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Editorial on the Research Topic
Design of Macrocyclic Compounds for Biomedical Applications

The search for new biologically active compounds to tackle global health challenges is an important goal in organic synthesis, biochemistry, and medicine. The biological activity of macrocyclic structures is an actively developing area of science. Macrocyclic compounds have unique physicochemical properties, such as spatial preorganization, presence of a size-defined cavity, propensity of undergoing self-assembly, low pharmacologically active concentrations, low toxicity, antiallergenicity, etc. Macrocyclic compounds such as crown ethers, cyclodextrins, cucurbiturils, calixarenes, porphyrins, pillararenes and cyclic peptides have been used in various biomedical applications. In this Research Topic, we present a collection of original research and review articles that show the significant recent advances made in the synthesis of new macrocycles and their biomedical applications.
One of the ways to overcome the antimicrobial resistance of microorganisms is the use of macrocycle-antibiotic hybrids, as reviewed by Surur et al.. This review article describes the synthesis and properties of the most well-known hybrids of macrocyclic compounds with antibiotics such as rifamycins, vancomycin, etc. It is known that the major limitation of the use of antibiotic hybrids is the increase in molecular weight. However, progresses and advances in this area show the possibility of improving the oral bioavailability of bulky molecules for systemic clinical use.
Ibrahim et al. have developed novel Tröger’s base derivatives and studied their anticancer properties. The synthesized Tröger’s base phenhomazines derivatives were screened for anticancer activity, and 1,4,7,10-tetraoxa[10](2,8) trögerophane has shown a promising selectivity on a colon cell line with IC50 = 92.7 μg/ml. The obtained results open up prospects for the development of new promising anticancer agents.
It is known that macrocyclic compounds can be used in targeted delivery systems as containers for drugs. It has been shown by Chandra et al. that cucurbit[7]uril is able to form a host-guest complex with the neurotransmitter serotonin. In this case, the binding affinity is pH-dependent. The results demonstrate promising biological applications in the delivery and pH-controlled release of serotonin. Saleh et al. described the use of cucurbit[7]uril as a liver protective agent and an adjuvant in toxicological pharmacology. The protective effects of cucurbit[7]uril were evaluated in the biochemical study of the extracted livers of mice following cyanobacterial crude extract treatment with or without cucurbit[7]uril. The addition of cucurbit[7]uril has been shown to significantly reduce the toxicity of cyanotoxin-induced hepatotoxicity (P < 0.05) in vivo.
Supramolecular chemistry is useful in the controlled and/or local delivery of immunomodulatory drugs, as reviewed by Soni et al.. In their review, macrocycles such as cyclodextrins are highlighted for their drug solubilizing and stabilizing actions and the utility of polymer-based hydrogels and nanomaterials in local drug delivery is also described. Besides drug delivery, cyclodextrin-based supramolecular systems have found applications in other biomedically relevant areas such as the separation of biomolecules, enzymatic catalysis, sensing, diagnosis and therapy, as summarized by Luo et al.
The chirality of cyclodextrins makes them suitable for the separation of biomolecules. According to the molecular mechanics simulation conducted by Alvira, even a very simple and affordable native cyclodextrin such as β-cyclodextrin is able to discriminate the enantiomeric forms of the amino acids alanine, valine, leucine, and isoleucine.
The development of macrocyclic chemistry has contributed to the design of new materials with effective and selective catalytic properties. In a mini-review, Shang et al. have described recent advances in the use of macrocyclic compounds as building blocks for the design of bioinspired catalysts. The described materials, from single-molecule to metal-organic framework materials, have unique catalytic properties and binding affinity for biologically significant substrates. The authors agree that the materials obtained have a lower catalytic activity in comparison with natural enzymes at this stage of research. However, the trend in the development of synthetic catalysts may lead to future application.
Facilitation of ion transport across lipid bilayers is an important supramolecular function with potential applications in biophysics research and the treatment of ion channel diseases. Macrocyclic ionophores are of particular interest for achieving high membrane transport selectivity as exemplified by the almost perfect K+ over Na+ selectivity exhibited by the natural product valinomycin. Zhao et al. have developed a cyclic azapeptide anionophore with a small binding cavity that facilitates selective transmembrane transport of fluoride ions. Remarkably, this anionophore shows negligible transport for larger anions including chloride and acetate.
Overall, this article collection includes several excellent studies in the design and investigation of macrocyclic structures and covers various fields of chemistry, biology and medicine. As guest editors of this article collection, we thank all authors and reviewers for their valuable contributions. We hope that the publications presented in this collection will attract even greater interest in the chemistry of macrocyclic compounds and supramolecular chemistry.
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The complexes formed by β-cyclodextrin and some amino acids (alanine, valine, leucine, and isoleucine) in vacuo are studied by molecular mechanics and dynamics simulations. These methods have been improved with respect to our previous studies with amino acids, regarding the determination of molecular structures or initial enantiomer dispositions in the molecular dynamics trajectories. The greatest contribution to the interaction energy is from the van der Waals term, although the discrimination between enantiomers is due mainly to the electrostatic contribution. The lowest energy structures of the complexes obtained from molecular mechanics are inclusion complexes in which the carboxylic end of amino acids is pointing toward the narrow (D-) or wide rim (L-) of β-cyclodextrin. The position probability density provided by molecular dynamics also confirms inclusion complex formation, because the guests spend most time inside the cavity of β-cyclodextrin along its axis, with the carboxylic end pointing toward the narrow rim. The L-amino acids are the first eluted enantiomers in all cases and chiral discrimination increases with the size of guests, except leucine, which has the lowest capacity to discriminate. During the simulation, Ala and Val remain in weakly enantioselective regions, while Leu and Ile stay in zones with great chiral selectivity.

Keywords: cyclodextrins, amino acids, enantiomers, molecular mechanics, molecular dynamics, inclusion complex, elution order


INTRODUCTION

Cyclodextrins (CDs) are macrocyclic molecules composed of glucose units (6 for α-CD, 7 for β-CD, 8 for γ-CD, etc.) forming truncated cone shaped compounds. These have cavities with different internal diameters capable of including molecules with different structure, size and composition (Szejtli and Osa, 1996; Lipkowitz, 1998, 2001). CDs are extensively used in catalysis and separation of enantiomers, which are very useful techniques in the pharmaceutical, cosmetic, chemistry and food industries (Maier et al., 2001). Amino acids are biologically important organic compounds, which in the form of proteins comprise the largest component (other than water) of human cells, muscles and other tissues. The enantiodiscrimination and inclusion complex formation of amino acids and amino-acid derivatives by CDs have been experimentally studied with different techniques such as electrospray mass spectrometry, capillary electrophoresis and gas chromatography (Ramanathan and Prokai, 1995; Boniglia et al., 2002). Experimental results also reveal the influence of organic modifiers and pH conditions on the enantiomer separation of amino acids and inclusion complex formation with CDs (Zia et al., 2001; Sebestyén et al., 2012; Stepniak et al., 2017). In particular, the chiral separation and inclusion complexes formed by valine, leucine, and isoleucine (among other amino acids, but not alanine) with partially methylated β-CD in gas-phase, have been analyzed both experimentally and theoretically (Ramirez et al., 2000). It has been established that the enantiomers can locate almost totally inside the cavity in the complexes of minimum energy, and the L-amino acid is the first eluted enantiomer. The study of chiral differentiation of alanine enantiomers by permethylated β-CD, using infrared multiple photon dissociation (IRMPD) spectroscopy combined with mass spectrometry, also showed the inclusion complex formation (Lee et al., 2017). However, the density functional theory calculations provided by Lee et al. (2017) for the lowest energy structures, were not consistent with those experimental results. The inclusion complexes formed by L-Ile zwitterions with both α- and β-CD showing 1:1 stoichiometry are confirmed by NMR (nuclear magnetic resonance techniques), surface tension and conductivity measurements (Roy et al., 2016).

Previously, we studied the inclusion complex formation and chiral discrimination of several amino acids with β-CD, by means of molecular mechanics (MM) and dynamics (MD) simulations (Alvira, 2013, 2015, 2017a, 2019). We have studied alanine (Ala), valine (Val), leucine (Leu), and isoleucine (Ile) in vacuo and with solvents like water, considering two configurations for the amino acids: non-polar and zwitterion. Furthermore, some improvements were made in the simulation method applied to each amino acid, concerning the calculation of molecular structures, parameters of interaction energies, or the number of trajectories in MD, among other factors. We showed that Ala, Val, Leu, and Ile were able to form inclusion complexes with β-CD in water and other solvents, but only Ile was included in vacuo. This diverged from the results proposed by Ramirez et al. (2000) and Lee et al. (2017). The most useful modification in the molecular simulation applied to Ile (Alvira, 2019) was the ab initio method used to determine the amino acid configurations, instead of the force field proposed by Weiner et al. for the molecular mechanics simulation of nucleic acids and proteins (Weiner et al., 1984, 1986), used in our earlier studies (Alvira, 2013, 2015, 2017a). The aim of the present work was to apply the model proposed for Ile to theoretically examine the interaction between Ala, Val, and Leu with β-CD in vacuo. To achieve this, the configuration of complexes formed by these molecules is determined by MM, as well as the differences in interaction energies between the enantiomers that cause the discrimination. Elution order, residence time, and capacity for inclusion complex formation are deduced from MD. The most important result and main difference with respect to our previous results is the capacity of Ala, Val, Leu, and Ile to form inclusion complexes with β-CD in vacuo. This is in agreement with the conclusions obtained by Ramirez et al. (2000), not only those related to inclusion complex formation, but also the lowest energy structure of the complexes and the elution order in the separation of these amino acid enantiomers.



MATERIALS AND METHODS


Molecular Mechanics Simulation

The minimum energy complex structure is determined by MM simulation, and it is considered an inclusion complex if the guest (amino acid) is totally or partially inside the host (β-CD). The molecular configuration of β-CD and atomic charges are taken from the literature (Kinglert and Rihs, 1991), but the atomic coordinates of amino acids are calculated by the Hartree-Fock method, as previously for Ile (Alvira, 2019). The 6-31G** basis set implemented in the MOLPRO package (Werner et al., 2012a,b, MOLPRO) is used to determine the amino acid structures, instead of the force field model proposed by Weiner et al. (1984, 1986) for nucleic acids and proteins. This is one of the improvements in the simulation method with respect to our previous studies (Alvira, 2013, 2015, 2017a, 2019). We considered an all-atom model for the molecules, as the H atoms can participate in H-bonds that can be important in structuring the complex. The interaction energy between the enantiomers and β-CD is calculated by locating the guest center of mass on a grid, and with different orientations (about 23,000) with respect to the host. The distance between two consecutive grid points is 0.1 Å, from −5 to 5 Å on each axis. The space-fixed reference system is located over the principal axis of β-CD, with the origin at the center of mass of the cavity and the XY plane perpendicular to the cavity axis. The guest orientation is defined by the Euler angles formed between the principal axis of the amino acids and the absolute reference system. The host-guest complex with the lowest energy is normally the complex configuration. The interaction energy E between β-CD and the amino acids (Ala, Val, Leu, and Ile) is determined as the sum of intermolecular Einter and intramolecular Eintra terms, as in the AMBER force file proposed by Weiner et al. for molecular mechanics simulation of nucleic acids and proteins (Weiner et al., 1984, 1986). The van der Waals, electrostatic and H-bond energies contribute to Einter.

Amino acids are neutral molecules, but under some pH conditions or with polar solvents the amino acid appears as a zwitterion. The difference between the amino acid configurations (non-polar and zwitterion) are due to the presence of the [image: image] and COO− groups instead of NH2 and COOH, which affects both the molecular structure and charge distribution. In our previous studies with amino acids, we analyzed the influence of various solvents (such as water) on the separation of enantiomers. To represent the solvent polarity, different values of ε were selected, as well as two atomic charge distributions and molecular structures for the amino acids. The presence of water in the separation process was simulated by ε = 80 and a zwitterion configuration for the enantiomers in those studies. The electrostatic contribution to the interaction energy between the amino acids and β-CD in the presence of water was about −0.4 kcal/mol, the discrimination between the enantiomers being due to the van der Waals contribution in this case. Residence times with water are generally shorter than in vacuo, although they depend on the amino acid enantiomer and initial conditions in the trajectories of MD (Alvira, 2013, 2015, 2017a, 2019). Ramirez et al. assumed a non-polar structure for the guest molecule and a dielectric constant of 1, in the molecular dynamics calculations of the inclusion complexes formed by some amino acids and β-CD in gas-phase (Ramirez et al., 2000). This was despite the fact that the authors started the experiment with a solution that was electrosprayed into the Fourier transform mass spectrometer (Ramirez et al., 2000). In the present study, we use the same conditions as Ramirez et al. to simulate the separation of some amino acid enantiomers by β-CD in vacuo (a non-polar structure and ε = 1). The H-bond term only contributes to Einter when the complex configuration fits the distances and angles required to form this type of bond (O-H, N-H) (Weiner et al., 1984, 1986). Eintra represents the conformational adaptation of host and guest; it is the result of adding the torsional energy, bond stretching and bending functions.

The optimized parameters (ff99SB-ILDN) for the torsion potential of the AMBER ff99SB protein force field are used for Leu (N-Cα − Cβ − Cγ) and Ile (N-Cα − Cβ − Cγ2) (Lindorff-Larsen et al., 2010). This is another variation included in the present molecular modeling process, although its influence on the results and conclusions is not as important as the method used to calculate molecular structures, since Eintra is not very different for the enantiomers and its magnitude is usually smaller than Einter.

However, the enantioseparation is a dynamic process in which the amino acid is continually moving, and the complex does not always adopt the lowest energy configuration. Therefore, the different interaction energies between the enantiomers and β-CD (chiral discrimination) do not depend only on their minimum value. MM provides the minimum energies in the guest dispositions on the grid inside and outside the cavity (the potential energy surface, PES). The results of MM are also shown in the penetration potential W, which represents the minimum energy in each plane parallel to XY, against the cavity axis. The shape of W allows us to predict if the guest can be included more or less easily in β-CD or can even be repelled from the cavity, depending on whether W resembles a well or a barrier potential. Since the guest is not able to adopt the most energetically favorable disposition in each grid position, we also determined the PES in a different way. This involved calculating the average Boltzmann energy for the different orientations of the enantiomer instead of the minimum value. We are really interested in the capacity of β-CD to separate the amino acid enantiomers, therefore the difference in the PES is useful to identify the regions with greater chiral discrimination (greater differences in energy).



Molecular Dynamics Simulation

The relative motion between host and guest is determined in MD by solving the classical equations of motion due to their mutual interaction. The solution cannot be obtained analytically but numerically, since there are many particles in the system, each with many constraints. To integrate the equations, we used an in-house computer program written in Fortran with the MD simulation performed at constant temperature (293 K). For this, a variant of the leap-frog scheme proposed by Brown and Clarke (1984) was used, in which the kinetic energies of rotational and translational motions are separately constrained (Fincham et al., 1986). Moreover, both types of movement are posed and solved in different equations, since the translation of the guest center of mass is due to the total force acting on the particle, and the rotation about this center of mass is a consequence of the total torque. The rotational equations of motion for the guest are posed as a function of four quaternions instead of angular variables, to avoid the problems of divergence. Therefore, these equations include quaternions, their first derivatives, and angular velocities and their time derivatives (Allen and Tildesley, 1987; Rapaport, 1995; Frenkel and Smit, 2002). In this way, MD reveals the evolution of the molecules, i.e., the variation in atomic positions and velocities through time (trajectory). However, the solution of the equations of motion, and therefore the resultant trajectory, depends on the initial conditions considered for the velocities (rotational and translational) and molecular dispositions. Therefore, some trajectories are determined in the simulation to reflect different situations the system can reach in the separation process. The magnitude of initial velocities is calculated consistently with the temperature at which the process occurs (293 K). Their direction is randomly computed; it is the same for all the amino acids, to avoid the simulation being influenced by factors other than the interaction with β-CD. However, the initial disposition of enantiomers in the trajectories cannot be the same because they are mirror images and, although there is no single method to select them, it is a question insufficiently dealt with in MD simulations. In our previous studies with amino acids, we tested different models to calculate the initial dispositions of enantiomers based on energetic, numerical or geometrical criteria (Alvira, 2017b). The method applied in the present study minimizes the differences in the van der Waals energy and average atomic distances between the enantiomers, as we already adopted in our more recent research with Ile (Alvira, 2019). The smallest differences in both energy and atomic positions are those of Val (average values 3.8 × 10−6 kcal/mol, 0.11 Å), very similar to Ile (1.6 × 10−5 kcal/mol, 0.14 Å), then Leu (2.8 × 10−5 kcal/mol, 0.40 Å). The smallest amino acid (Ala) has the greatest differences (3.7 × 10−4 kcal/mol, 0.96 Å). Twenty trajectories are calculated in the simulation, with initial enantiomer dispositions outside the cavity facing the rims of β-CD, since when the guest starts from positions near the cavity walls it does not enter the cavity but moves away. We consider different guest orientations parallel to the rims and pointing toward the wide or narrow rim of β-CD (Alvira, 2019), doing the same for all the amino acids to make the results comparable. The simulation time for each trajectory is 5 ns with a step of 1 fs, and the energies and guest dispositions were registered every 100 steps. However, the interaction between the amino acid and β-CD is weaker outside than inside the cavity, moreover it decreases as the distance between them increases, to such an extent that at some guest positions their interaction is not attractive enough to include the amino acid in β-CD. The molecule usually enters the cavity where it stays for some period of time, moving continually and then leaving the CD. However, there are some trajectories in which the amino acid cannot be included totally or partially in the cavity (external trajectories). The number of external trajectories for each amino acid is different despite the initial conditions being the same for all of them, and it does not depend on the initial dispositions of the enantiomers. We integrate the equations of motion during the period of time the guest remains near the cavity, both inside the cavity (residence time) or outside for the external trajectories. To locate the most probable position of the enantiomers under the influence of β-CD, we determine the position probability density as the number densities of guest positions in a volume element, divided by the total number of guest positions in the simulation (Lipkowitz et al., 1997a,b). The number density is obtained from a grid in which the distance between two consecutive points is 0.5 Å. The position probability density reflects the external trajectories and indicates the capacity to form inclusion complexes, since it represents the most probable positions of the guest center of mass. The enantiomers are moving continually, but they also have preferential orientations when they are in the preferred locations, these dispositions being the most probable configurations of the complexes deduced from MD. Whereas, the position probability density indicates the capacity to form inclusion complexes, the enantioselectivity is provided by the difference in the binding free energy F of the enantiomers. F indicates if the complex is more energetically favorable than the reactants and is calculated in each trajectory (Rapaport, 1995). The energy in F is calculated as the sum of intermolecular and intramolecular terms, this way the effect of the conformational adaptation of host and guest is also included in the results: binding free energies, elution order, residence times, position probability densities and the most probable configuration of complexes. The elution order is determined by the difference in Fmean between the enantiomers ΔFmean, where Fmean is the average binding free energy in the simulation. If ΔFmean > 0, the D-enantiomer of amino acids is more tightly bound and the L-enantiomer is eluted first. The MD model used in the present research was previously applied in our study with Ile, but it includes some improvements on the simulations carried out with Ala, Val and Leu, regarding the number of trajectories (6 for Ala and Val, 12 for Leu), simulation time (3 ns) and the most influential initial enantiomer dispositions.




RESULTS AND DISCUSSION


Molecular Mechanics Simulation

The configuration of complexes formed by the amino acids and β-CD is obtained in MM by the guest orientation and position with respect to the cavity, for which the interaction energy is the lowest Emin. To determine this absolute minimum, the energy E must first be calculated in each guest position inside and outside the CD for different orientations of amino acids. The minimum result of E is assigned at each grid point. The potential energy surface (PES) represents these minima for the different dispositions of amino acids with respect to β-CD, the energy E being determined by the sum of inter- and intramolecular terms. The intermolecular energy Einter is calculated by adding the Lennard-Jones (LJ), electrostatic (ELE) and H-bonds contributions, and the penetration potential W represents the consecutive minima of Einter in each plane perpendicular to the cavity axis. This W allows us to visualize if the guest can enter or is repelled by the CD, depending on whether it resembles a well or barrier potential. The main contribution to W is due to the Lennard-Jones term (WLJ), which appears as a well potential for the enantiomers (Figures 1A,B) and therefore contributes to the inclusion of amino acids into the cavity. The larger amino acid is the deeper WLJ, and its sharpened shape is due to the difficulty for the guest to orientate freely inside the cavity. The difference in WLJ between the enantiomers of an amino acid (Figures 1A,B) also increases with the molecular size, and corresponds to inner more than outer guest positions. For the isomers Leu and Ile, WLJ differs more for D- than L-enantiomers and occurs when the molecule is near the narrow rim of β-CD. The H-bond energy only contributes to Einter in those guest dispositions that fit the conditions needed to form H bonds, between the O and H atoms of amino acids and CD (Weiner et al., 1984, 1986). The maximum value of this term is −0.5 kcal/mol, similar for all the amino acids, although its influence in Einter is different due to the percentage it amounts to for each one. Whereas, WLJ appears as a well potential, the electrostatic contribution to W (WELE) for the amino acids seems a barrier potential because its minimum is located outside the CD, and it increases inside the cavity (Figures 1C,D). WELE is very similar for the L-enantiomers, both the extreme values (minimum and maximum) and the location of the greatest value near the cavity center (Figure 1C). However, the ELE energy is very different for the D-enantiomers in shape and magnitude. The maximum value of WELE inside the cavity corresponds to D-Ile and is located near the narrow rim of β-CD, while the greatest ELE energy for D-Ala and D-Leu occurs near the wide rim (Figure 1D). This term can reach 30 % of W, and the differences in WELE between the amino acid enantiomers inside the cavity increases with the molecular size, from 1.40% (for Ala) to 78.09% (for Ile). In fact, their discrimination is due mainly to this term, as deduced by comparing the curves WLJ (Figures 1A,B) and W (Figures 1E,F). The ELE is also directly related to a barrier potential in W for some amino acids, between the narrow rim and the center of the cavity. It is also related to the guest orientation with respect to the cavity axis. The height of this barrier is similar for L-Ala, L-Val, L-Ile, and D-Ile, but the width decreases as the size of the guest increases. Isoleucine is the most stable amino acid and its enantiomers present the lowest differences in W, both in shape (potential barrier) and magnitude. To represent the PES, the interaction energy E in each grid point is determined as the average Boltzmann energy corresponding to different guest orientations, instead of the minimum value. This is because the molecule is not always able to adopt the most stable configuration in the separation process. Figure 2A shows the projections of EL−ED in the XY and XZ planes, EL and ED being the energies for each enantiomer of Ala, Val and Ile. A schematic representation of the projections of β-CD in those planes is included. The positions at which EL−ED < 0 are represented by red circles and blue crosses denote the most stable positions for the D enantiomer. The more intense the symbol, the greater difference in energy it represents. The potentially most discriminating regions for all of the amino acids are located near the cavity walls, where the interaction energy changes from negative to positive values. However, the stability of enantiomers and the zones where the differences in energy are greater depend on the size of the amino acids. Whereas, L-Ala is the most stable enantiomer in broader zones of PES, D-Ile frequently has lower energies. Moreover, the regions with greater chiral discrimination are located in inner positions as the size of the amino acids increases, so L-Ala is more stable outside the CD cavity while L-Ile is more stable inside. Isoleucine is also more stable than Leu at every point of the potential surface; the greatest differences are found at the inner positions (Figure 2B).


[image: Figure 1]
FIGURE 1. The Lennard-Jones contribution to the penetration potential WLJ (kcal/mol) for the interaction between β-CD and (A) L-enantiomers of the amino acids, (B) D-enantiomers of the amino acids. The ELE contribution to the penetration potential WELE (kcal/mol) for the interaction between β-CD and (C) L-enantiomers of the amino acids, (D) D-enantiomers of the amino acids. The penetration potential W for the interaction between β-CD and (E) L-enantiomers of the amino acids, (F) D-enantiomers of the amino acids.
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FIGURE 2. (A) The projections in the XY and XZ planes of the potentially most discriminating regions for the amino acid enantiomers of Ala, Val, and Ile. The zones where the L-enantiomers are more stable are represented by red circles, those for D-enantiomers by blue crosses, and the more intense the symbol the greater difference in energy it represents. (B) The projections in the XY and XZ planes of the potentially most discriminating regions for the isomers D-Leu and D-Ile. The zones where D-Ile is more stable are represented by red circles, those for D-Leu by blue crosses, and the more intense the symbol the greater difference in energy it represents. A schematic representation is included of the projections of β-CD in those planes.


The absolute minimum interaction energy Emin, the values for the enantiomers and their different contributions are included in Table 1. The complexes formed by β-CD with Val are the most stable while Leu is the least. The Lennard-Jones term makes the greatest contribution to Emin for the amino acids, and the energy due to the angle bending Eangle contributes most to the intramolecular energy Eintra. The bond lengths, bond angles and torsional angles of amino acids that contribute most to Eintra is different for the enantiomers, they are related to the atoms of guests located nearer the cavity walls in the complexes formed with β-CD. However, the average variations in angles and bond lengths due to the conformational adaptation of host and guest, is the order of 10−4 (degrees) and 10−5 Å, independently of the size of amino acids. The difference between enantiomers increases in order Ile < Leu < Val < Ala, being due mainly to the van der Waals energy except for Leu, in which it is caused by the electrostatic energy.


Table 1. The minimum interaction energy Emin obtained with the AMBER force field for each enantiomer and the different contributions: Lennard-Jones ELJ, electrostatic Eele, hydrogen bonding EH-bond, bond stretching Ebond, angle bending Eangle, and torsion energy Etorsion.
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Figure 3 shows the configurations of the complexes with Emin formed in vacuo by β-CD with the amino acids (Kokalj, 2003). The guest molecule has been superimposed in Figure 3 for clarity, but they are inclusion complexes because the guest is totally or partially inside the cavity. D-Ala, D-Val and L-Leu are located near the cavity center in the complexes formed with β-CD, while L-Ala, L-Val and the enantiomers of Ile are near the cavity walls (Table 2). In these complexes, the amino acids are oriented in such a manner as to include the greatest part of the molecule, and therefore to achieve the maximum interaction with the CD. D-Leu and L-Ile are nearly parallel to the wide rim of the cavity, and this is due to the location of their center of mass. The guest orientation is different for the enantiomers: whereas the carboxylic end of L-amino acids is nearer the wide rim of CD, being oriented toward the narrow rim for D-amino acids. If we consider the unit vector defined by the chiral center of amino acids and the most distant C atom of the chain, the angles in spherical coordinates (θ, φ) formed by the enantiomers with respect to the absolute reference system are shown in Table 2. The configurations of L-Val, D-Ile and L- and D-Leu agree with the results of Ramirez et al. (2000) regarding inclusion complex formation, and the lowest energy structure of complexes in gas-phase.


[image: Figure 3]
FIGURE 3. The configurations of the complexes with minimum interaction energy formed by β-CD and the amino acids in vacuo obtained from molecular mechanics. The guest molecule has been superimposed for clarity, but it is always located inside the cavity.



