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Abstract

:

Amorphous solid dispersions (SDs) containing poorly soluble tamoxifen dispersed in a meth(acrylate) copolymer combination were proposed as a controlled release system. The objective of this work was to investigate the characteristics and performance of the tamoxifen–polymer mixture and evaluate the changes in functionality through a supersaturating dissolution study condition while comparing it to a physical mixture at a fixed drug-loading proportion. Two polymers, Eudragit® L 100 and Eudragit® RL 100, were used to prepare SDs with a 1:1 polymer ratio, containing 10%, 20%, or 30% (wt/wt%) of tamoxifen, by the solvent evaporation method. A physical mixture containing 30% of tamoxifen was also prepared for comparison. SDs were characterized by X-ray diffraction, Fourier-transform infrared spectroscopy, differential scanning calorimetry, and scanning electron microscopy. Dissolution tests were conducted under non-sink conditions to verify the occurrence of drug recrystallization upon its release. Solid-state characterizations confirmed that the drug was in the amorphous state within the polymeric matrix. Tamoxifen release in an acidic medium was mainly affected by the increase in drug concentration caused by the possible loss of interactions that characterize the main polymer functionalities. At pH 7.4, supersaturation was slowly achieved while also contributing to the increase in the kinetic solubility of the drug. The physical mixture demonstrated the best overall performance, suggesting that the polymeric interactions may have negatively affected the drug release. The combination of polymers in the composing SD proved to be a promising strategy to tailor the delivery of poorly soluble drugs. Our study highlights important information on the behavior of tamoxifen as a poorly soluble drug in supersaturating dissolution conditions while released from SD systems.
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1. Introduction


Tamoxifen (TMX) is a selective modulator of estrogen receptors used as a prophylactic agent for cancer prevention. TMX is classified as a Class II drug of the Biopharmaceutical Classification System (BCS), which translates high permeability but poor aqueous solubility. The risk of TMX precipitation as a free base in the acidic environment of the stomach can cause serious complications in patients predisposed to bacterial colonization as a physical aggressor [1]. Besides, its poor aqueous solubility also interferes with the extent of absorption, since dissolution is the limiting step for drug absorption in the case of Class II drugs.



Poorly water-soluble drugs have become increasingly frequent in pharmaceutical technology pipelines. To overcome this issue, drug delivery systems (DDS) based on several different carriers have been proposed to either increase the dissolution rate or the apparent solubility of poorly soluble drugs. Among these strategies, amorphous solid dispersions (ASD) emerge as a promising DDS formed either by dissolving or dispersing the drug in an inert polymer [2,3,4], with increasing advantages through the proper selection of the polymeric carriers [5,6].



The choice of an ideal polymeric carrier that can overcome the limitations of ASD strategy (such as recrystallization of the amorphous drug back to its crystalline less-soluble form [7]), and attending the specific needs of a poorly water-soluble drug can be rather challenging [8]. Several methods have been proposed, e.g., by developing formulations with drug derivatives [9,10,11] and, also, by polymeric grafting [12], crosslinking [13,14,15], and through polymeric mixtures [8,16,17]. Among these strategies, polymer blending provides an alternative to the modification or synthesis of new polymers, with a diverse range of possibilities that can provide improved drug delivery properties. As such, ASDs based on polymeric mixtures, as a strategy to enhance the dissolution performance of poorly soluble drugs, has received much less attention.



Research has been focused on the analysis of combining polymers for the controlled release of drugs using acrylic polymers, such as the various forms of poly(ethylacryl ate-co-methylmethacrylate) and poly(methacrylic acid-co-ethylacrylate) [18], which are common-use FDA-approved polymers with permissible daily intakes of 2–20 mg/kg of body weight [19,20,21,22,23], all of which have been previously used as platforms for controlled drug releases and/or specific pH-dependent releases to achieve distinct drug profiles [20,24]. Formulations containing poly(meth)acrylate polymers that promote either a controlled release, increase in drug dissolution rate, pH-dependent release, or skin permeation have been described in several studies [25,26,27,28].



