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Abstract

:

Polymer micelles represent one of the most attractive drug delivery systems due to their design flexibility based on a variety of macromolecular synthetic methods. The environmentally safe chemistry in which the use or generation of hazardous materials is minimized has an increasing impact on polymer-based drug delivery nanosystems. In this work, a solvent-free green synthetic procedure was applied for the preparation of an amphiphilic diblock copolymer consisting of biodegradable hydrophobic poly(acetylene-functional carbonate) and biocompatible hydrophilic polyethylene glycol (PEG) blocks. The cyclic functional carbonate monomer 5-methyl-5-propargyloxycarbonyl-1,3-dioxane-2-one (MPC) was polymerized in bulk using methoxy PEG-5K as a macroinitiator by applying the metal-free organocatalyzed controlled ring-opening polymerization at a relatively low temperature of 60 °C. The functional amphiphilic block copolymer self-associated in aqueous media into stable micelles with an average diameter of 44 nm. The copolymer micelles were physico-chemically characterized and loaded with the plant-derived anticancer drug curcumin. Preliminary in vitro evaluations indicate that the functional copolymer micelles are non-toxic and promising candidates for further investigation as nanocarriers for biomedical applications.
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1. Introduction


According to the general requirements of green chemical processes, the applied technique should avoid the usage of organic solvents and should enable achieving quantitative conversions without any by-products that need to be removed [1]. Under certain conditions, the bulk ring-opening polymerization of cyclic monomers can be considered a green process [2]. Thus, functional polymers suitable for various applications could be obtained using specifically designed cyclic monomers [3,4,5]. Among others, the biomedical applications of such polymers are of particular interest [6,7,8].



Due to their excellent biocompatibility, low toxicity, enhanced blood circulation time, and ability to solubilize a variety of hydrophobic drugs in their core, polymeric micelles formed via the self-assembly of amphiphilic copolymers in aqueous media have been attracting enormous attention as smart drug and gene delivery vehicles [9]. Moreover, the versatility of available monomers that can be combined in different polymer architectures bearing desired functionalities enables the fine-tuning of the micelles’ properties [10]. Thus, a high accumulation and cellular uptake of the drug-loaded nanovehicles via the so-called enhanced permeability and retention (EPR) effect (passive targeting) or selectively targeted diseased cells and tissues (active targeting) could be achieved [11,12,13]. However, drug delivery using polymer nanocarriers may also face challenges, such as the presence of some toxic material used during the synthetic procedures. Therefore, it is important for the polymerization process to rely as much as possible on green technologies. Typically, numerous hydrophilic and biocompatible polymers such as poly((2-dimethylamino)ethyl methacrylate) (PDMAEMA) [14], poly(N-vinyl-2-pyrrolidone) (PVP) [15], poly(2-hydroxyethyl methacrylate) (PHEMA) [16], poly(2-oxazoline)s [17], poly(acrylic acid) (PAA) [18], or poly(amino acids) [19] are used as corona-forming segments of the block copolymer micelles for drug delivery applications. However, the most widely used nonionic hydrophilic polymer is poly(ethylene glycol) (PEG), which is characterized by excellent biocompatibility and antifouling properties [20]. PEG is approved by the US Food and Drug Administration (USFDA) for application in the human body and enables prolonged blood circulation of the corresponding nanocarriers due to the so-called “stealth” effect, leading to a minimal risk of particles’ opsonization followed by their elimination via reticuloendothelial system uptake [21,22]. Additionally, it has been demonstrated that PEG can be end-modified with suitable functionalities, thus imparting active targeting properties of the copolymer micelles [23]. The hydrophobic blocks of amphiphilic copolymers form the core of the corresponding micelles in aqueous media, and they are capable of solubilizing and protecting the drug during systemic circulation. The delicate balance between the micelles’ drug-loading efficiency and the following release into the target site is governed by the drug–hydrophobic polymer interactions and the structural parameters of the block copolymers [24]. This balance can be finely tuned through an appropriate choice of hydrophobic segments for the amphiphilic copolymers. Commonly used hydrophobic polymers are biodegradable polyesters such as polylactide (PLA) or poly(ε-caprolactone) (PCL), polyoxazoline-based polymers, and protected hydrophobic poly(amino acids) [25]. Additionally, aliphatic polycarbonates also show great potential for biomedical applications since they exhibit a unique combination of biodegradability and biocompatibility [26]. Their synthesis can be relatively easily achieved by the ring-opening polymerization (ROP) of corresponding cyclic carbonates [27]. Amphiphilic block copolymers of various architectures containing carbonate units in their hydrophobic segments have been synthesized and evaluated as drug-delivery systems [28,29]. The introduction of various functionalities along the hydrophobic polycarbonate segments of the amphiphilic block copolymers gives an additional option to tune the micelles’ core properties either via enhancing drug solubilization or external stimuli-triggered core disintegration and subsequent drug release [30,31,32].



Curcumin (Curc) is a natural polyphenolic substance representing the main active component isolated from the roots of the plant Curcuma longa L. Curc has attracted enormous interest due to its numerous biological activities such as antioxidant, anticarcinogenic, antimicrobial, anti-inflammatory, hypoglycemic, hepato- and neuroprotective, etc. [33]. However, the poor solubility, rapid metabolism, and rapid elimination lead to a limited bioavailability of Curc. In order to overcome this issue, curcumin has been encapsulated in various nanocarriers such as lipid-based nanoparticles, carbon-based nanostructures, silica nanoparticles, polymeric micelles, and dendrimers [34,35,36,37]. The drug’s efficiency was significantly increased by using multifunctional polymeric micelles as carriers [38,39].



Herein, we present the solvent-free green synthesis of the functional polycarbonate-based amphiphilic block copolymer. A monohydroxy PEG was used as a macroinitiator for the metal-free bulk ring-opening polymerization of an alkyne-functional cyclic carbonate under relatively mild conditions. The block copolymer was characterized, and its self-assembly in aqueous media was evaluated. Stable spherical micelles with an average diameter of 44 nm were formed and were physico-chemically characterized. The polymer micelles were successfully loaded with the natural drug curcumin, and parameters such as drug loading efficiency and drug loading capacity were estimated. The drug release profiles in different media were studied. Initial in vitro evaluations for nanocarriers’ stability in various simulated biological media, as well as the antioxidant activity assay of micellar curcumin, were also performed. Finally, the in vitro cytotoxicity of the empty and drug-loaded nanocarriers was evaluated.




2. Results


2.1. Solvent-Free Green Synthesis and Characterization of a Functional Amphiphilic Poly(ethylene glycol)-block-polycarbonate (MPEG-b-PC) Diblock Copolymer


One of the key aspects of green chemistry is the removal of solvents in synthetic processes or the replacement of toxic solvents with environmentally benign ones. Accordingly, a solvent-free polymerization route to a polycarbonate-based amphiphilic diblock copolymer intended for biomedical applications is presented in Scheme 1.



