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Abstract

:

Aripiprazole (ARP) is an atypical neuroleptic used in the therapy of mental diseases such as schizophrenia. The lack of optimal adherence to an oral therapy regime creates the basis for designing ARP long-acting injections. This study aimed to use 105 °C hot melt extrusion (HME) as a formulation method for rods based on poly(d,l-lactide-co-glycolide-co-trimethylene carbonate) with a molecular weight (Mn) of 21 kDa (Td,l 21), poly(l-lactide-co-glycolide-co-trimethylene carbonate) with a Mn of 59 kDa (Tl 59), and with a Mn of 77 kDa (Tl 77). The following methods were involved in the research: NMR, DSC, XRD, HSM, FTIR, GPC, SEM, and mechanical tests. HME at 105 °C (i) ensured flow behavior for terpolymers, (ii) did not influence the terpolymers’ composition and (iii) the polymorph changes of ARP, and (iv) resulted in the changes in terpolymers’ Mn. For the rods with ARP based on Td,l 21 (Td,l 21 rod-ARP) and Tl 59 (Tl 59 rod-ARP), plasticization was noted. No drug–terpolymer interactions were revealed. No pores were observed on the surface. Due to its high flexibility and rubber character, Td,l 21 rod-ARP may be proposed for intramuscular administration, whereas Tl 59 rod-ARP, due to its higher strength and moderate stiffness, is proposed for subcutaneous administration.
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1. Introduction


Aripiprazole (ARP) is among the atypical neuroleptics used to treat mental illnesses, including schizophrenia [1]. In the case of oral drug formulations, low adherence is observed, which was the reason for the development of ARP long-acting injections (ALAIs). Currently, there are only two medicinal products available that can be categorized as ALAIs, i.e., Abilify Maintena® and Aristada®. However, their administration has several major disadvantages, e.g., (i) the risk of pain at the injection site, (ii) no possibility of interrupting therapy, and (iii) the need to be administered on an outpatient basis [2,3]. Another problem with ALAIs is the release profile with a lag phase after administration, which requires oral supplementation [4,5].



An attempt to solve the pointed problems of the current oral therapy and ALAIs involves parenteral nano- and microformulations based on poly(lactide), poly(lactide-co-glycolide) (PLGA), and poly(caprolactone) [6,7,8,9]. Their formulation often requires the use of solvents, resulting in the following disadvantages: (i) a different loading efficiency for ARP depending on the composition of the polymer carrier (3.7–80.0%); (ii) different sizes of the formulation [6,7,8,9]; (iii) the risk of changes in the crystalline form of ARP [10]; (iv) the need to eliminate the residual organic solvent [11]; and (v) the decrease in the molecular weight (Mn) of the polymers [12]. Rods formulated by hot melt extrusion (HME) are an alternative solution in the processing of thermoplastic polymers. They may largely eliminate the pointed disadvantages of nano- and microformulation. HME is characterized by: (i) the high loading efficiency of the drug substance, e.g., for poly(l-lactide-co-glycolide-co-trimethylene carbonate) rods with ARP it was ~94% tested previously [13]; (ii) eliminating solvents [12,14]; and (iii) the possibility of removing the formulation if side effects occur. However, HME should be also considered as the method of choice. Imparting fluidity to a thermoplastic polymer requires the use of elevated temperatures, which may cause a risk of thermal degradation of the drug substance and polymer carrier [12,14].



ARP exhibits crystalline polymorphism, including the pseudo-polymorphs and the amorphous form [10,15]. For ALAI development using the HME method, crystalline polymorphism of ARP must be taken into account to ensure the bioavailability and stability of ARP. Previously, in the study of ARP structure by proton nuclear magnetic resonance (1H NMR) spectroscopy, the lack of influence of HME at 105 °C, i.e., below the melting point of ARP (135.0–148.5 °C according to measurements of Braun and coworkers [16]) was determined [13].



This study aimed to use HME to formulate rods with ARP based on thermoplastic terpolymers, i.e., poly(d,l-lactide-co-glycolide-co-trimethylene carbonate) with a Mn of 21 kDa (Td,l 21), poly(l-lactide-co-glycolide-co-trimethylene carbonate) with a Mn of 59 kDa (Tl 59), and with a Mn of 77 kDa (Tl 77). The study was carried out in several stages: (i) determination of the influence of HME conditions on the structural, thermal, and morphological properties of ARP; (ii) synthesis of Td,l 21, Tl 59, and Tl 77; (iii) rod formulation; and (iv) determination of the composition, thermal properties, and Mn of the terpolymers, the morphological features and mechanical properties of the rods, and (v) determination of the rate of hydrolytic degradation of rods.




2. Materials and Methods


2.1. Study of ARP


2.1.1. X-ray Diffraction Study


X-ray diffraction (XRD) patterns were obtained using a D8 Advance Diffractometer (Bruker, Karlsruhe, Germany) with a Cu-Kα cathode (λ = 1.54 Å). X-rays were generated under tube operating conditions of 40 kV and 40 mA. Measurements were carried out in the scattering range of 5–60 °C with a step size of 0.05 °C and a scan speed of 5 s/step.



Raw ARP in crystalline form III (Zhejiang Huahai Pharmaceutical Co., Ltd., Linhai China City, China) and ARP treated at 105 °C (105 °C-treated ARP) were analyzed. The 105 °C-treated ARP was prepared by heating raw ARP at 105 °C for 30 min., which reflects the conditions of HME.



The XRD patterns for raw ARP and 105 °C-treated ARP were recorded. The fitting phases were identified using the DIFFRAC.EVA program with an ICDD PDF#2 database, while lattice parameters were calculated using Rietveld refinement in the TOPAS 6 program (Bruker AXS, Karlsruhe, Germany).




