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Abstract

:

An ionic liquid based on the monomeric choline, specifically [2-(methacryloyloxy)ethyl]-trimethylammonium chloride (TMAMA), underwent biofunctionalization through an ion exchange reaction with the model drug anion: p-aminosalicylate (PAS), a primary antibiotic for tuberculosis treatment. This modified biocompatible IL monomer (TMAMA/PAS) was subsequently copolymerized with methyl methacrylate (MMA) to directly synthesize the well-defined graft conjugates with regulated content of ionic fraction with PAS anions (up to 49%), acting as drug delivery systems. The length of the polymeric side chains was assessed by the monomer conversions, yielding a degree of polymerization ranging from 12 to 89. The density of side chains was controlled by “grafting from” using the multifunctional macroinitiators. In vitro drug release, triggered by the ion exchange between the pharmaceutical and phosphate anions in a PBS medium, occurred in the range of 71–100% (2.8–9.8 μg/mL). Owing to significant drug content and consistent release profiles, these particular graft copolymers, derived from biomodified IL monomers with ionically attached pharmaceutical PAS in the side chains, are recognized as potentially effective drug delivery vehicles.
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1. Introduction


The delivery of biologically active substances via polymeric materials has become one of the most focused upon research trends because it can improve the effectiveness of conventional treatments. Since the drug’s action in standard formulas is limited by many factors, primarily the low solubility of the drug, its bioavailability is greatly reduced [1]. Furthermore, as patients require administration of high doses of the drug, which is harmful to cells, the therapeutic potential is not sufficiently utilized [2]. Two main strategies are currently used to increase drug hydrophilicity, where it is be encapsulated in amphiphilic copolymers [3,4,5] or conjugated with hydrophilic polymers [6,7,8,9]. They also include the preparation of ionic conjugates. This alternative approach involves attaching drugs by ionic bonding, although these are driven by electrostatic interactions between oppositely charged ions, thus are weaker than the covalent bonds in typical conjugates; however, they appear to be more stable than physical interactions between the encapsulated drug and the polymer matrix. The ionic conjugates can be designed based on poly(ionic liquid)s (PILs) [10,11] as the carriers to prevent too little or too quick drug release. So far, this approach has been used to synthesize linear or graft PILs, which were usually subsequently modified with pharmaceutical anions during ion exchange. Choline-based copolymers with the linear chains containing mefenamic acid [12,13], salicylate [14,15], fusidate, piperacillin, p-aminosalicylate, and clavulanate, [16] as well as grafted structures decorated with salicylate [17], clavulanate, p-aminosalicylate [18], and fusidate [19], have been explored, showing promising potential in drug delivery. In addition, because of the amphiphilic polymers’ ability to organize into micellar structures, the dual drug systems have been reported for the ionic conjugates of linear PILs to deliver sulfacetamide or salicylate anions and encapsulated quercetin, erythromycin, indomethacin [14], as well as grafted PILs transporting fusidate anions and non-ionic rifampicin [19].



Subsequently, another strategy based on the application of biofunctionalized monomers in the synthesis of ionic drug conjugates has been developed. Initially, ionic liquids (ILs) [20,21], such as phosphonium, imidazolium, lidocaine, pyridinium, ammonium, and choline ones, have been biomodified by incorporation of pharmaceutical counterions through ionic bonding [22], including niflumic, nalidixic, pyrazinoic, and picolinic acids [23], sulfasalazine [24], penicillin-G, amoxicillin [25], ibuprofen [11,26], (acetyl)salicylate [27], and ampicillin [28]. Their biocompatibility has been utilized in medical applications [10,29,30,31], but, in the case of such polymerizable ILs, the polymeric conjugates have been attained [14]. So far, using this strategy, PILs with various topologies bearing salicylate [32], fusidate and/or cloxacillin [33], and p-aminosalicylate (PAS) ions [34] have been successfully synthesized.



In this paper, we present an innovative approach to producing ionic graft conjugates bearing PAS anions. While conjugates containing PAS have been previously obtained, such as in designing linear PIL [34] or through post-polymerization modification of graft polymers [18], our method stands out as it involves the direct synthesis of a polymerizable choline methacrylate with a PAS counterion using the grafting from technique. Considering the previous results of the amphiphilic nature of the PAS-conjugates, the nanoparticle sizes suitable for drug delivery, and in vitro cytotoxicity tests indicating no significant changes in human bronchial epithelial cells, and adverse effects on the tumor cell line [35], we decided to complete these studies by identifying the characteristics of directly synthesized PAS conjugates with grafted topology. The selected PAS is a well-known antibacterial model drug primarily used to treat the infectious disease M. tuberculosis, which affects the lungs [36]. Therefore, in this present work, we discuss a variety of synthetic conditions, which resulted in a series of ionic graft conjugates varied with (i) content of ionic units with PAS anions regulated by initial ratio of choline monomer to comonomer, (ii) side chain length adjusted by initial ratio of monomer to macroinitiator, and (iii) grafting degree provided by the numbers of initiating sites in macroinitiator. The main aim was to understand how to regulate the amount of PAS drug within matrix and the physicochemical properties of the polymer. Furthermore, drug release in vitro tests on chosen carriers were conducted to evaluate the impact of polymer characteristics on the efficiency of drug release and were compared with the other analogous PAS conjugates.




