoxicity and similar effects with respect to the free drug were obtained only after 72 h incubation (Figure 5C). The evaluation of the IC50 confirmed this trend demonstrating a progressive enhancement of the efficacy of the nanosystems (Figure 5D). Similar results have been reported for other DOX-loaded nanosystems made up of bovine serum albumin [49], soybean protein isolate [50], hyaluronic [65] and poly-lactic-co-glycolic acid [66,67], polystyrene [68], hydroxyapatite [69], polyethylene glycol [70], as well as gliadin nanoparticles containing paclitaxel [29] and methotrexate [33].



In particular, the different cytotoxic profiles obtained with respect to the free form of the encapsulated molecules were explained as a function of the mechanisms that regulate the uptake of the free drug with respect to the various colloidal formulations. Specifically, DOX can enter cells by passive diffusion whereas nanoparticles are internalized through an energy-dependent process (endocytosis) [33,71,72]. Another plausible explanation is based on the capacity of GNPs to strongly retain their cargo molecule and release it in a slow and prolonged manner, as described in Section 3.2.



Moreover, the same trend has been reported for other antitumoral drug-loaded protein-based nanoformulations and will be of great advantage especially because of the possibility of decreasing both the necessary number of administrations and the potential side effects [23,33,49,56,66,73].





4. Conclusions


Reaching a high entrapment efficiency of a hydrophilic molecule in a colloidal system can be difficult to obtain because of the spontaneous tendency of the compound to partition into the aqueous phase of the formulation [74].



This work demonstrates that nanoparticles made up of commercial-grade gliadin can be used for the encapsulation of DOX. The proposed formulations evidenced characteristics suitable for their exploitation in anticancer therapy and were able to retain large amounts of drug while allowing its sustained release in media simulating physiological and tumor conditions, respectively. The strong interaction between the active compound and the protein promoted a decrease of the in vitro cytotoxicity of the drug. Although this last finding could be seen as detrimental towards supporting the nanoencapsulation of DOX in the proposed nanoparticles, especially when compared to other proposed formulations or those already approved for clinical application (Livatag®, Doxil®, Myocet®), the use of a natural, low-cost, raw material as well as the exploitation of a simple and scalable preparation procedure requiring the use of only bio-acceptable solvents, are the real advantages of this nanoformulation.



Additional studies concerning the in vivo behavior of the DOX-loaded GNPs are required in order to better evaluate their antitumor efficacy and investigate their pharmacokinetic profiles. Moreover, investigations aiming at the refinement of the surface characteristics of the nanoparticles by means of a stealth-coating layer are in progress in order to propose a gliadin-based formulation to be proposed as an innovative nanomedicine.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/pharmaceutics15010180/s1, Figure S1: ΔT and ΔBS profiles of (A) empty GNPs and (B–E) DOX-loaded GNPs as a function of the drug concentration and incubation time. (B) 0.2 mg/mL; (C) 0.4 mg/mL; (D) 0.6 mg/mL and (E) 0.8 mg/mL. The analysis was performed at 25 °C for one hour; Figure S2: ΔT and ΔBS profiles of (A) empty GNPs and (B-E) DOX-loaded GNPs as a function of the drug concentration and incubation time. (B) 0.2 mg/mL; (C) 0.4 mg/mL; (D) 0.6 mg/mL and (E) 0.8 mg/mL. The analysis was performed at 37 °C for one hour.; Figure S3: Drug release kinetics of DOX from DOX-loaded GNPs (600 μg/mL of drug) evaluated in physiological conditions and fitted against (A) Zero order, (B) Higuchi, (C) First order and (D) Korsmeyer-Peppas mathematical models. SQRT: Square root of time; Figure S4: Drug release kinetics of DOX from DOX-loaded GNPs (600 μg/mL of drug) evaluated in simulated tumor conditions and fitted against (A) Zero order, (B) Higuchi, (C) First order and (D) Korsmeyer-Peppas mathematical models. SQRT: Square root of time.





Author Contributions


Conceptualization, S.V. and D.C.; methodology, S.V., A.G. and D.C.; software, S.V. and N.A.; formal analysis S.V., A.G., N.A. and M.C.S.; validation, M.C.S., M.F. and D.C.; resources, M.F. and D.C.; writing—original draft preparation, S.V.; writing—review and editing, S.V. and D.C. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


All data available are reported in the article.




