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Abstract

:

Novel monosubstituted pillar[5]arenes containing both amide and carboxyl functional groups were synthesized. Solid lipid nanoparticles based on the synthesized macrocycles were obtained. Formation of spherical particles with an average hydrodynamic diameter of 250 nm was shown for pillar[5]arenes containing N-(amidoalkyl)amide fragments regardless of their concentration. It was established that pillar[5]arene containing N-alkylamide fragments can form spherical particles with two different sizes (88 and 223 nm) depending on its concentration. Mixed solid lipid nanoparticles based on monosubstituted pillar[5]arenes and surfactant (dodecyltrimethylammonium chloride) were obtained for the first time. The surfactant made it possible to level the effect of the macrocycle concentration. It was found that various types of aggregates are formed depending on the macrocycle/surfactant ratio. Changing the macrocycle/surfactant ratio allows to control the charge of the particles surface. This controlled property will lead to the creation of molecular-scale porous materials that selectively interact with various types of substrates, including biopolymers.
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1. Introduction


Molecular-scale porous materials are used to recognize, separate and storage molecules, including proteins and oligopeptides in recent years [1,2,3]. The use of synthetic receptors with the extra stability, selectivity and specificity is in demand. An application of synthetic receptors will have a great impact on technologies based on molecular recognition [4,5,6,7,8,9]. Macrocyclic compounds are promising candidates for the creation of next generation of molecular-scale porous materials due to their cavity [10,11,12]. Microporous materials based on macrocyclic platforms are of interest because their pore sizes are comparable to small molecules or fragments of proteins [13,14,15,16].



To date, several generations of macrocyclic compounds have been synthesized (crown ethers, calixarenes, cucurbiturils, etc.) and they are capable of forming host-guest complexes [17,18,19,20]. Pillar[5]arenes are able to form various types of self-organizing structures depending on the used solvent: supramolecular polymers, supramolecular nodes and rotaxanes [21,22,23,24,25,26], and solid lipid nanoparticles (SLN) [27,28]. Initially, SLN are prepared from mixtures of lipids (hydrophobic or amphiphilic molecule, soluble in organic solvents) with, if needed, the presence of cosurfactants [29]. Since 2000, attention was turned to the use of supramolecular amphiphilic molecules (cyclodextrins, calixarene, calix[4]resorcinarenes, calixpirroles) to prepare SLN [30]. The use of macrocycles in the synthesis of SLN will make it possible to obtain particles with a dual effect in comparison with classical SLN based on non-macrocyclic lipids (mono-, di- and triglycerides, fatty acids, fatty alcohols) [29,30]. Water-insoluble drugs can be enclosed in the lipid frame of the particles. Porous surface consisting of ordered macrocycles can be used for selective recognition and retention of proteins or oligopeptides [31,32,33]. Surfactants are used to increase the aggregation stability of particles in the production of classic SLNs. Moreover, it was shown that the type and amount of surfactant affect the physicochemical properties of the formed SLN [34,35,36]. Surfactants have an amphiphilic structure; their polar parts are mainly oriented towards an aqueous phase, while their hydrophobic groups are directed towards the core center. The choice of surfactant molecules primarily depends on the chosen lipid, since they must be physicochemically compatible [37].



Thus, the design of molecular-scale porous materials based on synthetically available pillar[5]arenes in the SLN form is an important step in the development of a new generation of polymer materials for solving biomedicine problems. The addition of a surfactant to the SLN production process will increase the monodispersity of the system, its stability and packing density. Varying the macrocycle/surfactant ratio opens up the possibility of obtaining mixed SLN based on a macrocycle and a surfactant with the subsequent formation of lipid particles with a porous surface. This enables us to create homogeneous and heterogeneous self-assembling structures to increase the selectivity of produced material with respect to analytes.



In this regard, the aim of this work is the synthesis of SLN from monosubstituted pillar[5]arenes and surfactant effect on their physicochemical characteristics. The aggregation behavior of two different types of SLN was studied: (1) SLN based on monosubstituted pillar[5]arenes containing amide and free carboxyl functional groups, and (2) mixed SLN based on pillar[5]arenes and surfactants by varying their molar ratio. We assume that the design of these systems will make it possible to control the surface charge of the resulting particles for selective recognition and separation of biomacromolecules with different surface charges.




2. Results and Discussion


2.1. Synthesis of Monosubstituted Pillar[5]arenes Containing Amide and Carboxyl Groups


An important step in the development of a new generation of polymer materials for solving biomedicine problems and the creation of biomedical diagnostic systems is the design of SLN based on monosubstituted pillar[5]arenes. Varying the functional composition of the pillar[5]arene platform, we will be able to reveal structural regularities and predictably change the morphology and aggregation stability of nanoparticles. The functionalization of the amine/amide and carboxyl groups as polar fragments into the structure simultaneously will make it possible to assess the effect of the substituent on the self-assembly of macrocycles.



Monosubstituted pillar[5]arenes containing a terminal amino group were used as parent compounds (Scheme 1). The compounds 1–3 were obtained according to the literature [38,39]. Succinic anhydride was used to introduce carboxyl fragments. The reaction was carried out in a tetrahydrofuran, which is due to the good solubility of the initial compounds in it and the necessity to use polar aprotic solvents in acylation reactions.



Compounds 4–6 were obtained in 79–83% yields. The structure of the synthesized compounds was characterized by the complexes of physical methods (1H, 13C and IR spectroscopy). The individuality was confirmed by measuring the melting point and TLC, and the composition-y mass spectrometry and elemental analysis.



It was shown earlier by our research group that compound 1 is prone to form supramolecular polymers in chloroform and does not participate in self-assembly in DMSO [39]. At the same time, compounds 2 and 3 form self-inclusion complexes regardless of the solvent nature due to the hydrogen bond between NH protons and the oxygen atom of the methoxyl fragment [40]. A similar trend persists in the reaction of the macrocycles 1–3 with succinic anhydride. No “knocking out” of amidoalkylamide fragments from the macrocyclic cavity occurs during the reaction for compounds 5 and 6 (Figure 1b and Figures S4–S6). The absence of self-assembly in DMSO and association in chloroform were demonstrated for macrocycle 4 (Figure 1a and Figure S1).