2. Materials and Methods


Methyl methacrylate (MMA) was procured from Alfa Aesar (Warsaw, Poland) and dried using molecular sieves (type 4A with a bulk density ranging from 640–670 kg/m3, sourced from Chempur in Piekary Śląskie, Poland). The compound [2-(methacryloyloxy)ethyl]trimethylammonium chloride (TMAMA/Cl), available as an 80% aqueous solution from Sigma-Aldrich (Poznań, Poland), was concentrated under a vacuum to produce a solid substance. Copper(I) chloride (CuCl, 98% purity) from Fluka (Steinheim, Germany) underwent purification by being stirred in glacial acetic acid then filtered and washed with both ethanol and diethyl ether, before drying under vacuum. Both methanol (MeOH) and diethyl ether were sourced from Chempur (Piekary Śląskie, Poland). Sodium p-aminosalicylate (PAS sodium salt, 98% purity) was used as received without further purification, obtained from Alfa Aesar (Warsaw, Poland). Phosphate-buffered saline (PBS, pH = 7.4), 2,2′-bipyridine (bpy) and tetrahydrofuran (THF) were all purchased from Sigma-Aldrich (Poznań, Poland) and used without further processing.



2.1. Synthesis of TMAMA/PAS


Biofunctionalization of TMAMA/Cl to TMAMA/PAS was performed as described previously [34] using the equimolar amounts of PAS sodium salt. The ion exchange process was completed in 4 h, achieving an efficiency of 92%. 1H NMR (Figure 1) (DMSO-d6, 300 MHz, δ, ppm): 7.32–7.28 (1H, –CH in aromatic ring), 6.1 and 5.76 (2H, –CH2), 5.83–5.77 (2H, –CH in PAS ring), 5.05 (2H, –NH2), 4.53 (2H, –CH2–O–), 3.74–3.72 (2H, –CH2–N+–), 3.15 (9H, –N+(CH3)3), 1.90 (3H, –CH3).




2.2. Synthesis of Multifunctional Macroinitiators


The copolymers of methyl methacrylate and 2-(2-bromoisobutyryloxy)ethyl methacrylate (P(MMA-co-BIEM)) were used as multifunctional macroinitiators (MIs). Their synthesis was detailed in a previous report [18]. Two MIs with various contents of bromoester initiating groups (18% and48 %) were obtained. 1H NMR of P(MMA-co-BIEM) (DMSO-d6, δ, ppm): 3.66–3.47 (4H, –CH2–O–), 3.4–3.26 (3H, –O–CH3), 1.94 (6H, –(CH3)2Br initiating moiety), 2.03–1.65 (2H, –CH2– backbone), 1.02–0.56 (3H, –CH3 backbone).




2.3. Synthesis of Ionic Graft Copolymers Containing PAS Anions (an Example for 8B)


Comonomers TMAMA/PAS (0.151 g, 0.47 mmol) and MMA, (0.05 mL, 0.47 mmol) along with MeOH (0.6 mL), THF (0.45 mL), bpy (1.45 mg, 0.0093 mmol), and MI containing 48% bromoester groups (1.81 mg, including 0.0047 mmol of initiating sites) were added to a Schlenk flask. The mixture was degassed through three freeze-pump-thaw cycles. An initial sample was taken before adding the CuCl catalyst (0.46 mg, 0.0047 mmol) to the mixture. The reaction was allowed to proceed for 19 h, after which it was terminated by exposure to air. The resultant polymer was precipitated twice using a 1:1 v/v THF-diethyl ether mixture and subsequently dried under a vacuum. 13C NMR (DMSO-d6, δ, ppm): 172.9 (–C=O, in PAS), 166.7 (–C–C=O), 164.8 (–C=O), 152.3 (H2N–C=, in PAS) 131.3 (–C= aromatic, in PAS), 64.3 (–CH2-O), 58.8 (–CH2–N+), 55.6 (O–CH3), 53.4 (–CH2–, N+–(CH3)3) 40.5 (–C–), 18.4 (–CH3). 1H NMR (DMSO-d6, δ, ppm): 7.32–7.29 (1H, –CH in PAS ring), 5.83–5.77 (2H, –CH in PAS ring), 4.53 (2H, –CH2–O–), 3.74–3.71 (2H, –CH2–N+–), 3.14 (9H, –N+–(CH3)3), 1.90 (3H, –CH2), 1.44–0.34 (3H, –CH3). FT-IR data: C–N+ and C–H (2860–2950 cm−1 and 1486 cm−1), C=O (1718 cm−1), C–N (1633 cm−1), C=C aromatic ring (1574 and 1450 cm−1), C–H (1385 cm−1) C–N (1295 cm−1), and C–O ester bonds (1160 cm−1).