2.1.2. Thermal Study


The thermal properties were analyzed by differential scanning calorimetry (DSC). The instrument (TA DSC Q2000, TA Instruments, New Castle, DE, USA) was calibrated with high-purity indium and worked under a nitrogen atmosphere (a flow rate of 50 mL/min). For raw ARP and 105 °C-treated ARP, four heating runs were performed. In the case of raw ARP, the cooling curves were also measured. The heating and cooling runs were carried out at a rate of 20 °C/min. Analysis of the DSC curves allowed the melting temperature (Tm) and crystallization temperature (Tcr) to be determined.




2.1.3. Morphology Study


Hot stage microscopy (HSM) study was carried out using a polarized optical microscope (Opton Axioplan, Zeiss, Gottingen, Germany) equipped with a Nikon Coolpix 4500 camera (Nikon Corporation, Tokyo, Japan), and a hot plate (Mettler FP82, Mettler Toledo Instruments, Zurich, Switzerland) with a temperature controller (Mettler FP80, Mettler Toledo Instruments, Zurich, Switzerland). The observations of ARP were carried out in the range of 20–190 °C with images taken at 25 °C, 105 °C, 138 °C, and 140 °C (25 °C-, 105 °C-, 138 °C- and 140 °C-treated ARP, respectively).



The morphological study of ARP was performed by scanning electron microscopy (SEM) (Quanta 250 FEG/FEI, Thermo Fisher Scientific, Waltham, MA, USA) operating under low vacuum conditions (80 Pa) with an acceleration voltage of 5 kV from secondary electrons collected by a Large Field Detector. The samples prepared for SEM investigation were as follows: (i) the sample stored at 25 °C (25 °C-treated ARP); (ii) the sample heated to 105 °C (105 °C-treated ARP); and (iii) the sample heated to 140 °C (140 °C-treated ARP). Samples (ii) and (iii) were cooled by quenching.





2.2. Terpolymer Synthesis


The d,l-lactide (d,l-LA), l-lactide (l-LA), glycolide (GA), and trimethylene carbonate (TMC) were purchased from Huizhou Foryou Medical Devices Co., Ltd. (Huicheng District, Huizhou, Guangdong Province, China) and purified by recrystallization from anhydrous ethyl acetate (Sigma–Aldrich, Poznań, Poland). Zirconium (IV) acetylacetonate (Zr(Acac)4) (Sigma–Aldrich, Poznań, Poland) was used as the initiator.



The Td,l 21, Tl 59, and Tl 77 were synthesized in bulk by the ring-opening polymerization of d,l-LA or l-LA, GA, and TMC at 120 °C for 72 h in the presence of Zr(Acac)4 (initiator/monomer molar ratios of 1:600, 1:1000 and 1:1200, respectively). The synthesis of terpolymers was carried out using a pressure reactor 4848 Floor Stand Reactor (Parr Instrument Company, Moline, IL, USA) with computer control of the polymerization parameters. The obtained terpolymers were dissolved in chloroform (Avantor Performance Materials, Gliwice, Poland) and precipitated by dropwise addition into cold methanol (Avantor Performance Materials, Gliwice, Poland) with continuous stirring for purification. Finally, the terpolymers were dried under vacuum conditions at room temperature to a constant weight.




2.3. Hot Melt Extrusion


The Td,l 21, Tl 59, and Tl 77 terpolymers were used to formulate blank rods (Td,l 21 rod, Tl 59 rod, and Tl 77 rod) and rods containing 10% wt ARP (Td,l 21 rod-ARP, Tl 59 rod-ARP, and Tl 77 rod-ARP) using the HME process at 105 °C. Before the process, the terpolymers were dried in a vacuum at 25 °C and subjected to grinding at a temperature of −196 °C in a cryogenic mill (6870 SPEX, Thermo Fisher Scientific, Ottawa, ON, Canada). Then, the ARP was introduced into the milled terpolymers. The mixtures were vortexed for 10 min and placed in a vacuum oven (23 °C, 80 mbar) for 14 days. The terpolymers or the mixtures of terpolymer and ARP were fed into an extruder cylinder heated to 105 °C. At a value of 105 °C, the flow was obtained for terpolymers. The temperature variation was less than 1 °C during the process. This process was carried out in a co-rotating twin-screw extruder (Thermo Scientific, Haake MiniLab II, Karlsruhe, Germany) using a plasticizing screw with a constant rotational speed of 20 rpm. The molten mixture was pressed through a 0.7 mm diameter die and received on cooled rolling devices. Then, the 1 mm diameter rods were cut into 10 mm long fragments.




2.4. Study of Raw Terpolymers and Rods


2.4.1. Composition Study


The composition of raw terpolymers, blank rods, and rods with ARP was determined by 1H NMR spectroscopy. Spectra were recorded using a Bruker-Avance II Ultrashield Plus spectrometer (Bruker, Karlsruhe, Germany) operating at 600 MHz using DMSO-d6 (Sigma–Aldrich, Poznań, Poland) as a solvent with a 5.0 mm sample tube. 1H NMR spectra were obtained from 32 scans, with an 11 μs pulse width and 2.65 s acquisition time. The analyses were performed at 80 °C. Parameters such as the molar percentage of lactidyl units (FLL), glycolidyl units (FGG), and carbonate units (FTMC) were calculated according to a previously described procedure [17].




2.4.2. Thermal Study


The thermal properties of the raw terpolymers, blank rods, and rods with ARP were measured using the equipment presented in Section 2.1.2. The first heating runs (at 20 °C/min) for the initial samples and the second heating runs (at 20 °C/min) for the amorphous samples obtained by quenching from a melt in liquid nitrogen, were carried out to determine the Tm and glass transition temperature (Tg), respectively.




2.4.3. Molecular Weight Study


The Mn and molecular weight distribution (D) of the raw terpolymers, blank rods, and rods with ARP were determined by gel permeation chromatography (GPC) using a Viscotek Rimax chromatograph (Malvern Panalytical Ltd., Malvern, Worcestershire, UK) with two Viscotek 3580 columns and a Shodex SE 61 detector. The process was performed with chloroform used as a solvent (flow rate of 1 mL/min). The Mn value was calibrated with polystyrene standards.