The aim of this study was to evaluate the efficacy of a TMX in vitro release from new SDs prepared with a combination of Eudragit® L 100 (a methacrylic acid copolymer insoluble at a pH below 5.5) and Eudragit® RL 100 (an insoluble methacrylic ester copolymer that swells in water) at varied drug loadings while comparing them to a physical mixture of both polymers and the poorly soluble drug. An in-vitro drug release study was conducted under non-sink conditions in order to evaluate drug release at a supersaturating environment.




2. Material and Methods


2.1. Materials


Eudragit® L 100 (batch B140703008) and Eudragit® RL 100 (batch E111006200) were donated by Evonik Degussa Brazil Ltd. (Castro, PN, Brazil). Tamoxifen citrate (99%, batch 458145), high performance liquid chromatography (HPLC) grade methanol, hydrochloric acid, and polysorbate 80 were obtained from Research Products International (Mt Prospect, IL, USA). All other chemicals and reagents were of analytical grade and were used as received.




2.2. Preparation of Solid Dispersions by Solvent Cast


Initially, a 1:1 (wt/wt%) blend solution of Eudragit® RL 100 and Eudragit® L 100 was prepared by dissolving 1 g of each polymer in methanol and continuously stirring during 30 min using a magnetic stirrer until solution was formed (note: Eudragit® L 100 forms a slightly whitish solution). Subsequently, an accurately weighted mass of 200, 400, or 600 mg tamoxifen (TMX) was added and completely dissolved to form a 10%, 20%, or 30% (wt/wt%) drug loading solid dispersion (SD), respectively (namely, “SD 10%”, “SD 20%”, and “SD 30%”, respectively). All systems were sonicated in an ultrasonic bath until a solution was formed. Solutions were spread onto silicone forms and dried in a conventional oven at 60 ± 2 °C under atmospheric pressure for a maximum of 2 h for solvent evaporation. Then, for complete solvent evaporation, samples were dried in a vacuum oven at 60 ± 2 °C. The resulting films were ground with the aid of a small quantity of liquid nitrogen to avoid drug crystallization induced by heat from friction. For comparison, a physical mixture (PM) containing 30% (wt/wt%) of TMX with both polymers at 1:1 proportions (namely, “PM 30%”) was also prepared, along with a blank SD without TMX (namely, “Binary SD”) with both polymers at 1:1 proportions (wt/wt). All solid powders, including crystalline TMX, were sieved through a 150-µm sieve to standardize particle size fractions. Powders were packaged in bottles and stored in a desiccator.




2.3. Solid-State Characterizations


2.3.1. X-Ray Diffraction (XRD)


The solid-state properties of the SD 30% and PM 30% and individual materials were analyzed using a Miniflex II diffractometer system (Rigaku® Innovative Technologies, Austin, TX, USA) equipped with a copper anode. A thin layer of powder material was dispersed onto a glass carrier. The experimental parameters were a scan rate of 2°/min and 2θ (degree) range of 3–40°.




2.3.2. Scanning Electron Microscopy (SEM)


The morphology of SD 30% and PM 30% was evaluated using a scanning electron microscope (Shimadzu SS-550, Japan) equipped with a field emission gun emitter. Samples were dispersed onto double-coated metalized carbon tape and covered with gold. Secondary electron images were obtained under low vacuum (0.5 torr) at an acceleration voltage of 200 kV.




2.3.3. Differential Scanning Calorimetry (DSC)


Thermograms were obtained using a DSC-60 scanning calorimeter (Shimadzu, Japan) at a heating rate of 10 °C/min from 17–600 °C in 50-mL nitrogen atmosphere. Thermal properties of TMX, SDs, and PM 30% were analyzed.




2.3.4. Fourier-Transform Infrared Spectroscopy (FTIR)


The most promising SD, chosen based on the XRD amorphization results, was used to evaluate the major intermolecular interactions of the TMX–polymer and polymer–polymer mixtures. Analyses were performed using a Spectrum 400 FTIR spectrophotometer (PerkinElmer®, Waltham, MA, USA) with a universal attenuated total reflectance (UATR-FTIR) accessory, composed of a diamond crystal base and zinc selenide-focusing element. Spectra were recorded over the range of 4000 to 400 cm−1, with a resolution of 4 cm−1.