Table 2. The guest center of mass positions and angles in the configurations of the complexes with Emin formed in vacuo by β-CD with the amino acids.
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Molecular Dynamics Simulation

To determine the elution order, retention time and capacity for inclusion complex formation in MD, some trajectories (20) are calculated, starting from different initial conditions. In each trajectory, the molecule usually moves toward the β-CD and only in a few cases does not enter the cavity and remain a short time near β-CD (external trajectories). In most cases, the guest enters the CD, where it remains totally or partially during some period of time (residence time) and then moves away. The external trajectories have been excluded from the calculations in the simulation, because the utility of CDs for catalysis and separation processes is based on their capacity to form inclusion complexes. The initial disposition of enantiomers influences the evolution of guests in the trajectories and then the binding free energy and elution order. Therefore, the starting positions and orientations of enantiomers must be selected in such a way that the differences in their simulation were mainly due to their mirror image structures, instead of the calculation method. In the present study, the starting dispositions are determined by minimizing the difference in atomic positions and interaction energies. Furthermore, to compare the results of different amino acids, the same initial conditions (configurations and velocities) are considered. The evolution of enantiomers in each trajectory is due both to the initial disposition and molecular characteristics. In fact, only L-Ala and D-Val have not external trajectories, in spite of the same initial conditions for the amino acids. The probability of remaining outside the cavity is greater when the guest starts from dispositions near the narrow rim, with the carboxylic end pointing toward the cavity.

The elution order is determined from the average binding free energy, which is obtained for each trajectory F in the simulation. The results are shown in Figure 4 except for external trajectories (Table 3). The values of F are substantially lower for inner than outer trajectories, where F can even become positive. These results confirm that the ability of CDs to perform catalysis and separation processes is due to their inner cavity. The same initial conditions produce different energies F for each molecule because F is related to the guest evolution in the trajectories, which is due in turn to the molecular structure and composition. The binding free energy for each amino acid in the simulation Fmean is determined as the average value of F, considered only the inner trajectories (Table 3). D-Valine is the amino acid with the lowest energy Fmean, while L-Leu has the greatest value, moreover F is lower for D- than L-enantiomer of Val and Ile in every trajectory. The difference in Fmean for the enantiomers ΔFmean of each amino acid increases in the order Leu < Ala < Val < Ile, so if the capacity of β-CD to discriminate is related to this magnitude, Ile exerts the clearest enantiodiscrimination. The elution order is obtained from ΔFmean, the molecule least bound to β-CD (greater Fmean) spends less time inside the cavity. The first eluted enantiomer in vacuo for each guest is the L-amino acid, in agreement with the experimental findings and molecular simulation provided by Ramirez et al. (2000). The present study is also in accordance with theirs in that the chiral discrimination increases with the size of amino acids, except in the case of Leu, for which they obtained the same selectivity as Ile. The average residence time tmean for each amino acid in the simulation (Table 3) is not directly related to Fmean, as can be deduced from the fact that Leu has greater residence times but lesser free energy. This question can be justified because Fmean depends on the interaction energy with β-CD and then on the guest dispositions during the trajectories. However, the amino acids are not always able to adopt the orientation with minimum energy in each location. Therefore, the guest can stay totally or partially inside the cavity but with configurations other than the minima. The greatest difference in tmean between enantiomers is that for Ile, in accordance with ΔFmean, then Leu, Ala and finally Val. However, the new feature introduced by the present study is that the first eluted enantiomers also spend shorter times inside the cavity. The agreement between the elution order and tmean was not achieved in our previous studies of amino acids, and this issue also confirms the improvement of the simulation method applied in the present research.


[image: Figure 4]
FIGURE 4. The average binding free energy for each amino acid derived from the trajectories in the molecular dynamics simulation. The external trajectories are excluded.



Table 3. The average binding free energy Fmean, elution order and average residence time tmean obtained for each enantiomer in the molecular dynamics simulation.
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Both Fmean and tmean indicate that the complexes formed by β-CD and the amino acids are inclusion complexes, as predicted by other authors (Ramirez et al., 2000; Lee et al., 2017), and the most probable configurations in MD are deduced from the position probability density (Lipkowitz et al., 1997a,b). The location where the guest center of mass spends most time in the simulation is the center of the cavity for Ala and Val, but Leu and Ile remain near the wide rim (L-Leu, D-Ile) or the narrow rim (D-Ile, L-Ile) of β-CD (Figure 5). The capacity of guest molecules to move freely within the CD is related to their size and structure, among other factors. Ala and Val can move through the cavity and then the preferred center of mass position does not depend on the initial disposition of amino acids. The most probable zones for the guest in the inclusion complexes formed by Ala and Val are stable positions with lower interaction energies and also slightly enantioselective regions. The molecule is rotating continually along the trajectories, but the most frequent guest orientation for Ala and Val locates the carboxylic end pointing toward the narrow rim of β-CD (Figure 5) (Kokalj, 2003). The guest molecule has been superimposed in Figure 5 for clarity, but it is always located inside the cavity. The configurations of D-enantiomers are similar to the absolute minima energies, and only L-Val is in accordance with that proposed by Ramirez et al. (2000). There are two regions where Leu and Ile remain more time in the simulation, near each rim of β-CD. This can be explained by the existence of a barrier potential in the energy W, related to the molecular orientation with respect to the cavity axis. Alanine and Val remain in zones that are not so enantioselective, whereas Leu and Ile frequent regions with great chiral discrimination. Since Leu and Ile are unable to rotate freely inside the cavity, their evolution through the simulation depends on their initial orientation and which rim of CD they approach from Alvira (2019). The greater residence times for Leu and Ile correspond to trajectories with initial dispositions of the amino acid near the wide rim and with the amino end pointing to β-CD. However, in the preferred locations of these amino acids, the carboxylic end is near the narrow rim of the cavity (Figure 5) (Kokalj, 2003). The most probable configuration of the complexes formed by Ile and β-CD can explain their clearest enantiodiscrimination, since this amino acid possesses two chiral centers, whose interactions with β-CD contribute more significantly to the energy. Therefore, whereas only one chiral center of L-Ile is near the cavity, the two chiral centers of D-Ile are located inside, increasing the difference in energy with L-Ile. The host-guest complexes formed by D-Leu and D-Ile are consistent with those proposed by Ramirez et al. (2000), and the configuration of D-Ile is also similar to that of minimum energy obtained by MM.


[image: Figure 5]
FIGURE 5. (A) The projections in the XZ plane of the position probability densities for the enantiomers of amino acids obtained from the molecular dynamics simulation. A schematic representation is included of the projection of β-CD in that plane. (B) The most probable configurations of the complexes formed by β-CD and the amino acids in vacuo, obtained from the molecular dynamics simulation. The guest molecule has been superimposed for clarity, but it is always located inside the cavity.





CONCLUSIONS

The inclusion complexes formed by β-cyclodextrin and some amino acids in vacuo, as well as the chiral separation of these enantiomers, are simulated in this study by molecular mechanics and dynamics. The greatest contribution to the interaction energy obtained from MM is the van der Waals term, although the discrimination between the enantiomers is due mainly to the electrostatic energy. The configurations of absolute minimum energy for the amino acids correspond to inclusion complexes, in which the carboxylic end is near the wide rim of β-CD for L-enantiomers and pointing toward the narrow rim for D-enantiomers. The differences in the potential energy surfaces indicate the more enantioselective regions, which are located near the cavity walls in every case. However, the zones where each enantiomer is more stable depend on the size of amino acids: while L-Ala is more stable in wider zones outside the CD, L-Ile has lower energies inside the cavity.

The elution order, capacity to form inclusion complexes, and residence times are determined in MD by the calculation of some trajectories with different initial conditions. The elution order obtained from the average binding free energy indicates that L- is the first eluted enantiomer of amino acids, and the chiral discrimination increases in the order Leu < Ala < Val < Ile. The position probability density indicates the formation of inclusion complexes whose configurations are similar for the amino acids, inside and along the cavity axis, with the carboxylic end pointing toward the narrow rim of β-CD. During the simulation, Ala and Val remain in zones that are not so enantioselective, whereas Leu and Ile occupy regions with great chiral discrimination. Some of the results from the present research are in agreement with those proposed by Ramirez et al.: the lowest energy structure of complexes obtained from MM for L-Val, D-Ile, and L- and D-Leu; the elution order, inclusion complex formation, and the dependence of selectivity on the size of amino acids (except Leu) from MD. The improvement in the simulation method can be confirmed by the results obtained for Ala, Val, Leu, and Ile in vacuo, completely different from our previous results. However, the model proposed must be tested by new studies with more amino acids and other types of molecules.
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pH-dependent host-guest complexation of a monoamine neurotransmitter, Serotonin, with cucurbit[7]uril has been thoroughly investigated. The binding phenomena were explored using steady-state and time-resolved fluorescence spectroscopy at different pH values. At lower pH, i.e., protonated Serotonin, the binding affinity with cucurbit[7]uril was significantly higher compared to higher pH. Furthermore, detailed NMR titration experiments depicted the solution structure of the host-guest complex through the complexation induced chemical shift values. A competitive binding assay with cesium ions at pD 2.8 was subsequently performed for the further manifestation of the binding. Finally, the molecular docking studies provided well-documented proof of the 1:1 inclusion complex and the geometry of the complex. We believe that understanding from such studies can be important for pH-controlled delivery of serotonin for biological applications.

Keywords: supramolecular encapsulation, cucurbit[7]uril, neurotransmitter, serotonin, complexation induced NMR shift, competitive assay, drug delivery


INTRODUCTION

Serotonin (5-hydroxytryptamine, SRT, for structure see Figure 1A) is a naturally occurring tryptamine derivative and biogenic amine acts as a neurotransmitter for both central as well as the peripheral nervous system. It was discovered by an Italian pharmacologist Vittorio Erspamer in 1952, identifying enteramine as 5-hydroxytryptamine (Erspamer and Asero, 1952). Later, SRT was synthesized by a second tryptophan hydroxylase isoform (Walther et al., 2003). It is exclusively found in all types of mammals including the human gastrointestinal tract, blood platelets, and nervous system. Approximately 80–90% of the total SRT is located in the enterochromaffin cells in the gut of humans and the remaining 10–20% is synthesized in serotonergic neurons in the Central Nervous System (CNS) and blood platelets (Mawe and Hoffman, 2013; Lv and Liu, 2017). SRT is widely distributed in the brain (Carhart-Harris and Nutt, 2017) and controls a variety of physiological and behavioral processes e.g., sleep, addiction, sexual activity, aggression, locomotion, anxiety, cognition, and food intake (Veenstra-Vanderweele et al., 2000; Berger et al., 2009). Especially, the food intake takes a significant dip due to activated serotonergic activity causing short-term food deprivation (Johnston and Glanville, 1992; Ruibal et al., 2002). The unwanted disruption of SRT balance in body systems may cause mental disorders such as Alzheimer's disease, infantile autism, schizophrenia, and depression (Dubovsky and Thomas, 1995; Voet and Voet, 2006). SRT is intrinsically fluorescent in the living system and it emits around 335 nm (Hernandez-Mendoza et al., 2020). Kishi and co-workers reported that the SRT shows different fluorescence properties at various pH values (Kishi et al., 1977). Chattopadhyay and co-workers reported a detailed characterization of its photophysical properties upon modulation by ionization and polarity of the medium (Chattopadhyay et al., 1996). Various literature reported that the SRT has two acid dissociation constant (pKa) value, i.e., one is 9.97 for an aliphatic amino group and 10.73 (see Figure 1B) for an aromatic hydroxyl moiety (Chattopadhyay et al., 1996; Pratuangdejkul et al., 2006). Ouyang and Vogel studied the interaction of SRT with metal-binding protein calmodulin using UV-Vis., fluorescence, and NMR spectroscopic techniques (Hui and Vogel, 1998). Considering the biological importance of SRT, its delivery using a supramolecular approach will be highly desirable for the therapies associated with SRT syndrome.


[image: Figure 1]
FIGURE 1. (A) Chemical structure of Serotonin (SRT, guest) and Cucurbit[7]uril (CB7, host), (B) Prototropic equilibrium of SRT with different pH.


Water-soluble macrocyclic host molecules are very important for encapsulating polar and non-polar guest molecules with an offering of a hydrophobic cavity. Macrocycle molecules can have a quite rigid and well-defined cavity which can strongly encapsulate hydrophobic drug molecules with reasonable binding constant. The macrocyclic host molecules build a supramolecular host-guest system which provides an opportunity to study the nature of intermolecular interactions (Dsouza et al., 2011). Interestingly, the host-guest complexation is untangling of the dynamic nature of the formation of simple supramolecular assembly. The interaction of small organic molecules with a macrocyclic water-soluble host molecule is the prototype example of supramolecular interaction. Calixarenes, cyclodextrins, charged-cyclophane, and crown ethers, the popular drug-delivery carriers, are water-soluble macrocyclic host molecules and they have variable cavity size which is of nano-dimension with changing the monomer unit (Ghosh and Nau, 2012; Zhang et al., 2020). In comparison, a new class of water-soluble macrocyclic host molecule, cucurbit[n]urils (CBn, n = 5–10) are composed with “n” glycoluril units bridged by methylene groups (Nau et al., 2011). CBn has two symmetrical portals made of “n” carbonyl groups. CB7 has seven carbonyl groups presented in both the portals (Figure 1A). Both the portals of CBn are capable of binding positively charged molecules or ions. The cationic guest molecules comprising of a hydrophobic part are encapsulated in the hydrophobic nano-cavity of CBn driven by ion-dipole interaction, hydrogen bonding with carbonyl portals (Mondal et al., 2015; Ahmed et al., 2016; Yin and Wang, 2018). Such encapsulation causes a significant shift in the acid-dissociation constant and can effectively cause enhanced solubility of the guest, controlled release for drug delivery applications, and sensing using electronic spectroscopy for optically active molecules (Saleh et al., 2008, 2011, 2016; Wang et al., 2009; Koner et al., 2011; Ghosh and Nau, 2012; Lazar et al., 2016; Mallick et al., 2016; Kuok et al., 2017; Yin et al., 2017; Das et al., 2019; Wu et al., 2019) The formation of ternary complex with guest molecues and CBn is frequently obtained and formation of such the complexes have produced multifaceted applications (Bhasikuttan et al., 2007; Choudhury et al., 2010; Barooah et al., 2017). In last decade, new derivatives of CB are getting significant popularity and showed immense potential for various applications (Dsouza et al., 2011; Cong et al., 2016; Gao et al., 2017; Liu et al., 2019a,b).

Of late, our group reported the detailed photophysical properties of anti-malarial drug Quinine and β-carboline-based drug Norharmane upon binding with CB7 (Mallick et al., 2016; Chandra et al., 2018). The encapsulation resulted in greater solubility and excited state pKa shift in both the cases which impacts reduced phototoxicity, improved bioavailability of the drug molecules. In view of further advancement in this field, we took interest in serotonin (SRT) which has manifold roles in our physiological system. We have studied the complexation of SRT by CB7 using UV-Vis. and fluorescence spectroscopy, time-resolved anisotropy, NMR spectroscopy, and molecular docking studies. A significant difference in pH-dependent binding affinity of SRT was observed upon CB7 encapsulation. As the complexation-induced chemical shifts helped to understand the orientation of SRT inside the CB7 cavity, the docking studies provided with the complex geometry along with the stoichiometry.



MATERIALS AND PHYSICAL METHODS

Serotonin (5-hydroxytryptamine) was purchased from Alfa Aesar (USA). HCl and NaOH were purchased from SDFCL, India) and Rankem, India, respectively. The pH of the solutions was adjusted using dilute HCl and NaOH solution. D2O, DCl, and NaOD were purchased from Sigma Aldrich, USA. All chemicals were used as received without any further purification. CB7 was synthesized and purified according to the previous report (Marquez et al., 2004) and characterized by 1H NMR spectroscopy and mass spectrometry. The experiments in water were carried out using Milli-Q grade water using Milli-Q water purification set up from Merck (USA) with resistivity 18.2 MΩ·cm at 298 K.


Steady-State Absorption and Fluorescence Spectroscopy Experiments

All steady-state absorption and fluorescence measurements were carried out using Cary 5000 UV-Vis. spectrophotometer (Agilent Technologies) and HORIBA Jobin Yvon Fluorolog 3 instrument, respectively. Fluorescence spectra were recorded from 290 to 450 nm by exciting at 280 nm. All measurements were performed with a 1 cm path length quartz cuvette keeping both excitation and emission slit width 2 nm. All the experiments were carried out using a 10 μM SRT at room temperature (298 K). A concentrated stock solution of 1 mM SRT was prepared in Milli-Q water and diluted accordingly using Milli-Q water for absorption and fluorescence spectroscopic measurements. A dilute solution of the dye was taken for all the measurements to keep the absorption value low to avoid the inner filter effect. pH titrations by UV-Vis and fluorescence were performed in Milli-Q water and the pH/pD of the solution was adjusted by adding a minimal amount of concentrated HCl/DCl and NaOH/NaOD solution in water to avoid any dilution effect. The pH/pD was also measured at the end of the titration to test the pH/pD stability during titration.



Time-Resolved Experiments

Time-resolved fluorescence and anisotropy decay measurement were performed using a Hamamatsu MCP photomultiplier (R-3809U-50). The time-correlated single-photon counting (TCSPC) setup consists of an Ortec 9327 pico-timing amplifier and using a pulsed Diode laser (λex = 280 nm) with fwhm ~143 ps with a setup target 10,000 counts. The instrument response function (IRF) was collected using a dilute suspension of Ludox (colloidal silica, purchased from Sigma Aldrich). The emission and excitation polarizer was set at a magic angle (54.75°) to each other. The mono and bi-exponential fitting functions were employed by iterative deconvolution method using software DAS v6.2. The quality of the fitted data was judged from the reduced chi-squared value (χ2), calculated using the IBH software provided with the instrument. Following is the type of fitting function used.

[image: image]



NMR Titration

1H NMR spectra were recorded using Bruker Avance III 400 MHz NMR spectrometer. Chemical shifts (δ) values are reported in ppm. All NMR titrations were performed in D2O at 298 K and the pD value of the solution was adjusted using NaOD and DCl. Dilute solutions of NaOD and DCl were prepared by diluting their concentrated stock in D2O. For NMR titration, the concentration of SRT was kept fixed to 0.5 mM in D2O and a concentrated stock solution of CB7 with same pD value was added accordingly to get the desired concentration. All NMR spectra from a binding titration were obtained on the same day and the data was collected immediately after making the respective solution.



Molecular Docking

Molecular docking studies of SRT•CB7 inclusion complex was performed using the PatchDock server (Duhovny et al., 2002; Schneidman-Duhovny et al., 2005). The input files were optimized initially and uploaded to the server in PDB format. PatchDock uses different sets of parameters for the complex type field settings to automatically determine complementarity determining regions (CDR) of the host/receptor molecule. In the final stage of clustering, RMSD (root mean square deviation) clustering is performed to discard the superfluous modeled structures. The output is based on the geometric score, interface area size, and atomic contact energies of the docked structures.




RESULTS AND DISCUSSIONS


pH-Dependent UV-Vis. and Fluorescence Measurements

The photophysics of SRT is sensitive to the pH of the solution. In acidic pH, it exhibits two absorption maxima at 277 and 297 nm while increasing the pH, 297 nm band diminishes and gives rise to another one with a maxima at 325 nm (Figure 2A). The isosbestic point at 309 nm signifies the conversion between neutral and protonated species. The origin of the red-shifted band at 325 nm indicates an increase in the conjugation of the chromophore unit. This could only be because of the deprotonation of the hydroxyl group present at the 5-position of the indole ring. After deprotonation of the phenolic -OH group, the negative charge of the phenolate ion has participated in the ring resonance and increased the conjugation length of the indole ring. Thereafter, we have performed a sigmoidal fitting of the optical density data measured at 335 nm obtained from UV-Vis. titration. We have obtained a pKa value of 10.8 for the phenolic -OH group (Figure 2C). To understand the effect of pH on the emission properties of SRT, the pH-dependent fluorescence spectra were recorded upon excitation at 280 nm at different pH. It was observed that the intensity became negligible with the increasing pH. This phenomenon can be attributed to the lower absorbance value of the ionized SRT at the excitation wavelength, which leads to the gradual decrease in the intensity above physiological pH. Similar to the absorption, we have also obtained a pKa value of 10.8 from the fluorescence titration (Figures 2B,C). It is reported that the pKa value of the primary amine of SRT is 9.9 (Chattopadhyay et al., 1996; Pratuangdejkul et al., 2006). So, below this pH value, the primary amine group is also protonated and bears a positive charge. The pKa value obtained from the pH titration using absorption and emission spectroscopy are identical. This indicates that there is no change in the pKa value upon electronic excitation.


[image: Figure 2]
FIGURE 2. (A) UV-Vis.-based pH titration, the 333 nm absorption peak increases with pH, (B) fluorescence-based pH titration, the fluorescence peak at 335 nm decreases with pH, (C) determination of the pKa value from UV-Vis. and fluorescence titration. The normalized optical density at 333 nm and the fluorescence intensity at 335 nm was plotted against the pH of the solution. The data points were fitted with a sigmoidal fitting function using Origin pro software to obtained the pKa value.




Binding Studies and Time-Resolved Anisotropic Behavior of the Complex From Fluorescence

Once we explored the pH-sensitivity in the ground and excited-state photophysical properties of SRT, the complexation with CB7 was to be well-understood. At first, we have performed a UV-Vis. titration of 5 μM SRT at pH 3.0 with an increasing concentration of CB7. This titration leads to an isosbestic point at 280 nm indicating the formation of a well-defined complex between SRT and CB7 upon encapsulation (Supplementary Figure 1). However, we did not observe a significant change in the absorption spectra to obtain an accurate binding constant. Thus, we have performed a fluorescence-based titration, which is known to be more sensitive toward complexation, with 10 μM SRT with an increasing concentration of CB7 at pH 3. The fluorescence intensity gradually decreased with increasing concentration of CB7 and saturation could only be achieved after the addition of 1.5 mM CB7 (Figure 3A). Such a decrease of fluorescence intensity indicated the formation of host-guest complex and the supramolecular environment is responsible for the attenuation of the fluorescence intensity. From this titration, we have plotted the fluorescence intensity at 333 nm against the concentration of the CB7, and the data points were fitted using a 1:1 binding equation (see Supplementary Materials). The fitted model provided a binding constant of 23,000 ± 500 M−1 (Figure 3B). The binding stoichiometry of the complex was also confirmed experimentally by the Job's plot obtained from NMR titrations (Figure 3C).


[image: Figure 3]
FIGURE 3. (A) Fluorescence titration of SRT with CB7 at pH 3.0; intensity gradually decreases upon encapsulation, (B) the fitted plot using a 1:1 binding equation yields a binding constant value (23,000 ± 500) M−1 (C) Job's plot using the change in chemical shift against the relative concentration of CB7 shows 1:1 binding stoichiometry, (D) time-resolved anisotropy decay plot of SRT in presence and absence of CB7 at pH 3.


The time-resolved anisotropy is also a useful tool to determine the restriction offered by the macrocyclic environment to the encapsulated guest molecule upon binding (Scholtbach et al., 2015; Chandra et al., 2016). If the host-guest complex is formed then the guest would exhibit a non-zero limiting anisotropy decay. Thus, we have measured the anisotropy of free SRT and in the presence of CB7 at pH 3. The anisotropy decay results show that at lower pH (pH~ 3.0) the anisotropy of SRT increases from 0.2 to 0.6 ns upon treatment with CB7 (Figure 3D). The greater anisotropy of SRT in the presence of CB7 at lower pH indicates the hindrance of free rotation caused by the encapsulation of SRT into the hydrophobic cavity. The fluorescence lifetime of SRT did not change upon CB7 encapsulation (Supplementary Figure 2). To understand the binding of deprotonated SRT, we have also performed the binding titration of deprotonated SRT with CB7 at pH 12.0 using fluorescence spectroscopy (Supplementary Figure 3). We have avoided higher pH to reduce the interference from sodium ions from the base. A minute change in the fluorescence intensity indicated the feeble binding with CB7 which is also confirmed by NMR titration (vide infra). This goes along the same well-established fact that CB7 binds very weakly with negatively-charged species. Therefore, at higher pH, due to weak complexation, the anisotropy remained unchanged for SRT. The binding titration of SRT with CB7 was also performed in D2O at a lower pD. Similar to pH 3.0, we observed a quenching in SRT fluorescence upon complexation with CB7. However, the extent of quenching is lower compared to the same measured in H2O (Supplementary Figure 4). The binding constant obtained from these titrations is weakened by a factor of two on moving from H2O to D2O and this is in accordance with the previous report by Biedermann et al. (2013). Such a reduction in binding strength confirms a strong contribution originated from the host-guest binding enthalpy. Additionally, to understand the SRT and CB7 binding in physiological pH, we have performed fluorescence-based titration (Supplementary Figure 5). Not surprisingly, the binding constant values obtained in H2O and D2O are similar (Supplementary Figures 5A–C) to that of in lower pH as there is no structural change of the encapsulation SRT molecule.



NMR-Based Study of SRT•CB7 Complex Formation

After investigating the binding strength of SRT with CB7 using steady-state and time-resolved fluorescence spectroscopy, we were interested to investigate the mode of binding and the structure of the complex in solution. To understand the structure of any host-guest complex in solution and the interaction between them, NMR spectroscopy is one of the best methods.

The Complexation Induced Shift (CIS) in the NMR chemical shift due to the re-location of the guest molecule in the macrocyclic host cavity can allow us to understand the nature of the interaction and geometry of the complex (Hunter and Packer, 1999; Gomila et al., 2002). The CIS of the guest signal is monitored to quantify the binding strength of complexation for a host-guest system. The 1H NMR signal showing an up-field CIS value indicates an encapsulation of the guest molecules in the hydrophobic environment while downfield signals indicate the positioning of the hydrogen just in the interface of the host cavity. We have performed an NMR titration of 0.5 mM SRT with an increasing concentration of CB7 up to 4.0 mM at two different pH. Each proton present in the SRT was assigned before analyzing the titration data (Figure 4A). At lower pH, ca. pD 3.0, a strong up-field CIS was observed in Hb, Hc, and Hf which indicate that those hydrogen atoms of SRT are present in the core of the CB7 cavity (Figure 4C). On the other hand, a small up field CIS Ha, Hd, and He suggested encapsulation of these protons are present relatively nearer to the portal of the CB7. The full-length NMR spectra are shown in Supplementary Figure 6. To evaluate the binding strength between SRT and CB7, we plotted the change in the chemical shift of six different protons present in SRT against the concentration of CB7 added during the NMR titration (Figure 4B). The data points were fitted by 1:1 binding equation and get the average binding constant (9,200 ± 1,200) M−1 which is very similar to the value obtained from fluorescence binding titration in D2O. Further, we have also performed an NMR titration at pD 7.4 with 0.2 mM SRT and an increasing concentration of CB7 up to 3.2 mM. The average binding constant value obtained using the 1:1 equation from fitting all the NMR peaks at pD 7.4 is (11,500± 1,800) M−1 (see Supplementary Figures 7, 8). This is similar to the value measured at pD 7.4 using fluorescence spectroscopy. Such a binding geometry could eventually cause a significant shift in the pKa value. Unfortunately, we could not monitor the pKa value of SRT in SRT•CB7 complex as the pKa value was out of range in experimental pH conditions. Nonetheless, it is interesting to note that at pH 13 there is no change in CIS for host-guest complexation (Supplementary Figure 9). Hence, it is evident that no complex formation occurs in basic pH and the shift in the pKa is less than two logarithmic units owing to the competition provided by the sodium ions present in the basic pH range.
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FIGURE 4. (A) NMR-based titration of 0.5 mM SRT with increasing concentration of CB7 up to 4.0 mM at pD 2.8; left part showing the aromatic region and right part the aliphatic region of NMR titration, (B) fitted plot of the change in Complexation Induced Shift (CIS) vs. concentration of CB7, (C) schematic representation of plausible SRTH+•CB7 complex.