2.4. Drug Release Studies of PAS by Polymer Carrier


Copolymers conjugated with pharmaceutical anions were dissolved in PBS (pH = 7.4) to create solutions with a concentration of 1 mg/mL. Subsequently, 1 mL of this solution was introduced into a dialysis membrane bag with a molecular weight cut-off (MWCO) of 3.5 kDa. This membrane was submerged in a glass vial containing 44 mL of PBS. Throughout the drug release process, conducted at 37 °C, 1 mL samples were periodically collected. These samples were assessed using ultraviolet−visible light spectroscopy (UV–Vis) spectroscopy, noting the absorption maximum peak at λ = 265 nm for PAS. After each measurement, the extracted sample was reintroduced to the glass vial to ensure the PBS medium’s volume remained unchanged. The drug content in the ionic conjugates and the quantity of drug released were determined through the Lambert–Beer law, utilizing the linear calibration curve produced based on the PAS solution in PBS and the relevant absorbance peaks for the anionic drug. The drug quantity in the release medium (d) was determined using the subsequent equations:


d = x/c × 100%










x = (y − b)/a








where: a represents the slope of the calibration curve, b stands for the y-intercept of the calibration curve, x indicates the concentration value derived from the calibration curve equation, and y is the absorbance value at the 265 nm wavelength for PAS.




2.5. Characterization


1H NMR spectra were recorded using a UNITY/NOVA spectrometer (Varian, Mulgrave, Victoria, Australia), operating at 300 MHz. Samples were measured in deuterated dimethyl sulfoxide (DMSO-d6), using tetramethylsilane (TMS) as the external standard. The molecular weight and dispersity index (represented as Mn and Ð, respectively) were determined through size exclusion chromatography (SEC). The SEC measurements utilized an Ultimate 3000 chromatograph (Thermo Fisher Scientific in Waltham, MA, USA), paired with a RefractoMax 521 differential refractometer detector. The polymer samples, diluted in DMF that contained 10 mM LiBr at 50 °C or deionized water, were run through a TSKgel Guard SuperMPHZ-H 6 µm pre-column (4.6 mm × 2 cm) and two TSKgel SuperMultiporeHZ-H 6 µm columns (4.6 mm × 15 cm) at a flow rate of 0.25 mL/min. Calculations were based on poly(ethylene oxide) (PEO) standards ranging from 982 to 969,000 g/mol. The SEC analysis of MIs was conducted using an Ultimate 3000 SEC system, which included an isocratic pump, an autosampler, a degasser, a thermostatic chamber for columns, and utilized a RefractoMax 521 differential refractometer detector. Molecular weight of MIs determined by the RID was calibrated against linear polystyrene standards ranging from 580 to 3,000,000 g/mol. For effective separation, a 5 μm 50 × 7.5 mm pre-column guard and dual PLGel 5 μm MIXED-C and MIXED-D 300 × 7.5 mm columns were employed. These measurements were conducted using HPLC grade THF as the solvent, maintained at 35 °C, with a consistent flow rate of 1 mL/min. Fourier-transform infrared (FT-IR) spectroscopy was performed using a Spectrum Two 1000 FT-IR Infrared spectrometer (Perkin Elmer, Waltham, MA, USA) employing an attenuated total reflection (ATR) method. Throughout the drug release process, samples extracted at specified time intervals were assessed using UV−Vis on an Evolution 300 spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). The quartz cells were used to quantify the drug content and the amount of released pharmaceutical anions.





3. Results and Discussion


The monomeric IL [2-(methacryloyloxy)ethyl]trimethylammonium p-aminosalicylate (TMAMA/PAS) was employed in the atom radical transfer polymerization (ATRP) using the “grafting from” method to synthesize the well-defined graft copolymers 1A-10B (Table 1). These graft copolymers, as the PAS ionic conjugates providing single drug systems, were designed through the copolymerization of TMAMA/PAS with methyl methacrylate (MMA) in various proportions (25:75, 50:50) in the presence of multifunctional MI, using CuCl/bpy catalytic system at 40 °C in MeOH/THF (Figure 2). The creation of PIL side chains was validated by 1H NMR spectra (Figure 3), which displayed signals corresponding to PAS (A-D) and TMAMA part (3 and 4, originating from protons of –CH2–N+– and –N+–(CH3)3 groups), which were identified previously in the spectra of the related TMAMA/PAS monomer (Figure 1). Concurrently, the signals 1, 5, and 6, associated with the methylene, methyl, and methoxy groups, respectively, showed increased intensity in comparison to the those of MI. The conversions of the monomers were determined using the 1H NMR spectrum of the reaction mixture. This involved gauging the integration of signals for the unreacted TMAMA (6.1 ppm) and MMA (6.0 ppm) against the consistent intensity of the pyrene signal (8.19–8.22 ppm), which served as an internal standard.



The polymeric backbone, i.e., P(MMA-co-BIEM) was varied in terms of the degree of polymerization (DPn 186 vs. 292) and the number of initiating groups (65 vs. 99 units with the content of 18% vs. 46%, respectively), providing series A and B of the synthesized copolymers. The grafts, i.e., P(TMAMA/PAS-co-MMA) presented variations in TMAMA content (FTMAMA = 16–73 mol%), the polymerization degree of side chains (DPsc = 12–89), and the degree of grafting (DG = 18% vs. 46%) defined by the content of initiating groups in the MI.



