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Abstract

:

Doxorubicin (DOX), a chemotherapy drug successfully used in the therapy of various types of cancer, is currently associated with the mucositis development, an inflammation that can cause ulcerative lesions in the mucosa of the gastrointestinal tract, abdominal pain and secondary infections. To increase the safety of the chemotherapy, we loaded DOX into nanostructured lipid carriers (NLCs). The NLC–DOX was characterized by HPLC, DLS, NTA, Zeta potential, FTIR, DSC, TEM and cryogenic-TEM. The ability of NLC–DOX to control the DOX release was evaluated through in vitro release studies. Moreover, the effect of NLC–DOX on intestinal mucosa was compared to a free DOX solution in C57BL/6 mice. The NLC–DOX showed spherical shape, high drug encapsulation efficiency (84.8 ± 4.6%), high drug loading (55.2 ± 3.4 mg/g) and low average diameter (66.0–78.8 nm). The DSC and FTIR analyses showed high interaction between the NLC components, resulting in controlled drug release. Treatment with NLC–DOX attenuated DOX-induced mucositis in mice, improving shortening on villus height and crypt depth, decreased inflammatory parameters, preserved intestinal permeability and increased expression of tight junctions (ZO-1 and Ocludin). These results indicated that encapsulation of DOX in NLCs is viable and reduces the drug toxicity to mucosal structures.
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1. Introduction


Cancer incidence and deaths are increasing worldwide. According to the World Health Organization (WHO), the number of cancer deaths is expected to double between 2018 and 2040 [1]. Part of these deaths will be attributed to adverse events caused by the cancer treatment itself, or to the interruption of the treatment caused by such adverse events. One way to minimize these deaths and ameliorate the quality of life of patients is to develop treatments with improved efficacy and decreased toxicity. Among the efforts to improve cancer treatment, the encapsulation of active pharmaceutical ingredients (APIs) in nanocarriers, which can reduce the toxicity of the APIs used in cancer therapy, is one of the most studied options [2,3,4].



Mucositis, an inflammatory condition of the gastrointestinal tract (GIT) mucosa, is one of the most common and uncomfortable adverse reactions during cancer treatment, affecting at least 40% of patients. This condition can lead to ulcerative lesions, causing pain and discomfort to the patients, interfering directly in their quality of life and adherence to treatment. It can also lead to secondary infections and other complications, such as septicemia, due to increased GIT permeability [5,6,7].



Aiming to improve the safety of the treatment with chemotherapeutic agents, we proposed its encapsulation in nanostructured lipid carriers (NLCs), using doxorubicin (DOX) as a model. DOX is an API widely used in cancer therapy, being effective in treatment of several types of cancer, such as leukemia, Hodgkin’s and non-Hodgkin’s lymphomas and breast cancer [8]. To be used in the clinic, DOX is formulated as a hydrochloride salt dissolved in an aqueous solution for intravenous injection [9], being rapidly distributed into tissues [10,11].



Although DOX is subject to many studies, the mechanism of action is still considered unclear. It has been suggested that DOX can intercalate dsDNA and promote their break [12] and also impair the action of Topoisomerase II [12,13]. In addition, DOX has also been regarded as promoting oxidative stress when coupled with iron [14]. All of these mechanisms lead to DNA breakage or damage and inhibition of DNA and RNA synthesis, which compromise cell viability and induce a plethora of drug-associated adverse events, including cardiotoxicity and mucositis. These adverse events can lead to treatment interruption, in addition to increased treatment costs and mortality ratio [15,16,17,18,19]. The clinical approach to DOX-associated toxicities is updated regularly [20]. However, there is still a pressing need for fewer toxic drugs formulation and presentation. In order to circumvent the adverse effects of DOX and improve its efficacy, different drug delivery systems have been developed [21,22,23,24,25,26,27,28,29,30]. Among lipid-based systems, Doxil ® and Myocet ® are liposomal commercial formulations, which improved the safety profile of DOX in comparison with free DOX. However, mucositis remains one of the main recurring adverse effects [31,32]. Therefore, a formulation that will spare intestinal mucosa during chemotherapy is still a pressing necessity for cancer patients.



As liposomes, solid lipid nanoparticles (SLN) and NLC can improve bioavailability and control drug release [27,28,33], but they present advantages, as production without organic solvents and using simple and easily scale-up techniques, which turns the process simpler, safer and cheaper [34,35]. Different from SLN, NLCs are drug delivery systems composed of a mixture of solid and liquid lipids, thus forming a solid lipid matrix containing imperfections in which the APIs can be loaded [36,37]. Müller et al. [38] first described the NLCs in 2002 and after that, many studies have been carried out with different APIs, including that used in chemotherapy [39,40]. However, due to the hydrophilic characteristic of the DOX hydrochloride salt, its encapsulation in lipid nanocarriers is low [41,42] and the ion pair strategy has been used to enhance DOX incorporation in the lipid matrix. Through this strategy, DOX forms an ion pair with a lipophilic anion, improving its lipophilicity and the affinity for the lipid matrix. This strategy has improved the efficacy of DOX, as well as reduced its toxicity in different lipid-based systems [33,41,43,44,45,46,47,48,49,50,51,52,53,54,55,56].



Although there is an increasing interest in the use of NLC in cancer treatment, the use of NLCs to mitigate or prevent mucositis is poorly investigated, especially using DOX. Therefore, the aim of this study was to design and to characterize an NLC loaded with DOX (NLC–DOX), using the ion pair strategy, and compare its safety to free DOX in a mouse model of DOX-induced mucositis, which is an established model to assess the DOX-induced mucositis [19]. We found that NLC–DOX were less toxic to the animals’ intestines. This study was the first to assess the impact of DOX encapsulation in NLC as a strategy to reduce the development of mucositis.