2.2. Synthesis of SLN Based on Monosubstituted Pillar[5]arenes Containing Amide and Carboxyl Groups


The prepared monosubstituted pillar[5]arenes 4–6 were used for the subsequent synthesis of SLN by nanoprecipitation in a THF-water solution. The influence of the linker length and the concentration of monosubstituted pillar[5]arenes on the size (d, nm) and stability (PDI; ζ, mV) of the resulting particles was studied. SLN were prepared by dissolving 3 mg, 1 mg, or 0.5 mg of the corresponding pillar[5]arene in 1 mL THF (Table 1) according to the previously proposed method [27,28].



Analysis of the obtained data showed that for macrocycles 5 and 6, containing an N-(amido)alkylamide fragment and forming self-inclusion complexes, the size of formed SLN-5 and SLN-6 particles is practically independent of the initial concentration. At the same time, it was found that various types of associates of submicron size with the high polydispersity indexes are formed by pillar[5]arene 4 fragment at C = 3 × 10−4 M.



Transmission electron microscopy confirmed the formation of SLN by macrocycles 4–6. This method makes it possible to unambiguously determine the size and shape of solid aggregates. All synthesized particles form nanosized spherical aggregates according to TEM images (Figure 2). These data are in good agreement with the data obtained by the DLS method, where the average hydrodynamic particle diameter is 230 nm.




2.3. Surfactant Effect on the Synthesis of Mixed SLN


The stability and the possibility of creating associates are influenced by such factors as the type of the terminal group of the macrocycle and its distance from the platform [41,42,43,44]. In recent years, researchers have used surfactants to increase the stability of macrocyclic associates [45,46,47]. It was also proposed to use a surfactant to level the effect of the macrocycle concentration and obtain monodisperse stable systems. Dodecyltrimethylammonium chloride (DTAC) was used as a surfactant in our study. Its choice is due to two factors: (1) DTAC can form a bond with the terminal fragment (carboxyl group) of monosubstituted pillar[5]arenes 4–6 through electrostatic interactions; (2) DTAC has hydrophobic part that is tended to hydrophilic-hydrophobic interaction with the macrocyclic cavity of pillar[5]arene. Three different macrocycle/surfactant ratios were chosen to obtain mixed SLN (1:1; 1:100 and 1:1000). The effect of the surfactant amount on SLN-4 (Table 2) was studied in two concentrations (C = 3 × 10−4 M and C = 1 × 10−4 M), for which the formation of poly- and monodisperse systems was shown.



Comparing Table 1 and Table 2, it is clearly seen that there are significant decreases in the size (231 nm) and the polydispersity index (0.11) of particles for the polydisperse system, which is formed by SLN-4 at C = 3 × 10−4 M in an equimolar ratio with the surfactant. The negative zeta potential (−22.1 mV) indicates the presence of charged carboxyl groups (COOH) on the SLN surface. The formation of polydisperse systems and a significant PDI increasing were established at 100- and 1000-fold excess of surfactant. An increase in the particle size more than threefold to 278 nm and in polydispersity index to 0.15 were shown for SLN-4 at C = 1 × 10−4 M and an equimolar amount of surfactant. The value of the ζ-potential practically does not change (−30.3 mV). Close sizes of mixed particles formed by SLN-4 at two different concentrations (C = 3 × 10−4 M and C = 1 × 10−4 M) with an equimolar amount of DTAC are probably associated with the formation of aggregates similar in structure (host–guest complexes between pillar[5]arene 4 and DTAC). The addition of an excess of surfactant to SLN-4 (C = 1 × 10−4 M) also leads to the enlargement of the formed aggregates and a significant increase in PDI. Thus, it was shown that regardless of the initial concentration of pillar[5]arene 4, the addition of an equimolar amount of surfactant leads to the formation of stable aggregates due to the formation of host–guest complexes between the macrocycle and the surfactant.



One- and two-dimensional NMR spectra were recorded for the pillar[5]arene 4, DTAC and their mixture to confirm the formation of host–guest complex between them (Figure 3). The study of interaction with DTAC was carried out in methanol.



Analysis of the 1H NMR spectra of compound 4 with DTAC showed that the main changes occur in the chemical shifts of the surfactant molecule. The proton signals of three methyl fragments (Ha) are shifted to the upfield by 0.1 ppm. The Hb and Hc proton signals of methylene fragments are also shifted upfield by 0.7 and 0.15 ppm respectively. There are no changes in the signals of the Hd and He protons. The shift of the Hb and Hc proton signals in the upfield unambiguously indicates their shielding by the macrocyclic cavity of the pillar[5]arene 4. The change in chemical shifts of the Ha proton signals is due to electrostatic interaction with the carboxyl group (Figure 4).



Two-dimensional 1H-1H NOESY NMR spectroscopy was used to determine the structure of the inclusion complex of macrocycle 4 and DTAC (Figure 4). Cross-peaks between proton signals of aromatic fragments and signals of methylene protons related to quaternary nitrogen atom in surfactant molecule (H1/Hb, H1/Hc) are observed in the two-dimensional NMR spectrum (Figure 4). There are strong correlations between signals of methyl protons Ha of DTAC and signals of aromatic fragments of macrocycle (H1) in spectrum, as well as signals of oxymethylene protons of propyl substituent (H4). The presence of these cross-peaks accurately reflects the formation of the inclusion complex between pillar[5]arene 4 and the surfactant (Figure 4). It is also worth noting that cross-peaks between proton signals of methylene fragments (Hd) of DTAC and methoxyl fragments of macrocycle (H3) are observed in the spectrum (Figure 4). In summary, inclusion of the surfactant molecule into macrocyclic cavity occurs in such way that a “head-to-head” complex is formed.




2.4. Synthesis of Mixed SLN Based on Monosubstituted Pillar[5]arenes and DTAC


The next step of investigation is the preparation of mixed SLN based on monosubstituted pillar[5]arenes 5 and 6 with an initial macrocycle concentration 1 × 10−4 M (Table 3). Comparing Table 1 and Table 3, it is clearly seen that the addition of an equimolar amount of DTAC does not lead to a significant change in the sizes of aggregates in the case of SLN-5. The value of the zeta potential decreases to −43.5 mV, which indicates stability increasing of the formed particles. In the case of a 100-fold excess of surfactant, a twofold increase occurs in both the size of the aggregates and the PDI of the system. This clearly indicates the formation of a mixture of the associates. An increasing of DTAC concentration (1000-fold excess) led to formation of stable mixed SLN (PDI = 0.18; ζ = 19.5 mV) which is probably due to the micelle formation of surfactant. The CMC value of DTAC (CMC = 20 mmol/L) is also confirms the micelle formation. The change in the zeta potential sign of mixed SLN to the opposite is also due to micelle formation.