Acknowledgments


The authors are grateful to Lynn Whitted for her language revision of this article. This paper was financially supported by the Department of Health Sciences.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



van der Zanden, S.Y.; Qiao, X.; Neefjes, J. New insights into the activities and toxicities of the old anticancer drug doxorubicin. FEBS J. 2021, 288, 6095–6111. [Google Scholar] [CrossRef] [PubMed]

	



Naderinezhad, S.; Amoabediny, G.; Haghiralsadat, F. Co-delivery of hydrophilic and hydrophobic anticancer drugs using biocompatible pH-sensitive lipid-based nano-carriers for multidrug-resistant cancers. RSC Adv. 2017, 7, 30008–30019. [Google Scholar] [CrossRef]

	



World Health Organization. Model List of Essential Medicines. Available online: https://www.who.int/publications/i/item/WHO-MHP-HPS-EML-2021.02 (accessed on 28 January 2022).

	



Yang, F.; Teves, S.S.; Kemp, C.J.; Henikoff, S. Doxorubicin, DNA torsion, and chromatin dynamics. Biochim. Biophys. Acta (BBA)-Rev. Cancer 2014, 1845, 84–89. [Google Scholar] [CrossRef] [PubMed]

	



Tanaka, Y.; Nagoshi, T.; Yoshii, A.; Oi, Y.; Takahashi, H.; Kimura, H.; Ito, K.; Kashiwagi, Y.; Tanaka, T.D.; Yoshimura, M. Xanthine oxidase inhibition attenuates doxorubicin-induced cardiotoxicity in mice. Free Radic. Biol. Med. 2021, 162, 298–308. [Google Scholar] [CrossRef]

	



Sritharan, S.; Sivalingam, N. A comprehensive review on time-tested anticancer drug doxorubicin. Life Sci. 2021, 278, 119527. [Google Scholar] [CrossRef]

	



Wu, B.B.; Leung, K.T.; Poon, E.N.-Y. Mitochondrial-Targeted Therapy for Doxorubicin-Induced Cardiotoxicity. Int. J. Mol. Sci. 2022, 23, 1912. [Google Scholar] [CrossRef]

	



Sobot, D.; Mura, S.; Couvreur, P. How can nanomedicines overcome cellular-based anticancer drug resistance? J. Mater. Chem. B 2016, 4, 5078–5100. [Google Scholar] [CrossRef]

	



Mohammad, I.S.; He, W.; Yin, L. Understanding of human ATP binding cassette superfamily and novel multidrug resistance modulators to overcome MDR. Biomed. Pharmacother. 2018, 100, 335–348. [Google Scholar] [CrossRef]

	



Cagel, M.; Grotz, E.; Bernabeu, E.; Moretton, M.A.; Chiappetta, D.A. Doxorubicin: Nanotechnological overviews from bench to bedside. Drug Discov. Today 2017, 22, 270–281. [Google Scholar] [CrossRef]

	



Gabizon, A.; Shmeeda, H.; Barenholz, Y. Pharmacokinetics of pegylated liposomal doxorubicin. Clin. Pharmacokinet. 2003, 42, 419–436. [Google Scholar] [CrossRef]

	



Barenholz, Y.C. Doxil®—The first FDA-approved nano-drug: Lessons learned. J. Control. Release 2012, 160, 117–134. [Google Scholar] [CrossRef] [PubMed]

	



Gonçalves, M.; Mignani, S.; Rodrigues, J.; Tomás, H. A glance over doxorubicin based-nanotherapeutics: From proof-of-concept studies to solutions in the market. J. Control. Release 2020, 317, 347–374. [Google Scholar] [CrossRef] [PubMed]

	



Ruiz-Gatón, L.; Espuelas, S.; Huarte, J.; Larrañeta, E.; Martin-Arbella, N.; Irache, J.M. Nanoparticles from Gantrez® AN-poly (ethylene glycol) conjugates as carriers for oral delivery of docetaxel. Int. J. Pharm. 2019, 571, 118699. [Google Scholar] [CrossRef] [PubMed]

	