2.4.4. Terpolymers–ARP Interaction Study


The interaction between the terpolymers and ARP was analyzed by Fourier-transform infrared spectroscopy (FTIR). The spectra were determined with a Bruker IFS 113V FTIR spectrometer (Bruker Optics Inc, Billerica, MA, USA) at an acquisition range of 4000–500 cm−1 (a resolution of 1 cm−1). Using the solution casting method, samples were prepared from the blank rods and rods with ARP. Approximately 25 µL of 5% (w/v) terpolymer solutions in methylene chloride (Sigma–Aldrich, Poznań, Poland) were placed on a potassium bromide tablet disk. The FTIR spectra were obtained with 20 scans. Measurements were carried out at room temperature.




2.4.5. Morphology Study


The morphology observation of the blank rods and rods with ARP was performed by SEM. The study was carried out using the same methodology and SEM microscope as described in Section 2.1.3. The software ImageJ® version 1.49e (National Institutes of Health, Bethesda, MD, USA) was used for further characterization of the outer morphology. The most representative areas of the sample surface were selected for determination of heterogeneity, circularity, and solidity. The measurements were performed after calibration and conversion to binary images. The following assumptions were made: (i) a circularity value of 1.0 indicates a perfect circle; (ii) a solidity value as the area of a particle divided by its convex hull area indicates the monolithic area, where a value of 1.0 means total solidity; and (iii) heterogeneity signifies the percentage of the elevation area compared to the total area.




2.4.6. Mechanical Study


The samples for the mechanical tests were cut into 15 mm long fragments from material obtained directly after HME. Tensile tests were performed with a constant speed equal to 5 mm/min to failure using a Mecmesin MultiTest 1-i testing machine (PPT Group UK Ltd., Slinfold, West Sussex, UK). Engineering stress and strain were calculated, and the stress–strain characteristics,   σ = f   ε    , were determined. According to the standard PN-EN ISO 527-1:2020-01, the following mechanical parameters were calculated: Young’s modulus (E); yield stress and strain (σy, εy); breaking stress and strain (σb, εb); and maximum stress and strain (σm, εm).




2.4.7. Rod Hydrolytic Degradation Study


The Td,l 21 rod, Tl 59 rod, and Tl 77 rod were placed in a solution of phosphate-buffered saline (pH 7.4) (Sigma–Aldrich, Poznań, Poland) and incubated under constant conditions (37 °C; 240 rpm). Changes in the water uptake (WU) and weight loss (WL) of the rods were determined using Equations (1) and (2), respectively:


WU (%) = (wet mass − dry mass)/(dry mass) × 100



(1)






WL (%) = (initial mass − dry mass)/(dry mass) × 100



(2)










3. Results and Discussion


3.1. Structural Characterization of ARP


ARP belongs to the substances which represent conformational polymorphism [10,16]. In this study, form III of ARP, which is determined as metastable in the entire temperature range and is marketed in medicinal products the most often, was used in the formulation process. Braun and coworkers revealed the conversions between crystalline forms of ARP using solutions of form III in water and mixtures of water with acetonitrile, ethanol, methanol, or tetrahydrofuran [10,16].



HME utilizing the thermoplastic properties of polymers and eliminating the solvent was applied. Braun and coworkers also pointed out that heating form III above the Tm and keeping it at about 145 °C can favor conversion to form I [16]. Therefore, carrying out the formulation process below the Tm of ARP should guarantee the maintenance of form III, and thus the bioavailability and stability of the drug substance. In this study, the structural and thermal characterizations were made for raw ARP and 105 °C-treated ARP to determine the HME conditions (Figure 1, Figure 2, Figure 3 and Figure 4, Table 1 and Table 2).



In the XRD study, form III of ARP was confirmed according to the manufacturer’s declaration (Zhejiang Huahai Pharmaceutical Co., Ltd., Linhai China City, China). The characteristic peaks for form III, including 9.51°, 14.32°, 16.93°, and 22.05°, were revealed for both raw ARP and 105 °C-treated ARP. Moreover, the spectrum for the 105 °C-treated ARP sample did not reveal changes, which may confirm the lack of a phase transition (Figure 1 and Table 1).



A DSC study was performed to potentially provide further information about possible changes during the formulation process (Figure 2 and Table 2). Four heating runs of raw ARP and 105 °C-treated ARP samples were carried out. Additionally, raw ARP cooling curves were also monitored. Two DSC heating runs for raw ARP showed typical effects for crystalline substances. Analysis of the first and second heating runs revealed the melting point at 140.0 °C (95.7 J/g) and the crystallization effect at 94.4 °C (91.8 J/g), respectively (Figure 2 and Table 2). The value of the Tm from the first heating run reflected the Tm obtained by Braun and coworkers for form III [16]. Next, double-melting endotherms at 134.4 °C (7.2 J/g) and 140.0 °C (90.1 J/g) (Figure 2 and Table 2) may suggest transformation to forms IV and III after crystallization, respectively [16]. However, the transformation of form III to a mixture of forms III and IV by heating and cooling was not confirmed by other methods. This is also not described in the literature and it is also beyond the aim of this study. The third and fourth heating runs revealed the same thermal events. Analysis of the cooling of raw ARP at 20 °C/min after all the heating runs also did not reveal significant thermal events (Figure 2 and Table 2), which may indicate slow kinetics of crystallization. The data obtained suggest that HME at 105 °C allowed the crystalline form III of ARP to remain. The study of the 105 °C-treated ARP did not show significant differences compared to the raw ARP. The DSC analysis of raw ARP and 105 °C-treated ARP revealed the same crystalline character for the drug substance (Figure 2 and Table 2), which confirms the thermal stability during HME.