A polydispersity system is formed in the case of a 1000-fold excess of surfactant to SLN-6. Obviously, the elongation of the linker and, as a consequence, the increased conformational mobility of the tail leads to the destabilization of aggregates and dynamic equilibrium between different types of associates. The formation of stable aggregates is observed in the case of equimolar and 100-fold excess of DTAC as indicated by a significant decrease the zeta-potential (−47.4 and −32.5 mV respectively) of system (Table 3). It should be noted that aggregates become larger in the case of an equimolar macrocycle/surfactant ratio. This is probably related to the larger size of the substituent in pillar[5]arene 6, which confirms our assumption about the influence of the tail length. An addition of a 100-fold excess of DTAC results in decrease of the formed particles size.



1H NMR spectra for mixtures of the compounds 5, 6 with DTAC were recorded to establish the structure of associates, which were formed during the preparation of mixed SLN from macrocycles 5 and 6 with the surfactant (Figures S45 and S46). It was shown that for the both monosubstituted pillar[5]arenes 5 and 6 containing N-(amidoalkyl)amide fragment, there are no changes in the chemical shifts of the proton signals for the analyzed compound mixtures (Figures S45 and S46). The data obtained indicate that the surfactant molecule is not included in the macrocyclic cavity of the pillar[5]arenes. This is probably due to the formation of self-inclusion complexes by macrocycles 5 and 6 (Figure 1).



The ability to form solid lipid nanoparticles by macrocyles 5 and 6 changes dramatically as it expected based on their structure. This is due to a seemingly insignificant increase in the bridge between two amide fragments (from four to six carbon atoms). We assumed that all four fragments are inside the cavity in the case of the pillar[5]arene 5 and, the succinic acid residue is as close as possible to the macrocyclic fragment. Fragment of succinic acid is removed from macrocyclic cavity, and this can lead to the formation of another type of associates for macrocycle 6. Table 3 clearly shows that at a 1:1 ratio macrocycles 5 and 6 behave similarly to each other. The picture changes dramatically in the case of 100- and 1000-fold excess. Thus, the addition of an equimolar amount of surfactant leads to the formation of stable aggregates, which is explained by the formation of host–guest complexes between pillar[5]arene and DTAC for all obtained mixed systems regardless of the concentration of initial macrocycle (Figure 5). The addition of a 100-fold excess of surfactant led to formation of polydisperse systems in the case of macrocycles 4 and 5 and monodisperse stable aggregates for pillar[5]arene 6 (Figure 5). Polydisperse systems are formed in the case of a 1000-fold excess of surfactants with macrocycles 4 and 6. Pillar[5]arene 5 with a 1000-fold excess of DTAC forms stable aggregates, which is associated with the micelle formation of the latter (Figure 5).



The obtained mixed SLN were investigated by TEM (Figure 6). All mixed SLN form spherical nanosized aggregates according to TEM images (Figure 6). The sizes of mixed SLN are in good agreement with the DLS data.



Individual spherical particles are observed for all mixed SLN with a macrocycle/surfactant ratio of 1:1 according to TEM images. The film formation on top of the particles and partial darkening of areas are observed (Figure 6d,f) in addition to spherical aggregates in systems with an excess of DTAC. This is due to the high concentration of surfactants in the samples. It is also worth noting the homogeneity of the formed particles in the TEM images, which additionally confirms the formation of precisely SLN, and the absence of associates (micelles, liposomes) [48,49]. Thus, the addition of surfactants in the SLN synthesis allows to obtain stable monodisperse systems regardless of the linker length and the number of amide (one or two) fragments in the substituent structure of the pillar[5]arenes 4–6.





3. Materials and Methods


3.1. General


All chemicals were purchased from Acros (Fair Lawn, NJ, USA), and most of them were used as received without additional purification. Organic solvents were purified by standard procedures. 1H NMR and 13C NMR spectra were obtained on a Bruker Avance-400 spectrometer (Bruker Corp., Billerica, MA, USA) (13C{1H} 100 MHz and 1H 400 MHz). Chemical shifts were determined against the signals of residual protons of deuterated solvent (CDCl3, MeOD-d4, DMSO-d6). The concentrations of the compounds were equal to 3–5% in all the records. The FTIR ATR spectra were recorded on the Spectrum 400 FT-IR spectrometer (Perkin Elmer Inc, Waltham, MA, USA) with a Diamond KRS-5 attenuated total internal reflectance attachment (resolution 0.5 cm−1, accumulation of 64 scans, recording time 16 s in the wavelength range 400–4000 cm−1). Mass spectra were obtained on a Bruker Ultraflex III MALDI-TOF instrument (Bruker Daltonik GmbH, Bremen, Germany) with p-nitroaniline as the matrix. Elemental analysis was performed on Perkin–Elmer 2400 Series II instruments (Perkin Elmer, Waltham, MA, USA). Melting points were determined using Boetius Block apparatus (VEB Kombinat Nagema, Radebeul, Germany).



4-(3-Aminopropoxy)-8,14,18,23,26,28,31,32,35-nonamethoxypillar[5]arene (1) was synthesized according to the literature [39].



[(N-{4′-Aminobutyl}-amino)-carbamoylmethoxy]-8,14,18,23,26,28,31,32,35-nonamethoxypillar[5]arene (2) and [(N-{6′-aminohexyl}-amino)-carbamoylmethoxy]-8,14,18,23,26,28,31,32,35-nonamethoxypillar[5]arene (3) were synthesized according to the literature [38].



General procedure for the synthesis of compounds 4–6



In a round-bottom flask equipped with a magnetic stirrer, 0.20 mmol of compound 4 (5, 6) was dissolved in 8 mL of tetrahydrofuran. Then, succinic anhydride (0.09 g, 0.90 mmol) was added and the reaction mixture was refluxed for 20 h. Then the solvent was removed under reduced pressure. The residue was recrystallized from ethanol as white powder. The formed precipitate was filtered off and dried under reduced pressure over phosphorus pentoxide.