Understanding the Role of Cs+ as a Competitor on the Stability of SRT•CB7

To understand the stability, stoichiometry, and the depth of inclusion of the SRT•CB7 complex, we have performed a competition titration experiment with the help of a bulky mono-cationic alkali metal. The selection of cesium ion was based on mainly two reasons. Firstly, it can act as the lid on the top/bottom of the CB7 portal due to the ion-dipole interaction. As the previous studies show that Cs+ has a strong affinity to form a 1:1 complex with CB7 (Whang et al., 1998; Pichierri, 2013). Secondly, it is an NMR innocent alkali metal ion. Hence, we carried out the NMR-based competition assay at pD 2.8 of the pre-formed SRT•CB7 complex with an increasing concentration of CsCl up to 10 mM (Figure 5A, Supplementary Figure 10). In this experiment, we anticipated the displacement of bound SRT by Cs+. With the increasing concentration of CsCl, the 1H NMR signal showed a small downfield shift in the peak positions. To our surprise, the extent of the downfield shift strongly indicated no displacement of SRT from the CB7 cavity (Figure 5B). The Cs+ ion binds to the portal of the CB7, and with increasing the concentration it re-orientates SRT inside the CB7 cavity. This was further validated with a fluorescence titration by adding CsCl in a pre-formed SRT•CB7 complex (see Supplementary Figure 11). In fact, the initially up-field shifted peaks due to SRT•CB7 complexation were partially shifted to down-field. Hence, we did not observe a full recovery of the peak position. This confirms that there is a formation of a ternary complex formation (SRT•CB7•Cs+, Figure 5C) where Cs+ ion acts as a lid possibly from the one side of the portal.


[image: Figure 5]
FIGURE 5. (A) NMR-based titration of the SRT•CB7 (0.5 mM SRT and complex with increasing concentration of CsCl up to 10 mM at pD 2.5; part showing the aromatic region and right part the aliphatic region of NMR spectra. (B) A fitted plot of the difference in chemical shift (in ppm) against the concentration of CsCl. (C) Schematic representation of SRT•CB7•Cs+ complex.




Molecular Docking Studies

Based on the NMR titration experiments, it is evident that SRT resides inside the cavity of CB7 while the amine group protrudes along with the portal. Even as complete inclusion of the main framework was suggested by the proton chemical shifts, the actual orientation could not be understood. Hence, we performed molecular docking using the PatchDock server (Duhovny et al., 2002; Schneidman-Duhovny et al., 2005). The 3D structure of CB7 was obtained from the PDBe database and optimized by the PM3 method using Gaussian 09W. The protonated structure of SRT was optimized using the B3LYP method at 6-31G* level. Several probable structures were received from the PatchDock server program based on the geometric shape complementarity score, approximate interface area of the complex and, atomic contact energy (ACE). The structure of the individual molecules and inclusion complex, shown in Figures 6A–D, has the highest geometric shape complementarity score 3,056, an approximate interface area of 319.90 Å2, and ACE is −349.13 kcal/mol (Supplementary Table 1). The orientation of SRT inside CB7 well corroborates with the proton chemical shifts obtained from the NMR titration.


[image: Figure 6]
FIGURE 6. (A) Stick model of the guest CB7 (top view), (B) stick and sphere model of SRT in acidic pH, (C) top view, and (D) side view of the of 1:1 inclusion complex of SRT•CB7 and (D). The carbon, hydrogen, nitrogen, and oxygen atoms are shown in gray, white, blue, and red, respectively.





CONCLUSIONS

In summary, we have extensively explored the encapsulation of a well-known neurotransmitter molecule serotonin with a rigid water-soluble macrocyclic host CB7 using different spectroscopic techniques and molecular docking. Primarily, the pH-dependent photophysical properties of serotonin were investigated. The host-guest complexation between CB7 and serotonin in different pH revealed an efficient binding of the amine-protonated species of serotonin, whereas, in basic pH, no complex was formed. The 1:1 stoichiometry of the complex was assessed using Job's plot. Interestingly, we observed a binding constant difference of two times in favor of H2O compared to D2O due to strong enthalpic contribution in the complexation between serotonin and CB7. Further confirmation of the complexation was obtained from fluorescence anisotropy and NMR. From NMR titration, the complexation induced chemical shift values were evaluated to understand the solution structure of the complex. Subsequently, Cs+ driven competition of bound serotonin indicated the formation of the ternary complex originated from the pre-formed 1:1 complex where Cs+ acts as the lid. Finally, the molecular docking studies were performed to validate the geometrical orientation and stoichiometry of the complex. We believe this study will be useful for serotonergic drug delivery and treatment of serotonin syndrome, considering the numerous roles of serotonin in physiological and pathophysiological processes and being one of the most important neurotransmitters.
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Diverse classes of anion transporters have been developed, most of which focus on the transmembrane chloride transport due to its significance in living systems. Fluoride transport has, to some extent, been overlooked despite the importance of fluoride channels in bacterial survival. Here, we report the design and synthesis of a cyclic azapeptide (a peptide-based N-amidothiourea, 1), as a transporter for fluoride transportation through a confined cavity that encapsulates fluoride, together with acyclic control compounds, the analogs 2 and 3. Cyclic receptor 1 exhibits more stable β-turn structures than the control compounds 2 and 3 and affords a confined cavity containing multiple inner –NH protons that serve as hydrogen bond donors to bind anions. It is noteworthy that the cyclic receptor 1 shows the capacity to selectively transport fluoride across a lipid bilayer on the basis of the osmotic and fluoride ion-selective electrode (ISE) assays, during which an electrogenic anion transport mechanism is found operative, whereas no transmembrane transport activity was found with 2 and 3, despite the fact that 2 and 3 are also able to bind fluoride via the thiourea moieties. These results demonstrate that the encapsulation of an anionic guest within a cyclic host compound is key to enhancing the anion transport activity and selectivity.
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INTRODUCTION

In the past decade, artificial transmembrane anion transport has attracted much attention, and a variety of synthetic carriers (Wu et al., 2018, 2019) or channels (Ren et al., 2018a,b) have been developed to facilitate the transport of anions, e.g., chloride (Valkenier et al., 2019), bicarbonate (Gale et al., 2010), and sulfate (Busschaert et al., 2014), across the cell membranes or artificial lipid bilayers, showcasing potential application in treating diseases caused by faulty anion channels, such as cystic fibrosis (also known as channelopathies; Sheppard et al., 1993), Bartter syndrome (Simon et al., 1996), and Dent's disease (Dutzler et al., 2002).

Fluoride is the smallest halide anion, which is closely related to the life and health of humans and other living organisms. For example, fluoride is an indispensable additive in toothpastes to prevent dental caries of children and adolescents (Marinho et al., 2003). However, long-term exposure to environments containing high-level fluoride will cause fluorosis (Zhang et al., 2017). Therefore, the concentration of fluoride in drinking water should be carefully monitored: a F− concentration lower than 0.5 mg/L may lead to dental decay (Yuan et al., 2020); a high F− concentration is linked with dental fluorosis (1.5–4.0 mg/L; Rwenyonyi et al., 1999) and skeletal fluorosis (>4 mg/L; He et al., 2020). Fluoride is toxic to microorganisms because it inhibits their phosphoryl-transfer enzymes (Breaker, 2012). With an acidic extracellular environment, unicellular organisms would take up the membrane permeable hydrofluoric acid (HF) and accumulate F− in the cytoplasm (known as the weak acid accumulation effect) leading to F−-induced toxicity. Many microorganisms have developed fluoride resistance through the action of fluoride-exporting proteins to counter the weak acid accumulation effect. Recently, fluoride channels, CLCF F−/H+ antiporters (Baker et al., 2012; Stockbridge et al., 2012; Brammer et al., 2014) and “Fluc” proteins (Ji et al., 2014; Stockbridge et al., 2014, 2015), have been found. These membrane proteins contain small pores to achieve the selectivity for fluoride, which is essential to the survival of unicellular organisms and eukaryotes under fluoride-containing environments.

However, the design of a fluoride selective transporter is still challenging, owing to the intrinsic nature of fluoride, in terms of small size and basic and high hydration energy. In fact, only a few examples of fluoride carriers are reported, including heavy pnictogenium cations (Park et al., 2019), phosphonium boranes (Park and Gabbai, 2020), and strapped calix[4]pyrroles (Clarke et al., 2016), but they are also active for chloride transport. In view of the small size of fluoride and the small pore in Fluc proteins that facilitates F− selectivity, it is anticipated that creating a cyclic molecule with a small cavity could be a design strategy for fluoride selective transport. Meanwhile, secondary structures play a vital role in maintaining the shape and function of ion channel proteins (Ketchem et al., 1993). We therefore decided to introduce a small secondary structure, i.e., β-turn, into cyclic molecule to improve the lipophilic property of the transporter.

Herein, by employing alanine-based N-amidothiourea motif, a structural scaffold featuring β-turn structure (Yan et al., 2013, 2018, 2019; Cao et al., 2017), we design and synthesize a cyclic azapeptide 1 and two acyclic analogs 2 and 3 (Figure 1) for fluoride transmembrane transport. The facile synthesis of cyclic receptor 1 is facilitated by the meta-position of the two benzene linkers and the 2-folded β-turns, which offer a small confined cavity for fluoride binding, leading to good selectivity in fluoride transmembrane transport across lipid bilayers according to an electrogenic anion uniport mechanism. Acyclic control compounds 2 and 3 are able to bind fluoride via the thiourea moieties but show no fluoride transmembrane transport activity. From these results, it is believed that a cyclic host of small cavity with a conformation mimicking the secondary structure of proteins could be a key to designing effective and selective fluoride transporters.


[image: Figure 1]
FIGURE 1. Synthesis of cyclic azapeptide 1 (A) and molecule structures of acyclic counterparts 2 and 3 (B). All alanine residues are of L-configuration.




RESULTS AND DISCUSSIONS


Synthesis and Characterization

Equal molar bilateral alanine-based hydrazides 4 (0.67 g, 2 mmol) and 1,3-phenylene diisothiocyanate 5 (0.38 g, 2 mmol) were dissolved in 50 mL CH3CN and stirred at 80°C for 12 h (Figure 1A). Removing the solvent through evaporation in vacuum, the crude product showed a set of well-resolved 1H NMR signals (Supplementary Figure 1), indicating the formation of a main product with well-defined structure and of high purity and high yield. This product was suggested to be the cyclic azapeptide 1 according to the MALDI-TOF mass spectrum that shows a sharp peak of 528.03 (Supplementary Figure 2, calcd for [1+H]+ [C22H24N9O4S2]+: 529.14). After recrystallizing in CH3CN, pure product 1 of high isolated yield (72%) was obtained. Generally, the two-point reaction could result in diverse oligomers, polymers, and cyclic compounds, which have not been found during the synthesis of 1. The meta-position of the two benzene linkers and the folded β-turn structures are expected to contribute to the accessible synthesis of 1. Acyclic analogs 2 and 3 (Figure 1B) were synthesized according to the procedures described in Scheme S1 in Supplementary Material.



β-Turn Structures

β-Turn structure has been well-identified in alanine-based N-amidothiourea in our previous works. The calculated structure of cyclic azapeptide 1 features two β-turns as shown in Figure 2A. 1H NMR spectra of 1 were recorded in 90:10 (v/v) CD3CN–DMSO-d6 mixtures at variable temperatures (Supplementary Figure 3), from which the temperature coefficients of the chemical shift of –NH protons were obtained (Figure 2B). Different from –NHa (−7.66 ppb/°C), –NHb (−7.21 ppb/°C), and –NHc (−10.91 ppb/°C), which have very negative values, a much more positive temperature coefficient of thioureido –NHd (−1.94 ppb/°C) was observed, suggesting the protection of –NHd by intramolecular interaction, ascribed to the intramolecular 10-membered ring hydrogen bonds that maintain the two β-turns in 1 (Figure 2A) (Cao et al., 2017; Yan et al., 2019; Zhang et al., 2020). The obvious NOE signals of He-Hf and Hd-Hf again support the folded β-turn structures in cyclic azapeptide 1 (Supplementary Figure 4 and Figure 2C).


[image: Figure 2]
FIGURE 2. (A) Calculated structure of cyclic azapeptide 1 with two β-turns. Dashed green lines highlight the intramolecular hydrogen bonds of β-turn structures. Method for calculation: B3LYP DFT with the 6-311G** basis set. (B) Influence on –NH protons resonances of 1 in 90:10 (v/v) CD3CN/DMSO-d6 mixtures by temperatures (600 MHz) and the fitted temperature coefficients. [1] = 1 mM. (C) Partial 2D NOESY spectrum of 1 in 90:10 (v/v) CD3CN/DMSO-d6 mixtures. [1] = 1 mM. (D) Absorption and CD spectra of 1 (red line), 2 (blue line), and 3 (black line) in CH3CN. [1] = [2] = [3] = 20 μM.


Folded β-turn structures also exist in acyclic control compounds 2 and 3, suggested by the DFT calculated structures (Supplementary Figure 5), as well as the temperature coefficients of the chemical shift of the –NH protons (Supplementary Figures 6–9). Given the more positive temperature coefficient of the –NHd in 1 (-1.94 ppb/°C) than those in 2 and 3 (−2.65 and −2.64 ppb/°C, respectively, Table 1), it is believed that the intramolecular hydrogen bonds in 1 are more stable than those in 2 and 3, owing to the rigid cyclic conformation that stabilizes the β-turn structures. Meanwhile, CD spectra in CH3CN show an obvious CD signal at 270 nm of 1 and weak signals for 2 and 3, suggesting the more efficient intramolecular chirality transfer from chiral alanine residues to achiral phenylthiourea chromophore in 1, deduced from the absorption spectra (Figure 2D). Meanwhile, the cyclic conformation also leads to higher lipophilicity of 1, supported by their retention times in reverse-phase HPLC (Supplementary Table 1). This could be a potential advantage of 1 for anion transmembrane transport (Valkenier et al., 2014).


Table 1. Temperature coefficients of –NH protons' chemical shifts of 1, 2, and 3 in 90:10 (v/v) CD3CN/DMSO-d6 mixtures.
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Anion Binding

The binding capacity of 1 toward halide anions in CH3CN was next examined. Despite no perceivable binding to Cl−, Br−, and I− (Supplementary Figures 10–12), a substantial change in absorption and CD spectra of 1 was observed in the presence of F− (Figure 3 and Supplementary Figure 13), undergoing multiple processes since the two binding groups, thiourea moieties, in 1 are in close proximity. Upon the addition of F− from 0.0 to 1.0 eq, the absorbance at 272 nm that from the thiourea chromophore is increased, along with the development of a new band at 315 nm, which is assigned to the charge transfer band of the anion–thiourea complex (Figure 3A). Significantly, a new CD band develops at 315 nm, suggesting the occurrence of intermolecular chirality transfer. With increasing F− concentration from 1.0 to 2.0 eq, the absorption at 272 nm blue shifts to 263 nm, while that at 315 nm shifts to 295 nm. While the CD signals at 272 and 315 nm become more negative, the positive signals at 238 and 215 nm are also enhanced, leading to bisignate and coupled Cotton effects at 272 and 238 nm (Figure 3B). From 2.0 to 5.0 eq F−, both absorption and CD spectra are changed slightly (Figure 3C). Thus, a final 1:2 binding complex is suggested for 1 in the presence of F−. The optimized structure of 1·2F− complex shows that one F− interacts with 1 through three N–H···F− hydrogen bonds in the cavity of each side, breaking the β-turn structures. Therefore, one 1 molecule binds two F− ions through six hydrogen bonds (Supplementary Figure 14 and Supplementary Table 2), resulting in a high binding energy up to−158.12 kcal mol−1 or−79.06 kcal mol−1 per F− ion. Moreover, the calculated CD spectrum performed by TD-DFT is similar to the experimental spectrum of 1 in the presence of 2.0 eq F− (Supplementary Figure 15), indicating the reliability of the calculated binding model.


[image: Figure 3]
FIGURE 3. Absorption and CD spectra of 1 in CH3CN in the presence of F− from 0 to 1.0 eq (A) and from 1.0 to 5.0 eq (B). (C) Plots of absorbance and CD intensity at 280 and 315 nm vs. concentration of F−. [1] = 20 μM. F− exists as the (n-Bu)4N+ salt.


Acyclic compounds 2 and 3 can also bind with fluoride in CH3CN by employing two thiourea groups. In 2, the two thiourea moieties are distant, so only one equal binding process is shown in the titration spectra, in which the absorbance at 292 nm can be assigned to the F− binding complex of charge transfer transition (Supplementary Figure 16). Thereby, intermolecular chirality transfer is indicated by the emerged Cotton effects at 292 nm. Differently, the two thiourea groups in 3 are in close proximity, and the resultant binding complexes exhibit enhanced absorption and CD peaks at 266 nm, while the CD signals at 242 nm from the alanine residues are decreased (Supplementary Figure 17). The binding constants of acyclic 2 (K = 2.2 × 105 M−1, Supplementary Figure 16) and 3 (K11 = 5.9 × 105 M−1, K12 = 8.5 × 103 M−1, Supplementary Figure 17) with F− are fitted to be much lower than those of cyclic 1 with F− (K21 = 1.7 × 105 M−1, K11 = 1.9 × 108 M−1, K12 = 8.6 × 105 M−1, Supplementary Figure 13). No binding events are observed for 2 and 3 in the presence of Cl−, Br−, and I− (Supplementary Figures 18–23).



Osmotic Assay

The selective binding of 1–3 to fluoride implies that they might be candidates for selective transport of fluoride. We thus studied the fluoride transport activities of 1–3 according to osmotic assay as shown in Figure 4A (Clarke et al., 2016). Large unilamellar vesicles (LUVs, 400 nm), composed of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), were loaded with a buffered KF solution (300 mM) and suspended in a buffered K+ gluconate solution (300 mM). Transporters were added in the presence and absence of valinomycin (Vln, 0.5 μM, 0.1 mol%) to initiate the transport process (Figure 4A). The large hydrophilic anion gluconate was used as the extravesicular anion, which rules out an anion exchange mechanism. Without Vln, a fluoride transporter will create a membrane potential under the concentration gradient of fluoride, preventing fluoride efflux. Then Vln, a natural potassium carrier, can dissipate the membrane potential by transporting potassium leading to observable fluoride efflux. The overall KF cotransport will give rise to an osmotic gradient and drive the efflux of water from vesicles, leading to vesicle shrinkage. This process can be monitored by a fluorometer as an increase of 90° light scattering that results from the vesicle shrinkage. In the absence of Vln, the compounds 1–3 show no response from osmotic assay (Supplementary Figure 24), suggesting that the transporters cannot facilitate K+/F− symport or F−/gluconate antiport. Then Vln was added before the measurement began, and compound 1 leads to a significant increase in light scattering intensity, which was not observed for 2 and 3 (Figure 4B and Supplementary Figure 25), implying that transporter 1 is capable of transporting fluoride via an electrogenic anion uniport mechanism. The transport activity was quantified by employing transporter 1 at different concentrations (Figure 4C). Fitting the data with Hill equation, EC50 (the effective concentration to reach 50% of maximum transport at 300 s) and n (Hill coefficient) are obtained and shown in Figure 4D. The concentration of lipids in osmotic assay is 500 μM; the EC50 value (53.12 μM) corresponds to a transporter/lipid ratio of 10.62 mol%. The corresponding Hill coefficient n (2.24) is attributed to F− being transported as a 2:1 (transporter:anion) complex, which presumably leads to more effective shielding of the negative charge of F− compared with 1:1 and 1:2 complexes. Although acyclic counterparts 2 and 3 can bind fluoride as shown by absorption and CD titrations, they show no fluoride transport activity from the osmotic assay, even in the presence of Vln (Supplementary Figure 25), ascribed to their much lower lipophilicity (Supplementary Table 1), as well as lower F− affinity.


[image: Figure 4]
FIGURE 4. (A) Schematic representation of osmotic assay for fluoride transport by exerting a concentration gradient of fluoride. Inside LUVs: 100 mM KF, 10 mM HEPES, pH 7.2. Outside LUVs: 100 mM Glc-K, 10 mM HEPES, pH 7.2. (B) Normalized fluoride efflux obtained by the addition of compound 1 (50 μM, 10 mol%) in the presence and absence of Vln (0.5 μM, 0.1 mol%). At 300 s, FCCP (25 μM, 5 mol%) and Vln (0.5 μM, 0.1 mol%) (if not added previously) were added to obtain a light scattering intensity corresponding to 100% transport for calibration. (C,D) Hill plot analysis of fluoride efflux when 1 is coupled with Vln (0.5 μM, 0.1 mol%).




ISE Assay

Ion-selective electrode (ISE) assay was next applied to directly measure the fluoride transport and confirm the transport mechanism (Wu et al., 2016). POPC LUVs (mean diameter 200 nm) were prepared and used in this section. In the absence of Vln, negligible efflux of fluoride was detected, even when the concentration of transporter 1 is high up to 40 mol%. In the presence of Vln, the KF efflux could reach 47% in the presence of 40 mol% 1 and was increased to be 85% when the concentration of transporter 1 was up to 80 mol% (Figure 5). The transport activity of 1 depends on the presence or absence of Vln, confirming the electrogenic anion transport mechanism. Again, acyclic compounds 2–3 show negative response in the ISE assay (Supplementary Figure 26).


[image: Figure 5]
FIGURE 5. ISE assay for fluoride efflux obtained by addition of compound 1 (40 and 80 mol%) in the presence and absence of Vln (0.1 mol%).




Transport Mechanism Studies

The transport mechanism (carrier or channel) was next investigated by employing lipids composed of dipalmitoylphosphatidylcholine (DPPC), which feature a phase transition at 41°C (Wu et al., 2015). The decreased fluidity of lipids below 41°C could suppress the transport activity of ion carriers but not ion channels. The amount of F− transport of 1 at 300 s decreased from 47% at 43°C to 15% at 37°C in the osmotic assay (Figure 6), supporting the carrier transport mechanism.


[image: Figure 6]
FIGURE 6. Normalized KF efflux quantified by lipids composed of DPPC under 37 and 43°C in the osmotic assay.


It is noteworthy that HF is membrane permeable, and this could lead to an artifact in F− transport studies when the transporter facilitates H+ (OH−) transport (Clarke et al., 2016). In the F− transport artifact, the pH gradient generated by the HF efflux is dissipated by the H+ influx (or OH− efflux) facilitated by the test transporter coupled to the K+ efflux facilitated by Vln, leading to the net KF efflux. Therefore, a H+ or OH− transporter (e.g., FCCP) can generate a positive response in a F− transport assay even if the transporter does not facilitate “true” F− transport by reversibly binding F− ions. KOAc-loaded vesicles were thus utilized to rule out H+ and OH− transport, under which condition membrane-permeable acetic acid forms and would lead to the KOAc efflux in the presence of Vln and a H+ (OH−) transporter. Alternatively, acetate ion transport facilitated by a transporter would also lead to a response in the presence of Vln. If a transporter does not facilitate H+ (OH−) transport or acetate transport, acetate will stay inside the LUVs in the form of membrane-impermeable acetate ion. In our experiment, no detectable efflux of acetate was found (Supplementary Figure 27), confirming that transporter 1 is unable to transport H+ (OH−) or acetate. Thus, the KOAc-loaded osmotic assay, together with the KF-loaded osmotic assay, provides unambiguous evidence that cyclic compound 1 is capable of transporting fluoride via an electrogenic anion uniport mechanism. The integrity of the lipid bilayer can be evidenced by the calcein leakage assay (Wu et al., 2015). Calcein was encapsulated inside POPC LUVs; its fluorescence intensity was monitored to study whether pores are formed in lipids. Only negligible leakage of calcein occurred during the measurement (Supplementary Figure 28), confirming that cyclic compound 1 is functioning as a carrier rather than destroying the vesicle structure or forming large pores.



Transport Selectivity of Fluoride Over Chloride

In view of the fact that the reported fluoride transporters are also active for chloride transport (Clarke et al., 2016; Park et al., 2019; Park and Gabbai, 2020), it is necessary to investigate the selectivity of fluoride over chloride. Hence, LUVs loaded with KCl (300 mM) were prepared to evaluate the transport activity toward chloride (Supplementary Figure 29A). Gratifyingly, no positive response could be observed in the Vln-coupled KCl efflux (Supplementary Figure 29B), suggesting the inactivity of 1–3 toward chloride transport, and thereby a transport selectivity of 1 toward fluoride over chloride. This highlights the importance of a small cyclic structure for selective ion transport.




CONCLUSIONS

In summary, we developed a novel cyclic azapeptide, a peptide-based N-amidothiourea 1, which can selectively bind and transport fluoride across lipid bilayers. NMR studies and DFT calculations verified the existence of β-turn structures in cyclic 1 and acyclic control compounds 2 and 3, with the cyclic structure affording the strongest hydrogen bonding in β-turn structures. Osmotic and ISE assays were employed to explore the transport activities toward fluoride and chloride. We found that cyclic azapeptide 1 can act as a carrier to transport fluoride, operating via an electrogenic anion uniport mechanism. The cyclic structure with a confined cavity facilitates the encapsulation of fluoride, which is the key to the selectivity in anion binding and transport. These results illustrate the significance of encapsulation and offer instructions for design halide-selective anion receptors and transporters.



MATERIALS AND METHODS


Materials

Isophthalic acid, benzoic acid, L-alanine, 1,3-phenylene diisothiocyanate, phenyl isothiocyanate, acetonitrile for reaction, and acetonitrile for spectroscopy were purchased from Sigma Aldrich Co. and used directly without purification. Acetonitrile-D3 and dimethyl sulfoxide-D6 were purchased from Cambridge Isotope Laboratories Inc. All other starting materials were obtained from Sinopharm Chemical Reagent Ltd.



Instrumentation

1H and 13C NMR spectra were recorded on a Bruker AV600MHz or AV850MHz spectrometer. High-resolution mass spectra (HRMS) were acquired on a Bruker micro TOF-Q-II mass spectrometer. Circular dichroism (CD) spectra were recorded on Jasco J-1500. Absorption spectra were recorded on a Shimadzu UV-2700 UV-Vis spectrophotometer. Fluorescence spectra were obtained on a Horiba Fluorolog-3 spectrometer or a Hitachi F-7000 spectrometer. ISE assay was conducted by an Orion Dual Star.



Synthetic Procedures for 1–3

Cyclic compound 1 and reference linear compound 2–3 were synthesized according to reported literatures with little modification (Yan et al., 2019). Isophthaloyl dichloride was synthesized by refluxing isophthalic acid (10.0 mmol) with SOCl2 (15.0 mmol) in CH2Cl2 (50.0 mL) overnight, evaporating solvent and unreacted SOCl2 on a rotary evaporator to obtain white solid without further purification. Isophthaloyl dichloride was mixed with AOEt·HCl (2.0 g, 13.0 mmol) and Et3N (3.0 mL) in CHCl3 (50.0 mL) and stirred overnight. The mixture was washed successively with NH3 · H2O (1%, 50.0 mL), HCl (1%, 50.0 mL), and saturated NaCl solutions (50.0 mL). Then pure product 6 (80% yield averagely) was obtained by drying the solution over anhydrous Na2SO4 and concentrating in vacuo. To synthesize product 4, excess aqueous hydrazine (85%, 6.0 mL) was added to 6 in EtOH (50.0 mL) and refluxed the mixture for 24 h. The solvent was removed by evaporation to obtain a crude product and washed with CH3CN several times to afford pure white product 6 (65% yield averagely).

Linear compound 2 was synthesized by refluxing 4 (1.0 mmol) with an excess amount of Ph(NCS) (2.2 mmol) in CH3CN for 24 h. Pure product 2 (90% yield averagely) precipitated from the solution and could be used directly without further purification.

8 was synthesized and purified under the similar way as 4, then 3 can be acquired by refluxing excess 8 (2.2 mmol) with 5 (1.0 mmol) in CH3CN for 24 h. After filtrating, pure solid product 3 was obtained (90% yield averagely).