Because of the solubility of TMAMA/PAS in MeOH and MI in THF, the mixture of these solvents served as the reaction medium. The volume of the polar solvent needed to be higher than the amount of the IL monomer for it to dissolve completely. Simultaneously, the amount of THF had to be well adjusted to avoid precipitation of TMAMA/PAS monomer or the polymer formed during a reaction. Moreover, the MeOH:THF ratio was crucial in minimizing the transesterification of the ionic monomer to MMA, which could occur as a side reaction. In addition, an increased volume of the solvents slowed the reactions. Consequently, durations of most reactions were significantly prolonged to ensure sufficient monomer conversions. Generally, the total solvent volume depended on initial comonomer ratios, M:MI, and number of initiating groups in MI. For reactions with an M:MI ratio of 100:1, ratios of MeOH:TMAMA = 5:1 and MeOH:THF = 5:4 ensured sufficient dissolution of the substrates while effectively inhibiting transesterification for up to 20 h. However, the synthesis of 4B was an exception, where the MeOH:TMAMA ratio was reduced to 4:1 to avoid transesterification. When the M:MI ratio was increased to 200:1 and MI with larger content of initiating groups (48%) was used, the ratio of MeOH:TMAMA = 4:1 was enough to obtain satisfactory solubility of substrates. For the second MI, a greater volume of MeOH at reduced THF volume relative to MeOH became essential for the synthesis of 5A and 6A. These conditions ensured both good solubility and minimal transesterification. In addition, at lower total volume of solvents, the viscosity of these reaction mixtures increased sharply, and cross-linking occurred. The reactions 9B-10B with the decreased ratio of M:MI to 50:1 were performed at a greater overall solvent volume and a distinct excess of MeOH over THF for complete dissolution of reactants. However, these polymerizations had to be stopped after 0.5 or 4 h, respectively, as the reaction mixtures became too viscous because of the formation of densely grafted copolymers using the MI with larger amount of initiating groups.



To analyze reactivity of the ionic monomer copolymerized with MMA the relationship of copolymer composition vs. initial composition of the comonomer mixture were examined (Figure 4). Deviations from the diagonal indicate that the copolymer either had fewer or more ionic fractions than were contained in the initial reaction mixture. Loosely grafted copolymers 5A and 6A, synthesized with an M:MI ratio of 200:1, were significantly richer in TMAMA/PAS units. The same trend was also observed for other reactions performed with initial ratios of TMAMA:MMA = 50:50, that is 2A at M:MI = 100:1 yielding copolymer with lower DG, and 10B at 50/1 and higher DG. Conversely, when using MI containing more active sites at the same conditions as for 5A and 6A, as well as 1A, the ionic contents in resulting polymers 7B and 8B (M:MI = 200:1, TMAMA:MMA = 25:75 and 50:50, respectively), as well as 3B (M:MI = 100:1. TMAMA:MMA = 25:75), were lower than the initial TMAMA/PAS content in the reaction mixture. Meanwhile, for the remaining reactions 1A (M:MI = 100:1, TMAMA:MMA = 25:75), 4B (M:MI = M:MI = 100:1, TMAMA:MMA = 50:50) and 9B (M:MI = 50:1, TMAMA:MMA = 25:75), both monomers converted with similar reactivities, yielding the side chains with copolymer composition comparable to comonomers composition in the initial reaction mixture.



Based on physicochemical characterization using the SEC method, the polymers’ dispersity indices (Ð) were relatively low, in the range of 1.13-1.46 for series A and 1.3–1.61 for series B. This suggests that the incorporation of the ionic units bearing PAS anions potentially introducing steric hindrance did not diminish the control of ATRP, ensuring dominating homogeneity of graft polymers. There were discrepancies between Mn values determined by monomer conversion (Mn,NMR) and those derived from SEC (Mn,SEC). The primary explanation is that the latter measurements were taken using a calibration based on linear PEO, which presents a different hydrodynamic volume than the non-linear polymers. For graft copolymers with the lowest and the highest ionic fraction contents (7B and 3B and 6A and 2A, respectively), Mn,NMR and Mn,SEC were similar (Figure 5). For the remaining copolymers, Mn,NMR was generally lower than Mn,SEC. Possibly due to the aggregation of these ionic conjugates in water, they were running faster through the columns than PEO standards, hence their molecular weights were overestimated. An exception was 8B, containing the longest side chains, where Mn,NMR was noticeably higher than Mn,SEC, probably because of its more rigid, rod-like conformation. In the analogous linear PILs containing PAS, which were characterized with narrower range of index Ð (1.12–1.36), the smallest discrepancy in Mn was observed at the highest ionic content [34].



The drug content (DC) represented by the percentage of PAS incorporated into the copolymer and assessed by UV-Vis spectroscopy ranged between 16% and 49%. The highest DC values, 48% and 49%, were achieved for systems based on conjugates 2A and 4B, respectively (Figure 6a), which were characterized by shorter grafts (DPsc = 21 and 16, respectively). However, copolymer 2A, with a lower number of grafts, demanded a higher FTMAMA (81 mol%) to reach this high DC. Copolymers 6A and 8B which had longer side chains (DPsc = 75 and 89, respectively), also indicated high DC values (39 and 43%, respectively). In this case, for the copolymer 6A with loosely distributed side chains, a higher TMAMA content (73 mol%) was beneficial compared to copolymer 8B with a greater DG and almost double lower FTMAMA to achieve a similar DC. The same correlation was observed when comparing conjugate 1A to 3B or 7B.