2.4. TMX Equilibrium Solubility


TMX equilibrium solubility in both the presence and absence of the polymer was experimentally determined. Test tubes were filled with 10 mL of hydrochloric acid buffer pH 1.2, phosphate buffer pH 7.4, or phosphate buffer pH 7.4 + Tween 80 (0.4% w/v). An excess amount of TMX was added to each tube, which were shaken at 150 rpm in an incubator at 37 ± 0.1 °C for 120 h, then centrifuged at 10,000 rpm for 30 min. The supernatant was removed and diluted whenever necessary to be quantified using a UV spectrophotometer at 274 nm for hydrochloric acid buffer pH 1.2 and phosphate buffer pH 7.4 and 307 nm for phosphate buffer H 7.4 containing Tween 80. In order to determine TMX equilibrium solubility in the presence of polymers, the same procedure was performed with a suspension of TMX + Eudragit® RL 100, TMX + Eudragit® L 100, and TMX + Eudragit® L 100–Eudragit® RL 100 (1:1, w/w). Polymer concentrations were selected based on the TMX drug-loading content in each SD (10%, 20%, and 30%, w/w).




2.5. Dissolution Tests


Dissolution profiles of SDs, PM 30%, and crystalline TMX were compared. Supersaturation was maintained through non-sink conditions during the entire test period in order to evaluate the behavior of each SD in relation to the TMX release and possible nucleation and recrystallization events. This method departs from the idea of a limited amount of gastrointestinal fluids during in-vivo release, which contributes to the overall release kinetics from supersaturated drug delivery systems [7]. Dissolution tests were performed in 200 mL of dissolution media at 37 ± 0.5 °C using a VanKel 7010 dissolution system (Agilent Technologies, Santa Clara, CA, USA) equipped with a USP II apparatus on a constant rotational speed of 100 rpm. TMX concentrations were sufficiently quantifiable through UV spectrophotometry in pH 1.2 dissolution medium. In contrast, TMX was not soluble enough in pH 7.4 medium, so Tween 80 (0.4% w/v) had to be added to allow spectrophotometric quantification [29]. Aliquots were collected at predefined intervals (10, 20, 30, 40, 60, 120, 180, and 240 min for pH 1.2 medium and 10, 20, 30, 40, 60, 120, 180, 240, 300, and 360 min for pH 7.4 medium) without replacing the medium in order to maintain adequate supersaturation conditions. No more than 10% of the total volume of medium was withdrawn. Samples were filtered using a Millipore® 0.45-μm polyvinyl difluoride (PVDF) syringe filter and analyzed spectrophotometrically at 274 nm (pH 1.2 solution) or 307 nm (pH 7.4 solutions). Measurements were performed in triplicate, and dissolution results are presented as mean ± standard deviation. A dimensionless sink index (SI) was used to adjust the degree of deviation from sink conditions in all dissolution tests [30] according to the following equation:


   SI   =       C s     ×   V   D   



(1)




where “Cs” is the equilibrium solubility of crystalline TMX with respect to each dissolution medium, “V” is the volume of dissolution medium, and “D” is the total amount of drug in the test sample. The isolated TMX, SDs, and PM 30% masses inserted into each dissolution test were calculated according to the crystalline TMX equilibrium solubility in each medium (see Section 3.3), departing from a SI value of 0.33 [31]. For instance, this resulted in approximately 3 times the mass required to reach TMX equilibrium solubility in each medium.





3. Results and Discussion


3.1. Solid-State Characterizations


To investigate the drug-loading threshold in the SDs with the polymer blends, the amount of drug in each system was raised up to 30% (w/w), and XRD analysis was conducted. Figure 1 shows the XRD patterns of crystalline TMX, PM 30%, and SDs. As expected from a crystalline-organized structure, TMX showed distinct intense peaks corresponding to the polymorph II of the drug [32]. These peaks also appeared in the diffractogram of PM 30%, although with lower intensity, indicating that the components of the amorphous polymer blend were present but not capable of preventing drug crystallites to co-exist, which is due to the thick polymer coating around the coated particles, which could weaken the signals, as these polymers have amorphous characteristics [33,34].