1: 1H NMR (600 MHz, DMSO-d6): δ (ppm) 10.44 (s, 2H), 9.81 (s, 2H), 9.28 (d, J = 5.3 Hz, 2H), 9.23 (s, 2H), 8.61 (s, 1H), 8.19 (dd, J = 7.8, 1.7 Hz, 2H), 7.86 (dd, J = 8.1, 1.9 Hz, 2H), 7.65 (t, J = 7.7 Hz, 1H), 7.36 (t, J = 8.1 Hz, 1H), 6.91 (t, J = 1.9 Hz, 1H), 4.32–4.25 (m, 2H), 1.38 (d, J = 7.1 Hz, 6H); 13C NMR (214 MHz, DMSO): δ (ppm) 180.98, 171.88, 167.21, 139.44, 133.88, 130.71, 128.77, 128.55, 127.48, 123.84, 120.30, 49.69, 16.75; HRMS (ESI): calcd for [C22H24N8O4S2Na]+: 551.1254, found: 551.1245.

2: 1H NMR (600 MHz, DMSO-d6): δ (ppm) 10.43 (s, 2H), 9.75 (s, 2H), 9.30 (s, 2H), 9.04 (s, 2H), 8.43 (s, 1H), 8.06 (d, J = 7.4 Hz, 2H), 7.65 (d, J = 25.5 Hz, 4H), 7.61 (t, J = 7.6 Hz, 1H), 7.33 (t, J = 7.3 Hz, 4H), 7.14 (t, J = 6.9 Hz, 2H), 4.40 (s, 2H), 1.43 (d, J = 6.3 Hz, 6H); 13C NMR (151 MHz, DMSO): δ (ppm) 180.74, 172.28, 167.48, 139.48, 134.19, 131.04, 128.74, 128.62, 127.69, 125.26, 124.62, 49.52, 17.19.; HRMS (ESI): calcd for [C28H30N8O4S2Na]+: 629.1724, found: 629.1726.

3: 1H NMR (600 MHz, DMSO-d6): δ (ppm); 10.43 (s, 2H), 9.76 (s, 2H), 9.38 (s, 2H), 8.92 (s, 2H), 8.07 (s, 1H), 7.93 (d, J = 7.3 Hz, 4H), 7.54 (t, J = 7.3 Hz, 2H), 7.49 (t, J = 7.4 Hz, 4H), 7.41 (d, J = 7.7 Hz, 2H), 7.32 (t, J = 8.0 Hz, 1H), 4.34 (s, 2H), 1.41 (d, J = 6.7 Hz, 6H); 13C NMR (214 MHz, DMSO): δ (ppm) 180.71, 172.37, 167.97, 139.38, 133.66, 132.09, 128.75, 128.21, 127.94, 121.84, 121.68, 49.58, 17.06; HRMS (ESI): calcd for [C28H30N8O4S2Na]+: 629.1724, found: 551. 629.1713.



Osmotic Response Assay

The large unilamellar vesicles (LUVs, mean diameter 400 nm) of POPC were prepared by freeze/thaw cycles; 30.4 mg POPC dissolved in CHCl3 (50 mL) was slowly evaporated using a rotary evaporator and dried under high vacuum at room temperature for 4 h. The obtained lipid film was rehydrated by mixing with 4 mL saline solution (300 mM KF, 10 mM HEPES, pH 7.2) and vortexing for 2 min. Then the mixture was subjected to 10 freeze–thaw cycles and extruded through a 0.45-μm polycarbonate membrane for at least five times. Then the suspension (10 mM LUVs) can be used without further treatment.

In each run, 100 μL lipids stock (300 mM KF, 10 mM HEPES, pH 7.2, 10 mM LUVs) was added to 1.99 mL external solution (300 mM Glc-K, 10 mM HEPES, pH 7.2, 10 mM LUVs). DMSO (40 μL) solutions of transporters or DMSO (40 μL) was added at time 0. The light scattering intensity at 600 nm was monitored by a fluorimeter (λex = 600 nm, λem = 600 nm). In this section, none of the three compounds show any response in osmotic assay, so valinomycin (Vln, 0.5 μM, 0.1 mol%) was added to accelerate the outflow of K+. If the outflow of F− accompanied the outflow of K+, an osmotic gradient will be formed, causing vesicle shrinkage and increasing the amount of 90° light scattering. At 300 s, FCCP (25 μM, 5 mol%) and Vln (0.5 μM, 0.1 mol%) (if not added previously) were added to accelerate the transport process to the end for calibration. The fractional light scattering intensity (If) was calculated based on the following equation:

[image: image]

In the equation, Rt is the light scattering intensity at time t, Rf is the final light scattering intensity obtained by the addition of FCCP and Vln, and R0 is the light scattering intensity at time 0. Different concentrations of the transporter molecule were added to obtain a series of fractional light scattering intensity (If). Fitting If vs. molecule concentration was performed using the following equation:

[image: image]

In the equation, y is the value of If corresponding to the carrier molecule loaded at concentration x, y0 is the If value measured at no compound added, ymax is the maximum If value, n is the Hill coefficient, and K is the EC50 value.



ISE Assay

The large unilamellar vesicles (LUVs, mean diameter 200 nm) of POPC were prepared by freeze/thaw cycles; 50 mg POPC dissolved in CHCl3 (50 mL) was slowly evaporated using a rotary evaporator and dried under high vacuum at room temperature for 4 h. The obtained lipid film was rehydrated by mixing with a 5 mL saline solution (300 mM KF, 10 mM HEPES, pH 7.2) and vortexing for 2 min. Then the mixture was subjected to 10 freeze–thaw cycles and extruded through a 0.22-μm polycarbonate membrane for at least five times. The obtained lipid suspension (3.8 mL, 0.05 mmol) was transferred to size exclusion chromatography (stationary phase Sephadex G-50; mobile phase 300 mM Glc-K, 10 mM HEPES, pH 7.2) and diluted with the mobile phase to acquire 10 mL of 5 mM lipids stock solution.

In the F− transport study, 1 mL of the lipid stock solution was added to 4 mL Glc-K (300 mM buffered to pH 7.2 using 10 mM HEPES) to generate a solution with a concentration gradient. As the former osmotic assay demonstrates that the transporter may work in an electrogenic way, Vln was added before the measurement. Then DMSO (40 μL) solutions of transporters or DMSO (40 μL) was added at time 0. The fluoride efflux was monitored by a fluoride selective electrode. At 300 s, Triton X-100 [100 μL, 20% (v/v)] was added as a detergent to lysate the LUVs for calibration.



Ion Transport Mechanism Study by DPPC Experiments

DPPC LUVs (mean diameter 400 nm) were prepared as follows. A chloroform solution (30.4 mg DPPC) was evaporated slowly by a rotary evaporator and dried under high vacuum at room temperature for 4 h. After drying, the lipid film was rehydrated by vortexing with a 4 mL saline solution (300 mM KF, 10 mM HEPES, pH 7.2) and vortexing for 2 min at 55°C. The mixture was subjected to 10 freeze–thaw cycles (water bath was maintained at 55°C) and extruded through a 0.45-μm polycarbonate membrane for at least five times at 55°C. Then the suspension (10 mM LUVs) can be used without further treatment.

The transport of F− was performed by the same way as above-mentioned. The lipid solution was stirred and thermostated in a polystyrene cuvette at 37 or 43°C.



Ion Transport Mechanism by Calcein Leakage Assay

POPC LUVs (mean diameter 200 nm) were prepared as follows. A chloroform solution (10 mg POPC) was evaporated slowly by a rotary evaporator and dried under high vacuum at room temperature for 4 h. After drying, the lipid film was rehydrated by vortexing with a 1 mL calcein solution (100 mM NaCl, 10 mM HEPES, 100 mM calcein, pH 7.0) and vortexing for 2 min. The mixture was subjected to 10 freeze–thaw cycles and extruded through a 0.22-μm polycarbonate membrane for at least five times. The unentrapped calcein was separated by size exclusion chromatography (stationary phase Sephadex G-50; mobile phase 100 mM NaCl, 10 mM HEPES, pH 7.0) and diluted with the mobile phase to acquire 5 mL of 2 mM lipid stock solution.

For each run, 0.1 mL of the lipid stock solution was added to a 1.88 mL buffer solution to a final lipid concentration of 100 μM. DMSO (20 μL) solutions of transporters or DMSO (20 μL) was added at time 0. The fluorescence emission at time t (λex = 495 nm, λem = 515 nm) was recorded over 30 min. At 30 min, Triton X-100 [10 μL, 20% (v/v)] was added as a detergent to lysate the LUVs for calibration. The fractional fluorescence intensity (If) was calculated based on the following equation:

[image: image]