Yu, W.; Liu, R.; Zhou, Y.; Gao, H. Size-tunable strategies for a tumor targeted drug delivery system. ACS Cent. Sci. 2020, 6, 100–116. [Google Scholar] [CrossRef]

	



Ambrosio, N.; Voci, S.; Gagliardi, A.; Palma, E.; Fresta, M.; Cosco, D. Application of Biocompatible Drug Delivery Nanosystems for the Treatment of Naturally Occurring Cancer in Dogs. J. Funct. Biomater. 2022, 13, 116. [Google Scholar] [CrossRef]

	



Akbal, Ö.; Erdal, E.; Vural, T.; Kavaz, D.; Denkbaş, E.B. Comparison of protein-and polysaccharide-based nanoparticles for cancer therapy: Synthesis, characterization, drug release, and interaction with a breast cancer cell line. Artif. Cells Nanomed. Biotechnol. 2017, 45, 193–203. [Google Scholar] [CrossRef]

	



Iannone, M.; Mare, R.; Paolino, D.; Gagliardi, A.; Froiio, F.; Cosco, D.; Fresta, M. Characterization and in vitro anticancer properties of chitosan-microencapsulated flavan-3-ols-rich grape seed extracts. Int. J. Biol. Macromol. 2017, 104, 1039–1045. [Google Scholar] [CrossRef]

	



Gou, Y.; Miao, D.; Zhou, M.; Wang, L.; Zhou, H.; Su, G. Bio-inspired protein-based nanoformulations for cancer theranostics. Front. Pharmacol. 2018, 9, 421. [Google Scholar] [CrossRef]

	



Luis de Redín, I.; Expósito, F.; Agüeros, M.; Collantes, M.; Peñuelas, I.; Allemandi, D.; Llabot, J.M.; Calvo, A.; Irache, J.M. In vivo efficacy of bevacizumab-loaded albumin nanoparticles in the treatment of colorectal cancer. Drug Deliv. Transl. Res. 2020, 10, 635–645. [Google Scholar] [CrossRef]

	



Liang, K.; Chen, H. Protein-based nanoplatforms for tumor imaging and therapy. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 2020, 12, e16162020. [Google Scholar] [CrossRef]

	



Martínez-López, A.L.; Pangua, C.; Reboredo, C.; Campión, R.; Morales-Gracia, J.; Irache, J.M. Protein-based nanoparticles for drug delivery purposes. Int. J. Pharm. 2020, 581, 119289. [Google Scholar] [CrossRef] [PubMed]

	



Gagliardi, A.; Voci, S.; Bonacci, S.; Iriti, G.; Procopio, A.; Fresta, M.; Cosco, D. SCLAREIN (SCLAREol contained in zeIN) nanoparticles: Development and characterization of an innovative natural nanoformulation. Int. J. Biol. Macromol. 2021, 193, 713–720. [Google Scholar] [CrossRef] [PubMed]

	



Voci, S.; Gagliardi, A.; Molinaro, R.; Fresta, M.; Cosco, D. Recent Advances of Taxol-Loaded Biocompatible Nanocarriers Embedded in Natural Polymer-Based Hydrogels. Gels 2021, 7, 33. [Google Scholar] [CrossRef] [PubMed]

	



Voci, S.; Fresta, M.; Cosco, D. Gliadins as versatile biomaterials for drug delivery applications. J. Control. Release 2021, 329, 385–400. [Google Scholar] [CrossRef]

	



Mehanna, M.; Mneimneh, A. Updated but not outdated “Gliadin”: A plant protein in advanced pharmaceutical nanotechnologies. Int. J. Pharm. 2020, 587, 119672. [Google Scholar] [CrossRef]

	



Ezpeleta, I.; Irache, J.M.; Stainmesse, S.; Chabenat, C.; Gueguen, J.; Popineau, Y.; Orecchioni, A.-M. Gliadin nanoparticles for the controlled release of all-trans-retinoic acid. Int. J. Pharm. 1996, 131, 191–200. [Google Scholar] [CrossRef]

	



Gulfam, M.; Kim, J.; Lee, J.M.; Ku, B.; Chung, B.H.; Chung, B.G. Anticancer drug-loaded gliadin nanoparticles induce apoptosis in breast cancer cells. Langmuir 2012, 28, 8216–8223. [Google Scholar] [CrossRef]