4-(3-(3-carboxypropanamido)propoxy)-8,14,18,23,26,28,31,32,35-nonamethoxypillar[5]arene (4). Yield: 0.18 g (83%). M.P. = 111 °C. 1H NMR (DMSO-d6, 400 MHz, 298 K) δH, ppm, J/Hz: 1.87 (m, 2H, -OCH2CH2CH2-), 2.28–2.31 (m, 2H, -C(O)CH2CH2-), 2.41–2.44 (m, 2H, -C(O)CH2CH2-), 3.29 (m, 2H, -OCH2CH2CH2-), 3.63–3.68 (m, 37H, -CH2- and -OCH3), 3.84 (m, 2H, -OCH2CH2CH2-), 6.75–6.85 (m, 10H, ArH), 8.00 (t, 1H, -CH2CH2CH2NH-, 3JHH = 4.8 Hz), 12.13 (m, 1H, -COOH). 13C NMR (CDCl3, 100 MHz, 298 K) δC, ppm: 28.82, 28.94, 29.00, 29.25, 29.37, 30.09, 35.66, 55.33, 55.42, 55.46, 55.49, 65.22, 113.34, 127.43, 127.47, 127.50, 127.53, 127.56, 149.20, 149.89, 149.98, 170.96, 173.87. IR (ν, cm−1): 3318 (NH), 2933, 2828, 1730, 1710 (COOH), 1673, 1648, 1612 (C(O)–NH). MS (MALDI-TOF): calculated [M+H]+ m/z = 894.4, [M+K]+ m/z = 932.4, found [M+H]+ m/z = 894.7, [M+K]+ m/z = 932.6. El. an. calcd for C51H59NO13: C 68.52, H 6.65, N 1.57. Found: C 68.87, H 6.38, N 1.55.



4-[4-(3-carboxypropanamido)-butylcarbamoylmethoxy]-8,14,18,23,26,28,31,32,35-nonamethoxy-pillar[5]arene (5). Yield: 0.18 g (81%). M.P. = 209 °C. 1H NMR (CDCl3, 400 MHz, 298 K) δH, ppm, J/Hz: −2.17 (m, 2H, -NHCH2-), −1.64 (m, 2H, -C(O)NHCH2CH2-), 0.87 (m, 2H, -C(O)NHCH2CH2CH2-), 1.48 (m, 2H, C(O)NHCH2CH2CH2CH2-), 2.54–2.56 (m, 2H, -C(O)CH2CH2), 2.68–2.71 (m, 2H, -C(O)CH2CH2), 3.71–3.80 (m, 37H, -CH2- and -OCH3), 4.44 (m, 1H, -CH2NHC(O)), 4.57 (s, 2H, ArOCH2-), 4.85 (m, 1H, C(O)NH), 6.69–7.02 (m, 10H, ArH). 13C NMR (CDCl3, 100 MHz, 298 K) δC, ppm: 28.77, 28.97, 29.14, 29.97, 38.45, 55.25, 55.34, 55.41, 55.49, 113.24, 113.36, 127.47, 127.50, 127.59, 149.81, 149.89, 149.95, 150.00, 173.53, 173.79, 173.81. IR (ν, cm−1): 3379 (NH), 2936, 2830, 1730, 1702 (COOH), 1678, 1636 (C(O)–NH). MS (MALDI-TOF): calculated [M+H]+ m/z = 965.4, [M+Na]+ m/z = 987.4, [M+K]+ m/z = 1003.4, found [M+H]+ m/z = 965.9, [M+Na]+ m/z = 987.9, [M+K]+ m/z = 1003.9. El. an. calcd for C54H64N2O14: C 67.20, H 6.68, N 2.90. Found: C 67.29, H 6.65, N 2.87.



4-[6-(3-carboxypropanamido)-hexylcarbamoylmethoxy]-8,14,18,23,26,28,31,32,35-nonamethoxypillar[5]arene (6). Yield: 0.17 g (79%). M.P. = 166 °C. 1H NMR (CDCl3, 400 MHz, 298 K) δH, ppm, J/Hz: −1.87 (m, 2H, -C(O)NHCH2CH2-), -0.58 (m, 4H, C(O)NHCH2CH2CH2CH2-), 2.00 (m, 2H, -CH2CH2CH2NHC(O)-), 2.90 (m, 2H, -CH2CH2CH2NHC(O)-), 2.65–2.68 (m, 2H, -C(O)CH2CH2), 2.76–2.78 (m, 2H, -C(O)CH2CH2), 3.73–3.77 (m, 37H, -CH2- and -OCH3), 4.60 (s, 2H, ArOCH2-), 5.44 (m, 1H, -CH2NHC(O)), 6.02 (m, 1H, C(O)NH), 6.77–7.00 (m, 10H, ArH). 13C NMR (CDCl3, 100 MHz, 298 K) δC, ppm: 26.13, 26.21, 28.78, 28.98, 29.13, 29.15, 29.20, 30.00, 54.94, 55.12, 55.36, 55.42, 55.43, 112.35, 112.86, 113.31, 127.19, 127.29, 127.44, 127.45, 149.84, 149.87, 149.93, 173.64, 174.02. IR (ν, cm−1): 3404 (NH), 2936, 2854, 2830, 1731 (COOH), 1676, 1645, 1533 (C(O)–NH). MS (MALDI-TOF): calculated [M+H]+ m/z = 993.5, [M+Na]+ m/z = 1015.5, [M+K]+ m/z = 1031.5., found [M+H]+ m/z = 993.6, [M+Na]+ m/z = 1015.6, [M+K]+ m/z = 1031.5. El. an. calcd for C56H68N2O14: C 67.72, H 6.90, N 2.82. Found: C 67.55, H 6.83, N 2.79.




3.2. SLN Preparation


The SLN suspensions were prepared by dissolving 0.5, 1 or 3 mg of 4/5/6 with/without DTAC in 1 mL of THF. After 5 min stirring, 10 mL of ultrapure water was added and the solution was stirred for one more minute. The tetrahydrofuran was subsequently evaporated under reduced pressure at 40 °C. The remaining solution was adjusted to 10 mL with ultrapure water.