In the equation, Rt is the fluorescence intensity at time t, Rf is the final fluorescence intensity obtained by the addition of detergent, and R0 is the fluorescence intensity at time 0.
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1,4,7,10-Tetraoxa[10](2,8)trögerophane 5 was synthesized from its corresponding precursors. Heating of 2 with p-nitrophenoxide afforded bis(p-nitrophenyl)ether 3, which was treated with hydrazine hydrate to give bis(p-aminophenyl)ether 4. Treatment of 4 with paraformaldehyde and triflouroacetic anhydride gave trögerophane 5. Reaction of 5 with trifluroacetic anhydride afforded phenhomazine derivative 6, which was treated with potassium carbonate to afford tetrahydrophenhomazine 7. Finally, reaction of 7 with phenacylchloride, bromoacetic acid, or ethyl bromoacetate in the presence of triethyl amine under reflux, afforded the corresponding macrocyclic compounds 8, 9 and 10, respectively. The synthesized trögerophane,precursors and its newly synthesized phenhomazines derivatives were screened for anticancer activity. Results revealed that 1,4,7,10-tetraoxa[10](2,8)trögerophane had a promising selectivity towards colon cancer cell line with an IC50 of 92.7 µg/ml.
Keywords: chiral macrocyclic, tröger’s base, trögerophane, phenhomazines, anticancer activity
INTRODUCTION
Tröger’s base, “5,11-methano-2,8-dimethyl-5,6,11,12-tetrahydrodibenzo[b,f][1,5]diazocine” (Figure 1), was first prepared by Julius Tröger in 1887 by condensing dimethoxymethane with p-toluidine in the presence of hydrochloric acid (Tröger, 1887). In 1998, Alhussein et al. have reported a series of macrocyclic Tröger bases and their optical and complexing properties and named them for the first time as Trögerophanes (Ibrahim, et al., 1998; Miyahara, et al., 1999).
[image: Figure 1]FIGURE 1 | Tröger’s base structure.
Tröger base and some of its macrocyclic analogues have been reported as anticancer agents (Johnson, et al., 1993; Gaslonde, et al., 2011; Paul, et al., 2012), antibacterial, antifungal and antifeedant (Thirunarayanan, 2017) and cytostatic activities (Kaplánek, et al., 2015). Although Tröger base and its analogues have attracted interest of many researcher groups due to their fascinating structures and properties (Yuan, et al., 2011), however, attention has been inadequately focused on these compounds from the biological point of view (Bailly, et al., 2000; Baldeyrou, et al., 2002; Manda, et al., 2014; Yang, et al., 2015). In addition, some of macrocyclic hetero-nitrogen derivatives have been synthesized (Abu-Ghalia, et al., 2012; Amr, et al., 2019; Naglah, et al., 2020) and have shown promising biological activity, i.e. analgesic and anticonvulsant (Amr, 2005), antimicrobial (Amr, et al., 2006; Azab, et al., 2016), anti-proliferative, 5α-reductase inhibiting (Alanazi, et al., 2020), pharmacological (Al Thagfan, et al., 2018), anticancer (Amr et al., 2018), as well as biological activities (Khayyat and Amr, 2014). In view of these observations and in continuation of our previous work in macrocyclic chemistry, we synthesized some new Trögerophane derivatives and tested their anticancer activities.
MATERIALS AND METHODS
Materials
Triethylene glycol bis(p-aminophenyl) ether 4 was synthesized according to previously reported procedure (Ibrahim, et al., 1998). Paraformaldehyde, methanol, trifluroacetate, hydrazine hydrate, triethyl amine, phenacyl chloride, bromoacetic acid, and ethyl bromoacetate were all purchased from Sigma-Aldrich (Switzerland). All melting points were measured on a Gallenkamp melting point apparatus (Weiss Gallenkamp, London, UK). The infrared spectra were recorded in potassium bromide disks on a Pye Unicam SP 3300 and Shimadzu FT IR 8101 PC infrared spectrophotometers (Pye Unicam Ltd. Cambridge, England and Shimadzu, Tokyo, Japan, respectively). The NMR spectra were recorded on a Varian Mercury VX-300 NMR spectrometer (Varian, Palo Alto, CA, United States). 1H NMR spectra were run at 300 MHz and 13C NMR spectra were run at 75.46 MHz in deuterated chloroform (CDCl3) or dimethyl sulfoxide (DMSO-d6). Chemical shifts are given in parts per million and were related to that of the TMS as internal reference. Mass spectra were recorded on a Shimadzu GCMS-QP 1000 EX mass spectrometer (Shimadzu) at 70 eV. Elemental analyses were carried out at the Microanalytical Centre of Cairo University, Giza, Egypt and recorded on Elementar-Vario EL (Germany) automatic analyzer. TLC was performed on silica gel aluminum sheets, 60 F254 (E. Merck). Compounds 2-4 were prepared according to the reported literature (Ibrahim, et al., 1998).
Synthesis of 1,4,7,10-tetraoxa[10](2,8)trögerophane (5)
To a mixture of triethylene glycol bis(p-aminophenyl) ether 4 (0.62 g, 0.0019 mol), conc. HCl (114 ml), and TFA (50 ml) in ethanol (240 ml) was stirred with cooling in an ice-bath to −10°C, paraformaldehyde (0.5 g) was added portion-wise while stirring. The reaction mixture was allowed to cool to room temperature and left for stirring at 60–70°C for further 18 h. Then, the mixture was concentrated under vacuum, basified with 28% ammonia solution, and extracted with methylene chloride (100 ml x 3). The methylene chloride phases were combined, dried (magnesium sulfate), and evaporated under vacuum to give a crude product which was purified by column chromatography (20 cm × 4 cm, silica gel 60, chloroform) to give 5 as colorless cubic crystals after recrystallization from ethanol/methylene chloride. Yield 43%, m.p. 233–235 °C (Lit. mp: 234–235 °C [2]). IR (film): ν = 3030, 3000 (C-H aromatic), 2930, 2900 (C-H aliphatic), 1605 (C-C stretching) cm−1. 1H NMR (300 MHz, CDCl3): δ = 2.53–2.70 (m, 4H, O-CH2-CH2), 3.50–3.63 (m, 4H, O-CH2-CH2), 3.98 (d, 2H, J = 16.17 Hz, -CH2-Ar), 4.09–4.22 (m, 4H, O-CH2-CH2), 4.46 (s, 2H, -N-CH2-N-), 4.57 (d, 2H, J = 16.17 Hz, -CH2-Ar), 6.49 (d, 2H, J = 2.97 Hz. Ar-H), 6.83 (dd, 2H, J1 = 5.94 Hz, J2 = 2.64 Hz, Ar-H), 7.01 (d, 2H, J = 8.58 Hz, Ar-H). 13C NMR (75 MHz, CDCl3): δ = 155.41, 141.58, 128.66, 125.07, 118.24, 116.86, 72.78, 69.88, 69.51, 68.40, 60.63 (21 C). MS (EI, 70 eV): m/z (%) = 368 (32) [M]+. C21H24N2O4 (368.43). Calcd: C 68.46; H 6.57; N 7.60; found: C 68.29; H 6.57; N 7.45.
Synthesis of N-Trifluroacetamide Phenhomazine Trifluroacetate (6)
The trögerophane 5 (0.239 g, 0.0065 mol) in trifluroacetic anhydride (10 ml) was refluxed for 65 h, after which the unreacted anhydride was recovered using a Dean-Stark trap. To the remaining residue, ethanol (20 ml) was added and the mixture was boiled under atmospheric pressure to get rid of the least traces of the anhydride. The remaining ethanol was removed under vacuum. The resulting colorless viscous liquid was treated with diethyl ether to afford colorless needles of the desired salt 6. Yield 92%, m.p. 150–151°C (Dec.). IR (film): ν = 1697 (C=O) cm−1. 1H NMR (300 MHz, CDCl3): δ = 7.27 (d, 1H, J = 8.91 Hz, Ar-H), 7.23–7.86 (brs, 2H, N-H, exchangeable with D2O), 6.94 (d, 1H, J = 8.58 Hz, Ar-H), 6.87−6.80 (m, 2H, Ar-H), 6.54 (d, 1H, J = 2.64 Hz, Ar-H), 6.44 (d, 1H, J = 2.97 Hz, Ar-H), 5.48 (d, 1H, J = 14.5 Hz, Ar-CH2-N), 4.84 (d, 1H, J = 13.5 Hz, Ar-CH2-N), 4.35–3.99 (m, 4H, O-CH2-CH2), 4.23 (d, 1H, J = 14.9 Hz, Ar-CH2-N), 4.22 (d, 1H, J = 13.5 Hz, Ar-CH2-N), 3.68–3.51 (m, 4H, O-CH2-CH2), 3.41–3.18 (m, 4H, O-CH2-CH2). MS (EI, 70 eV): m/z (%) = 566 (42) [M]+. C24H24N2O7F6 (566.45). Calcd: C 50.89; H 4.27; N 4.95; found: C 51.03; H 4.40; N 4.94.
Synthesis of 1,4,7,10-Tetraoxa[10](2,8)-5,6,11,12-tetrahydrophenhomazine (7)
A mixture of trifluroacetate salt 6 (0.368 g, 0.0065 mol) and potassium carbonate (1.01 g) in methanol (15 ml) was stirred at 50 °C for 3 h. The solvent was evaporated under reduced pressure and the residue was treated with chloroform. The undissolved matter was filtered off, and the filtrate was evaporated under vacuum to give the free base as a white powder which could be recrystallized from ethyl acetate to afford 7 as colorless crystals. Yield 79%, m.p. 172–173 °C. IR (film): ν = 3397 (N-H) cm−1. 1H NMR (300 MHz, CDCl3): δ = 6.68 (d, 1H, J = 2,51 Hz, Ar-H), 6.66 (d, 1H, J = 2,51 Hz, Ar-H), 6.50 (d, 2H, J = 2,51 Hz, Ar-H), 6.49 (d, 1H, J = 2,51 Hz, Ar-H), 6.47 (s, 1H, Ar-H), 4.79 (d, 2H, J = 13,55 Hz, Ar-CH2-N), 4.29−4.20 (m, 2H, O-CH2-CH2), 4.08−3.96 (m, 2H, O-CH2-CH2), 3.97 (d, 2H, J = 14.05 Hz, Ar-CH2-N), 3.96−3.72 (br.s, 2H, N-H, exchangeable with D2O), 3.69−3.59 (m, 2H, O-CH2-CH2), 3.48−3.38 (m, 2H, O-CH2-CH2), 3.11−3.01 (m, 2H, O-CH2-CH2), 2.88−2.79 (m, 2H, O-CH2-CH2). 13C NMR (75 MHz, CDCl3): δ = 152.99, 143.18, 128.81, 120.59, 119.62, 117.14, 71.03, 69.60, 68.86, 51.84 (20 C). MS (EI, 70 eV): m/z (%) = 356 (25) [M]+. C20H24N2O4 (356.42). Calcd: C 67.40; H 6.79; N 7.86; found: C 67.34; H 6.85; N 7.77.
Synthesis of N,N`-Diphenacyl Phenhomazine (8)
To a mixture of the tetrahydrophenhomazine 7 (0.356 g, 0.001 mol), and phenacyl chloride (0.308 g, 0.002 mol) in ethanol (100 ml), triethyl amine (1.0 ml) was added dropwisely. The reaction mixture was refluxed for 2 h. The reaction was followed up by TLC. At the end, the reaction mixture was evaporated under vacuum. The solid formed was collected and recrystallized from ethanol to give 8. Yield 64.4%, m.p. 190–192°C. IR (film): ν = 3044, 3020, 2982, 2966, 1698, 1694 cm−1. 1H NMR (300 MHz, CDCl3): δ = 7.61−7.58 (m, 4H, Ar-H), 7.45−7.39 (m, 6H, Ar-H, 6.70 (d, 2H, J = 8,56 Hz, Ar-H), 6.60 (dd, 2H, J1 = 2,62 Hz, J2 = 8.56 Hz, Ar-H), 6.43 (d, 2H, J = 8,56 Hz, Ar-H), 5.55 (d, 2H, J = 13,90 Hz, Ar-CH2-N), 4.50 (s, 4H, N-CH2-CO-), 4.45 (d, 2H, J = 13,90 Hz, Ar-CH2-N), 4.28−4.20 (m, 2H, O-CH2-CH2), 4.03−3.95 (m, 2H, O-CH2-CH2), 3.62−3.44 (m, 4H, O-CH2-CH2), 3.37−3.16 (m, 2H, O-CH2-CH2), 2.99−2.82 (m, 2H, O-CH2-CH2). 13C NMR (75 MHz, CDCl3): δ = 189.3, 145.2, 140.2, 135.1, 133.2, 129.1, 128.9, 127.4, 113.5, 111.1, 109.5, 67.3, 66.9, 65.3, 62.5, 59.6 (36 C). MS (EI, 70 eV): m/z (%) = 592 (16) [M]+. C36H36N2O6 (592.69). Calcd: C 72.95; H 6.12; N 4.73; found: C 72.84; H 6.07; N 4.60.
Synthesis of N,N`-Dicarboxymethyl Phenhomazine (9)
Triethylamine (1.0 ml) was added dropwisely to a refluxing mixture of tetrahydrophenhomazine 7 (0.356 g, 0.001 mol), and bromoacetic acid (0.278 g, 0.002 mol) in ethanol (100 ml). The mixture was refluxed for 2 h. At the end of the reaction as indicated by TLC, the reaction mixture was evaporated under vacuum. The solid formed was collected and recrystallized from ethanol to give 9. Yield 70.3%, m.p. 210–212 °C. IR (film): ν = 3400−2800, 1710, 1706, 1210, 1195 cm−1. 1H NMR (300 MHz, CDCl3): δ = 12.5 (s, 2H, COOH), 6.64 (d, 2H, J = 8.58 Hz, Ar-H), 6.56 (dd, 2H, J1 = 2.62 Hz, J2 = 8.58 Hz, Ar-H), 6.39 (d, 2H, J = 2,62 Hz, Ar-H), 4.54 (d, 2H, J = 13.8 Hz, Ar-CH2-N), 4.36 (d, 2H, J = 13.8Hz, Ar-CH2-N), 4.20 (s, 4H, N-CH2-CO-), 4.28-4.20 (m, 2H, O-CH2-CH2), 4.03-3.95 (m, 2H, O-CH2-CH2), 3.62−3.44 (m, 4H, O-CH2-CH2), 3.37−3.16 (m, 2H, O-CH2-CH2), 2.99−2.82 (m, 2H, O-CH2-CH2). 13C NMR (75 MHz, CDCl3): δ = 175.3, 147.2, 145.3, 140.9, 125.5, 113.6, 109.9, 107.5, 68.3, 67.8, 67.1, 62.9 (24 C). MS (EI, 70 eV): m/z (%) = 472 (24) [M]+. C24H28N2O8 (472.18). Calcd: C 61.01; H 5.97; N 5.93; found: C 60.90; H 5.85; N 5.81.
Synthesis of N,N`-Diethoxycarbonylmethyl Phenhomazine (10)
To a refluxing mixture of tetrahydrophenhomazine 7 (0.356 g, 0.001 mol), and ethyl bromoacetate (0.334 g, 0.002 mol) in ethanol (100 ml), triethylamine (1.0 ml) was added dropwisely. The reflux was continued for 2 h. The reaction was followed up by TLC. At the end, the reaction mixture was evaporated under vacuum. The solid obtained was collected and recrystallized from ethanol to give 10. Yield 77.6%, m.p. 199–201°C. IR (film): ν = 1732, 1729, 1245, 1187 cm−1. 1H NMR (300 MHz, CDCl3): δ = 6.65 (d, 2H, J = 8.58 Hz, Ar-H), 6.58 (dd, 2H, J1 = 2.64 Hz, J2 = 8.58 Hz, Ar-H), 6.40 (d, 2H, J = 2,64 Hz, Ar-H), 5.54 (d, 2H, J = 14 Hz, Ar-CH2-N), 4.25 (s, 4H, N-CH2-CO-), 4.36 (d, 2H, J = 14 Hz, Ar-CH2-N), 4.28-4.20 (m, 2H, O-CH2-CH2), 4.10 (q, 4H, J = 8 Hz, CH3-CH2-CO-), 4.03-3.95 (m, 2H, O-CH2-CH2), 3.62−3.44 (m, 4H, O-CH2-CH2), 3.37-3.16 (m, 2H, O-CH2-CH2), 2.99-2.82 (m, 2H, O-CH2-CH2), 1.11 (t, 6H, J = 8 Hz, CH3-CH2-CO-). 13C NMR (75 MHz, CDCl3): δ = 170.1, 147.2, 142.1, 125.5, 112.3, 109.3, 107.7, 68.3, 67.8, 67.3, 61.0, 60.6, 58.5, 14.2 (28 C). MS (EI, 70 eV): m/z (%) = 528 (22) [M]+. C28H36N2O8 (528.25). Calcd: C 63.62; H 6.86; N 5.30; found: C 63.31; H 6.18; N 4.93.
Anti-Cancer Screening
The newly synthesized derivatives were assessed against three cancer cell lines; namely hepatocellular carcinoma (HepG-2), breast adenocarcinoma (MCF-7) and Colon Carcinoma (HCT-116) using standard MTT assay (El-Faham, et al., 2014; Elsayed, et al., 2016; Amr, et al., 2018). The assay depends on the mitochondrial reduction of yellow MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) to purple formazan. Briefly, cells were propagated in RPMI-1640 medium supplemented with 1% antibiotic–antimycotic mixture and 1% L-glutamine at 37°C and 5% CO2. Upon investigation, cells were plated at a concentration of 104 cells/well in 96-well microtiter plates and incubated for 24 h. Accordingly, exhausted medium was aspirated and fresh medium was added. Then cells were treated with different concentrations of the prepared compounds (0.78–100.00 μg/ml), and inmcubation proceeded for another 48 h. Afterwards, medium was aspirated and 40 μl MTT (2.5 mg/ml/well) was added and the plates were futher incubated for 4 h. The reaction as terminated by the addition of 200 μl/well of 10% sodium dodecyl sulfate, and the plates were incubated overnight to dissolve the developed formazan dey. Doxorubicin was used as positive control. DMSO is the vehicle used for dissolution of compounds, and its final concentration on the cells was less than 0.2%. Absorbance was read using a microplate multi-well reader at 595/620 nm. Results were statistically evalued using an independent t test and SPSS 11 program. The percentage inhibition in cell viability was calculated:
(Absorbanceextract/AbsorbanceDMSO)−1 × 100%
A probit analysis was carried for IC50 and IC90 determination using the SPSS 11 program.
RESULTS AND DISCUSSION
Synthesis
In the present study, we synthesized some newly phenhomazine derivatives, 6–10, using 1,4,7,10-tetraoxa[10](2,8)trögerophane, 5 as a starting material. The rigidity, V-shape, and the presence of a C2 axis of symmetry, have imparted unique structural features on the molecule. Including crown ether oxygens was thought to provide the macrocycle with many important and interesting characteristics. Accordingly, oxygen atoms can increase the solubility in organic solvents by taking advantage of the flexibility of the ether linkage. Also, crown ether linkage can provide the macrocyle with complexing capabilities. In addition, it can keep the chirality of the molecule unchanged when the endomethylene bridge is removed. Therefore, increasing the energy barrier against inversion of the dibenzodiazocine moiety will produce in one fixed conformation for this macrocycle. Earlier, we have reported the synthesis of this trögerophane 5 (Ibrahim, et al., 1998; Miyahara, et al., 1999). In this work we aimed at improving the method used to synthesize this compound, in addition to introduce an unprecedented study about the biological activities of 5 with some of its precursors and its newly synthesized phenhomazine derivatives. The requisite precursors for the cyclization were synthesized via simple processes. Heating triethylene glycol bis(p-toluenesulfonate) 2 with p-nitrophenoxide afforded the corresponding bis(p-nitrophenyl)ether 3, which was treated with hydrazine hydrate in the presence of 5% Pd/C as catalyst to give bis(p-aminophenyl)ether 4 (Ibrahim, et al., 1998; Miyahara, et al., 1999). In the reported method, the intramolecular condensation cyclization of 4 to form 5 in 45% yield, was carried out by reaction with 37% formalin in the presence of concentrated hydrochloric acid under moderately dilute conditions in ethanol at room temperature for 13 days. In order to reduce longer reaction time (13 days) as well as higher solvent consumption, a wide variety of reaction conditions were searched by analyzing the products via HPLC. From the modified method, it can be concluded that raising the reaction temperature to 60–70 °C and using TFA with conc. HCl, and replacing formalin with p-formaldehyde, shortens the reaction time to 18 h, as well as decreasing the amount of consumed ethanol without significantly affecting the yields of trögerophane 5 (43%) (Scheme 1).
[image: Scheme 1]SCHEME 1 | Synthetic rout for trögerophane 5.
Treatment of trögerophane 5 with refluxing trifluroacetic anhydride afforded the N-trifluroacetamide phenhomazine trifluroacetate 6, which was stirred with potassium carbonate in methanol for 3 h to afford a good yield of 1,4,7,10-tetraoxa[10](2,8)-5,6,11,12-tetrahydrophenhomazine 7 (Scheme 2). The structures of both 6 and 7 were confirmed on the basis of their elemental and spectral data. The IR spectrum of 7 reveals only one absorption band for the N-H stretching at ν 3398 cm−1 indicating the symmetry of the molecule and the absence of intramolecular hydrogen bonding between the secondary amine protons and the transanular nitrogen. 1H-NMR spectrum showing two N-H protons appearing as broad singlet at δ 3.96–3.72 ppm is consistent with the assumed. Reaction of tetrahydrophenhomazine 7 with active electrophiles, namely phenacyl chloride, bromoacetic acid, and ethyl bromoacetate, in the presence of triethyl amine under reflux, afforded the corresponding N,N`-disubstituted phenhomazines 8, 9 and 10, respectively (Scheme 2).
[image: Scheme 2]SCHEME 2 | Synthetic routs for phenhomazine derivatives 6–10.
The IR spectrum of N, N`-diphenacyl phenhomazine 8 revealed two bands at ν 1698, 1694 cm−1 indicating the phenacyl C=O bonds. In case of the N,N`-dicarboxymethyl phenhomazine 9, a broad band at ν 3400–2800 cm−1 was clearly indicating that hydrogen bonded carboxylic O-H, and others at ν 1710, 1706 cm−1 were due to the C=O of the carboxylic group. Furthermore, N,N`-diethoxycarbonylmethyl phenhomazine 10, gave bands at ν 1732, 1729 cm−1 which can be related to the ester C=O bonds. In addition to these IR data, the absence of the stretching vibration band of the N-H of the tetrahydrophenhomazine, proved that the electrophylic substitution reaction has occurred as expected. In addition to their 13C-NMR, which were consistent with the proposed structures of 8, 9, and 10, their 1H NMR spectra revealed highly indicative peaks which supported the claimed structures. For example, the singlet at δ 4.5 ppm indicated 4 protons of the two methylene groups of the phenacyl moiety. The singlet at δ 12.5 ppm in the 1H NMR spectrum of 9 is quiet enough to confirm the presence of the carboxylic protons. Finally, the presence of a quartet at δ 4.10 ppm, and a triplet at δ 1.11 ppm with the same coupling constant (J = 8 Hz), proved the presence of the ethyl group protons in the structure of 10.
Anticancer Activity
The cytotoxic potentials of the prepared compounds 2–10 against the investigated human tumor cell lines HCT-116, HepG-2 and MCF-7) were investigated using standard MTT assay with doxorubicin as the reference drug. DMSO was used as the negative control. Cells were exposed to different concentrations of the prepared compounds (0.78–100.00 μg/ml). Results presented in Figure 2 show that only trögerophane 5 had promising cytotoxic effects against HCT-116 carcinoma cell, where the obtained with IC50 recorded 92.7 μg/ml. Other tested compounds showed some sort of weak cytotoxicity, however, the investigated concentration range was not appropriate to obtain IC50 values for these compounds. Results also revealed that the obtained IC50 value for the most potent compound, 5, against HCT-116, was almost similar to that obtained by the tested positive drug, doxorubicin (85.3 μg/ml).
[image: Figure 2]FIGURE 2 | Percent mortality values for the prepared compounds against different cancer cell lines tested at 100 μg/ml.
Results showed that different synthesized derivative reacted differently towards various cell lines. This is expected, since different cell types react differently towards affecting compounds due to their inherent differences in membrane structures and functions (Kaplánek et al., 2015; Elsayed, et al., 2016; Amr, et al., 2018). Furthermore, our results revealed that the prepared trögerophane 5 had showed the most promising cytotoxic effect against colon cancer cell line. This is in good agreement with those results published earlier, where Gaslonde et al. (2011) reported the cytotoxic potentials of their prepared trögerophanes against L1210 leukemia and KB-3-1 solid tumor cell lines. They also found that the prepared trögerophane were more potent than their corresponding parent molecules. Furthermore, Kaplánek et al. (2015) synthesized and evaluated the anticancer potentials of different hydrazone derivatives prepared based on tröger’s base structure. They also reported promising cytotoxic potentials against various cancer cell lines ranging from 0.05 to >100 μM. However, it is difficult to compare our obtained IC50 values with those previously reported in the literature against the same cell line due to different descriptors of activities, i.e IC50, EC50, GI50, etc.), different structures, as well as different experimental conditions.
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Cyclodextrins (CDs) are a family of α-1,4-linked cyclic oligosaccharides that possess a hydrophobic cavity and a hydrophilic outer surface with abundant hydroxyl groups. This unique structural characteristic allows CDs to form inclusion complexes with various guest molecules and to functionalize with different substituents for the construction of novel sophisticated systems, ranging from derivatives to polymers, metal-organic frameworks, hydrogels, and other supramolecular assemblies. The excellent biocompatibility, selective recognition ability, and unique bioactive properties also make these CD-based functional systems especially attractive for biomedical applications. In this review, we highlight the characteristics and advantages of CDs as a starting point to design different functional materials and summarize the recent advances in the use of these materials for bioseparation, enzymatic catalysis, biochemical sensing, biomedical diagnosis and therapy.
Keywords: cyclodextrin, selective recognition, inclusion complexes, functional materials, biomedical applications
INTRODUCTION
CDs are well-known macrocyclic compounds that contain five or more α-D-glucopyranoside units linked by α-1,4-glycosidic bonds in the shape of a hollow truncated cone. In nature, α-, β-, and γ-CDs are three main types of members with six, seven, and eight units of glucose, respectively (Saenger, 1980) (see Figure 1). These molecules have a distinctive feature in their stereochemical structures, a relatively hydrophobic inner cavity with the diameter increased with the number of glucose units and a hydrophilic outer surface covered with abundant hydroxyl groups (Chen and Jiang, 2011). Thus, CDs can provide a favorable microenvironment to form inclusion complexes with various organic and bioactive molecules in different stoichiometry ratios (1:1, 1:2, 2:1 or 2:2) (Szejtli, 1998; Pinho et al., 2014). The selectivity of host-guest recognition arises from a size/shape-matching mechanism that requires the guest molecules to be trapped entirely or partially into the apolar CD cavities (Liu and Chen, 2006). The hydroxyl groups of CDs are also involved in the binding processes via electrostatic forces, Van der Waals, and hydrogen bonding interactions (Liu and Guo, 2002). The binding strength relies on the synergistic effect of these weak and reversible noncovalent interactions. This encapsulation ability will change the physiochemical properties of the included guest molecules, which has been widely explored for practical applications in biomedical fields by developing CD-based functional systems (Uekama et al., 1998; Davis and Brewster, 2004).
[image: Figure 1]FIGURE 1 | The structures of α-CD (n = 6), β-CD (n = 7), and γ-CD (n = 8).
Natural CDs are hydrophilic, but exhibit a relatively low aqueous solubility due to the formation of aggregates via strong intermolecular hydrogen bonding (Coleman et al., 1992), which limits the range of their applicability. This shortcoming may cause nephrotoxicity when there is an accumulation of insoluble cyclodextrin crystals or cyclodextrin-cholesterol complexes in kidneys (Frijlink et al., 1991). Over the past few decades, a great effort has been devoted to improving the performances of CDs with the desired properties through various chemical modifications (Bellia et al., 2009; Řezanka, 2019). CDs have three types of hydroxyl groups, including the easily modified 6-OH groups on the upper rim and the most acidic 2-OH and the least accessible 3-OH groups on the lower rim. The different reactivity of these hydroxyl groups offers the possibility of regioselective substitution to yield more than 11,000 cyclodextrin derivatives by grafting with a large amount of functional groups (e.g., amines, amino acids, peptides, and aromatic groups) for improving their solubility and complexation capacity. In addition, the structural complexity can also be widened by the formation of inclusive complex between the bridged/branched CDs and guest molecules to construct more sophisticated supramolecular systems such as polymers, metal-organic frameworks, hydrogels, and other supramolecular assemblies (Nakahata et al., 2017; He et al., 2019; Zhang et al., 2020). These high-level superstructures allow for the functionalization with the bioactive moieties through supramolecular interactions or physical entrapment to achieve diverse functions by designing molecular receptors, delivery vectors, enzyme mimics, and fluorescence indicators.
In this review, the recent advance in the development of CD-based functional systems was summarized. The design strategies, physicochemical properties, and functional diversity of different CD derivatives and their high-level assemblies were discussed in detail. We also highlighted the unique advantages of these materials to achieve excellent performances, which show great potential in the field of bioseparation, enzymatic catalysis, biochemical sensing, biomedical diagnosis, and therapy for biomedical applications.
CHIRAL RECOGNITION FOR BIOSEPARATION
Chiral discrimination is a hot topic in the field of biomedicines. This interest is driven by the different bioactivities and biotoxicities of chiral molecules when they participate in the biochemical processes through specific interactions with the biomolecules. Since the possibility of chiral separation was first demonstrated by using chiral stationary phases for chromatography in 1980 (Berthod, 2010), a wide variety of powerful techniques based on chromatography and electrophoresis have been developed (Sánchez-López et al., 2015). Chiral selectors act as a key factor to achieve enantioselective resolution by the formation of diastereomeric complexes with chiral analytes via intermolecular interactions, such as ion interactions, π-π interactions, van der Waals interactions, and hydrogen bonds. CDs are widely used chiral selectors, which have the following advantages (Rezanka et al., 2014): 1) The OH groups can be modified to design diverse derivatives for enantioseparation in different environments, including aqueous, polar organic, and nonpolar organic and 2) CDs can provide a chiral lipophilic cavity for selective recognition of nonpolar analytes without strict structural restriction.
Drug Enantioseparation
Chiral drugs account for more than 40% of the market share, which involves the treatment of a variety of diseases (Calcaterra and D’Acquarica, 2018). The use of pure drug stereoisomers will elicit more exact therapeutic effects to guarantee the safety. Since the United States Food and Drug Administration (FDA) and the European Committee for Proprietary Medicinal Products (CPMP) have claimed that the property of each enantiomer must be studied before it is marketed as one of the enantiomers or racemic drugs in 1992 (FDA, 1992), the demand for chiral drugs is met by developing the methods of chiral drug detection and separation. Native CDs exhibit enantiorecognition to differentiate enantiomeric species through the formation of diastereomeric complexes, which extend the applicability of current methods by adding to the stationary phase or the background electrolyte. Moreover, a large number of derivatives (e.g., neutral, cationic, and anionic CDs) were also created by introducing neutral or charged functional groups (Fillet et al., 2000; Zhou et al., 2015). These charged CDs have the obvious advantages of good solubility, increased cavity depth, and strong complexation ability with chiral drugs, which further improve the efficiency, time, and consumption of enantioseparation processes. For example, Yu and coworkers (Sun et al., 2019) simplified the preparation process by bonding a per-4-chlorophenylcarbamate-β-CD to chiral stationary phase. The resolution and selectivity of voriconazole reached 16.80 and 15.41. Chromatographic studies showed that 4-chlorophenylcarbamate group enhance the interactions of analyte–chiral substrate including hydrogen bonding, π–π and dipole–dipole interactions. In Figure 2A, Ji et al. used the condensation reaction of Heptakis (6-amino-6-deoxy)-β-CD (Am7CD) and terephthalaldehyde (TPA) to fabricate β-CD covalent organic frameworks (β-CD COFs) (Wang et al., 2019), a new chiral stationary phase that can achieve baseline separation of six chiral drugs (including (±)-sotalol, (±)-terbutaline, (±)-propranolol, (±)-metoprolol, (±)-salbutamol, and (±)-esmolol). The hydroxyl and amino groups in Am7CD provided additional driving forces to form inclusion complexes in addition to hydrogen bonds and van der Waals forces. And the porous material COF made CD units integrate, providing more interaction sites.
[image: Figure 2]FIGURE 2 | (A) The preparation of the chiral stationary phase: β-CD COFs. (B) The electrochemical sensor platform for recognition chiral phenylalanine enantiomers.
Amino Acid Enantioseparation
Amino acids possess Levorotatory (L-)/dextrorotatory (D-) enantiomer pairs due to their asymmetric carbon center bonding to four different groups. These amino acid enantiomers have dissimilar biochemical function and properties: L-amino acids are the structural units of proteins found abundantly in organisms; however, D-amino acids seldom exist in higher animals and are often associated with various diseases such as Alzheimer (Sievers et al., 2011), schizophrenia (Chumakov et al., 2002), and amyotrophic lateral sclerosis (Paul and de Belleroche, 2012). Quantitative chiral separations and identification of some important D-amino acids like D-serine and D-aspartate are beneficial for studying the pathological changes (Szökő et al., 2016). Many experimental results revealed that cyclodextrins show a selectivity for L-amino acids, while the complexes of cyclodextrin and transition metal cations have specific interactions with D-amino acids to create sufficient mobility differences for effective separation (Chiu, 2013). In Figure 2B, a highly selective and sensitive electrochemical sensor for recognition chiral phenylalanine enantiomers (D-and L -Phe) was constructed based on CNTs@rGO (carbon nanotubes wrapped with reduced graphene oxide) allied with β-CD (Yi et al., 2019). In this model system, rhodamine B (RhB) was introduced as a probe and recognized by β-CD through host-guest interactions exhibiting remarkable oxidation peak current. In the presence of L-Phe, the peak current of RhB decreased and the peak current of L-Phe appeared due to the stronger interaction between L-Phe and β-CD. However, there was only a weaker interaction between β-CD and D-Phe. Nagy et al. used CDs in conjunction with a cationic group for high-resolution separation of D- and L-Ser, Asp and Thr in short times (Nagy et al., 2018). Using less ion manipulations and serpentine ultralong path with extended routing ion mobility (IM) platform, analyte ions are separated in extremely short times according to their mobilities and mass-to-charge ratio.
Psychoactive Substance Enantioseparation
Psychoactive substances can act on the central nervous system to change the mood, consciousness, and behavior temporarily. Common psychoactive substances include derivatives, dissociative substances, opioids, and novel neuroactive substances. Many psychoactive substances possess a stereogenic center or contain positional isomers with the side chains on different substituent positions of a phenyl ring (e.g., ortho-, meta, or para-substitution). These enantiomers differ in their pharmacological effects, potency, or toxicity. Therefore, it is necessary to select appropriate chiral selectors for enantioseparation of psychoactive substances (Schmid and Hagele, 2020). CDs are one of the ideal candidates due to their multivalent weak interactions with psychoactive substances. The enantioseparation efficiency relies on the chiral recognition mechanism of CDs (Gübitz and Schmid, 2008), involving the inclusion of bulky hydrophobic groups into the chiral CD cavity and the second interactions between the hydroxyl groups at C2/C3 positions of CDs and the hydrophilic groups of psychoactive substances. Schmid and coworkers (Hägele et al., 2019) presented a chiral capillary zone electrophoresis method using four different β-CDs, namely, native β-CD, acetyl-β-CD, 2-hydroxypropyl-β-CD, and carboxymethyl-β-CD, as chiral selectors for the enantioseparation of 61 cathinone derivatives. Different modifications on their external surfaces had a huge impact on the formation and stability of inclusion compounds, so the separation of cathinone derivatives by the four β-CD derivatives was different. Under the optimized conditions, 58 of 61 tested cathinone derivatives were partially or baseline separated with at least one of the different CD-electrolytes within 40 min.
DELIVERY VECTORS FOR BIOMEDICAL THERAPY
The development of drug delivery system is an effective strategy to improve the curative efficacy and safety of therapeutic molecules. Among them, CDs and their derivatives show the ability to increase the solubility, stability, dissolution rate, and bioavailability of poorly soluble drugs through the formation of inclusion complexes and thereby are widely used for pharmaceutical applications. In addition, the advantages of CDs as a carrier also include (1) chemical derivatization by site-specific substitution; (2) the tunable cavity sizes; and (3) low toxicity and immunogenicity (Kurkov and Loftsson, 2013; Syukri et al., 2015). The drug molecules can be partially or entirely inserted into the hydrophobic CD cavity under the driving forces of hydrophobic, electrostatic, van der Waals, charge-transfer interactions, etc. New targeting strategies that introduce receptor groups to CDs’ surface further enhance the site-selective delivery capability of CDs (Guo et al., 2020; Peng et al., 2020). For instance, the receptor peptides and lipophilic groups are typically modified to CDs for penetrating the blood-brain barrier to improve drug treatment. Besides these designed derivatives, CDs may also self-aggregate into supramolecular polymers or networks through hydrogen bonds and host-guest interactions or may be linked to form larger structures via covalent bonds to construct optimal architectures with both high delivery efficiency and low cytotoxicity (Hu et al., 2014). These CD-based drug delivery vectors can be dosed by oral, nasal, ocular, rectal, and dermal delivery and have proven to enhance the drug absorption, mask odors, drug release, and drug permeability through the biological barrier (Brewster and Loftsson, 2007; Carrier et al., 2007).
Antimicrobial Drug Delivery
The resistance of bacteria to antibiotics is a serious global problem in the field of medicine. Although new antimicrobial agents such as metal nanoparticles (NPs), quaternized ammonium compounds, carbon nanomaterials, triclosan, herbal extracts, and antimicrobial biopolymers are being developed (Moellering, 2011; Dong et al., 2020), it still hard to neutralize the bacterial defense mechanisms due to the rapid evolution of bacteria. Another effective strategy to overcome antibiotic resistance is to encapsulate antimicrobial agents into a delivery system for the reduced dosages or the targeting characteristics. CDs are the most representative host complexation agents in delivery systems, which can act as reservoirs to improve the undesirable properties of antimicrobial agents. In addition, chemically modified CDs like hydroxypropyl-, methylated-, and sulfobutylether cyclodextrin not only exhibit stronger complexation ability, but also disrupt the crystalline structure of CDs for more efficient drug solubilization. Moreover, some exceptional features (e.g., specific surface area, high charge density, and controlled release ability) can also be obtained by covalently attachment or physically assembly of CDs to a variety of organic/inorganic materials, leading to bacterial cell membrane damage and bacterial death (Cutrone et al., 2017; Liu et al., 2019). As shown in Figure 3A, Wang et al. reported that α-CD, β-CD, and γ-CD formed complexes with a star-shaped cationic trimeric surfactant (DTAD), respectively, which improved the mildness of the DTAD, enhanced interaction with cell membrane, and maintained good antibacterial activity to Gram-negative E. coli (minimal inhibitory concentration values are 2.22–2.48 μM) (Zhou et al., 2016a). Maria and coworkers chose β-CD as a stabilizer and glucose as a reducing agent to synthesize silver nanoparticles for antimicrobial (Andrade et al., 2014). In particular, the β-CD stabilizing layer around the silver nanoparticles, which is very related to the nanoparticle stability and biocompatibility, was characterized in detail. The β-CD-coated silver nanoparticles showed a promising bactericidal activity against the microorganism Escherichia coli (a minimum inhibitory concentration was 20 μg·ml−1).
[image: Figure 3]FIGURE 3 | (A) Illustration of structure of the complexes of CDs and DTAD. (B) Illustration of structure of the core-shell nanoassemblies based on PEI-CD/PBLA by a host-guest interaction for dexamethasone delivery. (C) Illustration of the structure and the property of the polymersome for carrying DOX·HCl.
Antioxidant Drug Delivery
Reactive oxygen species (ROS), a byproduct of aerobic metabolism, can cause many diseases under excessive conditions in the body (Sies, 1986; Wirth, 2015). The synthesis of artificial antioxidant enzymes (Jiang et al., 2019) and the delivery of natural antioxidant drugs such as flavonoids (Nagula and Wairkar, 2019), usnic acid (Chemico-Biological Interactions 2020, 332, 109297), celastrol (Journal of Molecular Liquids 2020, 318, 113936), and quercetin (Xu et al., 2019) are the two main directions of scavenging excess ROS. In most cases, chemical modification of CDs is still an important method to construct multifunctional antioxidant systems. Site-specific modification of β-CD at 6-OH position with functional substituents like cinnamic acid derivatives leads to significantly enhanced solubility (>600 mg/ml) and new antioxidant function in scavenging DPPH radicals (Colloids and Surfaces A, 2020, 606, 125382). To avoid the drawbacks of these synthetic antioxidative compounds (e.g., nonspecific distribution, rapid metabolism, and low delivery efficiency), a new generation of nanotherapy based on the functionalization of β-CD with an oxidation-labile compound PBAP to form nanoparticles exhibits a broad spectrum of antioxidative properties and is capable of targeting the inflamed gastrointestinal tissues for selective drug release (Biomater. Sci., 2020, 8, 7117). Moreover, CD carriers are excellent delivery systems for encapsulation of antioxidant drugs in order to 1) stabilize these active compounds, 2) prevent the enzymatic/chemical degradation, and 3) improve their solubility, permeability, and pharmacological activity. Liang and coworkers prepared a simple coevaporation method to synthesize the inclusion complex of hydroxypropyl-β-cyclodextrin (HP-β-CD) and phloretin (Wei et al., 2017). The formation of the complex led to a 5808-fold increase in the solubility of phloretin compared with that in pure water at 25°C and still maintained the ability of scavenging DPPH similar to that of free phloretin in vitro.
Anti-inflammatory Drug Delivery
Inflammation is a defensive response of the body to tissue injury. Clinically, the use of anti-inflammatory drugs (e.g., indomethacin, dexamethasone, and ibuprofen) is one of the major routes for the treatment of inflammatory disorders, which may cause some inevitable side effects such as gastric irritation, ulceration, hepatic failure, and skin rashes (Rainsford, 2007). The CDs have the cavities compatible with the polarity, size, and shape of drug structures and are suitable for their encapsulation to extend the physicochemical properties of drug formulations. Furthermore, a combination of CDs and other materials [e.g., polymers, metal-organic framework (Rajkumar et al., 2019), and hydrogels (Arslan et al., 2020)] provides more versatility in nanocarriers engineering, which allows precise and controlled administration of the anti-inflammatory drugs by surface modification of CD nanocarriers for favorable interactions with the inflammatory microenvironment. As shown in Figure 3B, Ma et al. constructed core-shell nanocarriers for delivery of dexamethasone (DMS) and plasmid DNA, simultaneously (Zhang et al., 2010). Polyethyleneimine (PEI) modified with β-CD by a nucleophilic substitution reaction was used as a hydrophilic shell, while poly (β-benzyl [image: image]-aspartate) (PBLA) with benzyl groups forms a hydrophobic core by inclusion interaction between the benzyl group and the CD unit. The hydrophobic core serves as a nanocontainer for DMS, and 5.8% DMS was loaded and the release of DMS from PEI-CD/PBLA assemblies can be sustained for about 1 month. In addition, Chiavacci and coworkers have prepared a metal-organic framework structure with γ-CD as an organic linker (γ-CD-MOF) (Abucafy et al., 2018). γ-CD with symmetric arrangement (C8) and good biocompatibility maintain the crystallization of MOF and improve its bioavailability. γ-CD-MOF was proven to effectively capsule and control the release of anti-inflammatory drugs, sodium diclofenac.
Anticancer Drug Delivery