2. Materials and Methods


2.1. Materials


Doxorubicin hydrochloride (DOX) was kindly provided by ACIC Chemicals (Ontario, Canada). Oleic acid was purchased from Sigma-Aldrich (St. Louis, MO, USA). Triethanolamine (TEA) was obtained from Merck (Darmstadt, Germany). Lipoid MCT was purchased from Lipoid GmbH (Ludiwigshafen, Germany). Monooleate of sorbitan (Span 80 ®) and monooleate of sorbitan ethoxylated (Super Refined Polysorbate 80 ®) was provided by Croda Inc. (Edison, NJ, USA). Glyceryl behenate (Compritol 888 ATO ®) was provided by Gattefossé (Saint Priest, France). All other chemicals were of analytical grade.




2.2. Preparation of NLC–DOX and Free DOX Solution


NLCs were prepared by the hot melting homogenization method, as previously described [27]. During the development of the NLC–DOX we evaluated different proportions of liquid (MCT) and solid lipids (Compritol 888 ATO ®), as well as the surfactants Tween 80 ® and Span 80 ®. The better formulation was obtained by using 60:40 of solid:liquid lipids and a mixture 80:20 of Tween 80 ®:Span 80 ®. Briefly, batches (10 mL) were prepared containing an oil and aqueous phases. The oil phase (OP) was composed of 120 mg of Compritol 888 ATO ®, 80 mg of MCT, 200 mg of Tween 80 ®, 50 mg of Span 80 ®, 15 mg of DOX, 12 mg of TEA and 30 mg of oleic acid. The aqueous phase (AP) was composed of distilled water. The OP and AP were heated separately to 80 °C and then gently mixed under constant agitation, at 8000 rpm, with an Ultra Turrax T-25 homogenizer (Ika Labortechnik, Staufen, Germany) at 80 °C. The emulsion formed was homogenized for 10 min on ultrasound with high power probe (21% amplitude, Ultra-cell 750 W, Sonics Materials Inc., USA). The pH of the NLC–DOX was adjusted to 6.5 with a solution of 0.1 M HCl and the formulations were stored at 4 °C, protected from light in a nitrogen atmosphere. The non-encapsulated DOX solution (free DOX), in the same concentration of NLC–DOX (1.5 mg/mL), was prepared diluting DOX in distilled water.




2.3. Particle Size Analysis and Zeta Potential


The hydrodynamic diameter of the NLC–DOX was determined by unimodal analysis through dynamic light scattering (DLS), and the data reported were Z-average, evaluated as the intensity. The hydrodynamic diameter, polydispersity index (PDI) and Zeta potential of the NLC–DOX were determined by dynamic scattering of light and electrophoretic mobility, using a Zetasizer Nano-ZS90 (Malvern Instruments; England) at a fixed angle of 90° and temperature of 25 °C. For DLS, the NLC-DOX was diluted (1:100) in ultrapure water previously filtered through cellulose ester membrane with 0.45 µm pore diameter (HAWPO4700, Merck Millipore, Burlington, MA, USA). All measurements were performed in triplicate.




2.4. Nanoparticle Tracking Analysis (NTA)


NTA experiments were performed by using the NanoSight NS300 (Malvern Instruments; Salisbury, England). After appropriate dilution of the NLC-DOX in ultrapure water, the sample was introduced into the NanoSight sample chamber with a disposable syringe. The samples were measured at room temperature for 60 s with automatic detection. The software used for capturing and analyzing the data was the NanoSight NS300 (Malvern Instruments, Salisbury, England).




2.5. Drug Encapsulation Efficiency (EE) and Drug Loading (DL)


The encapsulation efficiency (EE) and drug loading (DL) of DOX in NLC were determined by an ultrafiltration method, using centrifugal devices (Amicon® Ultra−0.5 mL 100 k; Millipore, USA). To eliminate the binding of DOX to the devices, a pretreating of the filters was performed as previously described [45]. The devices were soaked in a passivating solution (Tween 20 ®, 5% w/v), maintained overnight at room temperature and washed with distilled water prior to use. The EE and DL were calculated by using the following Equations (1) and (2), respectively:


EE% = [(CT − CAP)/CT] × 100



(1)






DL (mg/g) = WDL/WNP



(2)




where CT = total DOX concentration in NLC; CAP = DOX concentration in aqueous phase (non-encapsulated drug); WDL = mg of drug loaded in NLC and WNP = g of lipids.



The CT, CAP and WDL were evaluated as described by Mussi et al. [27]. The CT was analyzed by dissolving an aliquot of the NLC dispersion in a mixture of tetrahydrofuran (THF)/methanol (MeOH) 40:60 v/v, followed by centrifugation (10 min at 2400 g) and analysis of the supernatant by UV-vis spectrophotometry at 480 nm (UV-Vis Evolution 201; ThermoFisher, Shanghai, China). The CAP was evaluated from an aliquot of the aqueous phase separated from the NLC dispersion by ultrafiltration (10 min at 2400 g), dilution with THF/MeOH and analysis by UV-vis. The WDL was derived by using the calculated EE × total (mg) of DOX added. The method for DOX quantification was previously validated. The five-point linear regression analysis resulted in the following linear equation: y = 0.01930X–0.00615 (R2 = 0.9915).




2.6. Differential Scanning Calorimetry


Differential scanning calorimetry (DSC) analysis of formulation components (DOX and Compritol 888 ATO) and NLC-DOX were performed by using a DSC 2910 differential scanning calorimeter (TA Instruments, New Castle, DE, USA). For DSC measurements, a scan rate of 10 °C/min was used at a temperature range of 0–400 °C, under a nitrogen purge. NLC-DOX was lyophilized prior to analysis with the use of a freeze-drier (Modulyod-115, ThermoFisher, Asheville, NC, USA; Pump Edwards E2M18, West Sussex, UK). After freeze-drying, the NLCs sample, DOX and Compritol were placed directly in aluminum pans for analysis (approximately 7 mg of lipid).




2.7. ATR–FTIR Analysis


Attenuated total reflection–Fourier transform infrared (ATR–FTIR) spectra of NLC-DOX and raw materials (DOX and Compritol) were recorded within films on a Perkin Elmer FTIR spectrometer (Model Spectrum One).