Well-defined methoxy-poly(ethylene glycol) with narrow dispersity (ÐM 1.03) was used as a macroinitiator for the ring-opening polymerization of an alkyne-functional cyclic carbonate monomer. The polymerization was performed in bulk at the moderate temperature of 60 °C in an inert atmosphere. Under these conditions, the macroinitiator melted and served as a reaction medium solubilizing the monomer. Moreover, potential side reactions, such as polycarbonate homopolymer formation that might occur at elevated temperatures (above 100 °C), were avoided. Keeping in mind the intended biomedical application of the diblock copolymer the metal-free organic catalyst, 4-dimethylaminopyridine (DMAP) was chosen for the current synthetic procedure. Controlled organocatalyzed ring-opening polymerization was initially reported for the metal-free synthesis of the polyesters and was further extended to the polymerization of cyclic carbonates [40,41]. The solvent-free polymerization of the alkyne-functional cyclic carbonate proceeded for 20 h, and the crude product was purified in 2-propanol in order to remove the potentially unreacted macroinitiator and the catalyst. The isolated block copolymer was analyzed to determine the molar mass characteristics. With the knowledge of the macroinitiator’s molar mass, the average degree of functional cyclic carbonate polymerization (DPn) was estimated by 1H NMR spectroscopy in DMSO-d6 (Figure 1a). By comparing the integral intensities of oxyethylene protons from the macroinitiator at 3.50 ppm and the methylene protons located next to the terminal alkyne group at 4.73 ppm, the average degree of MPC polymerization was calculated to be 24 (Figure 1a). It should be noted that the polymerization process under the chosen conditions is highly efficient with practically complete monomer conversion and high macroinitiator efficiency. The target degree of carbonate polymerization calculated from the molar ratio between the monomer and the macroinitiator in the feed (t-DPn) was 25.



The formation of diblock polymer architecture was confirmed by GPC analysis (Figure 1b). There is a clear shift toward higher molar masses of the diblock copolymer compared to the macroinitiator. The molar mass distribution of the diblock copolymer remains monomodal with a somewhat increased but still narrow dispersity. The estimated dispersity of the solvent-free synthesized amphiphilic block copolymer (ÐM = 1.24) is slightly higher than the block copolymers with similar composition obtained in an organic solution (ÐM = 1.05–1.12) [42]. The result is not surprising for the polymerization process performed in bulk. However, the slightly increased block copolymer dispersity is a reasonable compromise taking into account the complete removal of the organic solvents from the synthetic procedure.



The successful polymerization was also evidenced by FTIR analysis (Figure 2). The strong band at 1100 cm−1 was attributed to the stretching vibrations of the C-O-C groups from the polyether chain in the macroinitiator’s spectrum (Figure 2a). An additional strong band at 1748 cm−1 corresponding to C=O stretching vibrations appeared in the FTIR spectrum of the block copolymer and was attributed to the polycarbonate block (Figure 2b). Moreover, the band at 3287 cm−1 is characteristic of stretching vibrations of C≡C–H from the alkyne side groups of the newly formed polymer block.



The molar mass characteristics of the macroinitiator and the functional diblock copolymer are summarized in Table 1.




2.2. Self-Assembly and Micelles Physico-Chemical Characterization


The amphiphilic nature of the synthesized block copolymer is a prerequisite to its self-assembly in aqueous media driven by the hydrophobic interactions between the polycarbonate units in order to minimize energetically unfavorable hydrophobe–water interactions, thus forming the core of the micelle, whereas the structure would be stabilized by a shell of the hydrophilic PEG chains. Furthermore, the core of the micelle would be functionalized with numerous alkyne “clickable” groups allowing for further modifications. The block copolymer self-assembly capability was evaluated by applying the nanoprecipitation technique. Initially, the copolymer was dissolved in acetone, which is a good solvent for both blocks followed by a dropwise addition to vigorously stirred water, which is a strong selective solvent for PEG. After the organic solvent evaporation and concentration adjustment, the aqueous dispersion was subjected to further analyses.



An important parameter characterizing the supramolecular aggregates’ thermodynamic stability is the so-called critical micelle concentration (CMC), i.e., the concentration above which the aggregates are spontaneously formed. In order to estimate the CMC of the functional amphiphilic MPEG-b-PC diblock copolymer, a spectroscopic dye solubilization method was applied [43]. A series of copolymer aqueous solutions/dispersions with increasing concentrations in the presence of the hydrophobic dye DPH were prepared. The onset and the increasing of the dye solubilization into the micelles’ hydrophobic core were detected and followed by UV/Vis spectroscopy. The block copolymer CMC value was estimated from the curve presented in Figure 3.



The obtained value for the CMC of 0.019 mg mL−1 is in the micromolar range (1.95 × 10−6 M) and is an indication of enhanced thermodynamic stability of the block copolymer micelles formed. The results from the CMC evaluation are in good agreement with those obtained for amphiphilic block copolymers of similar compositions [42]. It is worth mentioning that all the further evaluations of the block copolymer micelles were performed at concentrations that were much higher than the estimated CMC value.



The aqueous dispersions of the block copolymer were analyzed by dynamic light scattering. The results confirmed the formation of nanosized particles with monomodal and relatively narrow size distribution (Figure 4a, red curve). The detected average diameter of 44 nm is beneficial for the potential use of copolymer micelles as drug nanocarriers. It has been already demonstrated that average diameters of about 50 nm are optimal for nanoparticles intended for biomedical applications concerning their cellular uptake via the enhanced permeability and retention (EPR) effect [44]. At the same time, the size is large enough to prevent particles’ fast renal clearance and secure their longer systemic circulation. The particles’ size distribution curves by number are also presented (Figure S1). As expected, they revealed much smaller average diameters. The measured electrophoretic mobility and hence the calculated zeta potentials of −0.44 mV indicates, as expected, that the hydrophilic PEG surface of the micelles is neutral and would avoid the protein adsorption in potential in vivo applications (Figure 4b).



The block copolymer micelles’ morphology was visualized via transmission electron microscopy (TEM) (Figure 5a) and atomic force microscopy (AFM) (Figure 5b).



The corresponding images obtained by both methods show the presence of spherical particles with average diameters that are slightly lower but still close to those detected by DLS measurements in a fully hydrated state. Most likely, the differences are due to the fact the sizes measured from both TEM and AFM analyses are referred to as collapsed micelles after solvent evaporation, whereas DLS determines the particles’ hydrodynamic diameter, which is sensitive to the shell swelling caused by water.




2.3. Drug Loading and In Vitro Release Studies


Following the positive results from the self-assembly and physico-chemical studies indicating the formation of stable nanosized spherical micelles from the MPEG-b-PC amphiphilic diblock copolymer, further efforts were focused on the evaluation of micelles’ ability to encapsulate hydrophobic drugs. Curcumin was chosen as a model drug due to its numerous biological activities but at the same time, it is characterized by poor water solubility and photo and chemical sensitivity. Moreover, the parameters concerning the drug loading and release evaluation could be relatively easily estimated due to the drug’s characteristic UV/Vis absorption spectrum. The model drug was loaded into the micelles during the process of their preparation. Thus, Curc was dissolved together with the copolymer at a 1:10 (w/w) ratio into a small, predetermined amount of organic solvent (acetone), and the solution was added dropwise to a larger aqueous volume. After the organic phase evaporation, the hydrophobic polymer blocks and the drug co-assembled into the core of the micelle. The final aqueous dispersion concentration was adjusted to 1 mg mL−1 and filtered through a 0.45 μm in order to remove the insoluble free drug. The drug-loaded micelles were recovered through lyophilization and destroyed by dissolving them into a predetermined amount of acetone. The drug loading efficiency (DLE) and the drug loading capacity (DLC) of the block copolymer nanocarriers were calculated using the data obtained from the respective UV/Vis absorption spectrum and applying Equations (3) and (4) shown in Section 3. The calculated values for the DLE and DLC of curcumin-loaded micelles were 62 wt% and 5.7 wt%, respectively.