The DSC measurement of ARP reflects the morphological observations performed by HSM and SEM. In the HSM study, the raw ARP sample was heated from 20 °C to 190 °C. The images were recorded at 25 °C, 105 °C, 138 °C, and 140 °C (Figure 3). The 25 °C-treated ARP showed the crystalline character of raw ARP. The 105 °C-treated ARP revealed maintenance of the crystalline structure and no polymorph conversion. In turn, for the 138 °C-treated ARP, the birefringence of ARP crystals was observed, while the 140 °C-treated ARP showed an amorphous and homogenous state of ARP without phase separation (Figure 3).



In the SEM study, analogous observations were revealed. The samples were prepared differently than for HSM due to the specifics of the SEM imaging. The 105 °C-treated ARP and 140 °C-treated ARP samples were heated and rapidly cooled. The 25 °C-treated ARP and 105 °C-treated ARP revealed their crystalline character. A lack of significant morphological changes for the 105 °C-treated ARP confirmed the stability of ARP at 105 °C. The treatment of ARP samples at 140 °C and rapid cooling resulted in the crystallization of ARP into larger crystalline forms (Figure 4).



All measurements pointed to the fact that APR may safely be thermally processed below its Tm. Therefore, the selection of polymer carriers should take this into account in the case of formulation by HME.




3.2. Characterization of Raw Terpolymers


In the case of PLGA copolymers, features such as the composition considering lactide stereoisomeric forms and the value of Mn are indicated as some of the most important in the design of a drug formulation [18]. In this study, three terpolymers based on d,l-LA or l-LA, GA, and TMC with FLL in the range of 57.1–65.4 mol%, FGG in the range of 14.7–18.3 mol%, and FTMC in the range of 18.9–24.6 mol% with Mn of 21.4, 59.4, and 76.8 kDa were synthesized (Figure 5 and Table 3). The application of terpolymers containing TMC as drug carriers may significantly change the features of drug carriers in the areas of matrix degradation, release, and the bioavailability of drug substances in comparison to PLGA copolymers [18,19,20,21,22,23,24].



Generally, PLGA copolymers with l-LA are semi-crystalline with a clear endothermal event on the DSC curve indicating the phenomenon of melting [21]. In this study, the DSC curves did not reveal melting endotherms for all terpolymers (Figure 6 and Table 3), which may suggest an amorphous character of all the obtained terpolymers. This feature may ensure higher bioavailability compared to semi-crystalline material. This attribute was suggested in the previous study of P(LA:GA:TMC) terpolymers releasing 17-β-estradiol and aripiprazole [13,22].



In the case of PLGA copolymers, the value of the Mn is an important parameter to tailor the release profile of drug substances [18]. Generally, a lower Mn increases hydrophilicity, faster WU and degradation. Therefore, this study aimed to design rods with ARP based on terpolymers with various Mn values, i.e., 21 kDa, 59 kDa, and 77 kDa. It should be pointed out that an appropriately higher Mn value of terpolymers based on d,l-LA, L-LA, GA, and TMC is difficult to obtain. Therefore, in this study, Zr(Acac)4 was proposed as a polymerization initiator providing the possibility of synthesizing polymers with a higher Mn than can be obtained with the commonly used tin(II) 2-ethylhexanoate (Sn(Oct)2). Generally, increasing the amount of monomers relative to the amount of initiator results in an increase in the Mn [25].



In this study, terpolymers with a Mn of 21 kDa, 59 kDa, and 77 kDa were synthesized with initiator/monomer ratios of 1:600, 1:1000, and 1:1200, respectively (Table 3). Moreover, Zr(Acac)4 is less toxic than Sn(Oct)2, which was shown previously [25].



The accepted view is that the Tg value should be above the physiological temperature of the human body. Then, it is assumed that the formulation remains as a solid because of the glassy state. However, this may inhibit the release of drug substances [26]. In this study, the Tg for the synthesized terpolymers was in the range of 36.3–46.7 °C. The lowest value of the Tg was determined for the terpolymer with d,l-LA, i.e., 36.3 °C (Figure 6 and Table 3). A Tg close to human body temperature may result in a shorter lag phase.




3.3. Characterization of the Rods and Rod with ARP


3.3.1. Terpolymer Composition


The HME and the introduction of ARP did not influence the terpolymer composition (Figure 7 and Table 3), which reflects previous studies [12,13,22,27].




3.3.2. Thermal Study


Analysis of the DSC curves representing the first heating runs for the Td,l 21 rod, Tl 59 rod, and Tl 77 rod also did not reveal clear endotherms (Figure 6 and Table 3), which indicated the unchanged crystallographic state of the terpolymers in the blank rods after HME. However, for the Td,l 21 rod-ARP, Tl 59 rod-ARP, and Tl 77 rod-ARP, clear endotherms in the first heating run at 128.7 °C, 133.4 °C, and 133.6 °C (respectively) were revealed, which shows the presence of ARP. The peaks observed for the rods with ARP possessed lower values compared to raw ARP (140 °C) (Figure 2 and Table 2). Moreover, these were less intense and less sharp (Figure 6). Considering the data obtained from the XRD (Figure 1 and Table 1), DSC (Figure 2 and Table 2), HSM (Figure 3), and SEM (Figure 4) studies on the structural characterization of ARP after HME, the difference between the Tm value of the identified form III of ARP (Figure 2 and Table 2) and the Tm of the rod-ARP (Figure 6 and Table 3) results from a relatively small amount of drug substance in the polymer carrier. It is an orderly and stable arrangement of two phases, i.e., crystalline APR suspended in the amorphous terpolymer. It should be pointed out that in the second heating run for the Td,l 21 rod-ARP and Tl 77 rod-ARP, endotherms at 130.3 °C (1.728 J/g) and 132.4 °C (0.705 J/g), respectively, were also observed (Figure 6). This may evidence the restoration of the orderly arrangement after amorphization of the samples during quenching. However, for the Tl 59 rod-ARP, the endothermic peak was absent, which may suggest the ARP was in an amorphous state or in a disordered crystalline phase of molecular dispersion in the polymer matrix. A similar conclusion was indicated by Mainardes and coworkers for praziquantel-loaded poly(d,l-lactide-co-glycolide) (d,l-PLGA) nanoparticles in which one interpretation of the lack of an endotherm in the first heating run was that the drug was in an amorphous state or in a disordered crystalline phase of molecular dispersion in the PLGA polymeric matrix [28].