2.8. Transmission Electron Microscopy (TEM) and Cryogenic TEM (Cryo-TEM)


The morphology of the NLC-DOX was evaluated by TEM. Negatively stained samples were prepared by spreading 3 µL of the NLC-DOX dispersion (diluted 1:25) onto a copper grid coated with a Lacey carbon film. After 1 min of adsorption, excess liquid was blotted off with filter paper and the grids were placed on a droplet of 2% (w/v) aqueous uranyl acetate and drained off after 1 min. The dried specimens were examined by using a 120 kV electron microscope (Tecnai-G2-Spirit-FEI/Quanta microscope; Philips, Eindhoven, Netherlands). The analyses involving TEM were conducted at the Microscopy Center of UFMG (http://www.microscopia.ufmg.br accessed on 26 August 2020).



Cryo-TEM micrographs of NLC-DOX were obtained by using a TEM (Tecnai Spirit G2-12 Biotwin-FEI, Brno, Czech Republic) operated at 120 kV. Images were recorded on the CCD Eagle (FEI), using the Serial EM software. Prior to use, the 300 mesh lacey carbon coated copper grids (EMS) were subjected to the glow discharging process with argon gas at a current of 9.2 mA for 25 s. Cryo-TEM samples were prepared by plunge freezing (Leica EM GP2). For each sample, a drop of 3 µL was placed on the carbon side of the grid, blotted for 5 s and immediately frozen in liquid ethane, and then kept in liquid nitrogen until cryo-TEM. The samples were mounted on Fischione cryo holder (Model 2550) and analyzed in the TEM at −175 °C. Pictures were processed by using ImageJ software (National Institutes of Health, Betesda, MD, USA). The analyses involving cryo-TEM were conducted at the Microscopy Center of UFMG (http://www.microscopia.ufmg.br accessed on 16 December 2020).



All the acquired images were uploaded to accessible imaging software (Image J, US National Institutes of Health, Bethesda, MD, USA). The particles were measured from images obtained from three independent NLC-DOX formulations. Before measuring the size, each photo was precisely dimensioned, using a calibrated ruler. The normal distribution of the size was analyzed by using the Shapiro–Wilk test, assuming a 95% confidence level.




2.9. In Vitro DOX Release


The release of DOX from NLC-DOX was performed by using the dialysis method. Dialysis bags with a cutoff size of 14,000 Da and diameter of 21 mm (cellulose ester membrane; Sigma-Aldrich, St. Louis, MO, USA) were filled with 2 mL of NLC-DOX, sealed and incubated with 50 mL of phosphate-buffered saline (PBS) pH 7.4, for 72 h at 37 °C, using shaking stirring (IKA ® KS 4000 i control; Werke, Germany) at 120 rpm. An aqueous solution of non-encapsulated DOX (free DOX) at the same concentration (1.5 mg/mL) was used as a control. At different predetermined time intervals (1, 2, 4, 8, 24, 48 and 72 h), 2 mL of release media were taken out and replenished with an equal volume of fresh PBS. The amount of released DOX was measured by UV-vis spectrophotometry as described above. The values were plotted as a cumulative percentage of DOX release. Released DOX (%) = RF/CD × 100. Where RF = released fraction of DOX to the external medium, and CD = initial concentration of DOX inside the dialysis bag.



The regression analysis of the cumulative release of DOX from NLC-DOX and free DOX was evaluated. Different kinetic models were evaluated: zero order (Qt = Q0 + K0t), first order (ln Qt = ln Q0 +K1t), Higuchi (Qt = Kht1/2), Hixson–Crowell (Q01/3 − Qt1/3 = Kst) and Korsmeyer–Peppas (Qt/Q∞ = Kktn); where Qt is the amount of drug released at time t; Q0 is the amount of the drug in the solution at time zero and K is constant of release kinetics. Determination coefficient (R2) was used as a criterion to define the best release kinetics model [57,58]. All experiments were conducted in triplicate.




2.10. Animals and Experimental Groups


All procedures were approved by the Ethics Committee for Animal Experimentation at the Federal University of Minas Gerais (UFMG) (Protocol n° 331/2012, 22/11/2012). C57BL/6 female mice, free of specific pathogens, 6–8 weeks old, were obtained at the Central Vivarium of UFMG, weighed and randomly divided into three experimental groups. The animals were kept in collective cages with a maximum of five individuals per cage, with water and diet offered freely. The environmental conditions were controlled, using a 12-h light/dark cycle and temperature around 28 °C. The animals in the control group (Saline) received 100 μL of saline solution by intraperitoneal administration (i.p.), while the groups free DOX and NLC-DOX received DOX at 10 mg/kg by i.p. After three days, at the peak of intestinal inflammation, the animals were anesthetized with i.p. injection of ketamine (100 mg/kg) and xylazine (5 mg/kg) and blood was collected followed by cervical dislocation. The small intestine of animals was collected and divided into parts (duodenum, distal jejunum, proximal jejunum and ileum). The distal ileum portion (approximately 1 cm) was frozen at −80 °C for evaluation of cytokines. The rest of the ileum was used for histological and morphometric analysis.




2.11. Histological Analysis


Samples of the ileum of the C57BL/6 mice were fixed in formaldehyde (10%) and processed for histological analysis. The cuts obtained were stained with hematoxylin and eosin for morphological evaluation. The morphometry of villus height and crypt depth was obtained from photos of histological slides, which were analyzed by using the ImageJ software (National Institutes of Health, Betesda, MD, USA). Ten random fields per animal were computed, with tissue integrity as a limiting factor.