The drug-loaded copolymer micelles (MPEG-b-PC/Curc) were also subjected to DLS analyses. The results obtained showed an approx. 10 nm increase in the average diameters for the drug-loaded micelles compared to the empty ones (Figure 4a). The increase in the size could be attributed to the hydrophobic core expansion as a result of drug solubilization. The size distribution was still monomodal and even narrower than the empty micelles. It might be speculated that the co-assembly process between the amphiphilic block copolymer and the hydrophobic drug is responsible for the formation of micelles with narrower size distribution. The particles’ average diameter increase after the drug loading is also clearly visible from the DLS size distribution curves by number (Figure S1). The zeta potential measurements on the drug-loaded micelles showed a slightly positive but still close to neutral surface charge (Figure 4b). Taking into account the standard deviations from the measurements, it might be concluded that there is no statistically significant difference in the surface charge between the empty and the drug-loaded micelles. This is an indication that the drug is loaded mainly into the core of the micelles. TEM and AFM analyses of the loaded block copolymer micelles confirmed that there was no change in particles’ morphology after drug encapsulation, just a slight increase in the average diameters (Figure S2). The characteristics of the block copolymer micelles before and after drug loading are presented in Table 2.



Drug release studies from the block copolymer micelles were performed to evaluate the impact of excipients on curcumin release. The in vitro drug release profiles from the block copolymer micelles were followed and evaluated in three different release media. The amount of the released curcumin at predetermined time intervals was quantified via UV/Vis spectroscopy. The cumulative percentages of drug release as a function of time are presented in Figure 6.



Initially, the curcumin release profiles were obtained using a dialysis membrane in order to separate the micelles dispersion from the aqueous release media containing drug solubilizing additives (Figure 6a,b). In cases when various amounts ranging from 2 to 20% (v/v) of ethanol were used to solubilize the released Curc, it was noticed that the drug remains trapped onto the membrane surface resulting in an incorrect release profile. Therefore, in order to prevent the adsorption and enhance the permeation of the drug across the dialysis membrane, the amount added to the release media ethanol was increased to 50% (v/v) (Figure 6a). However, the addition of such an amount of ethanol changed significantly the composition of the release media. In another experiment, 1% (w/v) Tween® 20 was added to the aqueous release media, and no traces of curcumin retention onto the dialysis membrane were observed. The corresponding Curc release profile is presented in Figure 6b. Alternatively, the drug release profile was obtained by non-mixing with water organic solvent (chloroform) as a release media, thus avoiding the use of a dialysis membrane (Figure 6c). However, the so-called biphasic dissolution model is rarely used for drug release evaluation since there is a possibility of micelles’ dissolution at the water/organic solvent interface, leading to increased values for drug release [45]. All three profiles obtained under different conditions showed a burst drug release during the first hours of evaluation. In the case of the biphasic dissolution model, the whole amount of the encapsulated drug was released after 8 h, most likely due to a gradual micelle dissolution, as already discussed (Figure 6c). In the cases when aqueous release media were used, the first stage was followed by a sustained drug release (Figure 6a,b). The initial burst drug release followed first order-like kinetics might be due to the release of curcumin located on the periphery of the micelles’ core, close to the hydrophilic shell. The water/ethanol system showed fast initial drug release, reaching 68% of the released Curc for 48 h. The fast-release kinetics could be attributed to the micelles’ core swelling caused by the presence of 50% alcohol in the system (Figure 6a). On the contrary, just 28% of Curc was released from the micelles in aqueous media containing 1% Tween® 20 after 8 h, followed by a much slower and sustained drug release reaching 50% for 48 h (Figure 6b). Since the water/Tween® 20 system contains only a 1% solubilizing additive, it might be the most relevant for the Curc release evaluation. According to the results obtained, most of the drug would be safely preserved in the core of the micelle during the nanocarrier systemic circulation. However, the results from any in vitro drug release evaluation should be interpreted with caution since they are strongly dependent on the release media and the solubilizing additives used.




2.4. In Vitro Stability, Protein Adsorption, and Antioxidant Activity Evaluation


The drug-loaded block copolymer micelle stability was evaluated in simulated post-intravenous injection blood conditions. The micelles were incubated in phosphate-buffered saline (PBS, pH 7.4), fetal bovine serum (FBS), and fibrinogen protein solutions at 37 °C and, at predetermined time intervals, the variations in their average diameters were detected by DLS measurements. The results showed that under simulated physiological conditions (PBS, 37 °C), the drug-loaded polymer micelles remained stable after 8 h of incubation with no significant change in average sizes (Figure 7).



A more noticeable increase in micelles’ diameters was detected after 24 h of incubation but was still below 200 nm. Similar evaluations were performed in two other biologically simulated proteins (FBS and fibrinogen) containing media. The potential protein adsorption estimation is important since if it takes place, it could lead to nanocarriers’ disassembly and untimely drug release during systemic circulation. The FBS solution did not affect block copolymer micelles’ sizes after 8 h of incubation (Figure 7). In the case when the drug-loaded micelles were incubated in the fibrinogen solution, somewhat bigger particles were formed from the initial time of mixing. Although some fluctuations in micelles’ diameters were detected after 8 h of incubation, they did not exceed 200 nm (Figure 7). After 24 h, both FBS and fibrinogen-incubated micelles significantly increased their diameters apparently due to protein adsorption. Nevertheless, it has been already shown that the maximum level of accumulated PEG coated micelles into the tumor tissue via the EPR effect, which is typically achieved within 6 h after their intravenous injection [46]. Consequently, the curcumin-loaded block copolymer micelles (MPEG-b-PC/Curc) demonstrate stability in biologically simulated media and might be suitable candidates for further in vitro and in vivo evaluations as safe nanocarriers of hydrophobic drugs.



The in vitro antioxidant activity assay of the curcumin-loaded copolymer micelles aimed at determining whether the encapsulation of the drug into the nanosized carrier affects its biological properties. The DPPH• radical scavenging activity of free and micellar curcumin as a function of their increasing concentrations in ethanol/water mixture (1:1, v/v) is presented in Figure 8a. The obtained curves were used for the determination of the respective IC50 values. A higher free radical scavenging activity corresponds to a lower IC50 value (Figure 8b).



Thus, the free drug solubilized in the water/ethanol mixture exhibits better scavenging activity with IC50 = 17.7 μg mL−1 compared to the encapsulated curcumin. The IC50 value of the micellar curcumin was calculated to be 24.2 μg mL−1, indicating that a higher concentration from the micelles is needed to reduce activity by 50%. Nevertheless, the obtained value is still close to that of the free curcumin, which is an indication that the micellar drug’s antioxidant activity is preserved. Additionally, the scavenging activity of unloaded MPEG-b-PC block copolymer micelles was also performed. The results (not shown) revealed quite weak and concentration-independent activity, lacking IC50 value. Thus, the scavenging activity of the drug-loaded micelles is attributed solely to the curcumin itself with no contribution from the nanocarrier. It is worth noting that under in vivo conditions, a superior activity of the micellar curcumin is expected.




2.5. In Vitro Metabolic Activity and Morphology of MDCK II Cells Treated with Empty and Curcumin-Loaded Block Copolymer Micelles


Cytotoxicity evaluations are widely used to demonstrate whether the newly synthesized compounds could affect the metabolic activity of cells and, if they could, cause cellular damage and/or cell death. The results of the MTT test performed on MDCK II cells treated with various formulations are presented in Figure 9. It is clearly visible that in the whole investigated wide concentration interval, the empty block copolymer micelles (MPEG-b-PC) exhibit minor cytotoxic potential (Figure 9a). The inhibition of cell metabolic activity was evaluated to be between 5 and 15% versus the untreated control. The established negligible cytotoxic effect of the empty block copolymer micelles is a favorable characteristic for their potential application as drug nanocarriers. As expected, curcumin exhibited a concentration-dependent cytotoxic effect on MDCK II cells (Figure 9b). On the other hand, no significant effect on the metabolic activity of cells treated with curcumin-loaded block copolymer micelles (MPEG-b-PC/Curc) was observed. This is an indication that the drug incorporation into the core of the non-toxic polymer micelles masks its toxicity on the evaluated normal cell line.