Analysis of the second heating runs revealed that the Tg of terpolymers is below the Tm of ARP. In addition, the terpolymers also have a flow temperature below the Tm of ARP. This makes it possible to formulate rods based on the synthesized thermoplastic terpolymers by HME at 105 °C without changing the crystallographic properties of form III of ARP. Moreover, analysis of the second heating runs revealed the well-known thermal phenomena for formulated rods showing that the formulation of blank rods did not reveal important changes for the stability of the formulation. The decrease in the Tg was revealed in the range of 1.2–2.6 °C comparing raw terpolymers and blank rods (Figure 6 and Table 3). The literature data point to the fact that the Tg decrease as a result of HME at a temperature above 100 °C is related to short-term hydrolytic degradation caused by the presence of moisture [29]. However, it should be noted that during the first heating run in this study, water evaporation as a flat endotherm was not revealed (Figure 6). The presence of oxygen in thermal degradation during HME is also not insignificant. It should be pointed out that the total elimination of moisture and oxygen is practically impossible [12,29]. Furthermore, the plasticization effect for the Td,l 21 rod-ARP and Tl 59 rod-ARP was noted because of the decrease in the Tg (1.4 °C and 2.3 °C, respectively) (Figure 6 and Table 3). Generally, plasticizers are a separate group of compounds [30], but the drug substances themselves may also have a plasticizing effect, e.g., indomethacin and PLGA [31]. It should be noted that plastification caused by ARP during HME may also facilitate the formulation process of poly(l-lactide-co-glycolide-co-trimethylene carbonate) terpolymers. Moreover, ARP as a plasticizer may be used with high Tg polymers to facilitate the release of drug substances, which may accelerate the release process.




3.3.3. Mn Study


This study revealed the influence of the HME process on the decrease in the Mn value of terpolymers based on d,l-LA or l-LA, GA, and TMC. This issue has already been extensively discussed in previous studies. The decrease in the Mn of poly(d,l-lactide-co-glycolide-co-trimethylene carbonate) and poly(l-lactide-co-glycolide-co-trimethylene carbonate) was 41.68% and 24.15%, respectively [12]. For comparison, other authors revealed a Mn decrease in the range of 27–69% during melt processing for poly(d,l-lactide), poly(l-lactide), d,l-PLGA, and poly(l-lactide-co-glycolide) (l-PLGA) [32,33,34,35,36,37,38,39,40]. The literature also points out the shearing forces caused by the rotating screw during HME as a reason for the Mn decrease in aliphatic polyesters [33,34,35,37,38,40].



In this study, the noted changes reflect the pertinent literature data. A decrease in Mn in the range of 2.9–39.1% for blank rods was noted. Less susceptible to a Mn decrease were blank rods based on terpolymers with a lower initial value, i.e., the Td,l 21 rod and Tl 59 rod. The highest loss of Mn was observed for the Tl 77 rod (39.1%, i.e., 30 kDa). The introduction of ARP resulted in a decrease in Mn, which was insignificant from the point of view of formulation stability (Table 3).




3.3.4. Terpolymer-ARP Interaction Study


The analysis of the FTIR spectra of all the blank rods revealed the following signals: (i) at 3015 cm−1 (stretching of CH), (ii) at 1757 cm−1 (stretching of C=O), (iii) in the range of 1500–1350 cm−1 (deformations of CH3), (iv) in the range of 1300–1000 cm−1 (stretching of C–O), (v) at 933 cm−1 (deformations of CH), and (vi) at 878 cm−1 (deformations of CH). The spectra for the rods with ARP (Td,l 21 rod-ARP, Tl 59 rod-ARP, and Tl 77 rod-ARP) did not show significant differences in the signals revealed (Figure 8), which suggests the lack of interactions between the terpolymers and ARP.



These findings reflect the DSC study. The first and second heating runs of the blank rods and the rods with ARP (Figure 6 and Table 3) did not reveal additional endotherms and exotherms except those identified as crystalline ARP (Figure 2), which also indicates the lack of interaction between ARP and the terpolymers. In another study of the physical mixture of ARP and d,l-PLGA, the DSC curves also did not reveal additional thermal events [41]. According to the literature, the absence of additional endothermic or exothermic peaks is interpreted as indicating a lack of drug–polymer interactions [42,43].




3.3.5. Morphology Study


The characterization of rod morphology based on SEM images (Figure 9) analyzed by ImageJ® software revealed the differences in the heterogeneity between blank rods and rods with ARP, whereas, for the circularity and solidity, the presence of a drug substance did not play an important role (Table 4).



Previously, it was revealed that the presence of risperidone or ARP influenced the increase in morphological diversity of implantable rods based on poly(lactide-co-glycolide-co-trimethylene carbonate) terpolymers [12,13]. In this study, the thesis presented in the literature was developed by calculations using ImageJ® software. The introduction of ARP into the terpolymer matrix increased the rod heterogeneity from a range of 12.9–16.5% to a range of 19.9–36.5% (Table 4).



A lack of pores was observed for blank rods and rods with ARP (Figure 9) and confirmed by a low rate of circularity (0.029–0.043) (Table 4). It should be added that the value of 1.0 for the circularity means perfect circles, which would indicate the presence of pores. These observations may result from both the formulation method and polymer properties. It should be pointed out that because of the melting of the polymer material, HME does not cause the formation of pores [12,13,22,27]. In the case of injectable extruded d,l-PLGA rods with n-acetylcysteine, no porosity was observed either [44]. The outer morphology of the extruded formulation reflects more the topography of the inner surface of the die in the extruder than the properties of the polymer. Moreover, the features of the P(LA:GA:TMC) terpolymers used point to a more amorphous character, which may also be the cause of the lack of pores. In contrast, for the matrices based on l-PLGA with risperidone formulated by the solution-casting method, pores were observed. Pore formation was observed for semi-crystalline polymers processed by low-temperature methods [21]. A lack of pores in the native rods seems to be an advantageous feature from the administration point of view because pores may significantly weaken the rod structure during implantation with a pre-filled syringe. Huang and coworkers have shown that the increase in porosity of the d,l-PLGA films incorporated with poly(ethylene glycol) could have contributed to the decrease in tensile strength [45].