2.12. Analysis of Gene Expression


To evaluate the expression of cytokines in the small intestine, 1 cm of the distal ileum was extracted, using Trizol (TRI reagent, Sigma-Aldrich) following acid–alcohol affinity and kept at −80 °C until use. One microgram of total RNA was reverse-transcribed by using M-MLV RT (Promega). Gene expression was performed on n aABI PRISM 7900 sequence detection system (Applied Biosystems), using HOT FIREPol Eva Green qPCR Supermix (Solis BioDyne) according to manufacturer’s instructions. Briefly, samples were exposed to 95 °C for 12 min and then subjected to 40 cycles of 95 °C for 15 s and 60 °C for 30 s. At the end of the cycling, a melting curve was performed to evaluate primer specificity. Expression of the target genes (Table 1) were normalized with GAPDH (glyceraldehyde 3- phosphate dehydrogenase), using 2-ΔΔCt. All primers were obtained at Harvard Primer Bank.




2.13. Assessment of Intestinal Permeability


Intestinal permeability was determined by measuring the radioactivity diffused in the blood after administration of diethylenetriamine-pentacetic acid (DTPA) with technetium 99 m (99 mTc) [59]. Three days after administration of saline, free DOX and NLC-DOX, all mice received, by gavage, 0.1 mL of DTPA solution conjugated to 18.5 mebequerel (MBq) of 99 mTc. Four hours later, all animals were anesthetized to collect 300μL of blood in EDTA (ethylenediamine tetraacetic acid), which was placed in appropriate tubes to determine radioactivity. The data were obtained in % of dose, using the following equation: % Dose = (cpm of blood/cpm of administered dose) × 100, where cpm represents counts per minute.




2.14. Statistical Analysis


Statistical analyses were performed by using GraphPad PrismTM (version 8.2). Data were expressed as mean ± standard deviation (SD). Data normality was assessed by using the Shapiro–Wilk test. To analyze the difference in the DOX release profile and in the body weight variation of mice, two-way analysis of variance (ANOVA) was used, followed by Tukey’s post-test. To compare the morphological alterations among groups, the cytokine expression by real time, intestinal permeability, occludin and ZO1, one-way ANOVA was used, followed by the Tukey’s post-test. For all analyses, a significance level of 0.05 was used.





3. Results


3.1. Characterization of the Developed NLC-DOX


NLC-DOX was found to be a clear and homogeneous red suspension (Figure 1A) and could efficiently incorporate DOX. The total DOX content in the developed NLC-DOX was 99.8 ± 1.5%, with high encapsulation efficiency (84.8 ± 4.6%). The Zeta potential was −18.3 ± 5.1 mV (Figure 1B) and the average size and PDI obtained by DLS were, respectively, 69.7 ± 6.6 nm (Figure 2C) and 0.29 ± 0.07. The average size determined by NTA (Figure 1D) was slightly smaller (66.0 ± 18 nm). The size and the morphology of NLC-DOX was also evaluated by Cryo-TEM and TEM (Figure 1E,F, respectively). The TEM (76.7 ± 30 nm) and Cryo-TEM (78.8 ± 28 nm) images showed particles homogeneous with spherical shape and normal distribution (Shapiro–Wilk test) at a confidence level of 95%.



The thermal behavior of the NLC-DOX and its main components (DOX and the solid lipid Compritol 888 ATO) was evaluated by DSC (Figure 2A). The thermogram of pure DOX showed three endothermic peaks at temperatures between 210 and 240 °C, while the thermogram of pure Compritol 888 ATO showed only one narrow, symmetrical endotherm peak with the melt temperature of 69.79 °C. The NLC-DOX also showed only one endothermic peak at 63.85 °C, corresponding to its solid lipid matrix (Compritol 888 ATO). However, a slight decrease in the melting point (69.79 °C for pure lipid versus 63.85 °C for NLC-DOX), as well as a broadening of this peak was observed. Moreover, the presence of the endothermal melting peak of DOX was not observed in the thermogram of NLC-DOX, suggesting a high affinity of the DOX to the lipid matrix.



The FTIR spectra of DOX, NLC-DOX and Compritol 888 ATO ®, the lipid matrix of the NLC-DOX, are presented in Figure 2B–D. FTIR analysis is usually used to determine the interaction between drugs and excipients, observing the spectrum of functional groups [60]. The spectrum of the DOX (Figure 2B) shows the characteristic bands of the drug: 3525 and 3315 cm−1 bands, which are attributed to the O-H and a N-H group stretching vibration; and a band at 1730 cm−1, due to stretching of C=O, which are in accordance of those described in the literature [60,61]. The FTIR spectra of Compritol 888 ATO ® showed characteristic peaks in 2915 cm−1 (stretching of C-H), 1737 cm−1 (stretching of C=O) and 1465 cm−1 (bending of C-H). Similar results were found by [62,63]. In the spectrum of NLC-DOX, it is also possible to observe the band from N-H group at 3315 cm−1, that can be attributed to DOX’s molecule; and two broad bands at 2915 and 2849 cm−1, that can be attributed to the stretching vibration of C-H and C-H2 groups from Compritol 888 ATO ®.




3.2. In Vitro DOX Release


The in vitro DOX release from NLC-DOX and free DOX was investigated by using dialysis bags in PBS buffer pH 7.4 (37 °C ± 0.5). As can be seen in Figure 3A, free DOX exhibited a rapid release of 80% of drug within 4 h, whereas the release profile of NLC-DOX indicated a sustained pattern without a burst release. The mechanism of release was evaluated by using four different kinetic models (zero-order, first-order, Higuchi and Korsmeyer–Peppas) and the regression coefficient value (R2) was used to choose the model that best fit the data. The zero-order model presented the higher R2 (Figure 3B), suggesting a process of constant drug release from the NLC system, independent of the DOX’s concentration. This is ideal behavior for a dosage form and leads to minimum fluctuations in drug plasma levels [64].




3.3. NLC-DOX Treatment Prevents Weight Loss in C57BL/6 Mice


To compare the evolution of mucositis between free DOX and NLC-DOX, we used a DOX-induced mouse model of mucositis [19]. C57BL/6 female mice (6–8 weeks) were randomly divided into three groups (Figure 4A) and inoculated i.p. with free DOX (10 mg/kg), NLC-DOX (10 mg/kg) or saline solution for the Saline group (Figure 4B). Animals treated with both DOX formulations presented weight loss in the first days of mucositis induction, which was attenuated by DOX encapsulation (NLC-DOX group) (Figure 4C). However, blood in the stool or diarrhea, common features of intestinal inflammation, were not observed in either group.