Furthermore, no significant effect on the morphology of cells treated both with empty (MPEG-b-PC) and curcumin-loaded (MPEG-b-PC/Curc) block copolymer micelles compared to the untreated control cells was observed (Figure 10a). The difference between the acridine orange (AO, green to red)-stained microsomal fraction of treated and untreated (control) cells was found to be in the 5–7% range (Figure 10b). This negligible effect, as well as the low degree of cytotoxicity, suggests that both the empty and curcumin-loaded block copolymer micelles are biocompatible and do not affect the cellular metabolism of the evaluated normal cell line. The results obtained indicate that the functional copolymer micelles display protective properties and are promising candidates for further investigation as nanocarriers for biomedical applications.



Overall, the green synthetic path toward the functional amphiphilic block copolymer comprising biocompatible and biodegradable segments, its self-assembly into stable core-shell nanosized micelles followed by successful loading with a hydrophobic drug, and the performed in vitro evaluations altogether revealed the potential of the nanocarriers obtained for biomedical applications.





3. Materials and Methods


3.1. Materials and Reagents


All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA). Methoxy-poly(ethylene glycol) (MPEG-5K, Mn = 5000 g mol−1) was freeze-dried from toluene. Tetrahydrofuran (THF, >99%) and N,N-dimethylformamide (DMF, ≥99.5%) were distilled from calcium hydride prior to use. Triethylamine (TEA, 99%) was distilled from potassium hydroxide. 2,2-Bis(hydroxymethyl)propionic acid (98%), propargyl bromide (80 wt% in toluene), ethyl chloroformate (97%), 4-dimethylaminopyridine (DMAP, >99%), 1,6-diphenyl-1,3,5-hexatriene (DPH, 98%), 2,2-diphenyl-1-picrylhydrazyl free radical (DPPH•), curcumin (Curc), potassium hydroxide (ACS reagent, ≥85%), Na2SO4 (≥99.0%), diethyl ether (for analysis), dichloromethane (DCM, ≥99.5%), and acetone (ACS reagent, ≥99.5%) were used as received.



5-Methyl-5-propargyloxycarbonyl-1,3-dioxane-2-one (MPC) was synthesized following a two-step already described procedure [47]. Briefly, 2,2-Bis(hydroxymethyl)propionic acid (3 g, 22.4 mmol) and potassium hydroxide (1.37 g, 24.4 mmol) were dissolved in 17 mL of DMF. After 1.5 h of stirring at 100 °C, propargyl bromide (4.1 mL, 80 wt% solution in toluene) was added dropwise, and the reaction was stirred at 70 °C for another 40 h. Finally, the resulting solids were filtered off and the filtrate was concentrated under a vacuum. The residue was dissolved in 5 mL of distilled water and extracted three times with 15 mL of DCM. The organic phase was dried over Na2SO4, and DCM was removed in a vacuum, yielding propargyl-2,2-bis(hydroxymethylpropionate) as a clear viscous liquid (2.95 g, 77%). In the next step, propargyl-2,2-bis(hydroxymethylpropionate) (3.15 g, 18.5 mmol) and ethyl chloroformate (4.02 g, 37 mmol) were dissolved in 50 mL of THF at 0 °C. After 30 min, TEA (4.5 g, 44 mmol) was added dropwise. Then, the mixture was stirred at room temperature for 24 h. Finally, the TEA.HCl salts were filtered off and the filtrate was concentrated in a vacuum to obtain a viscous liquid. The product was recrystallized from diethyl ether to give light brown crystals. Yield: 45%. 1H NMR (600 MHz, CDCl3, δ, ppm): δ 1.37 (s, 3H, -CH3), δ 2.54 (t, 1H, -CH2-C≡CH), δ 4.23–4.24 (d, 2H, -CH2-C(CH3)-CH2-), δ 4.72–4.74 (d, 2H, -CH2-C(CH3)-CH2-), and δ 4.79 (d, 2H, -CH2-C≡CH).




3.2. Solvent-Free Synthesis of Poly(ethylene glycol)-block-polycarbonate Functional Amphiphilic Copolymer (MPEG-b-PC)


MPEG-5K (1 g, 0.2 mmol) and MPC (0.99 g, 5.0 mmol) were freeze-dried from a toluene solution. Then, DMAP (49 mg, 0.4 mmol) was added, and the mixture was dried under a high vacuum for 30 min followed by flushing the flask with argon. The polymerization proceeded in bulk at 60 °C (oil bath) for 20 h. The crude product was extracted with 2-propanol, filtered, and dried to yield an MPEO-b-PC diblock copolymer. Yield: 1.8 g, 92%. 1H NMR (600 MHz, DMSO-d6, δ, ppm): 4.73 (s, OCH2C≡CH), 4.21–4.26 (m, OCH2CH2O(C=O) + OC(O)OCH2), 3.50 (s, OCH2CH2O), 3.23 (s, CH3O), 2.52 (s, CH2C≡CH), and 1.18 (s, CH3).




3.3. Characterization


1H NMR spectra were recorded in CDCl3 or DMSO-d6 on a Bruker Avance II+ 600 MHz instrument (Billerica, MA, USA). The average molar mass and dispersity of the polymers were determined by gel permeation chromatography (GPC) using a Shimadzu Nexera XR HPLC chromatograph equipped with a quaternary pump, degasser, automatic injector, column heater, UV/Vis (SPD-20A) detector, differential refractive index (RID-20A) detector, 10 μm PL gel mixed-B, and 5 μm PL gel 500 Å and 50 Å columns. The mobile phase was tetrahydrofuran (THF) with a flow rate of 1.0 mL min−1. The system was calibrated with polystyrene narrow molar mass standards. UV/Vis spectra were taken on a DU 800 Beckman Coulter spectrometer (Brea, CA, USA). Infrared spectra were obtained from an IRAffinity-1 Shimadzu Fourier Transform Infrared (FTIR) spectrophotometer (Kyoto, Japan) with a MIRacle attenuated total reflectance attachment. Transmission electron microscope (TEM) images were obtained using an HRTEM JEOL JEM-2100 (200 kV) instrument equipped with a CCD camera, GATAN Orius 832 SC1000, and GATAN Microscopy Suite Software. Atomic force microscope (AFM) images were taken on a Bruker NanoScope V9 instrument with a 1.00 Hz scan rate under ambient conditions. Observations were performed in ScanAsyst (Peak Force Tapping) mode. The average diameters and size distributions of the prepared micelles were determined by dynamic light scattering (DLS) using a NanoBrook Plus PALS instrument (Brookhaven Instruments), equipped with a 35 mW solid-state laser operating at λ = 660 nm and a scattering angle of 90°. The particles’ hydrodynamic diameters (dH) were determined according to the Stokes–Einstein equation:


dH = kT/(3πηD),



(1)




where k is Boltzmann’s constant, T is the absolute temperature, η is the viscosity, and D is the diffusion coefficient.



The ζ potentials were calculated from the obtained electrophoretic mobility by the Smoluchowski equation:


ζ = 4πημ/ε,



(2)




where η is the solvent viscosity, μ is the electrophoretic mobility, and ε is the dielectric constant of the solvent.