	



Sharma, K.; Deevenapalli, M.; Singh, D.; Chourasia, M.K.; Bathula, S.R. Preparation and characterization of paclitaxel-loaded gliadin nanoparticles. J. Biomater. Tissue Eng. 2014, 4, 399–404. [Google Scholar] [CrossRef]

	



Khatik, R.; Dwivedi, P.; Junnuthula, V.R.; Sharma, K.; Chuttani, K.; Mishra, A.K.; Dwivedi, A.K. Potential in vitro and in vivo colon specific anticancer activity in a HCT-116 xenograft nude mice model: Targeted delivery using enteric coated folate modified nanoparticles. RSC Adv. 2015, 5, 16507–16520. [Google Scholar] [CrossRef]

	



Banaee, F.; Poureini, F.; Mohammadi, M.; Najafpour, G.D.; Moghadamnia, A.A. Encapsulation of curcumin in gliadin-pectin in a core–shell nanostructure for efficient delivery of curcumin to cancer cells in vitro. Colloid Polym. Sci. 2022, 300, 1063–1073. [Google Scholar] [CrossRef]

	



Abdelmoneem, M.A.; Mahmoud, M.; Zaky, A.; Helmy, M.W.; Sallam, M.; Fang, J.-Y.; Elkhodairy, K.A.; Elzoghby, A.O. Decorating protein nanospheres with lactoferrin enhances oral COX-2 inhibitor/herbal therapy of hepatocellular carcinoma. Nanomedicine 2018, 13, 2377–2395. [Google Scholar] [CrossRef] [PubMed]

	



Xu, W.; Zheng, S.; Sun, H.; Li, Z.; Xi, R.; Luo, D.; Li, Y.; Shah, B.R. Green-step fabrication of gliadin/sodium caseinate nanogels for methotrexate release, cytotoxicity and cell phagocytosis. J. Drug Deliv. Sci. Technol. 2022, 67, 103028. [Google Scholar] [CrossRef]

	



Voci, S.; Gagliardi, A.; Salvatici, M.C.; Fresta, M.; Cosco, D. Development of polyoxyethylene (2) oleyl ether-gliadin nanoparticles: Characterization and in vitro cytotoxicity. Eur. J. Pharm. Sci. 2021, 162, 105849. [Google Scholar] [CrossRef] [PubMed]

	



Voci, S.; Gagliardi, A.; Fresta, M.; Cosco, D. Ascorbic acid-loaded gliadin nanoparticles as a novel nutraceutical formulation. Food Res. Int. 2022, 161, 111869. [Google Scholar] [CrossRef] [PubMed]

	



Gagliardi, A.; Cosco, D.; Udongo, B.P.; Dini, L.; Viglietto, G.; Paolino, D. Design and Characterization of Glyceryl Monooleate-Nanostructures Containing Doxorubicin Hydrochloride. Pharmaceutics 2020, 12, 1017. [Google Scholar] [CrossRef] [PubMed]

	



Gagliardi, A.; Voci, S.; Giuliano, E.; Salvatici, M.C.; Celano, M.; Fresta, M.; Cosco, D. Phospholipid/zein hybrid nanoparticles as promising carriers for the protection and delivery of all-trans retinoic acid. Mater. Sci. Eng. C 2021, 128, 112331. [Google Scholar] [CrossRef] [PubMed]

	



Gagliardi, A.; Molinaro, R.; Fresta, M.; Duranti, A.; Cosco, D. α-Acylamino-β-lactone N-acylethanolamine-hydrolyzing acid amidase inhibitors encapsulated in PLGA nanoparticles: Improvement of the physical stability and protection of human cells from hydrogen peroxide-induced oxidative stress. Antioxidants 2022, 11, 686. [Google Scholar] [CrossRef] [PubMed]

	



Yan, T.; Zhu, S.; Hui, W.; He, J.; Liu, Z.; Cheng, J. Chitosan based pH-responsive polymeric prodrug vector for enhanced tumor targeted co-delivery of doxorubicin and siRNA. Carbohydr. Polym. 2020, 250, 116781. [Google Scholar] [CrossRef]

	