In recent years, chemotherapeutics and gene therapy have been widely developed for cancer therapy (da Silva-Diz et al., 2018; Liu et al., 2018a). Typically, the inclusion complexes of CDs carriers with some hydrophobic drugs such as doxorubicin, camptothecin, paclitaxel, and fluorouracil can increase their bioavailability and provide better therapeutic effects through membrane absorption enhancing properties and the stabilization ability with drugs (Tian et al., 2020). Besides the limited number of anticancer drug species, CD-grafted polymer transfection systems such as CD-linked PEI and CD inclusion complexes with guest moieties (e.g., adamantane, azobenzene, ferrocene, and cholesterol)-modified poly (ethylene glycol) (PEG) were also developed for antitumor gene therapy by improving gene transfection efficacy (Lai, 2014). Moreover, various responsive nanostructures (e.g., redox-, pH-, Photo-, voltage-, and thermosensitivity) can be built based on sensitive covalent/noncovalent interactions (e.g., disulfide bonds, the interactions between CD and N-methylbenzimidazole, azobenzene, ferrocene, etc.) or polymer properties (e.g., the reversible phase transition of PNIPAA polymers) to achieve controlled release under special tumor microenvironment (Zhang et al., 2020). As an example, β-CD functionalized with hyaluronic acid (HA) and adamantane modified with camptothecin (CPT) are self-assembled into nanocarriers through the specifically host-guest interaction, while a near-infrared absorbing dye IR825 was loaded in hydrophobic cavity (Zhang et al., 2018). In this way, the aqueous solubility of CPT had significantly increased. In tumor microenvironment, disulfide bond breakage leads to CPT release for the chemotherapy. Nevertheless, the dye IR825 could efficiently absorb light energy into heat for the photothermal therapy. Chen et al. (Liu et al., 2018b) used the nucleobase guanine/cytosine (G/C)-terminated PEG and α-CD to prepare supramolecular hydrogels (SHGs), which enhanced DOX-loading efficiency and improved the storage moduli (G’s) of the hydrogels. The SHGs exhibited good biocompatibility and thermal response and were expected to apply in local chemotherapy of cancers. Moreover, as shown in Figure 3C, Qiu and coworkers (Hu et al., 2016) performed pioneering work with developing a DOX·HCl-loaded polymersome (Ps-DOX·HCl) with high drug loading capability to improve oral bioavailability of DOX·HCl, which self-assembled by amphiphilic β-CD-centered triarm star polymer (mPEG2k -PLA3k)3-CD. In this system, β-CD modification on mPEG-b-PLA copolymers can improve the loading of DOX·HCl and change the transmembrane pathway of DOX·HCl. Pharmacokinetic studies in mice showed that the oral bioavailability and extended half-life of the Ps-DOX·HCl were significantly higher than that of free DOX·HCl.
MOLECULAR PROBES FOR BIOMEDICAL DIAGNOSIS
Molecular imaging is an early noninvasive diagnostic method to visualize the physiological or pathological processes at the cellular and tissue level (Herschman, 2003). In general, a typical probe for molecular imaging is composed of imaging element with magnetic, echogenic, radioactive, luminescent, or multimode signals and targeting moiety for specific recognition of the disease-related biomarkers. CDs are considered ideal scaffolds for the design of molecular probes, which have the competitive advantages of (Lai et al., 2017): 1) easy functionalization with targeting ligands and imaging elements to obtain high imaging specificity and multimodal imaging; 2) tunable cavity sizes to optimize their load capacity, imaging time, and excretion behavior; and 3) optical transparency in a broad wavelength range without any signal interferences.
Probes for Magnetic Resonance Molecular Imaging
Magnetic resonance imaging (MRI) is a rapid and precise diagnostic technique that uses strong magnetic fields and radio waves for high quality imaging of soft tissues. Currently, this method is still confronted with the problems of low magnetic signal and sensitivity, which requires a contrast agent to enhance signal contrast. The construction of paramagnetic contrast agent by modifying CDs with the chelators (e.g diethylenetriaminepentaacetic acid (DTPA) and 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA)) is a feasible strategy to improve the relaxation properties and signal intensities by slowing down the rotation of their ion complexes (e.g., Gd3+ complexes). Similarly, the relaxivity value can be modulated by inclusion complexation of CDs or their derivatives with the chelators to restrict the rotational freedom. The targeting capacity is also easily introduced by incorporating specific ligands into CDs for selective recognition of biomarkers. Lu et al. fabricated a CD-based carrier by conjugating β-CD molecules to polyhedral silsesquioxane (POSS) (Zhou et al., 2016b). The adamantane modified cyclic RGDfK peptide and the macrocyclic Gd3+ chelate were incorporated into the carrier via host–guest chemistry to generate a targeted contrast agent for cancer. The complex of Gd3+ chelate and CD cavity can increase the relaxivity value. The contrast agent leads to strong and prolonged contrast enhancement in tumor tissues, as compared to the nontargeting counterpart in mice bearing 4T1-GFP-Luc2 flank tumors.
Probes for Ultrasound-Based Molecular Imaging
Compared to MRI, ultrasound (US) imaging is a more safe and affordable technique, which evaluates the reflected echoes based on the variations such as sound attenuation effects, backscattering coefficients, and sound speeds. CD-coated microbubbles are new US contrast agents that not only create strong ultrasound reflections by reducing gas dissolution, but also can improve the signal-to-noise ratio of imaging when targeting moieties are incorporated into CDs via host-guest interactions to obtain the enhanced target specificity. As an extension to 2D imaging, ultrasound-based 3D imaging provides more information such as morphological, functional, and molecular data for lesion analysis. Photoacoustic (PAI) imaging is a recently developed hybrid technique that combines the high selectivity of optical imaging and the deep penetration of US imaging using endogenous contrast for real-time molecular imaging. Zhao and coworkers reported an upconversion nanoparticles (UCNP)/α-cyclodextrin (α-CD) inclusion complex (UC-α-CD) for in vivo PAI (Maji et al., 2014) (see Figure 4A). UCNP and NaYF4 co-doped with ytterbium (Yb3+) and erbium (Er3+), cannot be dispersed in aqueous solution due to the presence of oleic acid (OA). By forming the inclusion complexes with α-cyclodextrin (α-CD), water-dispersible UCNPs (UC-α-CD) were prepared. Under 980 nm excitation, the luminescence of UC-αCD was quenched to generate enhanced PA signal in aqueous conditions for in vivo PAI in live mice. The obtained images of the mouse kidney before and after the injection of UC-α-CD demonstrated the excellent PAI generation capability of UC-α-CD. The surface of UC-α-CD can be further integrated with various functional groups for specific cancer imaging.
[image: Figure 4]FIGURE 4 | (A) Illustration of luminescence quenching effect and subsequent photoacoustic signal enhancement from UC-α-CD in water. (B) Illustration of fabrication of the DEASPI/βCDP nanomicelles and application in TPE tumor tissue imaging.
Probes for Radiation-Based Molecular Imaging
Radionuclide imaging is another form of noninvasive imaging technique that uses biologically active compound labelled with a small amount of radioactive substance to detect the disease-associated molecular phenotype of tissues. This technique has significant advantages of high sensitivity low dose, quantitative and qualitative localization, unlimited tissue penetration, and observation of dynamic metabolism, but shows lower spatial resolutioThe selection of different radionuclides, especiallyradioactiveisotopes such as 99mTc, 111In and 131I that produce γ-rays is crucial for label tracers to produce tomographic images. Based on the early reports, CD are favorable to improve the bioadhesion of radiolabelled probes via hydrogen-bonding interaction. For instance, Peñuelas and coworkers labeled CD-poly (anhydride) nanoparticles (CD-NP) with technetium-99 m (99mTc) for biodistribution studies after oral administration (Areses et al., 2011). Single photon emission computed tomography (SPECT) fused computed tomography (CT) images revealed that CD-NP moved remarkably more slowly inside the gut than conventional NP, derived from stronger interactions between the gut mucosa and CD. Actually, there is still great potential for further optimization of CD-based probes, whose biological half-life is ideally shorter than the half-life of the radionuclide. This allows the non-specific signals to be eliminated within the imaging timeframe, leading to a cleaner signal of interest.
Probes for Luminescence-Based Molecular Imaging
Luminescence-based imaging is still considered as the most reliable tool to obtainchemical images using fluorescent probe technology. To date, a wide range of fluorochromes/bio-luminescence materials can be used to monitor the real-time behavior of biologically active species (e.g. ROS) by studying their localization or bio-distribution for pathologicalexaminations. The conjugation of CDs to these systems are able to generate selective optical signals for molecular imaging through improving their recognition ability, which has been confirmed by the earlier study using coumarin-methyl--CD to track hydroxyl radicals. Based on the recognition specificity of CDs, various CD-based fluorescent probes (e.g. the bridged bis-CDs-dye complex, metallocyclodextrins, and CD nanomicelles) have been developed for multiplex detection through one-photon or two-photon excitation. Tan and coworkers performed pioneering work with a two-photon absorption (TPA) nanomicelle based on β-CD polymer (β-CDP) through the inclusion interaction between β-CD and trans-4-[p-(N,N-diethylamino)styryl]-N-methylpyridinium iodide (DEASPI); then, a cyclic RGD peptide, which selectively recognizes αvβ3 and αvβ5 integrin receptors, conjugated adamantine was anchored on the surface of the β-CDP-based nanomicelle to form a TPA bionanoprobe (DEASPI/β-CDP@RGD) by the β-CD/adamantine host-guest inclusion strategy (Yan et al., 2014) (see Figure 4B). The probe has been successfully applied to the targeted imaging of tumor cells and tissues with bright TPE fluorescence emission penetration depth up to 300 mμ.
SUPRAMOLECULAR SCAFFOLD FOR ENZYMATIC CATALYSIS
Enzymes are highly efficient and selective catalysts that can accelerate reactions by more than 1017 folds.(Richard, 2013) The active site is a key structure of the enzyme to bind a particular substrate for suppressing undesired competing reactions. CDs are ideal candidates for the development of enzyme mimics due to their remarkable guest-inclusion capabilities with small hydrophobic compounds. In most cases, the desired functional groups (e.g. the catalytic groups and substrate-binding groups) can be introduced into the core cyclic structure or at the periphery of CDs to create the structural features of natural enzymes for specific substrate binding or activation (Kataky and Morgan, 2003; Dong et al., 2012). Another strategy is to develop CD-based nanomaterials with enzyme-like activity by stabilizing metal clusters/nanoparticles or inducing the formation of larger aggregates, in which the catalytic core possesses multi-metal catalytic sites and thus exhibits strong rate enhancement.(Li et al., 2008) Furthermore, CDs can be also explored as a modulator to control the activity of artificial enzymes based on the reversibility of host-guest interactions. CD-based supramolecular chemistry creates a great diversity in the design of different enzyme models for effective simulation of various catalytic functions..
Artificial Enzyme
As early as 1970s, numerous successful examples have been reported by using natural or modified CDs as supramolecular scaffolds to construct artificial enzymes. In these enzyme designs, site-selective modification at the primary or the secondary hydroxyl groups of CDs was performed to introduce the coenzyme factors, including thiazolium salt, isoalloxazine, phosphate esters, pyridoxamine/pyridoxal, imidazole, oxime anion, metalloporphyrins, and etc. Furthermore, some modifications were also applied to provide additional noncovalent interactions (e.g. electrostatic, hydrogen-bonding, charge transfer, and metal-coordination interactions) or to change the CDs' cavity sizes, shapes, and properties for more favorable geometrical accommodation of the substrates. To date, three different types of CD-based supramolecular enzyme mimics that contain metal free CD-based artificial enzymes, CD-based artificial metalloenzymes, and CD-based artificial enzymes have been created. A variety of enzymatic functions, including oxidase (e.g. CD aldehydes or CD diacids with copper, zinc and iron), reductase (e.g. CD-sandwiched porphyrinatoiron), dehydrogenase (nicotinamide-linked -CD), esterase (tripodal tris(2-aminoethyl)amine (tren)-linked CDhomodimer), aminotransferase (e.g. pyridoxamine-modified -CD), glycosidase (e.g.CD derivatives with cyanohydrin and carboxylate groups), protease (e.g. imidazolyl CD), and nuclease (e.g.copper(II) complex with -CD ) were obtained to rival the activity and specificity of natural ones. In addition, CDs can form a complex supramolecular structure through the complex of host and guest to obtain more excellent enzymatic properties or multiple enzymatic activities. Glutathione peroxidase is a kind of important mammalian selenoenzyme. Liu et al. reported the first cyclodextrin-based artificial enzyme model 1 (Figure 5A) by attaching a diselenide group to the primary face of -CD. Strong substrate binding ability made its GPx activity 4.3 times higher than ebselen. Similarly, enzyme model 2 with a diselenide group bound to the secondary face of -CD was also reported. Due to the stronger binding capacity between 2 and the substrate GSH, 2 exhibited higher catalytic activity. On the basis of 1 and 2, the same group explored a array of artificial selenoenzymes 3-7 based on CDs and investigated their catalytic mechanism. Recently, 6,6'-ditellurobis bridged-CD (8) was reported as the best inhibitor which significantly suppressed ferrous sulfate/ascorbateinduced cytotoxicity.
Nanoenzymes
Some nanomaterials, such as noble metal nanoparticles, ferromagnetic nanoparticles, metal–organic framework, and graphene oxides, have been confirmed to have enzymatic activity. Nanozymes are used to mimic the activity of four types of redox enzymes, including peroxidase, oxidase, catalase, and superoxide dismutase (Wei and Wang, 2013). The unique topology of CDs was often employed to regulate the activity of nanoenzymes (Wang et al., 2018b). For example, Xia and coworkers chose CD molecules as both reducing agents and stabilizers to synthesize gold nanoparticles (CD@AuNPs) for cascade catalysis (Zhao et al., 2016) (see Figure 5A). In the cascade reaction, CD@AuNPs exhibited mimicking properties of both glucose oxidase (GOx) and horseradish peroxidase (HRP) simultaneously and could play a role in the sole catalyst. According to density functional theory (DFT), the authors proposed that the specific topological structures of CD molecules and their unique electron transfer effects with the appended Au surface lead to unpredictable catalytic properties. Furthermore, due to possessing macrocyclic structures on the particle surface, CD@AuNPs can be employed for fluorescent sensing and self-assembly. CDs also could be managed to modify on the surface of nanoenzymes for improving catalytic functions (Vazquez-Gonzalez et al., 2017; Lu et al., 2020).
[image: Figure 5]FIGURE 5 | (A) CD-based artificial enzymes. (B) Illustration of the cascade catalysis system using the -CD@AuNPs as the only catalyst. (C) Illustration of the optically controlled supramolecular switch for Glutathione S-Transferase (GST).
Enzyme Switches
The catalytic function of enzymes is usually strictly controlled by various triggering factors during life activities. Typically the “on/off” effect of the variable domain on the catalytic site of an enzyme has a great influence on the enzyme-substrate recognition, and thereby control its catalytic performance reversibly. Inspired by Nature, a large number of artificial intelligence catalysts that contain azobenzene, spiropyran, diarylethylene, and other stimulus response groups have been developed to simulate the strict regulation behavior of natural enzyme (Blanco et al., 2014). CDs with different cavity sizes can be complexed with a variety of stimulus-responsive guest molecules. Luo and coworkers constructed an optically controlled supramolecular switch for Glutathione S-Transferase (GST) (Liu et al., 2017b) (see Figure 5B).The host-guest system of azobenzene/CD was introduced into the catalytic pocket of GST. The photoisomerization of cis-azobenzene and trans-azobenzene lead to the dissociation and recombination of CD, and the later hinders the binding of the substrate GSH to the active site. The optical-controlled switch is still active after several cycles. Similarly, the same light-controlled switch was also used in palladium-catalyzed bioorthogonal reactions (Wang et al., 2018b).
MOLECULAR RECEPTORS FOR BIOCHEMICAL SENSING
Biosensors for diabetes and pregnancy tests have been commercialized and used in large numbers (Wu et al., 2019b). Moreover, the application of sensors for other biomolecules has also made incredible progress (Luong et al., 2008). However, there are still some challenges in the design of biosensors that can meet actual application requirements, such as designing biosensors with higher specificity, repeatability, sensitivity, and immobilization of biosensors (Jensen, 2006; Pinalli et al., 2018). With the development of supramolecular chemistry, CDs as molecular receptors have been introduced into biosensors (Smith et al., 2015). According to the different properties of analytes, a variety of cavity sizes and functionalized CD derivatives can be employed (Fragoso et al., 2002; Shi et al., 2014).
Electrochemical Sensors
Electrochemical sensors have received increasing interests, which can be designed simply, ensured reversibly and reproducibly, and analyzed accurately. Diao and coworkers demonstrated an electrochemical sensor based on nanocomposites and Mg2+-dependent DNAzyme for sensitive detection of DNA and miRNA (Jiang et al., 2017) (see Figure 6). β-Cyclodextrin polymer (β-CDP) with high water solubility and recognition capability was adsorbed on the nitrogen-doped reduced graphene oxide (NRGO) with superior electrocatalytic activity and placed on the electrode surface to form a sensing platform. In the presence of a target, the hairpin structure of subunit DNA (S-1) was opened to generate activity of catalytic the cleavage of hairpin probe (H-1). Then H-1 binding to S-1 was divided into two single-stranded oligonucleotides with the assistance of cofactor Mg2+. Single-stranded oligonucleotides was recognized by β-CDP according to the principle of dimension matching, resulting in an obvious increase in peak current. In contrast, the formation of Mg2+-dependent DNAzyme was inhibited, leading to a weak current response. In the sensitive determination of DNA, the calculated detection limit was 3.2 fM, at a signal-to-noise ratio of 3 (S/N = 3). Furthermore, the authors applied this method to the detection of target miRNA. The detection limit was estimated to be 18 fM (S/N = 3).
[image: Figure 6]FIGURE 6 | (A) Illustration of the electrochemical DNA biosensor based on the host–guest interaction and Mg 2+ -assistant DNA recycling. (B) The schematic diagram construction of GO@Fe3O4@β-CD@A-Apt/CQDs-ssDNA-CL biosensor.
Optical Chemical Sensors
Optical chemical sensors based on fluorescence or chemiluminescence (CL) were also employed for biomolecule detection. In Figure 6B, Luo and coworkers designed a highly selective and sensitive CL biosensor for adenosine (AD) detection (Sun et al., 2018). The author first synthesized GO@Fe3O4@β-CD as a sensing platform. Among them, β-CD provides a binding site for adenosine polymers (A-Apt), which is a kind of synthetic single-stranded oligonucleotides. Then, CQDs that could be catalyzing the CL system of luminal-H2O2-NaOH was modified by ssDNA (a single stranded DNA partially complementary to A-Apt). When AD existed, CQDs-ssDNA was released from the surface of GO@Fe3O4@β-CD@A-Apt and catalyzed CL. The detection limit was 2.1 × 10–13 M. Finally, the sensor has been successfully applied to detection of AD in urine samples and recoveries ranged from 98.6 to 101.0%.
CONCLUSION
This review summarized the recent development of CD-related systems including CD derivatives and their supramolecular assemblies, which provide versatile platforms and useful properties in the construction of supramolecular materials by forming the inclusion complexes. Some representative examples clearly demonstrate the functional diversity and excellent performances of CDs when having covalently/noncovalently linked bioactive moieties, which endow them with desirable abilities for biomedical applications in bioseparation, enzymatic catalysis, biochemical sensing, biomedical diagnosis, and therapy. Despite the remarkable advances in these fields, the structure-activity relationship is still complicated and remains to be further explored for the improved efficiency. Moreover, new concepts and theories should be conceived to guide the performance-targeted design and construction of more advanced CD-based functional systems.
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Macrocyclic compounds have been studied extensively as the host molecules in supramolecular chemistry. Their structural characteristics make macrocycles desirable in the field of molecular recognition, which is the key to high catalytic efficiencies of natural enzymes. Therefore, macrocycles are ideal building blocks for the design of bioinspired catalysts. This mini review highlights recent advances ranging from single-molecule to metal-organic framework materials, exhibiting multilevel macrocycle catalysts with unique catalytic centers and substrate-binding affinities.
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INTRODUCTION
Natural enzymes are innately endowed with substrate-binding sites, which are essential for the formation of enzyme-substrate complex and crossing the activation energy barrier of catalytic reactions. These binding sites are generated by the elaborated folding of peptides into cavity-like conformations that are spatially complementary to the substrates. From the perspective of supramolecular chemistry, many synthetic macrocycles provide the structural feature of substate-binding sites, which leads to a broad application of macrocyclic compounds in the areas of ion recognition (Ding et al., 2017), gas storage (Zhou et al., 2020), stimuli-responsive materials (Lei et al., 2020), drug delivery (Webber and Langer, 2017), and catalysis (Pairault et al., 2020). Most of all, the nanosized confined spaces in the macrocycles are excellent platforms for highly efficient and selective catalytic reactions. With the development of host-guest chemistry, cyclodextrins (Breslow, 1982), calixarenes (Li et al., 2020a; Li et al., 2020b), pillararenes (Xiao et al., 2018; Xiao et al., 2019), cucurbiturils (Wagner et al., 2020), and many other macrocyclic compounds with enzyme-like substrate affinity and selectivity, have been studied for specific molecular recognition, binding, and bioinspired catalysis. The rising hotspot of porphyrins-based polymers and crystalline organic materials has produced tremendous achievements with high guest uptake performance and structural stability (Farha et al., 2011). Inspired by the natural enzymes, macrocycle-based systems, including single molecules (Dong et al., 2012), supramolecular macrocycle systems (Lewandowski et al., 2013), covalently linked porphyrins (Cheung et al., 2019), and metal-organic framework materials (Shultz et al., 2009), become an indispensable role as bioinspired catalysts.
Except for the cavity-like structure, the convenient modification of macrocycles provides unlimited possibilities to mimic the active sites of natural enzymes. The functionalization of supramolecular macrocyclic structures brought dynamic control of the activity and enantioselectivity into organic catalysis. For instance, the selenium-incorporated cyclodextrins (CDs) were used as a glutathione peroxidase mimic for their antioxidant activity (Huang et al., 2011). Moreover, macrocycles functionalized with transition metals showed specific activity for asymmetric catalytic reactions (Li et al., 2015a; Li et al., 2015b). Various catalytic groups have expanded the application scope of macrocycles in both enzyme catalysis and organocatalysis. Also, the supramolecular assembly and covalent crosslinking of macrocycles further take advantage of the cluster effect to enhance their structural stability, material performance, and catalytic activity. This review covers the recent work of macrocycle-based catalysts ranging from the synthetic macrocycles, self-assembled supramolecular scaffolds, to nanoscale materials. These works have facilitated both the academic study and industrial applications of macrocyclic catalysts.
SINGLE-MOLECULE MACROCYCLES AS BIOINSPIRED CATALYSTS
Supramolecular chemistry has brought a great opportunity to the development of macrocycle catalysis. To mimic the cavity of natural enzymes, many single-molecule macrocycles, including CDs, cyclophanes, cavitands, calixarenes have been developed (Ikeda and Shinkai, 1997; Diederich et al., 2008; Brotin and Dutasta, 2009; Hooley and Rebek, 2009; Klöck et al., 2009; Schühle et al., 2011). These macrocycles could promote the reactions in a confined hydrophobic space and carry the reactions in a specific path in a bioinspired manner with specificity and selectivity. Following the pioneering work contributed by Breslow (Breslow, 1982), Tabushi (Tabushi, 1982), Saenger (Saenger, 1980), and D’Souza and Bender (D’Souza and Bender, 1987), many CD-based artificial enzymes have been extensively developed. In addition, CD derivatives are widely used as scaffolds for the construction of artificial glutathione peroxidase (GPx), an efficient antioxidant enzyme with the selenium catalytic center (Figure 1A). Numerous CD-based GPx models have been designed via incorporating selenium/tellurium functional groups on macrocyclic building blocks (Huang et al., 2011). By modification of CD and with ditelluride moiety, 2,2′-ditellurobis (2-deoxy-β-CD) showed excellent GPx-like activity in the presence of substrate thiols (Figure 1B) (Liu et al., 1998; Liu et al., 2000; Liu et al., 2002; Dong et al., 2004; McNaughton et al., 2004; Dong et al., 2006a; Dong et al., 2006b; Dong et al., 2007). When an aromatic substrate was used instead of natural substrate glutathione, the activity could be 200,000-fold more efficiently than the common GPx mimic PhSeSePh (Dong et al., 2004). The kinetic constant was similar to that of natural GPx (107 M−1min−1). These single-molecule macrocyclic catalysts broke the traditional design strategy focusing on organocatalytic mechanisms, paying more attention to the molecular binding affinity to the substrate.
[image: Figure 1]FIGURE 1 | (A) The catalytic mechanism of GPx. GPxs catalyze the reduction of peroxides at the expense of glutathione molecules, involving the formation and breaking of Se-S covalent bond. (B) Chemical structures of the substrates of GPx (left) and the tellurium-containing CD (right). A and B Reproduced from Dong et al. (2004) with permission. Copyright 2004 American Chemical Society.
Besides CDs, more kinds of macrocyclic compounds have been developed to push the boundary of macrocycle catalysis to heterogeneous catalysis and asymmetric catalysis. Reisner, Scherman, and coworkers presented the surface-adsorbed host-guest interactions (Wagner et al., 2020). In this work, the reduction of CO2 to CO was highly corelated to the complexation behaviors of cucurbit (6)uril [CB (6)]. It was proved that the reaction site located inside the cavity of CB (6) just like the binding between enzymes and their substrates. The experiment results indicated that differences between this CB (6)-based electrocatalytic reaction and traditional CO2 reduction existed, but not reflected in the H2 production of the reaction process. Therefore the unique CO2-hosting ability of CB (6) played the critical role in the catalysis. Also, an efficient enantioselective reaction was reported by Wang’s group, showing that chiral macrocyclic compounds with delicate hydrogen-bonding network could conduct an artificial dimerization (Guo et al., 2020). The catalytic cavity based on the macrocyclic compounds was achieved by dimerization for the catalytic reaction (Figure 2). Inside the catalytic cavity, the Mannich reaction of cyclic aldimine substrates was promoted by this assembly system. The imine substrate was activated by the H-bond network that generated through the dimerization. Besides, Wang’s group developed a counteranion trapping strategy with macrocyclic compounds for enantioselective catalysis. The macrocycles contained cooperative moieties to construct a chiral catalytic cavity (Ning et al., 2020). Their catalytic microenvironment was further optimized with functionalization for the regulation of substrate-binding. These catalytic macrocycles exhibited high yield and stereoselectivity in the Friedel-Crafts reaction using ethanedisulfonic acid as substrates. The high activity was attributed to the catalytic cavity of macrocycles that enhanced the acidity and ion-pairing. These works above showed that the different properties of macrocyclic compounds, such as hosting ability, cavity size, structural symmetry, and electrostatic distribution, could largely enrich the variety of potential catalytic reactions for macrocyclic catalysts.
[image: Figure 2]FIGURE 2 | (A) The decarboxylative Mannich reaction ‘promoted by chiral macrocycle catalysts for asymmetric catalysis. (B) The effects of different macrocyclic conformations and chiral microenvironments on catalytic efficiency and enantioselectivity were studied by evaluating the catalytic behaviors of macrocycle M1-M4. M4 achieved a 99% yield and 94:6 enantiomeric ratio (er) under optimal conditions, while M1-M3 gave a relatively lower. A and B Reproduced from Guo et al. (2020) with permission. Copyright 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
SUPRAMOLECULAR MACROCYCLE SYSTEMS AS BIOINSPIRED CATALYSTS
Compare to single-molecule macrocycles, supramolecular macrocycle systems consist of not only one macrocycle, but also other components that non-covalently bound to the host molecule (e.g., the axle and guest molecules), allowing multiple catalytic behaviors and functionalization possibilities. Leigh’s group developed a rotaxane structure that showed ribosome-like activity to synthesize peptides in a successive manner. (Lewandowski et al., 2013). The substrate amino acids were linked sequentially to a strand, and a tethered thiol-functionalized macrocycle transported the amino acids on to another end of the strand to form a new peptide oligomer. The catalytic system represents a significant step to mimic the function of ribosomes chemically. The dynamic feature of supramolecular structures provides “smart control” over the catalytic reaction. Inspired by the rotaxane catalysis and the trigger-induced effects that regulate enzymatic syntheses, a pH-responsive pseudorotaxane switch was constructed with a CB (6) macrocycle and an organoselenium molecular strand (Li et al., 2015). The organoselenium strand contains an antioxidant selenium center for catalysis and two regulation imino groups to position the CB (6) macrocycle along the strand. When pH < 6, no enzyme activity was observed as the active site was concealed by CB (6). When pH > 7, the active site was exposed as CB (6) bound to the imino groups. Therefore, the enzyme activity of the complex was turned on. Although these supramolecular macrocycle systems do not focus on the substrate binding ability, they could mimic the activity-regulation mechanism of natural enzymes to control the catalytic reaction process.
The supramolecular macrocycle systems were also applied in the study of processive catalysis (Figure 3). Inspired by the DNA polymerase that operates by allowing multiple catalysis rounds to occur, artificial catalytic supramolecular structures acting in this processive manner were constructed. A porphyrin-containing rotaxane system with a manganese macrocycle was developed for polybutadiene epoxidation (Thordarson et al., 2003; Coumans et al., 2006; Monnereau et al., 2010; Deutman et al., 2014). The macrocycle could act as a catalytic site and catalyze polybutadiene into 80% trans- and 20% cis-epoxide polybutadieneepoxide. This stereoselectivity difference indicated the steric mechanism of the reaction. Takata’s group synthesized a macrocyclic rotaxane containing Pd moiety for hydroamination (Miyagawa et al., 2010). The processive catalysis took place inside the cavity of the macrocycle, like enzyme catalysis. Also, Harada’s group introduced a molecular clamp that polymerized δ-valerolactone (δ-VL) (Takashima et al., 2011). It consists of a- and ß-CD dimer connected with terephthalamide. The system afforded poly (δ-VL) with a number-average molecular Weight (Mn) = 11,000 and that a mixture of a- and ß-CDs without dimerization afforded Mn = 2,300. The processive catalysis was hardly achieved by traditional catalysts, and it also requires plenty of protein components and complicated mechanism in nature. However, this special catalytic behavior based on supramolecular macrocycle systems could play a critical role in the modification of polymers, peptides, and other macromolecules in future.
[image: Figure 3]FIGURE 3 | The processive catalytic system containing a linear polymer and a macrocycle. The macrocycle is modified with catalytic center and restrained to the polymer, which acts as axle molecule in the rotaxane system. As the macrocycle moves from one end to the other, the axle is functionalized (e.g., oxidation) sequentially by the catalyst. Reproduced from Deutman et al. (2014) with permission. Copyright 2014 American Chemical Society.
COVALENTLY LINKED PORPHYRINS AS BIOINSPIRED CATALYSTS
Porphyrin is a heteroatom-containing macrocyclic compound constructed by four pyrrole units which are connected by four methines as the bridge and are in a planar conformation to form 18π electrons conjugation system, and porphyrin can coordinate with many metals to form metallated porphyrins with extensive applications in many scientific fields, such as catalytic reaction and chemosensors (Ding et al., 2017; To and Chan, 2017; Zhang et al., 2017). Covalent organic frameworks (COFs) are crystalline porous organic polymers linked by covalent bonds with porous and ordered structures, attracting considerable attention due to their porosity, stability, and versatility. The chemical and structural tunability makes them have great potential applications in catalysis, separation, gas storage (Geng et al., 2020; Lee et al., 2020; Li et al., 2020). Moreover, many examples of COFs-based metalloporphyrin building blocks have been fabricated to apply in different catalytic fields (Singh et al., 2018; Cheung et al., 2019; Hao et al., 2019; Gong et al., 2020).
One important reaction for the fabrication of COFs is Shiff-base condensation between aldehyde and amine. It is an important strategy to introduce different amino groups and aldehyde groups to porphyrin building blocks, design linkers of porphyrin building blocks, and change metallic ions to construct COFs based on metalloporphyrin. Some examples have achieved recyclability with high catalytic activity. Banerjee group reported a COF (2,3-DhaTph) incorporating bifunctional (acid/base) catalytic sites based on porphyrin (Shinde et al., 2015). By reversible Schiff-base reaction using 2,3-dihydroxyterephthalaldehyde (2,3-Dha, Figure 4A) and a 5,10,15,20-tetrakis (4-amino phenyl)-21H, 23H-porphine unit (Tph, Figure 4B), The COF 2,3-DhaTph (Figure 4C) was synthesized. This COF has high thermal stability up to 300°C and could keep well aqueous stability for more than 7 days. The COF with weak acidic and basic sites could most significantly catalyze the cascade reaction with high product yield (∼90%) and possess recyclability over five cycles. According to similar strategies, Dai’s group successfully introduced Fe2+ to COF-366 and detected the oxidation using the Fe-COF as peroxidase Mimics (Wang et al., 2018). The Fe-COF can catalyze the H2O2 oxidation to show that Fe-COF has an inner peroxidase-like catalytic activity. Additionally, the kinetic studies demonstrated that the Fe-COF structure has a higher affinity toward the substrates than the natural enzyme, horseradish peroxidase. Furthermore, the Fe-COF could be applied in a colorimetric sensor for the sensitive detection of H2O2 and measure glucose. As a peroxidase mimic, the Fe-COF exhibits the advantages of easy preparation and ultrahigh catalytic efficiency. In addition, the covalent bonds linking macrocycle monomers largely enhanced the stability of catalysts, allowing more practical applications in industry than those of macrocycle systems constructed by weak interactions.
[image: Figure 4]FIGURE 4 | The chemical structures of 2,3-Dha (A), Tph (B), and 2,3-DhaTph (C). The hydroxy groups (green) act as acidic sites, whereas porphyrin and imine bonds (black) act as basic sites for an acid-base catalyzed cascade reaction. Adapted from Shinde et al. (2015) with permission. Copyright 2015 the Royal Society of Chemistry.
METAL−ORGANIC FRAMEWORK MATERIALS AS BIOINSPIRED CATALYSTS
Metal-organic frameworks (MOFs) are a class of porous crystalline materials based on the coordination of metal ions/clusters and organic linkers. Unlike other materials, a significant MOF feature is that their structure can be facilely designed, functionalized, and offer a high surface area. They have attracted considerable attention in these years and have many potential applications in storage, catalysis, and separation (Cui et al., 2016; Yang et al., 2017; Wei et al., 2020). In recent years, multilevel MOFs using porphyrin as building blocks have been developed to mimic catalyst. As a pioneering example of using metalloporphyrin as a building block to design MOF, in 2009 Nguyen’s group reported a mixed-ligand strategy that combines 1,2,4,5-tetrakis-(4-carboxyphenyl)benzene 1) (5,15-dipyridyl-10,20-bis[pentafluorophenyl])porphyrin 2) and Zn(NO3)2·6H2O under solvothermal conditions (Figure 5) obtained purple block crystals of Zn-MOF with large pores (surface area of ∼500 m2/g), and further studies demonstrated that the Zn-MOF is available for a catalytic acyl-transfer reaction between a N-acetylimidazole and 3-pyridinemethanol with huge rate enhancement (Shultz et al., 2009). For the catalytic reaction, Zn serves as a catalytic site, and the size of the cavity plays an essential role in enhancing the reaction rate. Based on this work, Nguyen group introduced different metallic ion (Al3+, Zn2+, Pd2+, Fe3+, and Mn3+) to coordinate with porphyrin in this system to obtain different COFs materials, which can serve as effective catalysts for the oxidation of alkenes and alkanes (Farha et al., 2011). The work offered a strategy to incorporate macrocyclic metalloporphyrin with catalytic property into nanomaterials to develop heterogeneous catalysts. So, many MOFs based on metalloporphyrin with catalytic activity have been developed, which were designed by changing substitutes in porphyrin, metallic ion coordinating with porphyrin, metal nodes or organic linkers (Feng et al., 2013; Beyzavi et al., 2015; Liu et al., 2015; Lin et al., 2016; Jiang et al., 2017; Liang et al., 2018; Pereira et al., 2019). For instance, Zhou’s group prepared a series of isostructural zirconium-based MOFs, which differ in porphyrin unit functionalized by ethyl, bromo, chloro, and fluoro groups to study the electron effect of substitutes on the catalytic activity of MOFs. These structures showed excellent structural tunability and outstanding chemical stability. The oxidation of 3-methylpentane to corresponding alcohols and ketones was utilized as a model reaction to study the catalytic activity and selectivity. Study results demonstrated that the Br-containing MOF catalyst showed higher catalytic efficiency and a remarkable 99% selectivity of the tertiary alcohol over the five other possible byproducts (Huang et al., 2017).
[image: Figure 5]FIGURE 5 | The synthesis of ZnPO-MOF. The MOF (right) has multiple features for catalysis, such as large pores, permanent microporosity, and fully reactant-accessible active sites. Reproduced from Shultz et al. (2009) with permission. Copyright 2009 American Chemical Society.
The disadvantages of the traditional homogeneous catalysts, including difficult recyclability and easy deactivation, limit industry application. Some examples of porphyrin-MOFs have realized high activity and recyclability of the heterogeneous catalyst compared to the homogeneous analog catalysts (Feng et al., 2013). Zhou group designed and prepared a perfluorophenylene functionalized metalloporphyrins MOF (PCN-624) which was constructed by 12-connected [Ni8(OH)4(H2O)2Pz12] (Pz = pyrazolide) nodes and porphyrin derivative linker. This MOF exhibits excellent stability under different conditions, such as organic solvents, strong acid, and aqueous-based solutions. Attractively, the MOF can be used as an efficient heterogeneous catalyst for the selective synthesis of fullerene−anthracene bisadduct and recycled over five times without significant loss of its catalytic efficiency (Huang et al., 2018). Additionally, many metalloporphyrin-MOFs have also been developed to use as an electrochemical catalyst and photochemical catalyst, which were designed through similar strategies (Kornienko et al., 2015; Jin et al., 2020). These porous crystalline materials could not only provide well-defined molecular recognition sites (Tashiro and Shionoya, 2020), but also metal ions with catalytic activities, combining the keys to making natural enzymes highly efficient.
OUTLOOK
From the single-molecular level to materials, macrocycles have been developed for various functional building blocks. The unique cavity-like structures of the macrocyclic compounds could promote the catalytic reactions in a bioinspired way. Not only novel macrocycles modified with catalytic functional groups expanded the application scope of macrocycle catalysis, but the supramolecular assembly of macrocycles brought dynamic control and processive catalysis into this research area. In addition, the covalent crosslinking further endowed catalytic porphyrin macrocycles with stability and clustering effects. The combination of macrocycles and catalysis is going to prove its economic value and its academic potential.
However, there are still many challenges ahead in this field. For instance, macrocycle catalysts’ substrate-recognition ability is generally weak compared to natural enzymes, which is the main reason for the relatively low catalytic activity. Also, the catalytic selectivity of macrocycle catalysts is limited by the simplicity of the substrate-binding cavity. Nevertheless, these macrocycles provide novel scaffolds to construct advanced catalysts for synthetic routes. We believe that elaborate structures and practical activities are going to emerge.
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The immune system plays a central role in the development and progression of human disease. Modulation of the immune response is therefore a critical therapeutic target that enables us to approach some of the most vexing problems in medicine today such as obesity, cancer, viral infection, and autoimmunity. Methods of manipulating the immune system through therapeutic delivery centralize around two common themes: the local delivery of biomaterials to affect the surrounding tissue or the systemic delivery of soluble material systems, often aided by context-specific cell or tissue targeting strategies. In either case, supramolecular interactions enable control of biomaterial composition, structure, and behavior at the molecular-scale; through rational biomaterial design, the realization of next-generation immunotherapeutics and immunotheranostics is therefore made possible. This brief review highlights methods of harnessing macromolecular interaction for immunotherapeutic applications, with an emphasis on modes of drug delivery.
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INTRODUCTION