3.3. Dynamic Light Scattering (DLS)


3.3.1. Particles’ Size


The Zetasizer Nano ZS instrument (Worcestershire, UK) equipped with the 4 mW He-Ne laser (633 nm) was used for the determination of particle size. Measurements were performed at a detection angle of 173° and the software automatically determined the measurement position within the quartz cuvette. Processing of the results was performed by the DTS program (Dispersion Technology Software 4.20). The solutions were prepared using deionized water with resistivity >18.0 MΩ cm. Deionized water was obtained using a Millipore-Q purification system. In the course of the experiment, the concentrations of 4–6 for SLN preparation were 3 × 10−4, 1 × 10−4 and 5 × 10−5 M. To study the aggregation of mixed SLN, THF solutions of compounds 4–6 (1 × 10−4 M) were added to water solutions of DTAC at 1:1, 1:100, and 1:1000 macrocycle/surfactant ratios. The particle sizes were measured after 1 h mixing. Measurements were determined after 24 and 178 h three times to evaluate kinetic stability.




3.3.2. Zeta Potentials


Zeta (ζ) potentials were measured on a Zetasizer Nano ZS from Malvern Instruments (Worcestershire, UK). Samples were prepared as for the DLS measurements and were transferred with the syringe to the disposable folded capillary cell for measurement. The zeta potentials were measured using the Malvern M3-PALS method and averaged from three measurements.





3.4. Transmission Electron Microscopy (TEM)


TEM measurements were made at the Interdisciplinary Center for Analytical Microscopy of the Kazan Federal University. Analysis of samples was carried out using a Hitachi HT7700 Exalens transmission electron microscope (Tokyo, Japan) with an Oxford Instruments X-Maxn 80T EDS detector working in STEM mode. Samples of SLN-4, SLN-5, SLN-6 and mixed SLN (5 × 10−5 M; 1 × 10−4 M; 3 × 10−4 M) were prepared similarly to those studied by the DLS method. 10 mL of the suspension was placed on a carbon-coated 3 mm copper grid and dried at room temperature using special holder for microanalysis. After drying, the grid was placed in the transmission electron microscope and analyzed at an accelerating voltage of 80 kV.





4. Conclusions


We have successfully synthesized new monosubstituted pillar[5]arenes containing both amide and terminal carboxylic fragments and showed that these macrocycles could assemble in the different supramolecular forms (self-inclusion complex and free form) in CDCl3, DMSO depending on the structure of the substituent. The process predicted the different aggregation behaviors of macrocycles during SLN formation in the THF/water system. Pillar[5]arenes containing N-(amidoalkyl)amide fragments form self-inclusion complexes. This allows us to synthesize stable SLN with average hydrodynamic diameter of 250 nm at all concentration range. Pillar[5]arene containing N-alkylamide fragments is in free form due to the shorter linker length. Therefore, the formation of a stable SLN system depends on the initial concentration of macrocycle. To ignore the effect of concentration, we used surfactant (DTAC). The addition of surfactants in the SLN synthesis at 1:1 molar ratio allows to obtain stable monodisperse systems regardless of the linker length and the number of amide (one or two) fragments in the substituent structure of the pillar[5]arenes. It was found that various types of aggregates are formed depending on the macrocycle/surfactant ratio. Changing the macrocycle/surfactant ratio allows to control the charge of the particle surface. A controlled change in the surface charge will lead to the creation of molecular-scale porous materials that selectively interact with various types of substrates, including biopolymers.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/ijms23020779/s1.





Author Contributions


Conceptualization, writing—review and editing, supervision, I.S.; investigation, writing—original draft preparation and visualization, A.N.; investigation, data curation, editing, supervision, L.Y.; investigation, D.F. All authors have read and agreed to the published version of the manuscript.




Funding


The work was supported by RFBR (Russian Foundation for Basic Research), project number 20-03-00816. The investigation of the spatial structure of the compounds by NMR spectroscopy was funded within the framework of the grants of the President of the Russian Federation for state support of young Russian scientists—candidates of sciences (MK-723.2021.1.3).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available in Supplementary Materials.




Acknowledgments


The TEM images were recorded on the equipment of the Interdisciplinary Center for Analytical Microscopy of Kazan Federal University.




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


	



Wang, T.; Lin, E.; Peng, Y.-L.; Chen, Y.; Cheng, P.; Zhang, Z. Rational design and synthesis of ultramicroporous metal-organic frameworks for gas separation. Coordin. Chem. Rev. 2020, 423, 213485. [Google Scholar] [CrossRef]

	



Xu, Z.; Jia, S.; Wang, W.; Yuan, Z.; Ravoo, B.J.; Guo, D.-S. Heteromultivalent peptide recognition by co-assembly of cyclodextrin and calixarene amphiphiles enables inhibition of amyloid fibrillation. Nat. Chem. 2019, 11, 86–93. [Google Scholar] [CrossRef] [PubMed]

	



Tian, J.; Thallapally, P.K.; McGrail, B.P. Porous organic molecular materials. CrystEngComm 2012, 14, 1909–1919. [Google Scholar] [CrossRef]

	



Iskierko, Z.; Noworyta, K.; Sharma, P.S. Molecular recognition by synthetic receptors: Application in field-effect transistor based chemosensing. Biosens. Bioelectron. 2018, 109, 50–62. [Google Scholar] [CrossRef] [PubMed]

	



Kubik, S. Anion recognition in aqueous media by cyclopeptides and other synthetic receptors. Acc. Chem. Res. 2017, 50, 2870–2878. [Google Scholar] [CrossRef]

	



Nazarova, A.; Shurpik, D.; Padnya, P.; Mukhametzyanov, T.; Cragg, P.; Stoikov, I. Self-assembly of supramolecular architectures by the effect of amino acid residues of quaternary ammonium pillar[5]arenes. Int. J. Mol. Sci. 2020, 21, 7206. [Google Scholar] [CrossRef]

	



Yakimova, L.S.; Padnya, P.L.; Kunafina, A.F.; Nugmanova, A.R.; Stoikov, I.I. Sulfobetaine derivatives of thiacalix[4]arene: Synthesis and supramolecular self-assembly of submicron aggregates with Ag I cations. Mendeleev Commun. 2019, 29, 86–88. [Google Scholar] [CrossRef]

	