3.4. NLC-DOX Preserves Bowel Architecture, Prevents Mucositis-Compatible Ulcerations and Improves Intestinal Permeability


The treatment with free DOX induced changes in intestinal architecture typical of mucositis. Free DOX treated animals displayed multifocal inflammatory areas in jejune and ileum with important infiltration of mononuclear cells associated with reduced villus height, reduced crypt depth and thinning of the muscular layer (Figure 5). Ileum showed more prominent pathological changes. All of these features were improved, or even prevented, in animals treated with NLC-DOX.



Mucositis is often associated with compromised intestinal function allowing bacteria translocation due to increased permeability. We found that associated with the inflammation and changes in intestinal architecture induced by free DOX, intestinal permeability was also increased in free DOX treated animals (Figure 6A), but totally preserved in animals treated with NLC-DOX and Saline. In addition, the maintenance of intestinal permeability in NLC-DOX was associated with increased expression of mRNA for tight junction proteins such as Occludin (Figure 6B) and ZO1 (Figure 6C) when compared to Saline or free DOX.




3.5. NLC-DOX Formulation Maintains Cytokine Expression


To gain insight about the quality of the inflammatory response triggered by DOX treatment, we evaluated signature cytokines associated with mucositis. As can be observed in Figure 7, the expression of cytokines was usually decreased in free DOX group when compared to saline group (IL-4, IL-13, TSLP and IL-9, p < 0.05), possibly associated to the reduced tissue viability associated to the drug cytotoxicity. However, in the group treated with NLC-DOX, the expression of cytokines was similar to the saline group, except for IL-25, a cytokine associated with intestinal protection [65], which was increased.





4. Discussion


DOX is a chemotherapy drug of the anthracycline class widely used in clinical practice [66,67]. Although DOX has a relevant role in cancer therapy, its adverse effects, such as mucositis, have an important impact in the treatment and quality of life of patients [18,19]. To overcome the intense mucositis induced by DOX treatment, we proposed the loading of DOX in NLCs. This study was the first that evaluated the impact of DOX encapsulation in the lipid matrix of NLCs as a strategy to reduce mucositis.



To be used in the clinic, DOX is formulated as a hydrochloride salt, which is freely soluble in water. Therefore, its encapsulation in lipid nanocarriers is not an easy issue, being usually low [41,42]. To enhance its encapsulation in the lipid nanocarriers, the ion-pair strategy was used. Through this strategy, DOX forms an ion pair with a lipophilic anion, improving its lipophilicity and the affinity for the lipid matrix. This strategy is well described in the literature and has been used in several studies that utilized different counter ions to improve the DOX lipophilicity and its affinity for different lipid-based systems [33,41,43,44,45,46,47,48,49,50,51,52,53,54,55,56]. In the present study, OA was used as the counter ion. During the NLC production, the OA reacts with the positive electrostatic charge localized at the protonated amino nitrogen of the doxorubicin base (pKa = 9.53), forming an ion pair and improving the DOX affinity for the lipid matrix. The formation of the ion pair between OA and DOX is well described in the literature [28,51].



The developed NLC-DOX presented high encapsulation efficiency (84.8 ± 4.6%) and drug loading (55.2 ± 3.4 mg/g), minimizing the amount of soluble DOX in the external phase of the nanoparticles suspension. The obtained encapsulation efficiency (84.8 ± 4.6% EE) is in accordance with the results described by other authors (99.15–74.18% EE). However, our data concerning the drug loading (55.2 ± 3.4 mg/g) were much higher than those previously published (31 to 10.1 mg/g) [27,68,69,70]. Other parameters, such as morphology (spherical shape), size (66–78.8 nm), PDI (0.29 ± 0.07) and Zeta potential (−18.3 ± 5.1 mV), obtained for the developed NLC-DOX are in accordance with the literature data for parenteral formulations [27,67,68]. The negative Zeta potential can be explained by the presence of OA and non-ionic surfactants (Polysorbate 80 and Span 80) used in NLC-DOX [71,72]. The average size obtained from NTA analysis was slightly smaller (66 ± 18 nm), but very close to the average size provided for the DLS method (69.7 ± 6.6 nm). The smaller average size found for the NTA method is in accordance with the literature and corroborated the monodisperse distribution (low PDI values) measured by DLS [73,74]. Regarding the error bars of the size distribution, they are smaller with DLS, which is a consequence of the large amount of statistical data collected by this method when compared to NTA. In the NTA method, the size distributions are practically the same, but the software sometimes detects slightly more or slightly less particles between each measurement of the same sample [74].



In contrast to DLS and NTA techniques, electron microscopy—especially cryo-TEM—allows direct observation of individual NLC-DOX particles. The values obtained from TEM (76.7 ± 30 nm) and cryo-TEM (78.8 ± 28 nm) images are in a reasonable agreement with DLS and NTA analysis. Precise measurements of NLC-DOX particles from TEM and cryo-TEM images, accompanied by data provided by DLS and NTA, allowed us to obtain a more real particle size average of the developed NLC-DOX, which is a very important feature for parenteral drug delivery systems [75].



The high encapsulation efficiency and drug loading of DOX in the lipid matrix of NLCs should be the result of the intense interactions between the formulation components. In the DSC analysis, the DOX thermogram showed three endothermic melting peaks (206.8, 218.4 and 237.3 °C), which are in accordance with those described in the literature [76,77]. However, any peak of DOX was observed in the NLC-DOX thermogram, suggesting a high interaction of DOX with the lipid matrix of NLCs. This high affinity for the lipid matrix of NLCs can be the result of the ion pair formation between DOX and oleic acid (OA). The formation of an ion pair between DOX and OA has been evaluated by different authors as a strategy to improve the encapsulation efficiency of DOX in lipid nanoparticles without limiting its efficacy [27,45,78].