The quantity of PAS, introduced during the polymerization of the biomodified TMAMA, increased simultaneously with the ionic unit content in the corresponding linear PILs [34]. This trend was also observed among the graft copolymers with the same grafting density, where a near-linear correlation between ionic content and DC was spotted (Figure 6b). However, there was one exception for conjugate 10B, probably because it had high FTMAMA and the lowest DPsc among all carriers. This tendency was not observed when compared to analogous PAS conjugates formed via polymer modification by exchange with drug anions [18], where the highest DC (64%) was observed for the copolymer with the lowest FTMAMA (18 mol%), indicating the PAS trapping effect within the polymer matrix. Furthermore, the previous copolymers characterized by lower DG = 26% demonstrated DC values (31–64%), which are comparable to the current conjugates with DG = 18%. However, for the previous carriers containing more densely distributed side chains (DG = 46%), drug exchange was restricted to 40%. Regarding systems 4B and 8B (DC = 43% and 49%, respectively), this limit was exceeded, probably due to reduced steric hindrances. In addition, the efficiency of PAS introduction through polymer modification was influenced by the polymer topology, where higher DC values were typically achieved using linear copolymers (DC = 59–82%) [16]. In the case of PAS-conjugates prepared directly from the pharmaceutically functionalized TMAMA, the obtained DC values were comparable, i.e., linear PAS conjugates: DC = 24–42% [34] vs. graft PAS conjugates: DC = 16–49%.



Previous in vitro studies investigating the mechanism of PAS release from ionic conjugates have shown that the phosphate anions present in phosphate buffered saline (PBS) can replace the pharmaceutical anions linked to the polymer structure. The capability for such anion exchange largely depended on the specific characteristics of both the polymer and the ionic drug. The studied conjugates with PAS anions of the monomeric units incorporated during the polymerization process revealed their easy availability for anion exchange, which resulted in amount of released drug (ARD) values ranging from 71% to 100% (Table 2). The immediate burst release persisted for about 1.5 to 2.5 h, providing a logarithmic growth of ARD (Figure 7a,b) and exchange of a major of the PAS, after which an extra 4–15% of drug was released. However, polymer 1A exhibited a unique behavior, yielding an initial exchange of 17% of PAS, and continuation for up to 72 h resulted in the release of an additional 54% of the ionic drug. However, the concentration of released drug (CD) was the lowest among all carriers. The extended-release time in this case can be attributed to the weaker ionic interactions between the PAS anions and the matrix of the loosely grafted copolymer with lower drug content.



For loosely grafted brushes, the ARD typically increased with the ionic content (and consequently DC), as illustrated in Figure 8. However, conjugate 6A deviated from this correlation, likely due to the PAS anions being more hidden within its long side chains. In the context of brushes with densely packed side chains, they exhibited high ARD regardless of FTMAMA or DPsc. This is plausible because at higher graft density, there were stronger repulsive interactions between the PAS ions. This made them more available for an ion exchange. Notably, the maximum ARD from 8B was attained as its longer side chains further intensified these repulsive interactions.



The smaller ARD from the previously reported graft conjugates, which have been prepared via anion exchange modification of polymer, ranged between 33% and 45% [18]. In those cases, burst and effective release of PAS was also evident up to 1.5 h, with the release persisting until 4 h after which a plateau was reached. The initial burst release indicated that the drug was primarily localized in the outer regions of the polymer, as it was detected for the currently studied graft copolymers, while the remaining drug anions were embedded deep within the polymer structure. Probably during anion exchange on the polymer, this part of the drug anions was internally trapped, as was observed for encapsulation, what made it challenging for them to diffuse through the entangled polymer matrix. In addition, graft topology slowed down drug exchange in comparison to the corresponding linear P(TMAMA/PAS–co–MMA)s, from which complete PAS release occurred within 1–4 h [34].




4. Conclusions


The choline-based monomeric IL, biofunctionalized with pharmaceutically active PAS anions, was applied to synthesize the well-defined ionic graft copolymers as the ionic conjugates of drug. They had varied ionic unit contents (14–81 mol%) and the anionic drug contents (16–49%) in the side chains. In the case of grafting from a macroinitiator containing less active sites, the resultant polymers featured more ionic units compared to the TMAMA content in the initial monomer mixture, whereas for densely grafted brushes, the ionic content in the polymer was usually similar or lower than the initial TMAMA content. Copolymers comprising loosely spaced side chains required a significantly higher TMAMA content to achieve drug content comparable to that of densely grafted brushes with lower ionic content, regardless of the side chain length. The in vitro drug release kinetics exhibited a burst release phase lasting up to 2.5 h, during which the majority of the drug was typically released. The released amounts of PAS ranged from 71% to 100% (2.8–10.2 μg/mL). Regarding densely grafted brushes, neither TMAMA content nor length of side chains impacted the drug delivery efficiency, but for the loosely grafted copolymers with shorter side chains, amount of released drug increased with the ionic content. It is worth noting that these systems released significantly more drug compared to analogous PAS conjugates with similar drug content prepared via pharmaceutical modification of polymer. In essence, the direct synthesis of ionic drug conjugates from the pharmaceutically modified TMAMA monomer appeared to be an effective strategy to procure promising materials for PAS delivery applications. In the future, we plan to exploit the amphiphilic character of these copolymers and their ability to form nanoparticles to encapsulate additional drug to develop PAS systems for a combination therapy.