He, Q.; Vargas-Zuniga, G.I.; Kim, S.H.; Kim, S.K.; Sessler, J.L. Macrocycles as ion pair receptors. Chem. Rev. 2019, 119, 9753–9835. [Google Scholar] [CrossRef]

	



Tromans, R.A.; Carter, T.S.; Chabanne, L.; Crump, M.P.; Li, H.; Matlock, J.V.; Orchard, M.G.; Davis, A.P. A biomimetic receptor for glucose. Nat. Chem. 2019, 11, 52–56. [Google Scholar] [CrossRef]

	



Lou, X.-Y.; Li, Y.-P.; Yang, Y.-W. Gated materials: Installing macrocyclic arenes-based supramolecular nanovalves on porous nanomaterials for controlled cargo release. Biotechnol. J. 2019, 14, 1800354. [Google Scholar] [CrossRef]

	



Tian, H.-W.; Liu, Y.-C.; Guo, D.-S. Assembling features of calixarene-based amphiphiles and supra-amphiphiles. Mater. Chem. Front. 2020, 4, 46–98. [Google Scholar] [CrossRef]

	



Ogoshi, T.; Kakuta, T.; Yamagishi, T.-A. Applications of pillar[n]arene-based supramolecular assemblies. Angew. Chem. Int. Edit. 2019, 58, 2197–2206. [Google Scholar] [CrossRef]

	



Song, N.; Kakuta, T.; Yamagishi, T.-A.; Yang, Y.-W.; Ogoshi, T. Molecular-scale porous materials based on pillar[n]arenes. Chem 2018, 4, 2029–2053. [Google Scholar] [CrossRef]

	



Li, M.-H.; Lou, X.-Y.; Yang, Y.-W. Pillararene-based molecular-scale porous materials. Chem. Commun. 2021, 57, 13429–13447. [Google Scholar] [CrossRef] [PubMed]

	



Sanna, E.; Escudero-Adan, E.C.; Lopez, C.; Ballester, P.; Rotger, C.; Costa, A. Macrocyclic tetraimines: Synthesis and reversible uptake of diethyl phthalate by a porous macrocycle. J. Org. Chem. 2016, 81, 5173–5180. [Google Scholar] [CrossRef]

	



Chen, W.; Chen, P.; Zhang, G.; Xing, G.; Feng, Y.; Yang, Y.-W.; Chen, L. Macrocycle-derived hierarchical porous organic polymers: Synthesis and applications. Chem. Soc. Rev. 2021, 50, 11684–11714. [Google Scholar] [CrossRef] [PubMed]

	



Gorbatchuk, V.V.; Savelyeva, L.S.; Ziganshin, M.A.; Antipin, I.S.; Sidorov, V.A. Molecular recognition of organic guest vapor by solid adamantylcalix[4] arene. Russ. Chem. Bull. 2004, 53, 60–65. [Google Scholar] [CrossRef]

	



Pan, Y.-C.; Hu, X.-Y.; Guo, D.-S. Biomedical applications of calixarenes: State of the art and perspectives. Angew. Chem. Int. Edit. 2021, 60, 2768–2794. [Google Scholar] [CrossRef]

	



Liu, Y.-H.; Zhang, Y.-M.; Yu, H.-J.; Liu, Y. Cucurbituril-based biomacromolecular assemblies. Angew. Chem. Int. Edit. 2021, 60, 3870–3880. [Google Scholar] [CrossRef]

	



Deng, C.-L.; Murkli, S.L.; Isaacs, L.D. Supramolecular hosts as: In vivo sequestration agents for pharmaceuticals and toxins. Chem. Soc. Rev. 2020, 49, 7516–7532. [Google Scholar] [CrossRef]

	



Ren, X.; Zheng, J.; Cheng, M.; Wang, Q.; Jiang, J.; Wang, L. Supramolecular systems constructed by crown ether-based cryptands. Tetrahedron Lett. 2018, 59, 2197–2204. [Google Scholar] [CrossRef]

	



Li, H.; Yang, Y.; Xu, F.; Liang, T.; Wen, H.; Tian, W. Pillararene-based supramolecular polymers. Chem. Commun. 2019, 55, 271–285. [Google Scholar] [CrossRef]

	



Wu, Y.; Li, H.; Shan, X.; Zhao, M.; Zhao, Q.; Liao, X.; Xie, M. Pillararene-containing polymers with tunable conductivity based on host-guest complexations. ACS Macro Lett. 2019, 8, 1588–1593. [Google Scholar] [CrossRef]

	



Dong, S.; Han, C.; Zheng, B.; Zhang, M.; Huang, F. Preparation of two new [2]rotaxanes based on the pillar[5]arene/alkane recognition motif. Tetrahedron Lett. 2012, 53, 3668–3671. [Google Scholar] [CrossRef]

	



Wang, S.; Shao, X.; Cai, W. Solvent and structure effects on the shuttling in pillar[5]arene/triazole rotaxanes. J. Phys. Chem. C 2017, 121, 25547–25553. [Google Scholar] [CrossRef]

	



Fathalla, M.; Strutt, N.L.; Sampath, S.; Katsiev, K.; Hartlieb, K.; Bakr, O.M.; Stoddart, J.F. Porphyrinic supramolecular daisy chains incorporating pillar[5]arene–viologen host–guest interactions. Chem. Commun. 2015, 51, 10455–10458. [Google Scholar] [CrossRef] [PubMed]

	



Yakimova, L.S.; Guralnik, E.G.; Shurpik, D.N.; Evtugyn, V.G.; Osin, Y.N.; Subakaeva, E.V.; Sokolova, E.A.; Zelenikhin, P.V.; Stoikov, I.I. Morphology, structure and cytotoxicity of dye-loaded lipid nanoparticles based on monoamine pillar[5]arenes. Mater. Chem. Front. 2020, 4, 2962–2970. [Google Scholar] [CrossRef]

	



Yakimova, L.S.; Shurpik, D.N.; Guralnik, E.G.; Evtugyn, V.G.; Osin, Y.N.; Stoikov, I.I. Fluorescein-loaded solid lipid nanoparticles based on monoamine pillar[5]arene: Synthesis and interaction with DNA. ChemNanoMat 2018, 4, 919–923. [Google Scholar] [CrossRef]

	