Another important result to note in the DSC thermogram of NLC-DOX is the characteristic endothermic peak of Compritol 888 ATO ®, the main component of the lipid matrix of the NLC-DOX. The endothermic peak of Compritol 888 ATO ® remains present in the DSC thermogram of NLC-DOX, providing evidence that the lipid matrix of NLC-DOX remains solid at room temperature. Nevertheless, this endothermic peak is broader and has a lower melting temperature (63.85 °C) when compared to the pure Compritol 888 ATO ® (69.79 °C). The broader peak and reduction of melting temperature of the solid lipid matrix is evidence of the interactions of formulations components and liquid lipids, resulting in a less ordered lattice arrangement of solid matrix [79,80]. The reduced melting point observed for the solid lipid matrix might also be due to the nanometric size of NLC-DOX, resulting in a high surface area [81,82]. The FTIR results corroborate the data obtained in the DSC analyzes. The NLC-DOX spectrum showed bands characteristic of Compritol 888 ATO ® and some bands of DOX, but to a lesser extent. There are small differences in the absorption regions, suggesting a greater affinity between DOX and lipid matrix.



An important observation is that the developed NLC-DOX presented a controlled and sustained release of DOX during the 72 h of the study. While the free DOX released approximately 80% of DOX in the first 4 h, at the same period of time, the NLC-DOX released less than 20%. The in vitro release kinetics evaluation of NLC-DOX followed the zero-order kinetic model (R2 = 0.9862). A zero-order kinetic model was also described for other authors who used NLCs to load different drug models [83,84]. However, none of them described the development of an NLC-DOX with a controlled and sustained release obeying a zero-order model. The zero-order model describes a constant release of payloads, which is ideal to achieve the desired pharmacological action with reduced side effects [64]. These controlled-release data also reflect the high encapsulation efficiency, drug loading and affinity observed in the characterization studies, suggesting that DOX is distributed throughout the solid lipid matrix of NLC. Then, the solid-lipid matrix of NLC serves as a physical barrier to the aqueous environment and the DOX it is not available to be immediately released in the receptor fluid, being released in a controlled way.



It is interesting to note that, although the encapsulation of DOX in NLC using the ion pair strategy can allow a controlled drug release at pH 7.4, it can be different in the tumor microenvironment. In other studies of our group different formulations of NLC-DOX, produced with different counter ions, showed that NLC-DOX is more efficient in reaching toxic levels of DOX in tumor cells, when compared to free DOX [33,56]. This occurs because, in the acid environment of the tumor area [85], there is an increase in the protonation of the COOH group of OA and a consequent decrease in the ion pair interaction, facilitating the release of DOX in the tumor microenvironment [71].



Considering that mucositis is one of the most serious and limiting complications of chemotherapy treatments, we aimed to evaluate if the encapsulation of DOX in an NLC matrix could provide a reduction of the mucositis process. In contrast to free DOX, NLC-DOX caused mild weight loss, one important sign of less severe mucositis [86], suggesting a more tolerable drug presentation. This can be associated with the different pattern of drug release observed for free DOX in comparison to the NLC-DOX. Since NLC-DOX provided controlled release of DOX, the impact of the drug toxicity possibly was less pronounced, allowing intestinal adjustment time.



Mucositis is characterized by villus atrophy, enterocyte damage and inflammatory cell infiltration in intestinal mucosa [6,87], which were observed in the free DOX treated group. The NLC-DOX group, on the other hand, showed preserved villus integrity and less inflammatory infiltrate compared to the free DOX group. The loss of the intestinal integrity induced by chemo and radiotherapy can increase intestinal permeability, allowing bacterial translocation and causing severe infection on the patients [88,89,90,91,92]. We observed that NLC-DOX treated animals showed preserved intestinal permeability. Importantly, tissue cohesion is driven by the tight junctions, proteins that promote strong cell–cell adhesion, which are important players in preserving intestinal epithelial monolayer integrity [93,94]. The NLC-DOX displayed increased expression of the two major tight junctions in the small intestine, Occludin and ZO1. We speculate that the controlled release of the drug allowed for better adjustment of the intestine to the DOX toxic mechanisms.



The expression of cytokines (inflammatory and homeostatic) associated with mucositis in the ileum of mice were also evaluated. We analyzed cytokines associated with the type 2 proinflammatory response (IL-4, IL-5, IL-13, IL-25, IL-33 and TSLP) and the cytokines involved in tissue regeneration and intestine homeostasis (IL-9 and Amphiregulin) [95,96]. Surprisingly, in the animals treated with the free DOX, an inhibition of expression of IL-4, IL-13, TSLP and IL-9 was observed in comparison to the saline group (p < 0.05). These results are probably associated with the intense degree of local tissue damage during the peak of tissue lesions [97]. In the animals treated with the NLC-DOX was observed the same pattern of cytokine expression in comparison to saline group (p > 0.5), except for IL-25 (p < 0.05), where a higher expression was detected. This result is in accordance with the morphology results. Since the treatment with NLC-DOX limited the mucositis process, the pattern of cytokines expression was maintained. Finally, although no difference was observed between free DOX group and NLC-DOX group for IL-9 (p > 0.5), a higher expression of Amphiregulin was observed for NLC-DOX group (p < 0.05), showing a higher ability to improve the tissue regeneration, even with a lower tissue damage. In the intestinal epithelium, cytokines such as IL-9 and Amphiregulin are involved with tissue regeneration [98,99,100,101]. Therefore, the encapsulation of DOX in NLC cannot only be able to improve the efficacy, as shown in different studies [27,67], but can also reduce the mucositis, which is an important adverse effect of DOX treatment.