Akram, M.U.; Abbas, N.; Farman, M.; Manzoor, S.; Khan, M.I.; Osman, S.M.; Luque, R.; Shanableh, A. Tumor micro-environment sensitive release of doxorubicin through chitosan based polymeric nanoparticles: An in-vitro study. Chemosphere 2022, 313, 137332. [Google Scholar] [CrossRef]

	



Cabeza, L.; Ortiz, R.; Prados, J.; Delgado, Á.V.; Martín-Villena, M.J.; Clares, B.; Perazzoli, G.; Entrena, J.M.; Melguizo, C.; Arias, J.L. Improved antitumor activity and reduced toxicity of doxorubicin encapsulated in poly (ε-caprolactone) nanoparticles in lung and breast cancer treatment: An in vitro and in vivo study. Eur. J. Pharm. Sci. 2017, 102, 24–34. [Google Scholar] [CrossRef]

	



Hemaiswarya, S.; Doble, M. Combination of phenylpropanoids with 5-fluorouracil as anti-cancer agents against human cervical cancer (HeLa) cell line. Phytomedicine 2013, 20, 151–158. [Google Scholar] [CrossRef] [PubMed]

	



Hasinoff, B.B.; Wu, X.; Yadav, A.A.; Patel, D.; Zhang, H.; Wang, D.-S.; Chen, Z.-S.; Yalowich, J.C. Cellular mechanisms of the cytotoxicity of the anticancer drug elesclomol and its complex with Cu (II). Biochem. Pharmacol. 2015, 93, 266–276. [Google Scholar] [CrossRef] [PubMed]

	



Xu, W.; Sun, H.; Kang, M.; Zheng, S.; Ning, Y.; Jia, Y.; Hu, Y.; Luo, D.; Zhang, C. Ethanol-tolerant pickering emulsion stabilized by gliadin nanoparticles. LWT 2022, 162, 113440. [Google Scholar] [CrossRef]

	



Duan, X.; Li, Y. Physicochemical characteristics of nanoparticles affect circulation, biodistribution, cellular internalization, and trafficking. Small 2013, 9, 1521–1532. [Google Scholar] [CrossRef]

	



Yang, R.; An, Y.; Miao, F.; Li, M.; Liu, P.; Tang, Q. Preparation of folic acid-conjugated, doxorubicin-loaded, magnetic bovine serum albumin nanospheres and their antitumor effects in vitro and in vivo. Int. J. Nanomed. 2014, 9, 4231. [Google Scholar] [CrossRef]

	



Chang, D.; Lim, M.; Goos, J.A.C.M.; Qiao, R.; Ng, Y.Y.; Mansfeld, F.M.; Jackson, M.; Davis, T.P.; Kavallaris, M. Biologically targeted magnetic hyperthermia: Potential and limitations. Front. Pharmacol. 2018, 9, 831. [Google Scholar] [CrossRef]

	



Seynhaeve, A.L.B.; Amin, M.; Haemmerich, D.; Van Rhoon, G.C.; Ten Hagen, T.L.M. Hyperthermia and smart drug delivery systems for solid tumor therapy. Adv. Drug Deliv. Rev. 2020, 163, 125–144. [Google Scholar] [CrossRef]

	



Qi, J.; Yao, P.; He, F.; Yu, C.; Huang, C. Nanoparticles with dextran/chitosan shell and BSA/chitosan core—Doxorubicin loading and delivery. Int. J. Pharm. 2010, 393, 177–185. [Google Scholar] [CrossRef]

	



Yao, W.; Zha, Q.; Cheng, X.; Wang, X.; Wang, J.; Tang, R. Folic acid-conjugated soybean protein-based nanoparticles mediate efficient antitumor ability in vitro. J. Biomater. Appl. 2017, 31, 832–843. [Google Scholar] [CrossRef]

	



Pandey, V.; Haider, T.; Chandak, A.R.; Chakraborty, A.; Banerjee, S.; Soni, V. Surface modified silk fibroin nanoparticles for improved delivery of doxorubicin: Development, characterization, in-vitro studies. Int. J. Biol. Macromol. 2020, 164, 2018–2027. [Google Scholar] [CrossRef]

	