Bayon-Cordero, L.; Alkorta, I.; Arana, L. Application of solid lipid nanoparticles to improve the efficiency of anticancer drugs. Nanomaterials 2019, 9, 474. [Google Scholar] [CrossRef]

	



Helttunen, K.; Galan, A.; Ballester, P.; Bergenholtz, J.; Nissinen, M. Solid lipid nanoparticles from amphiphilic calixpyrroles. J. Colloid. Interf. Sci. 2014, 426, 256–263. [Google Scholar] [CrossRef] [PubMed]

	



Escobar, L.; Ballester, P. Molecular recognition in water using macrocyclic synthetic receptors. Chem. Rev. 2021, 121, 2445–2514. [Google Scholar] [CrossRef]

	



Pinalli, R.; Pedrini, A.; Dalcanale, E. Biochemical sensing with macrocyclic receptors. Chem. Soc. Rev. 2018, 47, 7006–7026. [Google Scholar] [CrossRef]

	



Martins, J.N.; Lima, J.C.; Basislio, N. Selective recognition of amino acids and peptides by small supramolecular receptors. Molecules 2021, 26, 106. [Google Scholar] [CrossRef]

	



Botto, C.; Mauro, N.; Amore, E.; Martorana, E.; Giammona, G.; Bondi, M.L. Surfactant effect on the physicochemical characteristics of cationic solid lipid nanoparticles. Int. J. Pharm. 2017, 516, 334–341. [Google Scholar] [CrossRef]

	



Duan, Y.; Dhar, A.; Patel, C.; Khimani, M.; Neogi, S.; Sharma, P.; Kumar, N.S.; Vekariya, R.L. A brief review on solid lipid nanoparticles: Part and parcel of contemporary drug delivery systems. RSC Adv. 2020, 10, 26777–26791. [Google Scholar] [CrossRef]

	



Pink, D.L.; Loruthai, O.; Ziolek, R.M.; Wasutrasawat, P.; Terry, A.E.; Lawrence, M.J.; Lorenz, C.D. On the structure of solid lipid nanoparticles. Small 2019, 15, 1903156. [Google Scholar] [CrossRef]

	



Severino, P.; Andreani, T.; Marcedo, A.S.; Fangueiro, J.F.; Santana, M.H.; Silva, A.M.; Souto, E.B. Current state-of-art and new trends on lipid nanoparticles (SLN and NLC) for oral drug delivery. J. Drug Deliv. 2012, 2012, 750891. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, R.; Wang, C.; Long, R.; Chen, T.; Yan, C.; Yao, Y. Pillar[5]arene based [1]rotaxane systems with redox-responsive host-guest property: Design, synthesis and the key role of chain length. Front. Chem. 2019, 7, 508. [Google Scholar] [CrossRef]

	



Nazarova, A.A.; Yakimova, L.S.; Klochkov, V.V.; Stoikov, I.I. Monoaminophosphorylated pillar[5]arenes as hosts for alkaneamines. New J. Chem. 2017, 41, 1820–1826. [Google Scholar] [CrossRef]

	



Nazarova, A.A.; Padnya, P.L.; Gilyazeva, A.I.; Khannanov, A.A.; Evtugyn, V.G.; Kutyreva, M.P.; Klochkov, V.V.; Stoikov, I.I. Supramolecular motifs for the self-assembly of monosubstituted pillar[5]arenes with an amide fragment: From nanoparticles to supramolecular polymers. New J. Chem. 2018, 42, 19853–19863. [Google Scholar] [CrossRef]

	



Shalaeva, Y.V.; Morozova, J.E.; Gubaidullin, A.T.; Safina, A.F.; Syakaev, V.V.; Ermakova, A.M.; Nizameev, I.R.; Kadirov, M.K.; Ovsyannikov, A.S.; Konovalov, A.I. Gold nanoparticles, capped by carboxy-calix[4]resorcinarenes: Effect of structure and concentration of macrocycles on the nanoparticles size and aggregation. J. Incl. Phenom. Macro. 2018, 92, 211–221. [Google Scholar] [CrossRef]

	



Chi, X.; Xue, M.; Yao, Y.; Huang, F. Redox-responsive complexation between a pillar[5]arene with mono(ethylene oxide) substituents and paraquat. Org. Lett. 2013, 15, 4722–4725. [Google Scholar] [CrossRef]

	



Chen, L.; Cai, Y.; Feng, W.; Yuan, L. Pillararenes as macrocyclic hosts: A rising star in metal ion separation. Chem. Commun. 2019, 55, 7883–7898. [Google Scholar] [CrossRef]

	



Antipin, I.S.; Alfimov, M.V.; Arslanov, V.V.; Burilov, V.A.; Vatsadze, S.Z.; Voloshin, Y.Z.; Volcho, K.P.; Gorbatchuk, V.V.; Gorbunova, Y.G.; Gromov, S.P.; et al. Functional Supramolecular Systems: Design and Applications. Russ. Chem. Rev. 2021, 90, 895–1107. [Google Scholar] [CrossRef]

	



Nazarova, A.; Khannanov, A.; Boldyrev, A.; Yakimova, L.; Stoikov, I. Self-assembling systems based on pillar[5]arenes and surfactants for encapsulation of diagnostic dye dapi. Int. J. Mol. Sci. 2021, 22, 6038. [Google Scholar] [CrossRef] [PubMed]

	



Vasilieva, E.A.; Valeeva, F.G.; Yeliseeva, O.E.; Lukashenko, S.S.; Saifutdinova, M.N.; Zakharov, V.M.; Gavrilova, E.L.; Zakharova, L.Y. Supramolecular nanocontainers based on hydrophobized calix[4]resorcinol: Modification by gemini surfactants and polyelectrolyte. Macroheterocycles 2017, 10, 182–189. [Google Scholar] [CrossRef]

	



Hasan, M.Z.; Mahbub, S.; Hoque, M.A.; Rub, M.A.; Kumar, D.J. Investigation of mixed micellization study of sodium dodecyl sulfate and tetradecyltrimethylammonium bromide mixtures at different compositions: Effect of electrolytes and temperatures. Phys. Org. Chem. 2020, 33, e4047. [Google Scholar] [CrossRef]

	