Author Contributions


A.M.: data curation, formal analysis, investigation, the writing—original draft; D.N.: conceptualization, methodology, writing—review and editing, supervision. All authors have read and agreed to the published version of the manuscript.




Funding


The funding for these studies was supported by the Grant for Young Scientists BKM-549/RCH4/2023 (04/040/BKM23/0263).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available in this article.




Acknowledgments


The authors thank Anna Mielańczyk for carrying out the SEC analyses.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Choi, M.J.; Woo, M.R.; Choi, H.G.; Jin, S.G. Effects of Polymers on the Drug Solubility and Dissolution Enhancement of Poorly Water-Soluble Rivaroxaban. Int. J. Mol. Sci. 2022, 23, 9491. [Google Scholar] [CrossRef]

	



Adepu, S.; Ramakrishna, S. Controlled Drug Delivery Systems: Current Status and Future Directions. Molecules 2021, 26, 5905. [Google Scholar] [CrossRef] [PubMed]

	



Hussein, Y.H.A.; Youssry, M. Polymeric Micelles of Biodegradable Diblock Copolymers: Enhanced Encapsulation of Hydrophobic Drugs. Materials 2018, 11, 688. [Google Scholar] [CrossRef]

	



Chen, W.; Zhang, J.Z.; Hu, J.; Guo, Q.; Yang, D. Preparation of amphiphilic copolymers for covalent loading of paclitaxel for drug delivery system. J. Polym. Sci. Part A Polym. Chem. 2014, 52, 366–374. [Google Scholar] [CrossRef]

	



Maksym-Bębenek, P.; Neugebauer, D. Study on Self-Assembled Well-Defined PEG Graft Copolymers as Efficient Drug-Loaded Nanoparticles for Anti-Inflammatory Therapy. Macromol. Biosci. 2015, 15, 1616–1624. [Google Scholar] [CrossRef] [PubMed]

	



Mielanczyk, A.; Neugebauer, D. Designing drug conjugates based on sugar decorated V-shape and star polymethacrylates: Influence of composition and architecture of polymeric carrier. Bioconjugate Chem. 2015, 26, 2303–2310. [Google Scholar] [CrossRef] [PubMed]

	



Mielańczyk, A.; Skonieczna, M.; Mielańczyk, Ł.; Neugebauer, D. In Vitro Evaluation of Doxorubicin Conjugates Based on Sugar Core Nonlinear Polymethacrylates toward Anticancer Drug Delivery. Bioconjugate Chem. 2016, 27, 893–904. [Google Scholar] [CrossRef] [PubMed]

	



Greenwald, R.B.; Choe, Y.H.; McGuire, J.; Conover, C.D. Effective drug delivery by PEGylated drug conjugates. Adv. Drug Deliv. Rev. 2003, 55, 217–250. [Google Scholar] [CrossRef] [PubMed]

	



Minko, T. Soluble polymer conjugates for drug delivery. Drug Discov. Today Technol. 2005, 2, 15–20. [Google Scholar] [CrossRef]

	



Egorova, K.S.; Gordeev, E.G.; Ananikov, V.P. Biological Activity of Ionic Liquids and Their Application in Pharmaceutics and Medicine. Chem. Rev. 2017, 117, 7132–7189. [Google Scholar] [CrossRef] [PubMed]

	



Viau, L.; Tourné-Péteilh, C.; Devoisselle, J.-M.; Vioux, A. Ionogels as drug delivery system: One-step sol-gel synthesis using imidazolium ibuprofenate ionic liquid. Chem. Commun. 2010, 46, 228–230. [Google Scholar] [CrossRef] [PubMed]

	



Halayqa, M.; Zawadzki, M.; Domańska, U.; Plichta, A. API-ammonium ionic liquid–Polymer compounds as a potential tool for delivery systems. J. Mol. Liq. 2017, 248, 972–980. [Google Scholar] [CrossRef]

	



Halayqa, M.; Zawadzki, M.; Domańska, U.; Plichta, A. Polymer–Ionic liquid–Pharmaceutical conjugates as drug delivery systems. J. Mol. Struct. 2019, 1180, 573–584. [Google Scholar] [CrossRef]

	



Bielas, R.; Siewniak, A.; Skonieczna, M.; Adamiec, M.; Mielańczyk, Ł.; Neugebauer, D. Choline based polymethacrylate matrix with pharmaceutical cations as co-delivery system for antibacterial and anti-inflammatory combined therapy. J. Mol. Liq. 2019, 285, 114–122. [Google Scholar] [CrossRef]

	



Bielas, R.; Łukowiec, D.; Neugebauer, D. Drug delivery via anion exchange of salicylate decorating poly(meth)acrylates based on a pharmaceutical ionic liquid. New J. Chem. 2017, 41, 12801–12807. [Google Scholar] [CrossRef]

	



Niesyto, K.; Neugebauer, D. Linear Copolymers Based on Choline Ionic Liquid Carrying Anti-Tuberculosis Drugs: Influence of Anion Type on Physicochemical Properties and Drug Release. Int. J. Mol. Sci. 2021, 22, 284. [Google Scholar] [CrossRef]

	