The size and zeta potential measurements were carried out in an automated mode in triplicate and recorded as averages of 3 and 20 runs, respectively. The polymer dispersions were passed through Millipore® 0.45 μm pore-sized syringe filters prior to measurements.




3.4. Preparation of Micelles


The block copolymer micelles were prepared by the nanoprecipitation technique. The block copolymer was initially dissolved in acetone (10 mg mL−1). Then, 0.5 mL from the polymer solution was added dropwise to approx. 3 mL of ultrapure water (18.2 MΩ cm) under vigorous stirring. Finally, acetone was removed on a rotary evaporator, and the concentration of the micellar dispersions was adjusted to 1 or 2 mg mL−1 by the addition of ultrapure water.




3.5. Estimation of the Critical Micelle Concentration (CMC)


The dye solubilization method of Alexandridis et al. [43] was employed to determine the CMC of PEG-b-PC in water. Briefly, a series of block copolymer solutions with gradually increasing concentrations (from 0.001 to 2.0 mg mL−1) were prepared followed by the addition of 10 μL from a 0.4 mM solution in methanol of 1,6-diphenyl-1,3,5-hexatriene (DPH). After 18 h of incubation in the dark, the samples were subjected to UV spectroscopic analysis. The absorption intensity of DPH at λmax = 356 nm was plotted as a function of block copolymer concentration. The CMC value for the amphiphilic diblock copolymer was determined as the intersection point of the two straight lines from the absorption intensity vs. concentration plots.




3.6. Drug Loading and In Vitro Drug Release Experiments


The preparation procedure of curcumin-loaded micelles was similar to the unloaded ones. Typically, curcumin was dissolved in acetone (1 mg mL−1), and 1 mL of solution was added to dissolve 10 mg of the block copolymer. Then, 0.5 mL from the copolymer/curcumin solution was added to 3 mL of water under vigorous stirring and after the acetone removal on a rotary evaporator, the concentration was adjusted to 1 mg mL−1 (micelles to curcumin ratio—10:1 w/w). The micellar dispersion was filtered (0.45 μm), lyophilized, and then resuspended in acetone for UV-vis spectroscopic analysis at a wavelength of 418 nm. A previously obtained value for the extinction coefficient, ε = 61,882 M−1 cm−1 (λmax = 418 nm), of Curc in acetone was used to quantify the drug content encapsulated into the micelles [48]. The drug loading efficiency (DLE) and drug loading capacity (DLC) were calculated according to the following equations:


DLE (wt%) = (amount of curcumin in micelles/total initial amount of curcumin) × 100



(3)






DLC (wt%) = (amount of curcumin in micelles/amount of the micelles) × 100



(4)







The in vitro release of curcumin from the polymer micelles was studied in three different media. The micellar dispersions were placed into a dialysis membrane (MWCO = 50,000 Da) and immersed into 100 mL of the release media distilled water supplemented with Tween® 20 (1% w/v) or ethanol (50% v/v). The studies were conducted at 37 °C under stirring of the release medium (100 rpm). At certain time intervals, samples were withdrawn from the buffered media, and the concentration of the released curcumin was determined by UV-vis spectroscopy (λmax = 421 nm for water/Tween® and λmax = 424 nm for water/ethanol system). Alternatively, the in vitro release of Curc from the block copolymer micelles was studied using a non-mixing organic solvent (chloroform) as a release media. Typically, 4 mL of the aqueous Curc-loaded micelles’ dispersion (0.5 mg mL−1) were placed in a vial at 37 °C, followed by the addition of 2 mL of chloroform. At predetermined time intervals, 1 mL from the organic phase was withdrawn and subjected to UV/Vis spectroscopy (λmax = 415 nm, ε = 53,703 M−1 cm−1) while the release medium volume was kept constant by the addition of an equal volume of fresh chloroform. The in vitro release experiments were run in triplicate.




3.7. In Vitro Stability and Protein Adsorption


The in vitro stability and protein adsorption of Curc-loaded nanoparticles were investigated in phosphate-buffered saline (PBS), fetal bovine serum (FBS), and fibrinogen solutions. Typically, 1 mL of PBS (pH 7.4), 10% (v/v) FBS, or 1 wt% fibrinogen was added to equal volumes of nanocarrier dispersions (1 mg mL−1). The dispersions were gently mixed at 37 °C, and the changes in the average particle diameters at different time intervals of incubation were followed by DLS measurements. The experiments were run in triplicate, and the results were expressed as mean value ±SD.




3.8. Antioxidant Activity Estimation via DPPH• Radical Scavenging Assay


The DPPH• scavenging activity of the curcumin-loaded micelles was determined using a previously described procedure with slight modifications [49]. Initially, 0.2 mM DPPH• solution was prepared in ethanol. For the analysis, 1 mL from block copolymer micelle dispersions in water prepared in a 10–50 mg mL−1 concentration range were mixed with 1 mL of DPPH• radical solution. The mixtures were left in the dark at room temperature for 30 min. The absorbance values of the mixtures were measured at a λmax value of 517 nm by UV/Vis spectroscopy. The solution of DPPH• in ethanol/distilled water 1:1 (v/v) was used as a control. The DPPH• radical scavenging activity was calculated by the following equation:


% DPPH• radical scavenging activity = {(A0 − A1)/A0} × 100



(5)




where A0 is the absorbance of the control and A1 is the absorbance of the sample.



The experiment was run in triplicate.



The calculated mean % of inhibition was plotted against the concentration, and from the graph, the IC50 value was calculated.




3.9. MTT Test


MDCK II cells were seeded in 96-well plates with initial concentrations of 1 × 105 cells/mL in a DMEM medium, supplemented with 10% FBS (fetal bovine serum) and Penicillin/Streptomycin (Sigma-Aldrich, St. Louis, MO, USA). The cells were treated with curcumin and curcumin-loaded copolymer micelles (Curc concentrations between 1 and 6 µg mL−1) as well as empty copolymer micelles (concentrations between 4.9 and 250 µg mL−1) for 6h in cell media without FBS. MTT assays were performed as previously described [50].




3.10. Acridine Orange Staining


Acridine orange (AO) was previously used to visualize the microsomal fractions in eukaryotic cells after incubation with amphiphilic block copolymer micelles [51]. MDCK II cells were seeded at initial concentrations of 1 × 105 cells/mL on coverslips. After 24 h, cells were treated with Curc (3 µg mL−1), empty polymer micelles (50 µg mL−1), and Curc-loaded polymer micelles (3 µg mL−1 curcumin) for 6 h in cell media without FBS. After incubation, the cells were washed with PBS and treated with AO (0.05% solution in PBS) for 5 min. Untreated cells incubated in a cell medium without FBS for 6h were used as a control. Images of the treated cells and controls were taken with a Nikon Eclipse system at 40× magnification using a 488 nm filter. The calculation of the total amount of the microsomal fraction was estimated using ImageJ free software, and the results were presented as a percentage of the control.





4. Conclusions


A solvent-free polymerization route for the synthesis of a well-defined polycarbonate-based functional amphiphilic diblock copolymer was established. Moreover, bulk polymerization was performed at a relatively low temperature. The block copolymer self-assembled in aqueous media into stable spherical micelles with a hydrophobic polycarbonate core and a hydrophilic PEG shell. The micelles were physico-chemically characterized and successfully loaded with the natural hydrophobic drug curcumin. Parameters such as drug loading efficiency and drug loading capacity were estimated. The results from the performed in vitro stability and protein adsorption evaluations of the drug-loaded micelles together with the high antioxidant activity of the encapsulated curcumin, as well as the results from the cell metabolic activity and cell morphology evaluations, are promising for their potential use in nanomedicine.