Aziz, A.; Sefidbakht, Y.; Rezaei, S.; Kouchakzadeh, H.; Uskoković, V. Doxorubicin-loaded, pH-sensitive Albumin Nanoparticles for Lung Cancer Cell Targeting. J. Pharm. Sci. 2022, 111, 1187–1196. [Google Scholar] [CrossRef]

	



Ye, W.; Zhang, G.; Liu, X.; Ren, Q.; Huang, F.; Yan, Y. Fabrication of polysaccharide-stabilized zein nanoparticles by flash nanoprecipitation for doxorubicin sustained release. J. Drug Deliv. Sci. Technol. 2022, 70, 103183. [Google Scholar] [CrossRef]

	



Kayani, Z.; Bordbar, A.-K.; Firuzi, O. Novel folic acid-conjugated doxorubicin loaded β-lactoglobulin nanoparticles induce apoptosis in breast cancer cells. Biomed. Pharmacother. 2018, 107, 945–956. [Google Scholar] [CrossRef]

	



Wu, X.; Hu, Q.; Liang, X.; Fang, S. Fabrication of colloidal stable gliadin-casein nanoparticles for the encapsulation of natamycin: Molecular interactions and antifungal application on cherry tomato. Food Chem. 2022, 391, 133288. [Google Scholar] [CrossRef]

	



Pandey, A.; Kulkarni, S.; Vincent, A.P.; Nannuri, S.H.; George, S.D.; Mutalik, S. Hyaluronic acid-drug conjugate modified core-shell MOFs as pH responsive nanoplatform for multimodal therapy of glioblastoma. Int. J. Pharm. 2020, 588, 119735. [Google Scholar] [CrossRef]

	



Liu, B.; Sun, L.; Lu, X.; Yang, Y.; Peng, H.; Sun, Z.; Xu, J.; Chu, H. Real-time drug release monitoring from pH-responsive CuS-encapsulated metal–organic frameworks. RSC Adv. 2022, 12, 11119–11127. [Google Scholar] [CrossRef]

	



Yang, Y.-Y.; Zhang, M.; Liu, Z.-P.; Wang, K.; Yu, D.-G. Meletin sustained-release gliadin nanoparticles prepared via solvent surface modification on blending electrospraying. Appl. Surf. Sci. 2018, 434, 1040–1047. [Google Scholar] [CrossRef]

	



Wu, W.; Kong, X.; Zhang, C.; Hua, Y.; Chen, Y.; Li, X. Fabrication and characterization of resveratrol-loaded gliadin nanoparticles stabilized by gum Arabic and chitosan hydrochloride. LWT 2020, 129, 109532. [Google Scholar] [CrossRef]

	



Kamaly, N.; Yameen, B.; Wu, J.; Farokhzad, O.C. Degradable controlled-release polymers and polymeric nanoparticles: Mechanisms of controlling drug release. Chem. Rev. 2016, 116, 2602–2663. [Google Scholar] [CrossRef]

	



Lee, J.H.; Yeo, Y. Controlled drug release from pharmaceutical nanocarriers. Chem. Eng. Sci. 2015, 125, 75–84. [Google Scholar] [CrossRef]

	



Shaikh, M.V.; Kala, M.; Nivsarkar, M. Formulation and optimization of doxorubicin loaded polymeric nanoparticles using Box-Behnken design: Ex-vivo stability and in-vitro activity. Eur. J. Pharm. Sci. 2017, 100, 262–272. [Google Scholar] [CrossRef] [PubMed]

	



Wang, X.; Wang, G.; Zhang, Y. Research on the biological activity and doxorubicin release behavior in vitro of mesoporous bioactive SiO2-CaO-P2O5 glass nanospheres. Appl. Surf. Sci. 2017, 419, 531–539. [Google Scholar] [CrossRef]

	



Muniswamy, V.J.; Raval, N.; Gondaliya, P.; Tambe, V.; Kalia, K.; Tekade, R.K. ‘Dendrimer-Cationized-Albumin’encrusted polymeric nanoparticle improves BBB penetration and anticancer activity of doxorubicin. Int. J. Pharm. 2019, 555, 77–99. [Google Scholar] [CrossRef] [PubMed]

	



Sun, Y.; Wu, H.; Dong, W.; Zhou, J.; Zhang, X.; Liu, L.; Zhang, X.; Cheng, H.; Guan, J.; Zhao, R. Molecular simulation approach to the rational design of self-assembled nanoparticles for enhanced peroral delivery of doxorubicin. Carbohydr. Polym. 2019, 218, 279–288. [Google Scholar] [CrossRef] [PubMed]