Diffractograms of SDs 10%, 20%, and 30% indicated that the dispersion of TMX into the polymer matrices allowed their mixing at a molecular level, as evidenced by the observed amorphous profiles, which is desirable for enhancing the solubility and stability of the drug in the matrix due to possible chemical interactions and reduced molecular mobility [7,35]. This is further confirmed through SEM analysis.



SEM images (Figure 2) provided information on the solid state, particle shape, size, and surface characteristics and confirmed the effectiveness of the solvent evaporation process to obtain the SD systems. Samples were examined under different magnifications, because each system contained particles of various sizes as a result of their multicomponent composition. Although higher magnification darkened the field of view for the physically mixed particles, it allowed us to investigate the structural details of each sample.



SD 30% was composed of small but relatively uniform particles, which is probably due to the grinding and sieving steps used in the preparation process. A few cracks were observed on the surfaces of particles, but the superficial layer was otherwise smooth, in accordance with the formation of a single-phase homogeneous system with TMX dispersed within the matrix. PM 30% was formed by separated components of distinct shapes.



DSC curves of SDs, PM 30%, and isolated TMX (Figure 3A), along with Binary SD and isolated polymers (Figure 3B) were analyzed to understand differences in glass transition (Tg) behavior due to material mixing and interactions. The DSC analysis of TMX revealed the occurrence of an endothermic event between 142.68 °C and 155 °C, corresponding to the melting point of the drug [36]. For PM 30%, the event was observed at 140.97 °C. However, in SD 10%, SD 20%, and SD 30%, TMX did not exhibit the endothermic melting range, which indicates that the drug should be dispersed within the polymer matrix, forming only one phase—also supported by XRD analyses.



Eudragit® RL 100 showed a Tg temperature around of 65 °C while the Tg of Eudragit® L 100 was 195 ºC, as previously reported [37]. Binary SD had a higher Tg (198 °C) than Eudragit® RL 100 and around Eudragit L® 100, because the latter has a longer chain length, which influences the glass transition of the shorter chain (Eudragit RL® 100); this is due to interactions and miscibility between polymers [34,35]. In the case of SDs with variable drug loadings, there was no significant change in Tg behavior.




3.2. Fourier-Transform Infrared


FTIR analyses were conducted to investigate possible interactions between the different components. When comparing the TMX FTIR spectrum with those of SD 30% and PM 30% (Figure 4A), it can be noticed that there was no evidence of chemical interactions of the drug with the polymers based on the absence of band shifts. This result probably arose from the absence of proton donor and acceptor groups in the TMX chemical structure [36].



FTIR spectra of isolated polymers and their combinations through solvent cast (Binary SD) are presented in Figure 4B. Eudragit® L 100 showed an absorption band in the region of 3521 cm−1 to 3230 cm−1 related to its OH group. Compared to Eudragit® L 100, Binary SD had a marked reduction in band intensity in this region, suggesting a possible interaction between OH groups and the C=O of Eudragit® RL 100 (1731 cm−1). The OH–carbonyl interaction can be facilitated by the lack of OH groups in Eudragit® RL 100; it impairs the self-interaction of Eudragit® RL 100 and increases its availability to interact with Eudragit® L 100.




3.3. TMX Equilibrium Solubility


The equilibrium solubility of crystalline TMX was determined in both the presence and absence of polymers in each employed dissolution media. TMX demonstrated a higher solubility in HCl medium pH 1.2 (25.01 ± 2.17 μg·mL−1) when compared to phosphate buffer pH 7.4 (17.11 ± 2.58 μg·mL−1). As expected, the addition of Tween 80 surfactant (0.4%, w/v) to the basic medium promoted an increase in TMX solubility (280.17 ± 2.57 μg·mL−1) (Figure 5). This effect can be caused by the alternating polar regions of TMX, which consist of continuous citrate matrices and molecular apolar fragments of the drug’s hydrocarbons. When TMX is in a solution with Tween 80, it is incorporated into the apolar nucleus of micelles, which increases the partitioning of the drug into the medium and, consequently, its solubility.