Supplementary Materials


The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/ijms241310588/s1.





Author Contributions


Conceptualization, I.D. and R.K.; methodology, I.D., R.K., S.P. and J.D.; validation, R.K., G.G. and K.M; formal analysis, R.K., G.G. and K.M.; investigation, I.D., R.K., K.M., S.P. and J.D.; writing—original draft preparation, I.D.; data curation, R.K. and K.M.; writing—review and editing, I.D., R.K., S.P. and J.D.; visualization, R.K., G.G. and K.M.; project administration, I.D.; funding acquisition, I.D. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the European Regional Development Fund within the Operational Programme “Science and Education for Smart Growth 2014–2020”, grant number BG05M2OP001-1.001-0008-C01.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


Research equipment from the Distributed Research Infrastructure INFRAMAT, part of the Bulgarian National Roadmap for Research Infrastructures, supported by the Bulgarian Ministry of Education and Science, was used in this investigation.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



Anastas, P.; Eghbali, N. Green Chemistry: Principles and practice. Chem. Soc. Rev. 2010, 39, 301–312. [Google Scholar] [CrossRef]

	



Osváth, Z.; Szőke, A.; Pásztor, S.; Szarka, G.; Závoczki, L.B.; Iván, B. Post-polymerization heat effect in the production of polyamide 6 by bulk quasiliving anionic ring-opening polymerization of ε-caprolactam with industrial components: A green processing technique. Processes 2020, 8, 856. [Google Scholar] [CrossRef]

	



Seyednejad, H.; Ghassemi, A.H.; van Nostrum, C.F.; Vermonden, T.; Hennink, W.E. Functional aliphatic polyesters for biomedical and pharmaceutical applications. J. Control Release 2011, 152, 168–176. [Google Scholar] [CrossRef] [PubMed]

	



Suzuki, R.; Xia, X.; Gao, T.; Yamamoto, T.; Tajima, K.; Isono, T.; Satoh, T. Synthesis of hyperbranched polyesters via the ring-opening alternating copolymerisation of epoxides with a cyclic anhydride having a carboxyl group. Polym. Chem. 2022, 13, 5469–5477. [Google Scholar] [CrossRef]

	



Yadav, N.; Seidi, F.; Crespy, D.; D’Elia, V. Polymers based on cyclic carbonates as trait d’union between polymer chemistry and sustainable CO2 utilization. ChemSusChem 2019, 12, 724–754. [Google Scholar] [CrossRef] [PubMed]

	



Fallon, M.; Halligan, S.; Pezzoli, R.; Geever, L.; Higginbotham, C. Synthesis and characterisation of novel temperature and pH sensitive physically cross-linked poly(N-vinylcaprolactam-co-itaconic acid) hydrogels for drug delivery. Gels 2019, 5, 41. [Google Scholar] [CrossRef]

	



Ansari, I.; Singh, P.; Mittal, A.; Mahato, R.I.; Chitkara, D. 2,2-Bis(hydroxymethyl) propionic acid based cyclic carbonate monomers and their (co)polymers as advanced materials for biomedical applications. Biomaterials 2021, 275, 120953. [Google Scholar] [CrossRef]

	



Zong, Q.; Zhou, S.; Ye, J.; Peng, X.; Wu, H.; Li, M.; Ye, X.; Tian, N.; Sun, W.; Zhai, Y. Aliphatic polycarbonate-based hydrogel dressing for wound healing. J. Drug Deliv. Sci. Technol. 2023, 79, 104083. [Google Scholar] [CrossRef]

	



Kotta, S.; Aldawsari, H.M.; Badr-Eldin, S.M.; Nair, A.B.; YT, K. Progress in polymeric micelles for drug delivery applications. Pharmaceutics 2022, 14, 1636. [Google Scholar] [CrossRef]

	



Raval, N.; Maheshwari, R.; Shukla, H.; Kalia, K.; Torchilin, V.P.; Tekade, R.K. Multifunctional polymeric micellar nanomedicine in the diagnosis and treatment of cancer. Mater. Sci. Eng. C 2021, 126, 112186. [Google Scholar] [CrossRef]

	



Matsumura, Y.; Maeda, H. A new concept for macromolecular therapeutics in cancer chemotherapy: Mechanism of tumoritropic accumulation of proteins and the antitumor agent Smancs. Cancer Res. 1986, 46, 6387–6392. [Google Scholar] [PubMed]

	



Islam, W.; Niidome, T.; Sawa, T. Enhanced permeability and retention effect as a ubiquitous and epoch-making phenomenon for the selective drug targeting of solid tumors. J. Pers. Med. 2022, 12, 1964. [Google Scholar] [CrossRef] [PubMed]

	



Jin, G.-W.; Rejinold, N.S.; Choy, J.-H. Multifunctional polymeric micelles for cancer therapy. Polymers 2022, 14, 4839. [Google Scholar] [CrossRef]

	



Cheng, Q.; Du, L.; Meng, L.; Han, S.; Wei, T.; Wang, X.; Wu, Y.; Song, X.; Zhou, J.; Zheng, S.; et al. The promising nanocarrier for doxorubicin and siRNA codelivery by PDMAEMA based amphiphilic nanomicelles. ACS Appl. Mater. Interfaces 2016, 8, 4347–4356. [Google Scholar] [CrossRef] [PubMed]

	



Veeren, A.; Bhaw-Luximon, A.; Mukhopadhyay, D.; Jhurry, D. Mixed poly(vinyl pyrrolidone)-based drug-loaded nanomicelles shows enhanced efficacy against pancreatic cancer cell lines. Eur. J. Pharm. Sci. 2017, 102, 250–260. [Google Scholar] [CrossRef] [PubMed]

	



Toughraï, S.; Malinova, V.; Masciadri, R.; Menon, S.; Tanner, P.; Palivan, C.; Bruns, N.; Meier, W. Reduction-sensitive amphiphilic triblock copolymers self-Assemble into stimuli-responsive micelles for drug delivery. Macromol. Biosci. 2015, 15, 481–489. [Google Scholar] [CrossRef]

	



Muljajew, I.; Huschke, S.; Ramoji, A.; Cseresnyés, Z.; Hoeppener, S.; Nischang, I.; Foo, W.; Popp, J.; Figge, M.T.; Weber, C.; et al. Stealth effect of short polyoxazolines in graft copolymers: Minor changes of backbone end group determine liver cell-type specificity. ACS Nano 2021, 15, 12298–12313. [Google Scholar] [CrossRef]

	



Ma, H.; Niu, Y.; Wang, M.; Hu, S.; Li, H. Synthesis and characterization of pH-sensitive block polymer poly (propylene carbonate)-b-poly (acrylic acid) for sustained chlorpyrifos release. Mater. Today Commun. 2020, 24, 100974. [Google Scholar] [CrossRef]

	



Xie, L.; Liu, R.; Chen, X.; He, M.; Zhang, Y.; Chen, S. Micelles based on lysine, histidine, or arginine: Designing structures for enhanced drug delivery. Front. Bioeng. Biotechnol. 2021, 9, 744657. [Google Scholar] [CrossRef]

	



Shi, D.; Beasock, D.; Fessler, A.; Szebeni, J.; Ljubimova, J.Y.; Afonin, K.A.; Dobrovolskaia, M.A. To PEGylate or not to PEGylate: Immunological properties of nanomedicine’s most popular component, polyethylene glycol and its alternatives. Adv. Drug Deliv. Rev. 2022, 180, 114079. [Google Scholar] [CrossRef]