5. Conclusions


The developed NLC-DOX showed spherical particles with size, PDI and Zeta potential adequate for parenteral administration, as well as high levels of DOX encapsulation and drug loading. The DSC and FTIR analyses showed a high interaction of DOX with the lipid matrix of NLC, which are in accordance with the high encapsulation and drug loading observed, resulting in a controlled drug release and, finally, preventing mucositis in the murine model. These results suggest that the developed NLC-DOX can enhance the safety of the treatment and, consequently, the quality of life of the patient.
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Figure 1. Characteristics of NLC-DOX. Image of NLC-DOX formulation (A); Zeta potential distribution determined by dynamic scattering of light and electrophoretic mobility (B); particle size distribution determined by DLS (C); particle size distribution determined by NTA (D); cryo-TEM image (E); and TEM image of NLC-DOX (F). Abbreviations: DOX, doxorubicin; NLC, nanostructured lipid carrier; DLS, dynamic light scattering; NTA, nanoparticle tracking analysis; TEM, transmission electronic microscopy; SD, standard deviation; D10, the size point below which 10% of NLC-DOX is contained; D90, the size point below which 90% of NLC-DOX is contained. 






Figure 1. Characteristics of NLC-DOX. Image of NLC-DOX formulation (A); Zeta potential distribution determined by dynamic scattering of light and electrophoretic mobility (B); particle size distribution determined by DLS (C); particle size distribution determined by NTA (D); cryo-TEM image (E); and TEM image of NLC-DOX (F). Abbreviations: DOX, doxorubicin; NLC, nanostructured lipid carrier; DLS, dynamic light scattering; NTA, nanoparticle tracking analysis; TEM, transmission electronic microscopy; SD, standard deviation; D10, the size point below which 10% of NLC-DOX is contained; D90, the size point below which 90% of NLC-DOX is contained.



[image: Pharmaceutics 13 01021 g001]







[image: Pharmaceutics 13 01021 g002 550] 





Figure 2. Characterization of the NLC-DOX formulation and its main components by differential scanning calorimetry (DSC) and attenuated total reflection–Fourier transform infrared (ATR-FTIR). DSC curves of NLC-DOX, pure DOX and Compritol 888 ATO ® (A); ATR-FTIT spectra of DOX (B), Compritol 888 ATO ® (C) and NLC-DOX (D). The arrows indicate the main absorption regions of the functional groups. Abbreviations: DOX, doxorubicin; NLC, nanostructured lipid carrier. 
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Figure 3. In vitro drug release profile of DOX from NLC-DOX and free DOX (A). Kinetic models applied to the release of DOX from NLC-DOX (B). * p < 0.0001. Data were presented as mean ± SD (n = 3). Abbreviations: DOX, doxorubicin; NLC, nanostructured lipid carrier; k, kinetic constant; n, diffusion exponent. 
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Figure 4. NLC-DOX prevents DOX-induced weight loss. (A) C57BL/6 mice were randomly allocated to 3 groups, Saline, free DOX and NLC-DOX (n = 5 animals/group). (B) Animals were injected with free DOX, NLC-DOX or saline and followed for 3 days. (C) Weight variation of the animals during the 3-day follow-up. The animals were weighed daily, the first weighing was performed on day zero of the protocol and the average weight per group analyzed was considered for analysis. Statistical analysis was performed by using the ANOVA test, followed by the Tukey test. * p < 0.05. N = 20 animals per group. Data are a pool from 4 experiments performed. Abbreviations: DOX, doxorubicin; NLC, nanostructured lipid carrier. 
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Figure 5. NLC-DOX prevented DOX-induced mucositis-associated intestinal morphological alterations. (A–C). Representative histological slides of ileum of Saline, free DOX and NLC-DOX treated animals (20× magnification). (D) Histomorphological analysis of jejune and ileum was used to quantify the height of the villus (represented by curly bracket), depth of the crypts (represented by square bracket). Statistical analysis was performed by using the ANOVA test, followed by the Tukey test. Different letters represent p < 0.05. N = 10 animals per group. Data are a pool from 2 experiments performed. Abbreviations: DOX, doxorubicin; NLC, nanostructured lipid carrier. 
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Figure 6. Intestinal permeability was preserved in NLC-DOX treatment. (A) Intestinal permeability by DTPA-Tc99m and mRNA expression of (B) Occludin and (C) ZO1 by real time RT-PCR in the ileum were evaluated 3 days after injection of saline, free DOX or NLC-DOX. Statistical analysis was performed by using the ANOVA test, followed by the Tukey test. Different letters represent p < 0.05. N = 10 animals per group. Data are a pool from 2 experiments performed. Abbreviations: DOX, doxorubicin; NLC, nanostructured lipid carrier. 
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Figure 7. Cytokine expression by real time RT-PCR of (A) IL-4, (B) IL-5, (C) IL-13, (D) IL-25, (E) IL-33, (F) TSLP, (G) IL-9 and (H) Amphiregulin. Statistical analysis was performed by using the ANOVA test, followed by the Tukey test. Different letters represent p < 0.05. N = 15 animals per group. Data are a pool from 3 experiments performed. Abbreviations: DOX, doxorubicin; NLC, nanostructured lipid carriers. 
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Table 1. Nucleotide sequence of the primers used.
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	Gene
	Primer Forward
	Primer Reverse





	ZO-1
	CCAGCTTATGAAAGGGTTGTTC
	TCCTCTCTTGCCAACTTTTCTC



	Occludin
	ATGTCCGGCCGATGCTCTC
	TTTGGCTGCTCTTGGGTCTGTAT



	IL-33
	ATTTCCCCGGCAAAGTTCAG
	AACGGAGTCTCATGCAGTAGA



	TSLP
	ACGGATGGGGCTAACTTACAA
	AGTCCTCGATTTGCTCGAACT



	IL-4
	GGTCTCAACCCCCAGCTAGT
	GCCGATGATCTCTCTCAAGTGAT



	IL-13
	CCTGGCTCTTGCTTGCCTT
	GGTCTTGTGTGATGTTGCTCA



	IL-22
	ATGAGTTTTTCCCTTATGGGGAC
	GCTGGAAGTTGGACACCTCAA



	IL-23
	ATGCTGGATTGCAGAGCAGTA
	ACGGGGCACATTATTTTTAGTCT



	IL-5
	CTCTGTTGACAAGCAATGAGACG
	TCTTCAGTATGTCTAGCCCCTG



	IL-25
	ACAGGGACTTGAATCGGGTC
	TGGTAAAGTGGGACGACGGAGTTG



	GAPDH
	AGGTCGGTGTGAACGGATTTG
	TGTAGACCATGTAGTTGAGGTCA
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
wsoc s o was
{gal i I |ad®
Nl i
R St
ST S8
& 0
s . e s e PR —
ab, | Polece i
L I £ i
H H H






media/file4.png
1
-
|

LoV ]

Heat Flow (W/g)

EN

NLC-DOX B .