Addition of the polymers to the pH 1.2 medium (Figure 5A) did not seem to improve TMX solubility, regardless of the concentration. However, the addition of Eudragit® L 100 increased TMX solubility in a concentration-dependent manner in the pH 7.4 medium (Figure 5B) and in the pH 7.4 medium containing Tween 80 (0.4% w/v) (Figure 5C). Eudragit® RL 100, on the other hand, decreased the concentration of solubilized TMX in the pH 7.4 medium from 17.16 ± 2.58 μg·mL−1 to 5.43 ± 1.18 μg·mL−1 as a consequence of the low solubility of Eudragit® RL 100 and the swelling of the polymer when in the solution, which can decrease drug solubilization in the medium, which may be attributed to the absence of a drug–polymer interaction, reducing the driving force for drug dissolution. This result agrees with the decrease in the concentration of TMX in the solution promoted by the addition of the two polymers. A similar result was found with Dehghani et al., 2017 when verifying the decrease of the cinnarizine drug with Eudragit RL 100, reducing this dissolution driving force of the drug and occurring its precipitation in the medium.




3.4. Dissolution Study under Non-Sink Conditions


Dissolution tests under non-sink conditions were performed in order to investigate the kinetic solubility profiles of TMX released from different SDs prepared with the polymer mixtures (Figure 6). As demonstrated before, TMX has different equilibrium solubilities in each tested dissolution medium (either pH 1.2 or pH 7.4 + Tween 80), which were taken into account when standardizing the degree of supersaturation in the dissolution method. The use of a dimensionless SI (i.e., the degree of departure from sink conditions) allowed us to analyze the distinct behavior in each media.



In both dissolution media, SD 30% achieved the highest cumulative release when compared to the other SDs, 10% and 20%. However, the physical mixture PM 30% was able to outperform all SDs in the TMX release in both situations, with a more pronounced efficiency in pH 1.2 media. Not only slower, the TMX kinetic solubility from the SDs had also a lower maximum concentration (Cmax) than the PM 30%, which exhibited a small decline in drug concentration when in pH 1.2. In this case, a better extent of TMX supersaturation was achieved by the physical mixture, which was obtained through direct mixing of the components’ powders instead of going through the process of film casting. This may possibly be due to the polymer–polymer interactions promoted through the SD preparation steps, which can affect drug mobility and hinder drug release from the final polymer matrix. Nevertheless, a better dissolution efficiency (DE%) (Table 1) was achieved by the PM 30%, followed by the SDs in decreasing drug-loading order. DE (%) can be defined by Equation (2):


   DE %   =      AUC    Total   rectangle   area     × 100   



(2)




where AUC is the area under the curve achieved by each system, and the total rectangle area refers to each dissolution graph, obtained by multiplying the maximum of X and Y values.



Regarding the drug loadings, higher Cmax and AUC were observed with increasing drug loadings. The effects of drug loading on kinetic solubility profiles of poorly soluble drugs released from amorphous SDs were thoroughly investigated before [38,39,40], where a lower drug loading (near 10% or less) usually leads to a faster release and a higher maximum concentration, with a consequent faster and sharper recrystallization after trespassing the drug Cs. This is especially the case when single-soluble polymers are used to prepare amorphous SDs, since a polymer dissolution-mediated mechanism is observed with low drug loadings (i.e., the overall kinetic solubility profile is a result of polymer dissolution). With a single water-soluble polymer as the SD carrier, a lower drug loading can be associated with lesser SD hydrophobicity, since poorly soluble drugs are hydrophobic, which facilitates the polymer dissolution into the media and generates a faster degree of supersaturation. This was not the case observed in our study, since not only a water-insoluble polymer (Eudragit RL 100) was used to prepare the SDs, but it was also mixed with a second component, which can further change the final behavior. Insoluble polymers are known for their diffusion-controlled release by which the polymer swelling takes place as the main factor associated with the drug release. Furthermore, since we fixed the polymer proportion in our study, a drug loading-mediated release seems to dominate the kinetic solubility profiles, where the drug loading dictated both the dissolution rate and Cmax in ascending order.