Drug delivery strategies seek to improve therapeutic efficacy by increasing the proportion of drug that reaches its target site (drug targeting), increasing the duration of drug presentation (controlled release), or presenting the drug in response to appropriate triggers (responsive delivery) (Farokhzad and Langer, 2009; Tibbitt et al., 2016; Webber and Langer, 2017). Supramolecular chemistries can advance these goals through the provision of specific, tunable, and thermodynamically reversible bonds. These properties lend themselves to the development of drug delivery systems (Rodell et al., 2015a; Webber and Langer, 2017), especially those that can sequester drugs for subsequent release at the target site, can be tuned to improve pharmacological properties, and can release therapeutic cargo passively or via responsive chemistries.

Immune system dysfunction is a driver of human disease, for which the delivery of biologic and small molecule drugs to specific tissues and cells is critically needed. Prevalent immune-related diseases include those rooted in non-resolving inflammation, such as cardiovascular disease, arthritis, and tissue injury (Nathan and Ding, 2010). In many such cases, non-specific inflammation manifests in the development of maladaptive autoimmune responses, wherein the body mounts an immune attack against its tissues (Epelman et al., 2015; Jain and Pasare, 2017). Conversely, conditions such as cancer can co-opt the innate immune system to suppress inflammation, thereby thwarting adaptive immunity necessary to combat tumor growth (Engblom et al., 2016). Therapeutic modulation of the immune system is therefore essential and may be used to home in the body's response to various diseases, including mitigation of tissue-damaging inflammation or provocation of an immune response against cancer or infection. To achieve these goals, macrocyclic supramolecules are foundational building blocks that enable drug formulation, cell- and tissue-targeted drug carriers, and local delivery depots to instruct immune cell and systems behavior (Figure 1).
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FIGURE 1. Host macrocycles include the families of cyclodextrins, cucurbiturils, pillararenes, and calixarenes. These molecules contribute to the development of dynamic supramolecular materials, including as formulation excipients and functional building blocks for polymers, nanoparticles, and hydrogels. Through the inclusion of therapeutic cargo (drugs, cells), a range of immunomodulatory outcomes are possible that may span activity throughout the body (systemic effects) or activity at a specific location (local effects), achieved through either targeted systemic delivery or local biomaterial implantation.




MACROCYCLES FOR DRUG SOLUBILIZATION AND DELIVERY

The development of stable drug formulations and the targeted delivery of therapeutics remain major challenges in pharmacology (Rosenblum et al., 2018; Pasut, 2019; Sanku et al., 2019), and many drugs and drug classes are directly relevant to immune modulation. These include biopharmaceuticals (antibodies, cytokines, chemokines, or peptides) that exhibit biological specificity with well-characterized functions. Many biopharmaceuticals, however, face challenges in formulation stability or rapid blood clearance (Shire et al., 2004; Veronese and Pasut, 2005), and exhibit limited interaction with host macrocycles due to large size and aqueous solubility. Alternatively, small molecule pharmaceuticals are more amenable to guest-host interaction and benefit directly from improved solubility, shielding from degradation, and altered bioavailability. These same supramolecular interactions may also be used to reduce the toxicity of poisonous compounds, either through sequestration or improved clearance (Yin et al., 2021). Macrocycles aid in these processes by acting as hosts to small molecules, imparting aqueous solubility and altered pharmacokinetics by properties inherent to the host molecule structure, through selective chemical functionalization, or by accessing higher-order material structures.

Guest-host interactions are a subset of supramolecular associations characterized by the transient complexation of a macrocyclic cavitand (host) with a small molecule (guest) through hydrophobic interaction, often aided by van der Waal's or electrostatic forces. These macrocycles include cyclodextrins (α-, β-, and γ-CD), cucurbit[n]urils (CB[n]), calix[n]arenes, and pillar[n]arenes (Szejtli, 1998; Lagona et al., 2005; Song and Yang, 2014); all of which potentially enhance drug solubility and bioavailability (Brewster and Loftsson, 2007; Carrier et al., 2007; Loftsson and Brewster, 2011; Walker et al., 2011; Zhou et al., 2015). In many cases, chemical modifications are beneficial toward these goals. For example, sulfobutylether-β-cyclodextrin (SBE-β-CD, Captisol®) is a sulfonic acid derivative of β-CD, currently in 13 FDA approved formulations including antibiotics, antifungals, and antivirals (remdesivir; emergency use approval for COVID-19) (Stella and Rajewski, 2020). Studies by Rajewski demonstrated the derivative's ability to improve drug solubility, formulation stability, and toxicity (Rajewski et al., 1995). Another common CD derivative, 2-hydroxypropyl-β-cyclodextrin (HP-β-CD), possesses excellent water solubility and an improved affinity toward guests such as anti-inflammatory flavonoids, polyphenols, and other compounds (Gould and Scott, 2005; D'Aria et al., 2017; dos Santos Lima et al., 2019). In comparison to CDs, CBs can confer higher affinity interactions that contribute to their utility as potential pharmaceutical excipients, but use may currently be limited by cost and sparing water solubility (Walker et al., 2011; Kuok et al., 2017). Calix[n]arenes and pillar[n]arenes are emergent, synthetically flexible platforms from which a toolbox of drug delivery vehicles is emerging (Zhou et al., 2015; Xiao et al., 2019a,c; Xue et al., 2020).

Macrocyclic delivery vehicles can improve drug pharmacokinetics, including through improved drug solubility (Brewster and Loftsson, 2007; Loftsson and Brewster, 2011) or via receptor-mediated targeted delivery. At the most rudimentary level, macrocycles themselves can serve as targeting agents. CD or its mannose conjugated derivatives are internalized by macrophages and dendritic cells via recognition by cell surface receptors, scavenger receptor A1 (SR-A1) and mannose receptor (MRC1) (Chao et al., 2012; Pustylnikov et al., 2014). For example, mannose-modified β-CD served as a vehicle for the delivery of molecular chaperones to the cytoplasm of macrophages to correct protein misfolding (Rodríguez-Lavado et al., 2014). Similarly, CD-based nanoparticles (NPs) exhibit macrophage uptake, used to achieve trafficking of NPs into glioma (Alizadeh et al., 2010) and the delivery of encapsulated immune agonists to tumor-associated macrophages (TAMs) for cancer immunotherapy (Rodell et al., 2018). Mannose and folate are well-recognized targeting agents for anti-inflammatory (M2-like) and pro-inflammatory (M1-like) macrophages (Ngambenjawong et al., 2017; Rodell et al., 2019a), respectively, and the modification of macrocycles by these moieties enables both macrophage- and tumor-targeted therapies (Okamatsu et al., 2013; Ye et al., 2016; Elamin et al., 2018; Li et al., 2019).

Interestingly, some macrocycles have been investigated for their ability to directly modulate immune response. HP-β-CD may serve as a functional vaccine adjuvant, reportedly altering human dendritic cell maturation, as indicated by an upregulation of inflammatory cytokines (IL-6, TNF-α), production of costimulatory molecules (MHC, PD-L1/2), and activation of co-cultured T lymphocytes (Kim et al., 2016). CB[7] exhibited similar immunostimulatory properties. When complexed with tuftsin, an immunostimulatory tetrapeptide, the complex induced inflammatory cytokine production (TNF-α, IL-2, and IFN-γ) exceeding that of tuftsin alone in mononuclear cells (Kovalenko et al., 2017). While both of these macrocycles exert adjuvant effects, the exact mechanisms of action remain ambiguous. In contrast to these immunostimulatory effects, Zimmer et al. rationalized that the ability of HP-β-CD to bind cholesterol would reduce cholesterol crystal formations known to stimulate macrophage activation. In atherosclerotic plaques, HP-β-CD increased cholesterol efflux, reducing crystal load, inflammation, and disease progression (Zimmer et al., 2016). Similar effects have been observed in monocytes derived from HIV-positive donors (Matassoli et al., 2018), and the compound has been explored clinically for treatment of Niemann-Pick disease type C1, a neurodegenerative disease characterized by excessive cholesterol and lipid accumulation (Liu, 2012; Ottinger et al., 2014).



POLYMER-BOUND MACROCYCLES

Conventionally, polymer-drug conjugates are formed through the covalent tethering of drugs to a polymer. Owing to their relatively large size, polymers dominate the resultant physiochemical properties, and can therefore improve drug solubility, reduce drug clearance rate, and offer sites for attachment of targeting moieties. A distinguishing property of these systems is the structural diversity, which includes end-modified linear polymers, dendrimeric architectures, or pendant modified polymer systems (Elvira et al., 2005; Larson and Ghandehari, 2012). While supramolecular polymer-drug conjugates parallel this structural diversity, they possess advantageous qualities in terms of biocompatibility, ease of modular assembly, and capacity for dynamic behavior (Das et al., 2019).

Conjugation to PEG (i.e., PEGylation) is common in biopharmaceutical modification (Roberts et al., 2002; Alconcel et al., 2011), used to overcome aggregation and denaturation during storage or rapid blood clearance in vivo (Jevsı̀ŒEvar et al., 2010; Aggarwal, 2014). The interaction between end-modified CB[7]-PEG and the aromatic amino acid residues of proteins enabled PEGylation without chemical modification, including for anti-CD20 antibodies similar to clinical Rituximab (Webber et al., 2016). For small-molecule delivery applications, end-modification of dendrimeric structures has also been explored, including poly(amidoamine) dendrimers modified by α-, β-, or γ-CD that exhibited selective interaction of CD units with small molecule drugs (Wang et al., 2012). Interchain modifications of PEG may also be useful, as for self-assembly of polymeric NPs. CRLX101 (i.e., IT-101) was formed through covalent conjugation of camptothecin to a linear β-CD-PEG copolymer (Davis, 2009). Due to interaction of camptothecin and β-CD, the polymer chains condensed into NPs that modulated the immune response in tumor-bearing mice, including activation of natural killer cells and T cell proliferation (Chen Y. F. et al., 2019).

The modification of linear polymers by pendant groups has been accomplished through several means. Polyrotaxanes are one such dynamic macromolecular structure, composed of macrocycles threaded along a polymer chain. When modified by targeting ligands, such as maltose or mannose, macrocycles slide along the polymer chain to form multivalent interactions with target receptors, improving molecular recognition and macrophage uptake (Ooya et al., 2003; Shibaguchi et al., 2019). These methods emphasize how the design of dynamic supramolecular structures can improve targeted delivery. In an excellent example of modular conjugation, Jung et al. covalently modified hyaluronic acid with pendent CB[6] groups (Jung et al., 2011). The resulting CB[6]-HA was decorated with FITC for bioimaging and/or a formyl peptide receptor like 1 (FPRL1) peptide ligand with application in leukocyte recruitment, both using spermidine (CB[6] guest) as a supramolecular tether. The multi-functional approach provides a means of modular on-demand assembly that can achieve targeting, bioimaging, and drug delivery in a single supramolecular vehicle; such supramolecular theranostics have been recently reviewed (Yu and Chen, 2019).



NANOPARTICULATE SYSTEMS

Particulate platforms are among the most explored systemic drug delivery systems, exhibiting similar effects as polymeric drug conjugates: enhanced drug solubility, prolonged blood clearance, and targeted delivery (Mudshinge et al., 2011). Numerous methods have been developed to leverage guest-host interactions in nanotherapeutic design, including the self-assembly of subunits, surface modifications of pre-formed particles, and nanogels for affinity-based delivery.

An excellent application of supramolecular assembly is in gene delivery systems, wherein cationic polymers complex with nucleic acids through electrostatic interactions to form polyplexes, protecting the cargo from enzymatic degradation and facilitating cytoplasmic delivery (Lächelt and Wagner, 2015). While branched polyethyleneimine (PEI) is regarded as the “gold standard” polymeric vehicle, it is limited by cytotoxicity (Godbey et al., 1999; Lungwitz et al., 2005). CD-PEI conjugated systems have therefore been established that decrease the molecular weight of PEI necessary for effective transfection, hence improving cell viability (Wong et al., 2018). Similar methods have been applied to other cationic polymers with comparable limitations, like poly(2-dimethylaminoethyl methacrylate) (PDMAEMA) and dioleoyl-3-trimethylammonium propane (DOTAP) (Cherng et al., 1996; Loh and Wu, 2015; Fan et al., 2018; Zhou et al., 2018). Arima et al. prepared a sugar-appended CD-dendrimer conjugate as a macrophage-targeted carrier for systemic delivery of gene therapies (Arima et al., 2013), while local delivery has been enabled by CD-PEI conjugates for siRNA delivery from injectable hydrogels (Wang et al., 2017). In addition, Chang and colleagues investigated the co-delivery of an anticancer drug and small interfering RNA (siRNA) in a self-assembled redox-responsive pillar[5]arene nanocarrier, designed to overcome chemotherapeutic drug resistance (Chang et al., 2014). In sum, macrocycles are effective in enhancing gene delivery, due to their ability to reduce the cytotoxicity of cationic polymeric vectors, increase membrane permeability, and contribute to targeted or responsive delivery systems. Further developments in these areas have been recently reviewed (Xiao et al., 2019a; Haley et al., 2020).

Particulate materials are likewise of utility in vaccine delivery, aided by modular supramolecular assembly. In anti-tumor applications, the self-assembly of a MUC1 vaccine nanoparticle was achieved through CB[8] linkage of an amphiphilic TLR2 agonist (Pam3CSK4) with the desired antigen. Resulting nanostructures triggered a more robust immune response in mice than soluble controls (Gao et al., 2014). Interestingly, macrocycles may also serve to open new avenues for orally administered vaccines. He et al. encapsulated an ovalbumin β-CD complex in chitosan NPs. Oral administration to mice increased antibody levels in the digestive tract mucosa and serum, demonstrating the nanostructure's ability to induce an adaptive immune response (He et al., 2019). Anti-inflammatory regulation of the digestive tract has also been achieved, including by the intravenous administration of rosiglitazone-loaded redox-responsive nanoparticles that modulated macrophage response in ulcerative colitis (Sun et al., 2020).

Hydrogel NPs, or nanogels, are composed of cross-linked polymeric networks that provide a large surface area for multivalent supramolecular conjugation, making them excellent materials for drug loading, targeting, and release (Oh et al., 2008; Suhail et al., 2019). Park and colleagues formulated liposomal polymeric gels, composed of β-CD (for conjugation of a TGF-inhibitor) and a polymeric network (for IL-2 encapsulation) that significantly delayed tumor growth by synergistically activating the innate and adaptive immune response, increasing survival of tumor-bearing mice (Park J. et al., 2012). More recently, cyclodextrin nanoparticles were prepared by crosslinking succinylated β-CD with L-lysine. Resulting NPs exhibited uptake by myeloid cells (macrophages, dendritic cells) for the targeted delivery of immunostimulatory drugs, including TLR7/8 agonists (Kim et al., 2018; Rodell et al., 2018, 2019b), non-canonical NF-κB activators (Koch et al., 2020), and other drugs (Ahmed et al., 2019). These applications have demonstrated improved targeting of drugs to macrophage-rich tissues and a concurrent reduction in off-target drug effects, particularly for drugs with high-affinity interactions.



BULK MATERIALS FOR LOCALIZED ACTION

Complementary to systemic drug delivery by soluble polymeric and nanomaterial systems, macroscale biomaterials provide an opportunity for highly localized therapeutic delivery. Local therapy poses potential advantages (Weiser and Saltzman, 2014), including a reduction in off-target side effects such as adverse immune suppression or activation, which place patients at risk for infection or hyperinflammatory conditions (cytokine release syndrome), respectively. Related applications encompass device coatings, implantable delivery depots, and injectable hydrogels that leverage supramolecular guest-host interactions either for therapeutic drug sequestration or hydrogel crosslinking.

Medical device implantation is commonplace in modern medicine, such as for diagnostic or reconstructive procedures. Yet, these devices are hampered by biofilm formation: the colonization of the implant surface by bacteria or fungi (Arciola et al., 2018). To impede biofilm formation, antifouling and/or drug-eluting surfaces are of great interest. Covalent tethering of CD to implant surfaces (El Ghoul et al., 2008; Nava-Ortiz et al., 2010), as well as polymerized CD coatings have been investigated (Learn et al., 2020). These methods generally reduced protein adsorption and cell adhesion. Moreover, they provided affinity-based release of antibiotic and antifungal drugs, thereby inhibiting biofilm formation (El Ghoul et al., 2008; Nava-Ortiz et al., 2010; Thatiparti and Von Recum, 2010; Learn et al., 2020). In sum, surface modification by macrocycles is a promising method for the provision of antifouling surfaces that allows for biofilm inhibition by local prophylactic drug delivery.

To achieve local delivery within tissues, the formation of hydrogel depots is widely used for various applications. These water-swollen polymer networks enable controlled release via diffusive, degradation-mediated, or externally triggered mechanisms (Li and Mooney, 2016). Small molecule drugs, however, exhibit rapid diffusive release due to the relatively large mesh size (Bertz et al., 2013), motivating the development of hydrogels which include macrocyclic supramolecules for affinity-based delivery (Figure 2A). Partially crosslinked CDs and CD-modified gellan gum have been used to develop injectable polymers useful as viscosupplements with concurrent intraarticular release of anti-inflammatory glucocorticoids with applications in osteoarthritis treatment (Rivera-Delgado et al., 2018; Choi et al., 2020). Researchers have used these hydrogel formulations to deliver cyclosporin A (CsA), an immunosuppressant used to prevent organ transplant rejection and whose systemic administration is limited by off-target effects (Liddicoat and Lavelle, 2019; Park et al., 2020). Hydrogels prepared from poly(HEMA-co-HP-β-CD) provided controlled release of CsA over 2 months in vitro, with potential applications in subjunctival delivery following corneal graft procedures (Başbag et al., 2014). For the promotion of burn wound healing, dual delivery strategies have been described, including in situ polymerizable hydrogels for affinity-based release of resveratrol (an anti-inflammatory) and a plasmid encoding vascular endothelial growth factor (to promote vascularization) (Wang et al., 2019). Co-delivery of resveratrol and histatin-1 has been similarly demonstrated, using co-polymerization of acrylated β-CD and methacrylated gelatin for controlled release (Zheng et al., 2020).
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FIGURE 2. Schematic representation of local delivery from implantable and injectable hydrogels. (A) Polymer-bound macrocycles form inclusion complexes with desired deliverables in implantable hydrogels, allowing for (i) sequestration of drugs through guest-host complexation and (ii) affinity-based release by diffusion of unbound drug molecules. (B) Polymer-bound host macrocycles can form reversible physical bonds with hydrophobic guest molecules, allowing for the formulation of dynamic supramolecular crosslinks. These shear-thinning and injectable materials enable (i) drug sequestration through guest-host affinity, (ii) diffusive release of soluble biomolecules, and (iii) dynamic bond rearrangement necessary for cell migration into or out of the scaffold.