Bielas, R.; Mielańczyk, A.; Skonieczna, M.; Mielańczyk, Ł.; Neugebauer, D. Choline supported poly (ionic liquid) graft copolymers as novel delivery systems of anionic pharmaceuticals for anti-inflammatory and anti-coagulant therapy. Sci. Rep. 2019, 9, 14410. [Google Scholar] [CrossRef]

	



Niesyto, K.; Neugebauer, D. Synthesis and Characterization of Ionic Graft Copolymers: Introduction and In Vitro Release of Antibacterial Drug by Anion Exchange. Polymers 2020, 12, 2159. [Google Scholar] [CrossRef]

	



Niesyto, K.; Mazur, A.; Neugebauer, D. Dual-Drug Delivery via the Self-Assembled Conjugates of Choline-Functionalized Graft Copolymers. Materials 2022, 15, 4457. [Google Scholar] [CrossRef]

	



Shamshina, J.L.; Kelley, S.P.; Gurau, G.; Rogers, R.D. Chemistry: Develop ionic liquid drugs. Nature 2015, 528, 188–189. [Google Scholar] [CrossRef]

	



Pedro, S.; Freire, C.; Silvestre, A.; Freire, M. Ionic Liquids in Drug Delivery. Encyclopedia 2021, 1, 324–339. [Google Scholar] [CrossRef]

	



Moshikur, R.M.; Chowdhury, M.R.; Moniruzzaman, M.; Goto, M. Biocompatible ionic liquids and their applications in pharmaceutics. Green Chem. 2020, 22, 8116–8139. [Google Scholar] [CrossRef]

	



Araújo, J.M.M.; Florindo, C.; Pereiro, A.B.; Vieira, N.S.M.; Matias, A.A.; Duarte, C.M.M.; Rebelo, L.P.N.; Marrucho, I.M. Cholinium-based ionic liquids with pharmaceutically active anions. RSC Adv. 2014, 4, 28126–28132. [Google Scholar] [CrossRef]

	



Shadid, M.; Gurau, G.; Shamshina, J.L.; Chuang, B.-C.; Hailu, S.; Guan, E.; Chowdhury, S.K.; Wu, J.-T.; Rizvi, S.A.A.; Griffin, R.J.; et al. Sulfasalazine in ionic liquid form with improved solubility and exposure. MedChemComm 2015, 6, 1837–1841. [Google Scholar] [CrossRef]

	



Ferraz, R.; Silva, D.; Dias, A.R.; Dias, V.; Santos, M.M.; Pinheiro, L.; Prudêncio, C.; Noronha, J.; Petrovski, Z.; Branco, L.C. Synthesis and Antibacterial Activity of Ionic Liquids and Organic Salts Based on Penicillin G and Amoxicillin hydrolysate Derivatives against Resistant Bacteria. Pharmaceutics 2020, 12, 221. [Google Scholar] [CrossRef]

	



Bica, K.; Rodríguez, H.; Gurau, G.; Andreea Cojocaru, O.; Riisager, A.; Fehrmann, R.; Rogers, R.D. Pharmaceutically active ionic liquids with solids handling, enhanced thermal stability, and fast release. Chem. Commun. 2012, 48, 5422. [Google Scholar] [CrossRef]

	



Bica, K.; Rijksen, C.; Nieuwenhuyzen, M.; Rogers, R.D. In search of pure liquid salt forms of aspirin: Ionic liquid approaches with acetylsalicylic acid and salicylic acid. Phys. Chem. Chem. Phys. 2010, 12, 2011–2017. [Google Scholar] [CrossRef]

	



Ferraz, R.; Branco, L.C.; Marrucho, I.M.; Araújo, J.M.M.; Rebelo, L.P.N.; da Ponte, M.N.; Prudêncio, C.; Noronha, J.P.; Petrovski, Ž. Development of novel ionic liquids based on ampicillin. MedChemComm 2012, 3, 494–497. [Google Scholar] [CrossRef]

	



Shukla, M.K.; Tiwari, H.; Verma, R.; Dong, W.L.; Azizov, S.; Kumar, B.; Pandey, S.; Kumar, D. Role and Recent Advancements of Ionic Liquids in Drug Delivery Systems. Pharmaceutics 2023, 15, 702. [Google Scholar] [CrossRef] [PubMed]

	



Shah, F.U.; An, R.; Muhammad, N. Editorial: Properties and Applications of Ionic Liquids in Energy and Environmental Science. Front. Chem. 2020, 8, 627213. [Google Scholar] [CrossRef] [PubMed]

	



Correia, D.M.; Fernandes, L.C.; Fernandes, M.M.; Hermenegildo, B.; Meira, R.M.; Ribeiro, C.; Ribeiro, S.; Reguera, J.; Lanceros-Méndez, S. Ionic Liquid-Based Materials for Biomedical Applications. Nanomaterials 2021, 11, 2401. [Google Scholar] [CrossRef] [PubMed]

	



Bielas, R.; Mielańczyk, A.; Siewniak, A.; Neugebauer, D. Trimethylammonium-Based Polymethacrylate Ionic Liquids with Tunable Hydrophilicity and Charge Distribution as Carriers of Salicylate Anions. ACS Sustain. Chem. Eng. 2016, 4, 4181–4191. [Google Scholar] [CrossRef]