N o g

DOX

gl -
- 90 ) OH R & 1 \l.“

e 55

Compritol 888 ATO . o on o

]
=

4

-
by

TN EEEEEEEEEEEE RN
o

OH
1 OO Jos
80
H
' A 0 oF D
% )
OH
h NH,
3600 3200 00 2400 2000 1300
o]
1
na
zl.'l
NH
N
nl:"‘:i
...-?CH
=3
ol
3600 1200 0 2500 2000 ;::n 1600 1400 1200 1o 00 00 o0 600 1300 2300 2400 2000 1§00 1620 1200 1200 1000 800 &50.0

=l





nav.xhtml


  pharmaceutics-13-01021


  
    		
      pharmaceutics-13-01021
    


  




  





media/file2.png
[ e) Ansuagul

76.7
40.7

g
[ ]
— m [} [}
- LRI == R = |
e £ 0 O « O
G 0 = o 0O 0
=
2 B
- 1 =1
— (= ]
| p -
(] W
B | X
= E £
a - M
g [5-]
(=) =% 3
o - B c
| a= -
& o " -
c
§ E
5 2=
l a ]
[ ™1
& @
(i
rrrrrrrrrrrrrr E
- - |
(1]

Sjunoo |ejo|

(=]
@ M M o
0 M~ I~ ﬂ
= & M

A C {juaaiad) A5 uaqu) E

:
Mean
SD
D10
D90





media/file5.jpg
Cumulative release of DOX (%)

100

60:

40

20

~e- free DOX

-4 NLC-DOX
/ B ode! Ca—l
. Tooordor 10220 09662
Fisorder 04015 05350
. Houen 7579709701
g odel 0w
Korsmeyor Poppas 065009216






media/file3.jpg
~ NLCDOX
DN o

W

Compritl 888 ATO

3 >=

y

Heat Flow (Wig)






media/file1.jpg
A w B e

&f

o10:






media/file7.jpg
2R .

c
suine  wovox  mcoox  §
Female C57BLI6 mice; 6-8 weeks old g - Saline
g = free DOX
® ok Soss + Meoox
00 N
1004t saine 3
10mglkg free DOX 0.85-
TR
10mg/kg NLC-DOX

Days.





media/file10.png
1000

800- - . ﬁ
E  s00- ?

400

20—

Crypt depth
1000-

800+

6001 == | g
400- =

2001 —————
@;\}&Qo"' o

9" o
N\

Villus height x Crypt detph

1.0+

0.8-

0.6-

0.4+

0.2

N
>

¢ s+ G

« N





media/file12.png
A

% dose

Intestinal permeability
0.10

0.08 4

0.06-

e |
0.04— a
0.02 i
T T T

0.00

%aea @"’o

Fold increase (log,)

104

Occludin

0

Fold increase (log,)

Z01
B —
a,c
4_
2_
- B
-4 I I I
@°@<>°+o°+
& & o
L\ Q





media/file9.jpg





media/file0.png





media/file14.png
IL-25

D

IL-13

IL-5

IL-4

M; o,

a..“._ B +QQFUVA\
a | ()

I T T! T G@\@ &“\
A.UI uw (=] _.nw mu p“u

(¢6o)) asealoul pjo4

2 S
b! B
i.- - 9 Oee\v
_ _ Y,

10+
5
0|
]
-10

: (R v
- - T %, %
| 1 - 1 .\\@

(¢Hoj) aseaitoul pjo4

10+
5
0
-5
-10

(°6o]) asealoul pjo4

IL-9 Amphiregulin

TSLP

IL-33

2>

a a,b
.

|

N
\’0

10 -
5

(°6o)) aseaioul pjo4

-_ o,

hm— -+ooo&\

-} - %, %,
I T : T .“,___.@ ¥
e © o ¢ 2 ©

(°6oj) asealsou] pjo4

a,b
éi
| T
0+ o+
09
\%

Q
<

i
I
@
&
2
&

10
5
0
5

5_,’0

(°6o]) asealoul pjo4

| W-A +oo
i - O
: % %
a? - %, %,
. .“_\m. o
3 o & & ®

(°6oj) asealsou) pjo4





media/file8.png
A N

Saline free DOX

NLC-DOX

Female C57BL/6 mice; 6-8 weeks old

. ? ? Days
&
100 pL Saline Euthanasia
10mg/kg free DOX

10mg/kg NLC-DOX

@]

Relative body weight

1.051

1.00 -

0.95-

0.90-

0.85

Q

Ny D
Days

-0~ Saline
-2 free DOX
-4+ NLC-DOX





media/file11.jpg
B c
Intestinal permeability Occludin 201
010 0. i s
N 3 3 ac
0.8 g e W
$ ooe. * g ° a i 3 2
S . H £ a
3 oo i, - ) .!
o0z . 3 3 2
3 3
o I
000 * +
& o+ o+ o e o" o+
5 S5 S
&S &S S





media/file6.png
Cumulative release of DOX (%)

100 -

(o]
o
1

=2
o
1

H
o
1

N
o
1

o
L

-~ free DOX
-4~ NLC-DOX
Model k R?
Zero-order 10.220 0.9862
First-order 0.4615 0.9356
Higuchi 7.5797 09791
Model n R?
Korsmeyer-Peppas 06504 0.9216