	



D’souza, A.A.; Shegokar, R. Polyethylene glycol (PEG): A versatile polymer for pharmaceutical applications. Expert Opin. Drug Deliv. 2016, 13, 1257–1275. [Google Scholar] [CrossRef] [PubMed]

	



Zalba, S.; Hagen, T.L.M.; Burgui, C.; Garrido, M.J. Stealth nanoparticles in oncology: Facing the PEG dilemma. J. Control Release 2022, 351, 22–36. [Google Scholar] [CrossRef] [PubMed]

	



Rahme, K.; Dagher, N. Chemistry routes for copolymer synthesis containing PEG for targeting, imaging, and drug delivery purposes. Pharmaceutics 2019, 11, 327. [Google Scholar] [CrossRef] [PubMed]

	



Deshmukh, A.S.; Chauhan, P.N.; Noolvi, M.N.; Chaturvedi, K.; Ganguly, K.; Shukla, S.S.; Nadagouda, M.N.; Aminabhavi, T.M. Polymeric micelles: Basic research to clinical practice. Int. J. Pharm. 2017, 532, 249–268. [Google Scholar] [CrossRef]

	



Hwang, D.; Ramsey, J.D.; Kabanov, A.V. Polymeric micelles for the delivery of poorly soluble drugs: From nanoformulation to clinical approval. Adv. Drug Deliv. Rev. 2020, 156, 80–118. [Google Scholar] [CrossRef]

	



Yu, W.; Maynard, E.; Chiaradia, V.; Arno, M.C.; Dove, A.P. Aliphatic polycarbonates from cyclic carbonate monomers and their application as biomaterials. Chem. Rev. 2021, 121, 10865–10907. [Google Scholar] [CrossRef]

	



Abdel Baki, Z.; Dib, H.; Sahin, T. Overview: Polycarbonates via ring-opening polymerization, differences between six- and five-membered cyclic carbonates: Inspiration for green alternatives. Polymers 2022, 14, 2031. [Google Scholar] [CrossRef]

	



Chen, W.; Meng, F.; Cheng, R.; Deng, C.; Feijen, J.; Zhong, Z. Advanced drug and gene delivery systems based on functional biodegradable polycarbonates and copolymers. J. Control Release 2014, 190, 398–414. [Google Scholar] [CrossRef]

	



Thomas, A.W.; Dove, A.P. Postpolymerization modifications of alkene-functional polycarbonates for the development of advanced materials biomaterials. Macromol. Biosci. 2006, 16, 1762–1775. [Google Scholar] [CrossRef]

	



Kalinova, R.; Yordanov, Y.; Tzankov, B.; Tzankova, V.; Yoncheva, K.; Dimitrov, I. Cinnamyl modified polymer micelles as efficient carriers of caffeic acid phenethyl ester. React. Funct. Polym. 2020, 157, 104763. [Google Scholar] [CrossRef]

	



Ray, P.; Confeld, M.; Borowicz, P.; Wang, T.; Mallik, S.; Quadir, M. PEG-b-poly (carbonate)-derived nanocarrier platform with pH-responsive properties for pancreatic cancer combination therapy. Colloids Surf. B 2019, 174, 126–135. [Google Scholar] [CrossRef] [PubMed]

	



Domiński, A.; Konieczny, T.; Duale, K.; Krawczyk, M.; Pastuch-Gawołek, G.; Kurcok, P. Stimuli-responsive aliphatic polycarbonate nanocarriers for tumor-targeted drug delivery. Polymers 2020, 12, 2890. [Google Scholar] [CrossRef]

	



Salehi, B.; Stojanović-Radić, Z.; Matejić, J.; Sharifi-Rad, M.; Anil Kumar, N.V.; Martins, N.; Sharifi-Rad, J. The therapeutic potential of curcumin: A review of clinical trials. Eur. J. Med. Chem. 2019, 163, e527–e545. [Google Scholar] [CrossRef]

	



Sohn, S.-I.; Priya, A.; Balasubramaniam, B.; Muthuramalingam, P.; Sivasankar, C.; Selvaraj, A.; Valliammai, A.; Jothi, R.; Pandian, S. Biomedical applications and bioavailability of curcumin–An updated overview. Pharmaceutics 2021, 13, 2102. [Google Scholar] [CrossRef] [PubMed]

	



Pourmadadi, M.; Abbasi, P.; Eshaghi, M.M.; Bakhshi, A.; Manicum, A.-L.E.; Rahdar, A.; Pandey, S.; Jadoun, S.; Díez-Pascual, A.M. Curcumin delivery and co-delivery based on nanomaterials as an effective approach for cancer therapy. J. Drug Deliv. Sci. Technol. 2022, 78, 103982. [Google Scholar] [CrossRef]

	



Farhoudi, L.; Kesharwani, P.; Majeed, M.; Johnston, T.P.; Sahebkar, A. Polymeric nanomicelles of curcumin: Potential applications in cancer. Int. J. Pharm. 2022, 617, 121622. [Google Scholar] [CrossRef] [PubMed]

	



Prasad, S.; Achazi, K.; Schade, B.; Haag, R.; Sharma, S. Nonionic dendritic and carbohydrate based amphiphiles: Self-assembly and transport behavior. Macromol. Biosci. 2018, 18, 1800019. [Google Scholar] [CrossRef]

	



Momekova, D.; Ugrinova, I.; Slavkova, M.; Momekov, G.; Grancharov, G.; Gancheva, V.; Petrov, P.D. Superior proapoptotic activity of curcumin-loaded mixed block copolymer micelles with mitochondrial targeting properties. Biomater. Sci. 2018, 6, 3309. [Google Scholar] [CrossRef]

	



Babikova, D.; Kalinova, R.; Momekova, D.; Ugrinova, I.; Momekov, G.; Dimitrov, I. Multifunctional polymer nanocarrier for efficient targeted cellular and subcellular anticancer drug delivery. ACS Biomater. Sci. Eng. 2019, 5, 2271–2283. [Google Scholar] [CrossRef]

	



Nederberg, F.; Connor, E.; Möller, M.; Glauser, T.; Hedrick, J. New paradigms for organic catalysts: The first organocatalytic living polymerization. Angew. Chem. Int. Ed. 2001, 40, 2712–2715. [Google Scholar] [CrossRef]

	



Nederberg, F.; Lohmeijer, B.G.G.; Leibfarth, F.; Pratt, R.C.; Choi, J.; Dove, A.P.; Waymouth, R.M.; Hedrick, J.L. Organocatalytic ring opening polymerization of trimethylene carbonate. Biomacromolecules 2007, 8, 153–160. [Google Scholar] [CrossRef]

	



Hu, D.; Peng, H.; Niu, Y.; Li, Y.; Xia, Y.; Li, L.; He, J.; Liu, X.; Xia, X.; Lu, Y.; et al. Reversibly light-responsive biodegradable poly(carbonate)s micelles constructed via CuAAC reaction. J. Polym. Sci. A Polym. Chem. 2015, 53, 750–760. [Google Scholar] [CrossRef]

	



Alexandridis, P.; Holzwarth, J.; Hatton, T. Micellization of poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) triblock copolymers in aqueous solutions: Thermodynamics of copolymer association. Macromolecules 1994, 27, 2414–2425. [Google Scholar] [CrossRef]

	



Tang, L.; Yang, X.; Yin, Q.; Cai, K.; Wang, H.; Chaudhury, I.; Yao, C.; Zhou, Q.; Kwon, M.; Hartman, J.; et al. Investigating the optimal size of anticancer nanomedicine. Proc. Natl. Acad. Sci. USA 2014, 111, 15344–15349. [Google Scholar] [CrossRef] [PubMed]