In this study, the HME process did not result in unfavorable changes in the formulation’s morphology. Disintegration, cracks, microcavities, and slits were not observed (Figure 9), which was reflected by the high values of solidity (Table 4), i.e., 0.81–0.87, where the value of 1 means the monolithic area.




3.3.6. Mechanical Study


In this study, the influence of the terpolymer composition, Mn, and the presence of ARP in the rods on the mechanical properties was determined under tensile loadings (Figure 10 and Table 5).



The stress–strain curves (  σ = f ( ϵ )  ) for the analyzed formulations showed the ductile modes of deformation, classified according to the PN-EN ISO 527-1:2020-01 standard, as types B and C. Type B was distinctive for the curves of the Tl 59 rod and Tl 59 rod-ARP, and the Tl 77 rod and Tl 77 rod-ARP. Strain hardening after crossing the yield point was noted for all type B curves. After crossing the yield point, stresses initially decreased and subsequently increased to failure at the highest stress values. Type C was noted for curves of the Td,l 21 rod and Td,l 21 rod-ARP when the values of yield (σy) and maximum stresses (σm) were comparable. For type C curves, stresses slightly decreased and remained relatively constant until failure of the material (Figure 10).



The analysis of mechanical parameters, such as σy, εy, σm, εm, σb, and E, showed these to be lower for rods based on Td,l 21 compared to rods based on Tl 59 and Tl 77 (Table 5). These results indicate a significant relationship of the mechanical properties with LA stereochemistry and the value of the Mn. The density of the Td,l 21 chain packing was lower than for Tl 59 and Tl 77. Amorphous regions of Td,l 21 weakened the mechanical properties, whereas for Tl 59 and Tl 77, the interactions between l-LA chains enhanced the mechanical stability of the formulations. Moreover, shorter chains of Td,l 21 may have been the deciding factor in weakening mechanical properties.



The presence of ARP in terpolymers resulted in weakening the mechanical properties of the formulations. For the Td,l 21 rod-ARP, the value of E was significantly lower compared to the Td,l 21 rod, which indicates the lower stiffness of the Td,l 21 rod-ARP, whereas the presence of the drug substance in the Tl 59 rod-ARP caused a decrease in all the analyzed mechanical parameters. The Tl 59 rod-ARP had less strength and was less stiff and deformable at all stages of stretching than the Tl 59 rod. It should be pointed out that the DSC study revealed that the plasticization effect (Figure 6 and Table 3) resulting from the presence of ARP in the Td,l 21 rod-ARP and Tl 59 rod-ARP may be connected with the reduction in mechanical properties. The plasticization of d,l-PLGA caused by wetting the d,l-PLGA scaffolds with water or ethanol resulted in the same effect [46]. The comparison of the Tl 77 rod-ARP and Tl 77 rod revealed that the presence of the drug substance caused the most significant differences in mechanical behavior; the formulation became significantly stiffer (E = 221.94 ± 88.04 MPa and 85.01 ± 22.09 MPa, respectively) and less extensible (εy = 18.7 ± 4.1% vs. 28.4 ± 7.6% and εm = 350.3 ± 167.1% vs. 436.4 ± 100.2%, respectively). It could be pointed out that the presence of ARP blurred the rubbery and flexible behavior of TMC, despite the highest content of this component (~25%) (Table 3). However, it should be added that the ARP did not act as a plasticizer in the case of the Tl 77 rod-ARP (Figure 6 and Table 3). Other failure parameters are comparable for Tl 77 rod and Tl 77 rod-ARP (Table 5).



From the mechanical point of view, the most promising formulation for subcutaneous administration is the Tl 59 rod-ARP due to its higher strength and moderate stiffness, whereas, for intramuscular administration, the Td,l 21 rod-ARP seems to be the most appropriate because of its high flexibility and rubbery character. In terms of mechanical properties, the Tl 77 rod-ARP is the least promising. However, it should be pointed out that the study of rods with 17-β-estradiol based on poly(l-lactide-co-glycolide-co-trimethylene carbonate) with a similar composition (57.9:17.6:24.5) and Mn (45.8 kDa) performed on adult female Wistar rats did not reveal inflammation, necrosis, or exudate after subcutaneous implantation in the back of the neck [22].




3.3.7. Rod Hydrolytic Degradation Study


The hydrolytic degradation of aliphatic polyesters and polycarbonates is a result of the hydrolysis of ester bonds. A favorable phenomenon of this process is the WU. It should also be underlined that direct proof for hydrolytic degradation is the WL. The changes in the polymer content, Tg, and Mn provide only data about the structural changes of degradable aliphatic polyesters and polycarbonates [13,18,19,20,21,22,47].



In this study of significant relationships of WU and WL with LA stereochemistry, the value of the Tg and Mn were also shown. In the case of rods based on Td,l 21, the most dynamic changes in WU and WL (Figure 11) were facilitated by the amorphous regions of LA, the lowest values Tg ensuring the highest chain mobility, and the lowest Mn responsible for the shortest polymer chains. The longest degradation period was noted for the Tl 59 rod, in which WU and WL were the slowest resulting from the highest Tg and Mn (Table 3).






4. Conclusions


Rods with ARP based on d,l-LA or L-LA, GA, and TMC terpolymers with a Mn of 21 kDa, 59 kDa, and 77 kDa were formulated. The determining factor for the terpolymer’s Mn, synthesized in bulk by the ring opening polymerization, was the ratio of the monomer to the polymerization initiator.