	



Alibolandi, M.; Sadeghi, F.; Abnous, K.; Atyabi, F.; Ramezani, M.; Hadizadeh, F. The chemotherapeutic potential of doxorubicin-loaded PEG-b-PLGA nanopolymersomes in mouse breast cancer model. Eur. J. Pharm. Biopharm. 2015, 94, 521–531. [Google Scholar] [CrossRef]

	



Zhang, L.; Chen, Z.; Wang, H.; Wu, S.; Zhao, K.; Sun, H.; Kong, D.; Wang, C.; Leng, X.; Zhu, D. Preparation and evaluation of PCL–PEG–PCL polymeric nanoparticles for doxorubicin delivery against breast cancer. Rsc Adv. 2016, 6, 54727–54737. [Google Scholar] [CrossRef]

	



Tian, B.; Ding, Y.; Han, J.; Zhang, J.; Han, Y.; Han, J. N-Acetyl-D-glucosamine decorated polymeric nanoparticles for targeted delivery of doxorubicin: Synthesis, characterization and in vitro evaluation. Colloids Surf. B Biointerfaces 2015, 130, 246–254. [Google Scholar] [CrossRef]

	



Iafisco, M.; Delgado-Lopez, J.M.; Varoni, E.M.; Tampieri, A.; Rimondini, L.; Gomez-Morales, J.; Prat, M. Cell surface receptor targeted biomimetic apatite nanocrystals for cancer therapy. Small 2013, 9, 3834–3844. [Google Scholar] [CrossRef]

	



Wei, R.; Cheng, L.; Zheng, M.; Cheng, R.; Meng, F.; Deng, C.; Zhong, Z. Reduction-responsive disassemblable core-cross-linked micelles based on poly (ethylene glycol)-b-poly (N-2-hydroxypropyl methacrylamide)–lipoic acid conjugates for triggered intracellular anticancer drug release. Biomacromolecules 2012, 13, 2429–2438. [Google Scholar] [CrossRef]

	



Lei, T.; Srinivasan, S.; Tang, Y.; Manchanda, R.; Nagesetti, A.; Fernandez-Fernandez, A.; McGoron, A.J. Comparing cellular uptake and cytotoxicity of targeted drug carriers in cancer cell lines with different drug resistance mechanisms. Nanomed. Nanotechnol. Biol. Med. 2011, 7, 324–332. [Google Scholar] [CrossRef]

	



Dong, F.; Dong, X.; Zhou, L.; Xiao, H.; Ho, P.-Y.; Wong, M.-S.; Wang, Y. Doxorubicin-loaded biodegradable self-assembly zein nanoparticle and its anti-cancer effect: Preparation, in vitro evaluation, and cellular uptake. Colloids Surf. B Biointerfaces 2016, 140, 324–331. [Google Scholar] [CrossRef] [PubMed]

	



Kilic, M.A.; Ozlu, E.; Calis, S. A novel protein-based anticancer drug encapsulating nanosphere: Apoferritin-doxorubicin complex. J. Biomed. Nanotechnol. 2012, 8, 508–514. [Google Scholar] [CrossRef] [PubMed]

	



Vrignaud, S.; Benoit, J.-P.; Saulnier, P. Strategies for the nanoencapsulation of hydrophilic molecules in polymer-based nanoparticles. Biomaterials 2011, 32, 8593–8604. [Google Scholar] [CrossRef] [PubMed]








[image: Pharmaceutics 15 00180 g001 550] 