Sharipov, M.; Tawfik, S.M.; Gerelkhuu, Z.; Huy, B.T.; Lee, Y.-I. Phospholipase A2-responsive phosphate micelle-loaded UCNPs for bioimaging of prostate cancer cells. Sci. Rep. 2017, 7, 16073. [Google Scholar] [CrossRef]

	



Noble, J.M.; Roberts, L.M.; Vidavsky, N.; Chiou, A.E.; Fishbach, C.; Paszek, M.J.; Estroff, L.A.; Kourkoutis, L.F. Direct comparison of optical and electron microscopy methods for structural characterization of extracellular vesicles. J. Struct. Biol. 2020, 210, 107474. [Google Scholar] [CrossRef]








[image: Ijms 23 00779 sch001 550] 





Scheme 1. Synthetic route for the preparation of pillar[5]arenes 4–6. 
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Figure 1. 1H NMR spectra of: (a) the macrocycle 4 (DMSO-d6, 400 MHz, 293 K); (b) the macrocycle 5 (CDCl3, 400 MHz, 298 K). 
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Figure 2. TEM images of: (a) SLN-4 (C = 5 × 10−5 M); (b) SLN-5 (C = 1 × 10−4 M); (c) SLN-6 (C = 1 × 10−4 M). 
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Figure 3. 1H NMR spectra (MeOD-d4, 298 K, 400 MHz) of: (a) DTAC (0.005 mol/L); (b) 4 (0.005 mol/L) + DTAC (0.005 mol/L); (c) 4 (0.005 mol/L). 
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Figure 4. 1H-1H NOESY NMR spectrum of compound 4 with DTAC (ratio 1:1) (in MeOD-d4, 298 K, 400 MHz). 
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Figure 5. Schematic representation of the resulting aggregates. 
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Figure 6. TEM images of: (a) mixed SLN of 4 (C = 1 × 10−4 M) and DTAC at 1:1 ratio; (b) mixed SLN of 4 (C = 3 × 10−4 M) and DTAC at 1:1 ratio; (c) mixed SLN of 5 (C = 1 × 10−4 M) and DTAC at 1:1 ratio; (d) mixed SLN of 5 (C = 1 × 10−4 M) and DTAC at 1:1000 ratio; (e) mixed SLN of 6 (C = 1 × 10−4 M) and DTAC at 1:1 ratio; (f) mixed SLN of 6 (C = 1 × 10−4 M) and DTAC at 1:100 ratio. 






Figure 6. TEM images of: (a) mixed SLN of 4 (C = 1 × 10−4 M) and DTAC at 1:1 ratio; (b) mixed SLN of 4 (C = 3 × 10−4 M) and DTAC at 1:1 ratio; (c) mixed SLN of 5 (C = 1 × 10−4 M) and DTAC at 1:1 ratio; (d) mixed SLN of 5 (C = 1 × 10−4 M) and DTAC at 1:1000 ratio; (e) mixed SLN of 6 (C = 1 × 10−4 M) and DTAC at 1:1 ratio; (f) mixed SLN of 6 (C = 1 × 10−4 M) and DTAC at 1:100 ratio.
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Table 1. Physicochemical characteristic of SLN in water: d—hydrodynamic diameter by the dynamic light scattering (DLS) method, PDI—polydispersity index, ζ—zeta potential.
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C, M

	
d, nm

	
PDI

	
ζ, mV






	
SLN-4

	
5 × 10−5

	
223 ± 4

	
0.08 ± 0.00

	
−31.8 ± 1.1




	
1 × 10−4

	
88 ± 1

	
0.08 ± 0.00

	
−26.3 ± 1.0




	
3 × 10−4

	
5124 ± 184

	
0.47 ± 0.06

	
N/A *




	
SLN-5

	
5 × 10−5

	
253 ± 11

	
0.16 ± 0.01

	
−28.8 ± 1.0




	
1 × 10−4

	
250 ± 8

	
0.18 ± 0.02

	
−29.0 ± 1.2




	
3 × 10−4

	
297 ± 13

	
0.21 ± 0.02

	
−37.9 ± 1.0




	
SLN-6

	
5 × 10−5

	
268 ± 4

	
0.14 ± 0.01

	
−31.0 ± 0.9




	
1 × 10−4

	
215 ± 3

	
0.08 ± 0.00

	
−19.4 ± 0.6




	
3 × 10−4

	
262 ± 7

	
0.14 ± 0.01

	
−23.0 ± 0.9








* N/A—not applicable.
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Table 2. Physicochemical characteristic of SLN-4 in water: d—hydrodynamic diameter by DLS method, PDI—polydispersity index, ζ—zeta potential.
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Cpillar, M

	
Pillar[5]arene/Surfactant Ratio

	
d, nm

	
PDI

	
ζ, mV






	
1 × 10−4

	
1:1

	
278 ± 9

	
0.15 ± 0.01

	
−30.3 ± 1.0




	
1:100

	
695 ± 141

	
0.62 ± 0.16

	
N/A *




	
1:1000

	
2026 ± 666

	
0.39 ± 0.06

	
N/A *




	
3 × 10−4

	
1:1

	
231 ± 6

	
0.11 ± 0.00

	
−22.1 ± 0.9




	
1:100

	
2670 ± 1379

	
0.68 ± 0.19

	
N/A *




	
1:1000

	
2433 ± 1831

	
0.72 ± 0.16

	
N/A *








* N/A—not applicable.
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Table 3. Physicochemical characteristic of mixed SLN in water: d—hydrodynamic diameter by the dynamic light scattering (DLS) method, PDI—polydispersity index, ζ—zeta potential.
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Pillar[5]arene/Surfactant Ratio

	
d, nm

	
PDI

	
ζ, mV






	
SLN-5

	
1:1

	
265 ± 13

	
0.19 ± 0.01

	
−43.5 ± 1.0




	
1:100

	
406 ± 29

	
0.46 ± 0.16

	
N/A *




	
1:1000

	
284 ± 5

	
0.18 ± 0.01

	
19.5 ± 0.6




	
SLN-6

	
1:1

	
342 ± 9

	
0.17 ± 0.02

	
−47.4 ± 1.0




	
1:100

	
133 ± 6

	
0.22 ± 0.01

	
−32.5 ± 1.0




	
1:1000

	
756 ± 147

	
0.68 ± 0.19

	
N/A *








* N/A—not applicable.
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