The temperature of 105 °C during HME ensured flow behavior for the applied terpolymers. Simultaneously, nothing of concern was observed in the properties of the ARP and terpolymers. The structural, thermal, and morphological properties of form III of ARP used were maintained, and the conversion into other crystalline forms did not take place. HME did not influence the composition of the terpolymers. However, it resulted in changes in the Mn without destabilizing the formulations. Furthermore, the observed plasticization effect for the Td,l 21 rod-ARP rod and Tl 59 rod-ARP may have facilitated the formulation process. The DSC and FTIR studies did not show drug–terpolymer interactions. From the mechanical point of view, the most promising formulation for intramuscular administration, the Td,l 21 rod-ARP, seems to be the most appropriate because of its high flexibility and rubbery character, whereas for subcutaneous administration a better option is the Tl 59 rod-ARP due to its higher strength and moderate stiffness.



HME is the appropriate method for the formulation of ALAIs based on d,l-LA or l-LA, GA, and TMC terpolymers with a Mn of 21 kDa, 59 kDa, and 77 kDa.
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Figure 1. Diffraction pattern of raw ARP and 105 °C-treated ARP. 
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Figure 2. The DSC heating curves for raw ARP for the first (a), second (c), third (e), and fourth (g) heating runs. The DSC cooling curves after the first (b), second (d), third (f), and fourth heating runs (h). The DSC heating curves for 105 °C-treated ARP for the first (i), second (j), third (k), and fourth heating runs (l). 
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Figure 3. HSM images of 25 °C-treated ARP, 105 °C-treated ARP, 138 °C-treated ARP, and 140 °C-treated ARP. 
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Figure 4. SEM images of 25 °C-treated ARP, 105 °C-treated ARP, and 140 °C-treated ARP. 
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Figure 5. 1H NMR spectra of raw terpolymers (Td,l 21 raw, Tl 59 raw, and Tl 77 raw) (600 MHz, DMSO-d6, 80 °C). 1H NMR spectra: the proton region of the lactidyl units (1), the methylene proton region of the glycolidyl (2), and carbonate units (3). 
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Figure 6. The DSC curves of the first and second heating runs for raw terpolymers (Td,l 21 raw, Tl 59 raw, and Tl 77 raw), blank rods (Td,l 21 rod, Tl 59 rod, and Tl 77 rod), and rods with ARP (Td,l 21 rod-ARP, Tl 59 rod-ARP, and Tl 77 rod-ARP). 
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Figure 7. The 1H NMR spectra of blank rods (Td,l 21 rod, Tl 59 rod, and Tl 77 rod) and rods with ARP (Td,l 21 rod-ARP, Tl 59 rod-ARP, and Tl 77 rod-ARP) (600 MHz, DMSO-d6, 80 °C). 1H NMR spectra: the proton region of the lactidyl units (1), the methylene proton region of the glycolidyl (2), and carbonate units (3). 
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Figure 8. The FTIR spectra of blank rods (Td,l 21 rod, Tl 59 rod, and Tl 77 rod) and rods with ARP (Td,l 21 rod-ARP, Tl 59 rod-ARP, and Tl 77 rod-ARP) in the range of 4000–500 cm−1. 
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Figure 9. SEM images of blank rods (Td,l 21 rod, Tl 59 rod, and Tl 77 rod) and rods with ARP (Td,l 21 rod-ARP, Tl 59 rod-ARP, and Tl 77 rod-ARP). 
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Figure 10. Exemplary stress–strain (  σ = f ( ε )  ) curves determined for blank rods and rods with ARP: (a) Td,l 21 rod and Td,l 21 rod-ARP, (b) Tl 59 rod and Tl 59 rod-ARP; and (c) Tl 77 rod and Tl 77 rod-ARP. 
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Figure 11. Changes (%) in water uptake (WU), and weight loss (WL) during the degradation of Td,l 21 rod, Tl 59 rod, and Tl 77 rod. 
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Table 1. Calculated lattice parameters of raw ARP and 105 °C-treated ARP.






Table 1. Calculated lattice parameters of raw ARP and 105 °C-treated ARP.





	
Sample

	
Lattice Parameters [Å]

	
Cell Volume

(Å 3)

	
Crystal System




	
a (Å)

	
b (Å)

	
c (Å)

	
A (°)

	
β (°)

	
γ (°)






	
Raw ARP

	
10.161

	
12.143

	
18.714

	
82.197

	
82.570

	
82.863

	
2,255.213

	
Triclinic




	
105 °C-treated ARP

	
10.163

	
12.142

	
18.714

	
82.189

	
82.570

	
81.863

	
2,255.219

	
Triclinic











 





Table 2. The thermal parameters characterizing raw ARP and 105 °C-treated ARP during the four heating runs.






Table 2. The thermal parameters characterizing raw ARP and 105 °C-treated ARP during the four heating runs.





	

	
Heating Run

	
Tm1

(°C)

	
ΔH1

(J/g)

	
Tm2

(°C)

	
ΔH2

(J/g)

	
Tcr

(°C)

	
ΔHcr

(J/g)






	
Raw ARP

	
First

	
ND

	
ND

	
140.0

	
95.7

	
ND

	
ND




	
Second

	
134.4

	
7.2

	
140.0

	
90.1

	
94.4

	
91.8




	
Third

	
134.7

	
7.6

	
139.9

	
90.5

	
95.6

	
90.2




	
Fourth

	
134.8

	
7.5

	
139.9

	
90.7

	
96.6

	
90.2




	
105 °C-treated ARP

	
First

	
ND

	
ND

	
140.1

	
95.7

	
ND

	
ND




	
Second

	
134.6

	
7.6

	
139.9

	
91.8

	
95.2

	
91.8




	
Third

	
139.6

	
5.4

	
139.6

	
91.1

	
95.6

	
90.9




	
Fourth

	
134.7

	
6.5

	
139.9

	
90.5

	
96.6

	
90.2








Tm1 and Tm2—melting temperatures, ∆H1 and ∆H2—enthalpies of melting, Tcr—crystallization temperature, ΔHcr—enthalpy of crystallization, ND—non-detected.