	



Mazur, A.; Niesyto, K.; Neugebauer, D. Pharmaceutical Functionalization of Monomeric Ionic Liquid for the Preparation of Ionic Graft Polymer Conjugates. Int. J. Mol. Sci. 2022, 23, 14731. [Google Scholar] [CrossRef] [PubMed]

	



Keihankhadiv, S.; Neugebauer, D. Synthesis and Characterization of Linear Copolymers Based on Pharmaceutically Functionalized Monomeric Choline Ionic Liquid for Delivery of p-Aminosalicylate. Pharmaceutics 2023, 15, 860. [Google Scholar] [CrossRef] [PubMed]

	



Niesyto, K.; Łyżniak, W.; Skonieczna, M.; Neugebauer, D. Biological In Vitro Evaluation of PIL Graft Conjugates: Cytotoxicity Characteristics. Int. J. Mol. Sci. 2021, 22, 7741. [Google Scholar] [CrossRef]

	



Chakraborty, S.; Gruber, T.; Barry, C.E., III; Boshoff, H.I.; Rhee, K.Y. Para-aminosalicylic acid acts as an alternative substrate of folate metabolism in Mycobacterium tuberculosis. Science 2013, 339, 88. [Google Scholar] [CrossRef] [PubMed]








[image: Pharmaceutics 15 02556 g001] 





Figure 1. 1H NMR spectrum of TMAMA/PAS. 






Figure 1. 1H NMR spectrum of TMAMA/PAS.



[image: Pharmaceutics 15 02556 g001]







[image: Pharmaceutics 15 02556 g002] 





Figure 2. Synthesis of ionic graft copolymers bearing pharmaceutical PAS anions. 
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Figure 3. 1H NMR spectrum of TMAMA/PAS based copolymer. 
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Figure 4. Copolymer composition vs. feed composition of the comonomer mixture. 
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Figure 5. Relationship between Mn, NMR and Mn, SEC in relation to the ionic fraction content in the graft copolymers carrying PAS. 
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Figure 6. Comparison of FTMAMA and drug content in correlation with DG of copolymers (a), and linear relationships between FTMAMA and DC in ionic graft copolymers (b). 
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Figure 7. Kinetic release profiles of PAS from ionic copolymers characterized by DG = 18% series A (a) and DG = 48% series B (b). 
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Figure 8. Dependence of amount of released drug on polymer characteristics. 






Figure 8. Dependence of amount of released drug on polymer characteristics.



[image: Pharmaceutics 15 02556 g008]







 





Table 1. Characteristics of graft copolymers carrying PAS.
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No.

	
Time [h]

	
M:MI

	
[TMAMA:

MMA]0

	
MEOH:

TMAMA v:wt

	
MeOH:

THF:

v/v

	
1H NMR

	
SEC

	
UV-Vis




	
DPsc

	
FTMAMA [mol%]

	
Mn,NMR

10−3

[g/mol]

	
Mn,SEC

10−3

[g/mol]

	
Ð

	
DC

[%]






	
1A

	
20

	
100:1

	
25:75

	
5:1

	
5:4

	
23

	
30

	
117.1

	
486.6

	
1.28

	
17




	
2A

	
20

	
50:50

	
5:1

	
5:4

	
21

	
81

	
153.4

	
149.2

	
1.13

	
48




	
3B

	
20

	
25:75

	
5:1

	
5:4

	
48

	
16

	
338.5

	
317.1

	
1.49

	
17




	
4B

	
18

	
50:50

	
4:1

	
4:3

	
16

	
50

	
201.5

	
663.4

	
1.3

	
49




	
5A

	
4

	
200:1

	
25:75

	
8:1

	
8:5

	
35

	
57

	
431.3

	
738.7

	
1.36

	
35




	
6A

	
4

	
50:50

	
6:1

	
6:4

	
75

	
73

	
405.0

	
463.3

	
1.46

	
39




	
7B

	
21

	
25:75

	
4:1

	
4:3

	
56

	
14

	
393.7

	
334.5

	
1.34

	
16




	
8B

	
19

	
50:50

	
4:1

	
4:3

	
89

	
40

	
841.9

	
567.7

	
1.4

	
43




	
9B

	
0.5

	
50:1

	
25:75

	
7:1

	
7:4

	
34

	
24

	
289.2

	
532.6

	
1.36

	
23




	
10B

	
4

	
50:50

	
6.5:1

	
6.5:4

	
12

	
65

	
179.5

	
372.9

	
1.61

	
36








Where: M:MI = [TMAMA/PAS+MMA]0:[MI]0; [MI]0:[CuCl]0:[bpy]0 = 1:1:2, MI for series A contains 65 initiating groups (18%), and for series B: 99 initiating groups (48%), DPsc—the polymerization degree of the side chains, FTMAMA—content of TMAMA in the side chains, SEC: determined in water, PEO calibration.













 





Table 2. Data for PAS released from ionic graft conjugates.
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	No.
	CD [μg/mL]
	ARD [%]





	1A
	2.8
	71



	2A
	10.2
	93



	3B
	3.5
	92



	4B
	9.9
	88



	5A
	8.8
	91



	6A
	8.4
	76



	8B
	9.8
	100
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