	



Abouelmagd, S.; Sun, B.; Chang, A.; Ku, Y.; Yeo, Y. Release kinetics study of poorly water-soluble drugs from nanoparticles: Are we doing it right? Mol. Pharm. 2015, 12, 997–1003. [Google Scholar] [CrossRef] [PubMed]

	



Lo, C.-L.; Chou, M.-H.; Lu, P.-L.; Lo, I.; Chiang, Y.-T.; Hung, S.-Y.; Yang, C.-Y.; Lin, S.-Y.; Wey, S.-P.; Lo, J.-M.; et al. The effect of PEG-5K grafting level and particle size on tumor accumulation and cellular uptake. Int. J. Pharm. 2013, 456, 424–431. [Google Scholar] [CrossRef] [PubMed]

	



Lu, C.; Shi, Q.; Chen, X.; Lu, T.; Xie, Z.; Hu, X.; Ma, J.; Jing, X. Sugars-grafted aliphatic biodegradable poly(L-lactide-co-carbonate)s by click reaction and their specific interaction with lectin molecules. J. Polym. Sci. Pol. Chem. 2007, 45, 3204–3217. [Google Scholar] [CrossRef]

	



Babikova, D.; Kalinova, R.; Zhelezova, I.; Momekova, D.; Konstantinov, S.; Momekov, G.; Dimitrov, I. Functional block copolymer nanocarriers for anticancer drug delivery. RSC Adv. 2016, 6, 84634–84644. [Google Scholar] [CrossRef]

	



Tavano, L.; Muzzalupo, R.; Picci, N.; de Cindio, B. Co-encapsulation of lipophilic antioxidants into niosomal carriers: Percutaneous permeation studies for cosmeceutical applications. Colloids Surf. B 2014, 114, 144–149. [Google Scholar] [CrossRef]

	



Kalinova, R.; Mladenova, K.; Petrova, S.; Doumanov, J.; Dimitrov, I. Nanoarchitectonics of Spherical Nucleic Acids with Biodegradable Polymer Cores: Synthesis and Evaluation. Materials 2022, 15, 8917. [Google Scholar] [CrossRef]

	



Stouten, J.; Sijstermans, N.; Babilotte, J.; Pich, A.; Moroni, L.; Bernaerts, K. Micellar drug delivery vehicles formed from amphiphilic block copolymers bearing photo-cross-linkable cyclopentenone side groups. Polym. Chem. 2022, 13, 4832–4847. [Google Scholar] [CrossRef]








[image: Ijms 24 10588 sch001 550] 





Scheme 1. The solvent-free synthetic route to a functional amphiphilic poly(ethylene glycol)-b-polycarbonate diblock copolymer. 
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Figure 1. Functional amphiphilic block copolymer (MPEG-b-PC) characterization via (a) 1H NMR (600 MHz) spectroscopy in DMSO-d6; (b) GPC in tetrahydrofuran vs. polystyrene narrow molar mass standards. 
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Figure 2. FTIR spectra of (a) MPEG-5K macroinitiator; (b) the corresponding functional amphiphilic diblock copolymer (MPEG-b-PC). 
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Figure 3. The effect of MPEG-b-PC block copolymer concentration on the absorption intensity of DPH at 356 nm in aqueous media. 
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Figure 4. Size distributions by intensity (a) and zeta potentials (b) obtained from dynamic light scattering analyses of empty (MPEG-b-PC: d = 44 nm, PdI 0.245, ζ = −0.44 mV) and curcumin-loaded (MPEG-b-PC/Curc: d = 56 nm, PdI 0.208, ζ = 1.53 mV) block copolymer micelles. 
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Figure 5. Morphology of MPEG-b-PC block copolymer micelles: (a) TEM image; (b) AFM image of individually dispersed particles. 
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Figure 6. In vitro release profiles of curcumin from the block copolymer micelles at 37 °C in (a) distilled water containing 50% (v/v) ethanol; (b) distilled water containing 1% (w/v) Tween® 20; (c) a biphasic (water/chloroform) system. Data are expressed as mean value ±SD, n = 3. 
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Figure 7. The stability of curcumin-loaded (MPEG-b-PC/Curc) micelles was assessed by DLS measurements in PBS (pH 7.4), FBS, and fibrinogen protein solutions after various time intervals of incubation at 37 °C. Data are expressed as mean value ±SD, n = 3. 
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Figure 8. Determination of (a) DPPH• radical scavenging activity; (b) IC50 values of DPPH• radical scavenging activity of free curcumin (Curc) and curcumin-loaded block copolymer (MPEG-b-PC/Curc) micelles. Data on the scavenging activity vs. concentration curve are expressed as mean value ±SD, n = 3. 
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Figure 9. Metabolic activity via the MTT test of MDCK II cells after 6 h of incubation with different concentrations of (a) empty MPEG-b-PC block copolymer micelles; (b) free curcumin (Curc) and curcumin-loaded block copolymer micelles (MPEG-b-PC/Curc). Data are presented as percentages of untreated controls and are expressed as mean value ±SE, n = 3. 
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Figure 10. Acridine orange (AO) staining of MDCK II cells treated with curcumin (Curc), curcumin-loaded (MPEG-b-PC/Curc), and empty (MPEG-b-PC) block copolymer micelles. (a) Fluorescent microscope images of the control (untreated) and treated cells; (b) microsomal AO-stained fractions of the control and the treated cells. 
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Table 1. Molar mass characteristics of the MPEG-5K macroinitiator and the corresponding alkyne-functional amphiphilic diblock copolymer.
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Macroinitiator

	

	
Amphiphilic Diblock Copolymer




	
Code

	
DPn a

	
Mn a

(g mol−1)

	
Mn b

(g mol−1)

	
ÐM b

	
Code

	
t-DPn c

	
DPn a

	
Mn a

(g mol−1)

	
Mn b

(g mol−1)

	
ÐM b






	
MPEG-5K

	
114

	
5000

	
4500

	
1.03

	
MPEG-b-PC

	
25

	
24

	
9760

	
7350

	
1.24








a Number average molar masses (Mn) and degrees of polymerization (DPn), as determined by 1H NMR analyses. b Number average molar masses (Mn) and molar mass dispersity (ÐM), as determined by GPC analyses. c Target degree of polymerization, t-DPn = [MPC]0/[OH]0, where [OH]0 is the active center concentration.
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Table 2. Characteristics of block copolymer micelles before and after loading with curcumin.






Table 2. Characteristics of block copolymer micelles before and after loading with curcumin.





	
Empty Micelles (MPEG-b-PC)

	
Curcumin Loaded Micelles (MPEG-b-PC/Curc)




	
d a

(nm)

	
PdI a

	
ζ a

(mV)

	
d a

(nm)

	
PdI a

	
ζ a

(mV)

	
DLE b (wt%)

	
DLC b

(wt%)

	
IC50 c

(μg mL−1)






	
43.61 ± 0.42

	
0.245

	
−0.44 ± 0.75

	
55.88 ± 2.04

	
0.208

	
1.53 ± 1.64

	
62

	
5.7

	
24.20








a Average micelle diameters (d), size distributions (PdI), and zeta potentials (ζ) obtained from DLS measurements. b Drug loading efficiency (DLE) and drug loading capacity (DLC) were determined spectroscopically. c The concentration of the antioxidant required to scavenge 50% DPPH• (IC50) was calculated from the inhibition vs. concentration curve.
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