 





Table 3. The parameters characterizing raw terpolymers (Td,l 21 raw, Tl 59 raw, and Tl 77 raw), blank rods (Td,l 21 rod, Tl 59 rod, and Tl 77 rod) and rods with ARP (Td,l 21 rod-ARP; Tl 59 rod-ARP; and Tl 77 rod-ARP).






Table 3. The parameters characterizing raw terpolymers (Td,l 21 raw, Tl 59 raw, and Tl 77 raw), blank rods (Td,l 21 rod, Tl 59 rod, and Tl 77 rod) and rods with ARP (Td,l 21 rod-ARP; Tl 59 rod-ARP; and Tl 77 rod-ARP).





	
Sample

	
FLL

(mol%)

	
FGG

(mol%)

	
FTMC

(mol%)

	
Tm

(°C)

	
ΔH

(J/g)

	
Tg

(°C)

	
Mn

(kDa)

	
D






	
Td,l 21

	
Raw

	
65.4

	
14.7

	
19.9

	
ND

	
ND

	
36.3

	
21.4

	
1.970




	
Rod

	
63.9

	
15.7

	
20.4

	
ND

	
ND

	
35.1

	
20.4

	
2.030




	
rod-ARP

	
63.5

	
15.9

	
20.6

	
128.7

	
8.4

	
33.7

	
18.7

	
1.998




	
Tl 59

	
Raw

	
64.9

	
16.2

	
18.9

	
ND

	
ND

	
46.7

	
59.4

	
1.950




	
Rod

	
64.9

	
16.2

	
18.9

	
ND

	
ND

	
44.1

	
57.7

	
1.604




	
rod-ARP

	
65.4

	
16.3

	
18.3

	
133.4

	
5.2

	
41.8

	
55.2

	
2.012




	
Tl 77

	
Raw

	
57.1

	
18.3

	
24.6

	
ND

	
ND

	
39.9

	
76.8

	
2.001




	
Rod

	
56.2

	
18.3

	
25.5

	
ND

	
ND

	
37.3

	
46.8

	
2.301




	
rod-ARP

	
56.2

	
18.3

	
25.5

	
133.6

	
3.4

	
37.4

	
43.9

	
1.928








FLL—molar percentage of lactidyl units in the terpolymer, FGG—molar percentage of glycolidyl units in the terpolymer, FTMC—molar percentage of carbonate units in the terpolymer, Tm—melting temperature, ∆H—value of enthalpy, Tg—glass transition temperature, Mn—molecular weight, D—molecular weight distribution, ND—non-detected.













 





Table 4. Heterogeneity, circularity, and solidity for the images with the scale bar equal to 100 µm of blank rods (Td,l 21 rod, Tl 59 rod, and Tl 77 rod) and rods with ARP (Td,l 21 rod-ARP, Tl 59 rod-ARP, and Tl 77 rod-ARP) calculated by ImageJ®.






Table 4. Heterogeneity, circularity, and solidity for the images with the scale bar equal to 100 µm of blank rods (Td,l 21 rod, Tl 59 rod, and Tl 77 rod) and rods with ARP (Td,l 21 rod-ARP, Tl 59 rod-ARP, and Tl 77 rod-ARP) calculated by ImageJ®.





	
Sample

	
Area (µm2)

	
Heterogeneity (%)

	
Circularity

	
Solidity






	
Td,l 21

	
rod

	
35,394.7

	
12.9

	
0.043

	
0.83




	
rod-ARP

	
35,492.7

	
19.9

	
0.042

	
0.85




	
Tl 59

	
rod

	
35,871.9

	
16.5

	
0.039

	
0.81




	
rod-ARP

	
35,179.7

	
36.5

	
0.039

	
0.83




	
Tl 77

	
rod

	
35,611.1

	
15.5

	
0.039

	
0.85




	
rod-ARP

	
35,719.9

	
23.6

	
0.029

	
0.87











 





Table 5. Mechanical parameters of blank rods and rods with ARP (±SD).






Table 5. Mechanical parameters of blank rods and rods with ARP (±SD).





	
Sample

	
σy

(MPa)

	
εy

(%)

	
σm

(MPa)

	
εm

(%)

	
σb

(MPa)

	
εb

(%)

	
E

(MPa)






	
Td,l 21

	
rod

	
4.21 ± 1.14

	
20.3 ± 10.9

	
4.32 ± 1.10

	
108.0 ± 138.5

	
3.20 ± 0.78

	
488.8 ± 118.5

	
62.03 ± 28.33




	
rod-ARP

	
3.62 ± 0.58

	
28.0 ± 9.8

	
3.77 ± 0.50

	
101.0 ± 152.0

	
2.62 ± 0.29

	
402.0 ± 157.7

	
18.90 ± 7.96




	
Tl 59

	
rod

	
7.04 ± 1.39

	
28.3 ± 16.0

	
10.20 ± 1.26

	
533.2 ± 57.1

	
9.64 ± 1.36

	
539.7 ± 53.3

	
194.92 ± 100.21




	
rod-ARP

	
5.15 ± 1.01

	
23.0 ± 19.1

	
8.48 ± 0.58

	
460.3 ± 173.7

	
7.58 ± 0.74

	
488.5 ± 137.2

	
128.67 ± 33.52




	
Tl 77

	
rod

	
10.67 ± 1.71

	
28.4 ± 7.6

	
14.44 ± 1.07

	
436.4 ± 100.2

	
13.28 ± 1.36

	
456.4 ± 131.3

	
85.01 ± 22.09




	
rod-ARP

	
13.24 ± 1.61

	
18.7 ± 4.1

	
14.30 ± 0.97

	
350.3 ± 167.1

	
13.12 ± 1.02

	
507.0 ± 67.1

	
221.94 ± 88.04








σy—yield stress, εy—yield strain, σm—maximum stress, εm—strain stress, σb—breaking stress, εb—breaking strain, E—Young’s modulus.
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