Crystalline TMX was not able to reach its equilibrium solubility in pH 7.4 in the course of the dissolution time, even considering the presence of the Tween 80 surfactant, which normally facilitates drug dissolution by reducing the surface tension between the hydrophobic drug and water. This suggests that, although the TMX equilibrium solubility is higher in this pH when compared to acidic media, as demonstrated in Section 3.3 (also considering the presence of Tween 80), it takes longer to reach the equilibrium value when in the presence of the polymer carriers.





4. Conclusions


The viability of mixing TMX with two hydrophobic amorphous polymers was investigated. Experimental and theoretical studies have shown the interaction of the two meth(acrylate) polymers through the -OH groups by hydrogen bonding. This interaction affected the functional properties of the polymers at contact with the dissolution medium. We evidenced a reduction in TMX crystalline solubility in the presence of Eudragit RL 100. In-vitro dissolution tests showed that the dissolution performance was dependent on the drug loading at each SD system. Thus, the present study can help to better understand the importance of polymer–polymer interactions, the ability to alter drug solubility, and is important for investigating processes that may involve multi-component polymer–polymer and polymer–polymer drugs.
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Figure 1. X-ray diffraction (XRD) diffractogram patterns of solid dispersions (SDs) 10%, 20%, and 30%; physical mixture (PM) 30%; and crystalline tamoxifen (TMX). 
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Figure 2. Scanning electron micrographs of both SD 30% (A) 300× and (B) 1000× and PM 30% (C) 300× and (D) 450×. 
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Figure 3. Differential scanning calorimetry (DSC) curves of (A) SDs, PM 30%, and isolated TMX, along with (B) Eudragit® L 100 and Eudragit® RL 100. 






Figure 3. Differential scanning calorimetry (DSC) curves of (A) SDs, PM 30%, and isolated TMX, along with (B) Eudragit® L 100 and Eudragit® RL 100.



[image: Crystals 10 01046 g003]







[image: Crystals 10 01046 g004 550] 





Figure 4. (A) Fourier-transform infrared (FTIR) spectra of isolated TMX, PM 30%, SD 10%, SD 20%, and SD 30%. (B) FTIR spectra of Eudragit® L 100, Eudragit® RL 100, and Binary SD. 
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Figure 5. Equilibrium solubility of crystalline TMX in the absence or presence of presuspended polymers in HCl buffer pH 1.2 (A), phosphate buffer pH 7.4 (B), and phosphate buffer pH 7.4 + Tween 80 0.4% (w/v) (C). Polymer concentrations were adjusted based on 10%, 20%, or 30% drug-loading (DL) systems during dissolution. 
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Figure 6. Dissolution profiles under non-sink conditions of crystalline TMX, SDs, and PM 30% in (A) HCl pH 1.2 buffer and (B) phosphate buffer pH 7.4 + Tween 80 (0.4% w/v). The dotted line represents the TMX equilibrium solubility in each dissolution medium. Error bars represent the standard deviation. 
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Table 1. Maximum concentration (Cmax), area under the curve (AUC), and DE (%) obtained by the dissolution of each system in pH 1.2 and 7.4.
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System

	
pH 1.2

	
pH 7.4




	
Cmax (µg·mL−1)

	
AUC

	
DE (%) *

	
Cmax (µg·mL−1)

	
AUC

	
DE (%) *






	
SD 10%

	
6.9

	
1328

	
7.38

	
57.9

	
13,600

	
4.72




	
SD 20%

	
14.2

	
2572

	
14.29

	
321

	
68,209

	
23.68




	
SD 30%

	
36.2

	
6014

	
33.41

	
345.5

	
86,764

	
30.13




	
PM 30%

	
63.4

	
13,106

	
72.81

	
369.3

	
118,962

	
41.31




	
TMX

	
28.4

	
6051

	
33.62

	
216.9

	
54,718

	
19








* DE (%): dissolution efficiency calculated based on the total rectangle’s area from each dissolution graph in Figure 6 (pH 1.2: 18,000 and pH 7.4: 288,000), using Equation (2).
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