Figure 1. (A) Mean sizes, polydispersity index and (B) surface charge of GNPs (1 mg/mL of protein, 0.1% w/v of polyoxyethylene (2) oleyl ether) prepared with various amounts of DOX (0.2–0.8 mg/mL). Results are expressed as the mean of three independent measurements performed in triplicate on three different samples ± standard deviation. ** p < 0.001 with respect to the empty formulation. TEM images of (C) empty and (D) GNPs prepared with 0.6 mg/mL of drug. 
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Figure 2. TSI profiles of gliadin nanoparticles (1 mg/mL of protein and 0.1% w/v of polyoxyethylene (2) oleyl ether) containing various amounts of DOX (0.2−0.8 mg/mL). The analyses were performed at room and body temperature for 1 h. Evaluation of the mean diameter and size distribution of gliadin nanoparticles as a function of the drug concentration and incubation temperature. Error bars if not shown are within symbols. Values are the result of three experiments ± standard deviation. ** p < 0.001 with respect to the mean sizes of the empty formulation analyzed at 37 °C and 50 °C, respectively. @ and # p < 0.05 with respect to the PdI of the empty formulation analyzed at 37 °C and 50 °C, respectively; @@ and ## p < 0.001 with respect to the PdI of the empty formulation analyzed at 37 °C and 50 °C, respectively. 
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Figure 3. Entrapment efficiency and loading capacity of DOX as a function of the amount of drug initially used. 
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Figure 4. Release profiles of DOX (0.2–0.8 mg/mL) from gliadin nanoparticles (1 mg/mL of protein, 0.1% w/v of polyoxyethylene (2) oleyl ether) evaluated in (A) physiological and (B) in simulated tumor conditions and expressed as a function of the amount of DOX entrapped and incubation time. Error bars, if not shown, are within the symbols. Values represent the mean of five different experiments ± standard deviation. 
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Figure 5. In vitro dose-dependent cytotoxicity of DOX and DOX-loaded GNPs evaluated by MTT testing on MCF-7 cells after (A) 24, (B) 48 and (C) 72 h of incubation. (D) Evaluation of the IC50 values (µM) of DOX and DOX-loaded GNPs Results are the mean of three different experiments ± standard deviation. * p < 0.05, ** p < 0.001 with respect to the untreated cells. 
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Table 1. Physico-chemical features of GNPs (1 mg/mL of polymer, 0.1% w/v of polyoxyethylene (2) oleyl ether) prepared with various amounts of DOX as a function of the incubation temperature.
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DrugConcentration (mg/mL)

	
Temperature (°C)

	
Mean Sizes(nm)

	
PdI

	
Z-Potential(mV)






	
-

	
25

	
143 ± 4

	
0.131 ± 0.004

	
−28 ± 1




	
30

	
149 ± 2

	
0.131 ± 0.040

	
−26 ± 1




	
40

	
146 ± 3

	
0.120 ± 0.012

	
−25 ± 1




	
50

	
147 ± 3

	
0.120 ± 0.020

	
−23 ± 1




	
0.2

	
25

	
144 ± 2

	
0.125 ± 0.027

	
−39 ± 1




	
30

	
156 ± 2

	
0.124 ± 0.031

	
−49 ± 2 **




	
40

	
158 ± 5 *

	
0.162 ± 0.017 *

	
−44 ± 1 *




	
50

	
157 ± 4 *

	
0.162 ± 0.048 *

	
−45 ± 1 *




	
0.4

	
25

	
141 ± 1

	
0.115 ± 0.010

	
−50 ± 3




	
30

	
145 ± 1

	
0.161 ± 0.021 *

	
−49 ± 2




	
40

	
151 ± 5

	
0.176 ± 0.013 *

	
−49 ± 3




	
50

	
149 ± 2

	
0.153 ± 0.042 *

	
−43 ± 1 *




	
0.6

	
25

	
142 ± 3

	
0.160 ± 0.021

	
−49 ± 2




	
30

	
160 ± 3 *

	
0.197 ± 0.005 *

	
−42 ± 4 *




	
40

	
173 ± 5 *

	
0.189 ± 0.031 *

	
−49 ± 2




	
50

	
178 ± 2 *

	
0.199 ± 0.007 **

	
−44 ± 2




	
0.8

	
25

	
173 ± 1

	
0.301 ± 0.026

	
−35 ± 2




	
30

	
158 ± 2 *

	
0.326 ± 0.004 *

	
−37 ± 4




	
40

	
161 ± 3 *

	
0.351 ± 0.007 *

	
−39 ± 3




	
50

	
180 ± 3

	
0.355 ± 0.040 **

	
−34 ± 1








The intergroup comparison of the various samples was performed by one-way ANOVA. * p < 0.05, ** p < 0.001 with respect to the formulation analyzed at 25 °C.
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