Injectable hydrogel formulations are a convenient means of delivery, requiring less invasive procedures for implantation than solid hydrogels formed ex vivo (Yu and Ding, 2008). Injectable hydrogels may be delivered in a liquid state, later solidifying as a result of thermo-responsive condensation or external triggers (Nguyen and Lee, 2010). In contrast, supramolecular assembly enables the formation of shear-thinning, injectable hydrogels (Guvendiren et al., 2012; Rodell et al., 2015a). The hydrogels can be pre-formed in a syringe with encapsulated therapeutics, injected into the tissue, and re-form as a depot for subsequent therapeutic release. One avenue for hydrogel formation is through pseudo-polyrotaxane formation between α-CD and PEG (Li et al., 1994). These hydrogels have found recent use in cancer immunotherapies, where the constraint of immune activation to the tumor environment is desirable to prevent systemic toxicity. Wang and colleagues used a hydrogel composed of α-CD and 4-arm PEG for local delivery of an adenoviral vector encoding Flagrp170, a flagellin-derived NF-κB stimulating sequence shown to enhance tumor immunogenicity (Wang et al., 2020). In a murine melanoma model, the hydrogel improved vector retention at the tumor site, facilitating local immune activation and suppression of tumor growth. CDs have also been recently used to create a hydrogel-particle composite for synergistic photothermal immunotherapy. In this work, IR820-α-CD was used in hydrogel formation, and localized heating by IR light induced tumor cell death; embedded CpG nanoparticles supported the immunotherapeutic effect of tumor-derived antigens (Dong et al., 2019).

The modification of polymers by pendant guest and host groups is an alternative means of constructing supramolecular hydrogels (Rodell et al., 2015a; Xiao et al., 2019b). Hydrogels crosslinked by β-CD and adamantane interaction have been widely investigated as injectable therapeutics (Loebel et al., 2017), including for the delivery of small-molecule drugs (Mealy et al., 2015; Zheng et al., 2020), biomolecules (Rodell et al., 2013, 2015b; Soranno et al., 2016), extracellular vesicles (Chen et al., 2018; Chung et al., 2020), and cells (Gaffey et al., 2015, 2019; Sisso et al., 2020) (Figure 2B). The delivery of IL-10 has been demonstrated, both from these guest-host hydrogels in the injured kidney (Rodell et al., 2015b; Soranno et al., 2016), and from related supramolecular hydrogel/microgel composites in the infarcted heart (Chen M. H. et al., 2019) as a means of promoting tissue healing. Similar guest-host hydrogels may be formed through the association of CB[n] hosts with polymer-bound guests (Appel et al., 2010), which has been used to improve local cell retention and in the development of numerous responsive drug delivery systems (Park K. et al., 2012; Ding et al., 2019). In an interesting application, guest-host hydrogels were prepared from the interaction of gelatin with photocrosslinkable acrylated β-CD as a 3D co-culture platform for TAM repolarization. IFN-γ reverted macrophages to a pro-inflammatory phenotype in vitro and decreased tumor cell migration and proliferation. Hydrogels were readily disassembled by competitive binding of free adamantane, allowing co-cultured cells to be transplanted into tumor growth models in vivo, where TAM repolarization inhibited tumor growth (Huang et al., 2020). Such platforms are a valuable drug discovery tool, and such accessible platforms for 3D cell culture are highly desirable (Caliari and Burdick, 2016; Rodell et al., 2019a). These self-assembling systems may furthermore be useful for immune modulation in vivo. For example, Widener et al. recently reported the preparation of granular hydrogel assemblies, wherein microgels were separately modified by β-CD or adamantane groups to yield self-assembling and injectable granular assemblies (Widener et al., 2020). The highly interconnected pores between the microgels allowed rapid immune cell migration and may provide an excellent platform for cellular reprogramming. Indeed, related polymer-nanoparticle composites enable recruitment and differentiation of discrete cell subsets (Fenton et al., 2019), and microgel architecture itself can promote distinct changes in the secretory profile of cells upon their arrival (Caldwell et al., 2020).



CONCLUSION

Supramolecular chemistry has emerged as a new frontier for biomedicine, providing a synthetically tractable route to the design of dynamic supramolecular, macromolecular, and multiscale material systems. By appropriate use of the custom design of macrocyclic building blocks, influence over material properties and biological outcomes is made possible. In immune engineering, these tools uniquely enable access to the same thermodynamic principles that underly biological structures, which has rapidly led to the development of methods to overcome previously insurmountable pharmacological obstacles, including drug solubility and instability or roadblocks to physiological transport. Moreover, the expanding toolbox of macrocyclic biomaterials now accessing multifunctional materials, such as immunotheranostics that perpetuate the combined study of vehicle and drug pharmacokinetics alongside pharmacodynamic outcomes. Such platforms will allow the unification of cell and tissue level response with vehicle and drug biodistributions, which previously have been difficult to access (Rodell et al., 2020). Moreover, the modularity of macrocyclic interactions perpetuates the development of delivery systems with tunable drug compositions. Importantly, cargo sequestration typically requires no chemical modification and therefore forgoes the formation of new chemical entities. In contrast, the addition of well-understood guest anchors to existing drugs also allows for tunable drug affinities for applications in controlled release, responsive delivery, and in situ refillable drug reservoirs (Rodell et al., 2019b; Zou et al., 2019; Dogan and von Recum, 2020; Dogan et al., 2020). Looking forward, these tools may be leveraged to directly address shortcomings in therapeutic efficacy, off-target drug effects, and dosing frequency that hamper the success of immunotherapeutic drugs in practice.
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Microcystis aeruginosa is a cyanobacterium that produces a variety of cyclic heptapeptide toxins in freshwater. The protective effects of the macromolecular container cucurbit[7]uril (CB7) were evaluated using mouse models of cyanotoxin-induced liver damage. Biochemical analysis of liver function was performed to gauge the extent of liver damage after exposure to cyanobacterial crude extract [CCE; LD50 = 35 mg/kg body weight; intraperitoneal (i.p.)] in the absence or presence of CB7 (35 mg/kg body weight, i.p.). CCE injection resulted in liver enlargement, potentiated the activities of alanine aminotransferase (ALT) and glutathione S-transferase (GST), increased lipid peroxidation (LPO), and reduced protein phosphatase 1 (PP1) activity. CCE-induced liver enlargement, ALT and GST activities, and LPO were significantly reduced when CB7 was coadministered. Moreover, the CCE-induced decline of PP1 activity was also ameliorated in the presence of CB7. Treatment with CB7 alone did not affect liver function, which exhibited a dose tolerance of 100 mg/kg body wt. Overall, our results illustrated that the addition of CB7 significantly reduced CCE-induced hepatotoxicity (P < 0.05).

Keywords: cyanobacterial crude extract, chemoprotectant, cucurbituril, Microcystis aeruginosa, liver damage


INTRODUCTION

The use of synthetic macromolecules for biological and medicinal applications has always been a popular approach (Yin et al., 2021). Accordingly, several studies have demonstrated the non-toxic and biocompatible nature of synthetic cucurbiturils (CBs) (Uzunova et al., 2010; Zhang et al., 2018). CBs are molecular containers comprising two hydrophilic carbonyl-lined portals with a central hydrophobic cavity. They have been synthesized in different sizes (Figure 1 for cucurbit[7]uril [CB7]) (Lee et al., 2003). Because of these properties, the bioactivity of the CB7 host–guest complexes (Cheng et al., 2018) and their clinical applications in vitro and in vivo have been confirmed by several studies. For example, a previous study revealed that CB significantly decreased the hepatotoxicity caused by nitidine chloride (Li W. et al., 2017) as well as trazodone and its metabolite m-chlorophenylpiperazine (Huang et al., 2018a). Further, the antidotal activity of CB7 against paraquat, a toxic pesticide, was observed both in vitro and in vivo (Zhang et al., 2019a,b). Another study reported that a high affinity between CB7 and sorafenib, an anticancer drug (Yang et al., 2017), and bedaquiline (Kuok et al., 2018) and clofazimine (Li et al., 2016), antituberculosis drugs, enabled the host to decrease the cardiotoxicity of these drugs without affecting their activity in vitro and in vivo in zebrafish models (Yang et al., 2017). In the same year, it was reported that CB reduced the neurotoxicity of pentylenetetrazol in zebrafish and mouse models (Huang et al., 2018b). Additionally, acyclic CB derivatives were shown to have antidotal activity against methamphetamine in rats (Ganapati et al., 2017).


[image: Figure 1]
FIGURE 1. The chemical structures for cucurbit[7]uril (CB7) and microcystin-LR (MC-LR). MC-LR is a cyclic heptapeptide toxin comprising (1) methylaspartic acid; (2) L-arginine; (3) 3-amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-4,6-dienoic acid; (4) D-glutamic acid; (5) N-methyldehydro-alanine; (6) D-alanine; and (7) L-leucine.


Although several macrocyclic hosts have been used to reverse the effects of poisonous substances (Yin et al., 2021), CB7 as an antidote to the toxicity of cyanobacterial crude extract (CCE) has been validated in in vivo studies. Cyanobacteria produce a wide range of cyclic peptide hepatotoxins, such as microcystins and nodularin. These secondary metabolites of cyanobacteria can be detected both in freshwater and marine environments. Figure 1 presents the chemical structure of microcystin-LR (MC-LR), a predominant toxin in CCE, as an example (Dittmann and Wiegand, 2006). Cyanobacteria are responsible for wildlife fatalities and adverse health effects in humans in countries where drinking water supplies are contaminated with these microorganisms (Al-Jassabi, 2005). Alarmingly, some of these cyanobacterial toxins are powerful promoters of liver tumor and potent inhibitors of protein phosphatase 1 (PP1) and PP2A catalytic subunits (PP1c/PP2Ac) that are critical for cytoskeletal integrity (Goldberg et al., 1995). During cyanobacterial bloom lysis in aquatic ecosystems, a mixture of toxins and other cyanobacterial and bacterial components are released in the water, which affects various aquatic organisms.

In this study, we analyzed the effects of CCE on liver function in mice with and without CB7 co-administration. Previous studies reported that the maximum tolerated dosage of CB7 is 250 mg/kg in mice, which is at least three-fold less than its LD50 (Uzunova et al., 2010). The LD50 of CCE in this study was 35 mg/kg body weight intraperitoneally (i.p.). International guidelines permit the analysis of doses at least 20-fold less than the LD50 of CB7 to evaluate its protective activity, which justifies the use of CB7 as an antidote agent at a dose of 35 mg/kg body weight.



MATERIALS AND METHODS


Chemicals

All chemicals were purchased from Sigma-Aldrich. To calculate the CB7 concentrations, the water content in the bottle was assumed to be 20%, as stated by the supplier.



Microcystis Cells

Different sites of the King Talal reservoir, Jordan, were targeted as sources of Microcystis aeruginosa during summer (May to October). We followed previously reported methods for isolating the cells and culturing them in medium (Dittmann and Wiegand, 2006). During cultivation, freeze-dried cells were used to extract cyanobacterial toxins using the method introduced by Mazur and Plinski (2003). To determine the LD50 of the extracted toxin, we followed the method reported by (Fawell et al., 1999).



Animal Treatment and Blood Sample Collection

We used 5–7-week-old male BALB/c mice (average weight, 30 g). Mice were obtained from the animal house unit of the Yarmouk University and were housed in stainless metal cages, with ad libitum access to food and tap water for the duration of the study. The animals were maintained on a 12/12-h light–dark cycle at a temperature of 23–26°C. The Animal Care and Use Committee at Yarmouk University approved the study procedure.

The mice were divided into four groups of 10 animals each. Group 1 (control) received only a single 0.5-mL i.p. dose of physiologic saline (neutral pH); group 2 received CB7 injection (35 mg/kg); group 3 received free toxin CCE (35 mg/kg), and group 4 received both the toxin and CB7 (35 mg/kg each). Mice were sacrificed after 24 h. A second set of experiments (groups 5–8) was performed in which the mice received i.p. injections of CB7 aqueous solutions (2–100 mg/kg) at physiological pH (10 mice for each concentration).

To assess the activities of alanine aminotransferase (ALT) and glutathione S-transferase (GST), blood was collected from the animals and the serum was stored at −70°C. The excess blood was then removed by perfusing the liver with Hanks' balanced salt solution. The IKA Ultra-Turax homogenizer was used to homogenize liver tissues in phosphate-buffered saline (pH 7.2). The supernatant in the centrifuged homogenate was stored at −70°C to measure PP1 activity and lipid peroxidation (LPO).



ALT Assay

To measure ALT activity in the serum samples, we followed the method outlined previously by Gehringer et al. (2003).



GST Assay

GST (EC 2.5.1.18) activity was measured in the liver homogenate using 1-chloro-2,4-dinitrobenzene as a substrate according to the method outlined by Habig et al. (1974).



LPO Assay

The thiobarbituric acid (TBA) method recommended by Hosseinzadeh et al. (2007) was used to assess LPO.



PP1 Activity Assay

To determine the activity of PP1, the kinetics of the generation of a yellow product from the dephosphorylation of para-nitrophenyl phosphate was estimated using a spectrophotometer, as described by Yuan et al. (2006).



Statistical Analysis

All results were expressed as mean ± standard error of the mean (SEM) for 10 mice per group. One-way analysis of variance followed by Tukey's post-hoc test was used to determine the significance of differences between the groups. Statistical significance was indicated by a P of ≤ 0.05. All statistical analyses were performed using SigmaStat statistical software (version 3.5).




RESULTS

Twenty-four hours after the i.p. injection, a significant increase in the liver mass was observed in group 3 (Figure 2 and Table 1) compared with group 1 (1.44 vs. 2.77 g; P < 0.05). This increase was attributable to massive intrahepatic hemorrhage and the pooling of blood in the liver (data not shown). CB7 alone (Table 2) did not significantly affect the liver mass (P > 0.05). However, co-administration of CB7 and CCE significantly nullified the increase in liver mass that was seen in group 3 (1.88 vs. 2.77 g; P < 0.05), which implies a protective effect of CB7 on CCE-induced liver enlargement.


[image: Figure 2]
FIGURE 2. Effects of cucurbit[7]uril (CB7) on cyanobacterial crude extract (CCE)-induced liver damage. Mice were divided into groups 1–4 and the livers from mice in each group were weighed. Data are presented as mean ± SEM. Bars with similar letters represent statistically significant differences. Ten mice per group (n = 10).



Table 1. Effects of microcystin-LR on the liver function of BALB/c mice in the presence and absence of cucurbit[7]uril (CB7); 10 mice per group (n = 10).

[image: Table 1]


Table 2. Effects of various concentrations of cucurbit[7]uril (CB7) on liver function in BALB/c mice; 10 mice per group (n = 10).

[image: Table 2]

The effects of CCE on various biochemical markers of hepatic function were also determined in the presence and absence of CB7 (Figure 3A and Table 1). Group 2 did not exhibit a significant increase in ALT activity; however, group 3 exhibited a robust increase in ALT activity compared with that in the control group 1 (1950 vs. 550 U/L; P < 0.05; Figure 3A and Table 1). This activity was significantly diminished by co-treatment with CB7 (1485 U/L; P < 0.05) (Figure 3A and Table 1). Similarly, GST activity in the livers was significantly lower in group 4 than in group 3 (10.34 vs. 12.22 U/L; p < 0.05) (Figure 3B and Table 1). CB7 alone did not significantly affect GST activity (Figure 3B and Table 2).


[image: Figure 3]
FIGURE 3. (A) The activity of alanine aminotransferase (ALT) and (B) glutathione S-transferase (GST) in the livers of mice in each group. Data are presented as mean ± SEM. Bars with similar letters represent statistically significant differences. Ten mice per group (n = 10).


We then assessed LPO by measuring the number of TBA-reactive substances. Compared with the control group 1, a marked increase in LPO was observed in group 3 (0.067 vs. 2.152 μM; P < 0.001; Figure 4). However, group 4 showed reduced LPO compared with group 3 (1.877 vs. 2.152 μM; P < 0.05). Furthermore, LPO was not significantly affected in group 2 compared with the control (0.072 μM; P > 0.05).


[image: Figure 4]
FIGURE 4. Levels of thiobarbituric acid (TBA), which is indicative of lipid peroxidation, calculated from the livers of mice in each group. Data are presented as mean ± SEM. Bars with similar letters represent statistically significant differences. Ten mice per group (n = 10).


Figure 5 and Table 1 present the spectrophotometric determination of PP1 activity for the four groups. The injection of CCE alone (group 3) significantly diminished PP1 activity. This decrease was partially but significantly reversed in group 4. Surprisingly, CB7 alone (group 2) also decreased PP1 activity, though not as markedly as CCE.


[image: Figure 5]
FIGURE 5. Protein phosphatase-1 (PP1) activity in the livers of mice in each group. Data are presented as mean ± SEM. Bars with similar letters represent statistically significant differences. Ten mice per group (n = 10).


The safety and toxicity of CB7 in mice were further tested and validated. The results revealed the absence of any significant changes in various biochemical markers of hepatic function (Table 2).



DISCUSSION

The present study illustrated that CB7 can serve as a chemoprotectant and can effectively diminish CCE-induced liver damage in mice. This is the first report that demonstrated the protective role of CB7 against CCE-induced liver damage. Our results show that CCE induced liver enlargement resulting from massive intrahepatic hemorrhage, which is consistent with previous findings that MC-LR inhibits PP1, a serine/threonine phosphatase (Honkanen et al., 1990). Inhibition of PP1 is known to increase cytoskeletal protein phosphorylation (Ohta et al., 1992), thereby disrupting the liver cytoskeleton (Hooser et al., 1989, 1991). Our observation that CB7 alone reduced PP1 activity without affecting liver size suggests that the hyperphosphorylation of cytoskeletal proteins was not sufficiently robust to significantly disrupt the integrity of hepatic cells. However, the detailed mechanism of such interactions remains to be investigated, especially considering that the crude extract contains several other components. In fact, the low water solubility of the crude sample precludes a nuclear magnetic resonance measurement that is necessary to determine the site or mode of interactions. It is also notable that CB7 is not entirely soluble in organic solvents (Uzunova et al., 2010). Therefore, regardless of the chemical tool used, the binding patterns can only be studied by monitoring the interaction of CB7 containers with standard MC-LR (Harada et al., 1990).

ALT is a routinely used clinical indicator of hepatocellular injury. The present study illustrated that CB7 protects mice against CCE-induced liver damage by reducing ALT activity upon the coadministration of CB7 and CCE. Similar results were observed for GST, a phase II detoxification enzyme, which was also revealed to detoxify MC-LR (Pflugmacher et al., 1998). Taken together, these observations clearly indicate the protective role of CB7 against CCE-induced liver damage.

The pharmacokinetic profile of CB7 has already been studied both in Balb/c mice and in Sprague Dawley rats after i.p. or i.v. administration, respectively. The i.p. plasma clearance in mice fits a 2-compartment model with exponential decay profile, where clearances of t1/2α = 17.0 min and t1/2β = 270.7 min are noted. Likewise, in Sprague Dawley rats, i.v. administration appeared to follow a multiphasic clearance model. Bio-distribution of CB7 in mice following i.p. administration show detection in the spleen, liver and brain 10 min post-administration, while activity in the kidneys occurred in two phases, at around 20 and 180 min. Due to this significantly higher activity in the kidneys (compared to that in liver), it was suggested that CB7 is excreted from the kidneys unchanged. It is worth mentioning that low levels of CB7 accumulate in the spleen and liver compared with the plasma and kidneys, while the brain accumulates the least activity, likely indicating that CB7 in unlikely to be able to cross the blood brain barrier (Li F. et al., 2017).


Conclusion

Based on the biochemical examination of the extracted livers of mice following CCE treatment with or without CB7, CB7 reduced the toxicity of CCE in vivo. The use of chemoprotectants against M. aeruginosa cyanobacterial toxicity has been the subject of several studies. However, the novelty of the present study lies on the use of a synthetic organic receptor instead of free radical scavengers, Ca2+ channel blockers, or enzyme inducers (Hermansky et al., 1991; Atencio et al., 2009). We demonstrated the potential application of CB7 as an adjuvant in toxicological pharmacology.
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The tale of abate in antibiotics continued defense mechanisms that chaperone the rise of drug-defying superbugs—on the other hand, the astray in antibacterial drug discovery and development. Our salvation lies in circumventing the genesis of resistance. Considering the competitive advantages of antibacterial chemotherapeutic agents equipped with multiple warheads against resistance, the development of hybrids has rejuvenated. The adoption of antibiotic hybrid paradigm to macrocycles has advanced novel chemical entities to clinical trials. The multi-targeted TD-1792, for instance, retained potent antibacterial activities against multiple strains that are resistant to its constituent, vancomycin. Moreover, the antibiotic conjugation of rifamycins has provided hybrid clinical candidates with desirable efficacy and safety profiles. In 2020, the U.S. FDA has granted an orphan drug designation to TNP-2092, a conjugate of rifamycin and fluoroquinolone, for the treatment of prosthetic joint infections. DSTA4637S is a pioneer antibacterial agent under clinical development and represents a novel class of bacterial therapy, that is, antibody–antibiotic conjugates. DSTA4637S is effective against the notorious persistent S. aureus bacteremia, a revelation of the abracadabra potential of antibiotic hybrid approaches.
Keywords: antibiotic hybrid, macrocycle, macrocycle hybrid, TD-1792, TD-1607, TNP-2092, TNP-2198, DSTA4637S
INTRODUCTION
Relentlessness in developing resistance is imperiling the competence of the antibacterial arsenal. A global health crisis is heightened by the emergence and prevalence of multidrug-resistant bacteria pathogens, which are untreatable with commonly used antibiotics (Aslam et al., 2018). According to the landmark 2019 Centers for Disease Control and Prevention (CDC) estimate, there are over 2.8 million antibiotic-resistant infections every year in the United States, which account for a death every 15 min (CDC, 2019). The once though magic bullets are no longer producing magical chemotherapeutic effects. The rising and compounding antimicrobial resistances continue to mandate novel strategies in the antibacterial drug discovery and development process (Silver, 2011; Brown and Wright, 2016; Shang et al., 2020). The 2019 analysis of antibacterial agents in clinical development by the World Health Organization (WHO) indicates the current clinical pipeline is insufficient to alleviate the threats posed by antimicrobial resistance (WHO, 2019a).
ANTIBIOTIC COMBINATIONS VERSUS ANTIBIOTIC HYBRIDS
Single-target agents have dominated the current antibacterial collection, and bacteria seem capable of rendering all ineffective (East and Silver, 2013). Simultaneous use of drug molecules having different molecular targets, or polypharmacology, was then considered more reliable to eliminate or at least slow the onset of resistance (Gray and Wenzel, 2020). Accordingly, concomitant use of antibiotics is often practiced by clinicians to prevent the development of resistance, broaden the spectrum of activity, and/or optimize the dose of drugs. In combination therapy, an adjuvant which may be inactive on its own is used with an antibiotic—a strategy called antibiotic–adjuvant approach (Liu et al., 2019). The adjuvant may enable entrance of the bona fide antibiotic by improving the membrane permeability, inhibit enzymes responsible for inactivation, or prevent the active efflux of the antibiotic (Liu et al., 2019; Tyers and Wright, 2019). Antibiotic–antibiotic combination approach, on the other hand, entails the use of dynamic dual antibiotics to achieve drug synergism or suppress the development of resistance, hypothesizing that bacteria will not survive the one-two punch of the antibiotics (Tyers and Wright, 2019). This antibiotic cocktail approach has prolonged the clinical utilities of some antibiotics, albeit potential problems due to unfavorable pharmacokinetic (PK) interactions, and for several reasons, the boosted in vitro activity often does not translate well into in vivo efficacy in animal models or clinical settings (Klahn and Bronstrup, 2017; Domalaon et al., 2018). In a scenario where the combined drugs lack PK complementarities, such as dissimilar half-lives where a short-acting drug is excreted rapidly, or different tissue distributions where one component is barely distributed, the other component will become vulnerable from the aspect of development of resistance (Domalaon et al., 2018). For example, multiple resistance mechanisms have gradually limited the clinical use of co-trimoxazole involving the dihydrofolate reductase (DHFR) inhibitor trimethoprim and the dihydropteroate synthase (DHPS) inhibitor sulfamethoxazole, the esteemed example of the antibiotic combination approach (Eliopoulos and Huovinen, 2001). Pharmacokinetic disparities, such as dissimilar volume of distributions by the virtue of differences in hydrophobic properties between trimethoprim and sulfamethoxazole, might have contributed to the development of resistance (Brown, 2014). In addition, drug combination or co-formulation is also vulnerable to additive toxicities (Tamma et al., 2012). The need for taking multiple drugs, especially if different routes of administrations are involved, may also deflate patients’ convenience (Fisher et al., 2020).
An attractive alternative to the mix and match antibiotic combinations is to bridge two pharmacophores by a metabolically stable covalent bond to generate a heteromeric synthetic construct, which behaves as a single chemical entity pertaining to PK parameters, a strategy otherwise known as an antibiotic hybrid (Pokrovskaya and Baasov, 2010; Klahn and Bronstrup, 2017). Diverse subjective definitions are forged for antibiotic hybrids. Generally, the antibiotic hybrid umbrella covers dual-acting antibiotic hybrids, divalent or multivalent antibiotics, antibiotic conjugates, chimeric antibiotics, and antibiotic hybrid prodrugs (Wang et al., 2016; Domalaon et al., 2018). The latter involves a cleavable linker between synthons, which can be metabolized only by a specific strain, a very useful strategy for the development of narrow-spectrum antibacterial agents (Domalaon et al., 2018; Jubeh et al., 2020). In the belligerence of drug resistance, molecules composed of two or more active structure motifs that are capable of acting at their respective targets have been extensively explored (Shavit et al., 2017). Selection of a matching partner in the antibiotic hybrid strategy is crucial so that the resulting dual-acting hybrid will unlikely suffer from cross-resistance. An organism may develop resistance to a dual-acting hybrid if it is not susceptible to the action of either drug (Parkes and Yule, 2016).
Over the past few decades, significant advances have been made in medicinal chemistry and chemical biology of macrocyclic compounds (Yu and Sun, 2013; Yudin, 2015). In contrast to large macromolecules and small synthetic molecules, macrocycles possess unique structural advantages and benefits from featuring both large molecules such as high potency and impeccable selectivity, and small molecules such as reasonable manufacturing costs, favorable PK, and the lack of immunogenicity (Peterson, 2017). The up-to-date comprehensive review of antibacterial agents in clinical pipeline (Butler and Paterson, 2020) along with reviews regarding the 14- to 15-membered macrolide hybrids (Janas and Przybylski, 2019) and their potential as anti-infective and anti-inflammatory agents (Paljetak et al., 2017) indicates the antibiotic hybrid approach is trending in the development of macrocyclic compounds. In this review, using terms such as “drugs” and “bacterial infections,” clinical trials listed in clinicaltrials.gov were searched meticulously. More than 2,000 clinical trials matched our search criteria, and the search results were cross-checked with the 2019 global observatory of the WHO for antibacterial products in clinical development (WHO, 2019b). Five novel macrocycle-based antibiotic hybrids under clinical developments, that is, TD-1792, TD-1607, TNP-2092, TNP-2198, and DSTA3647S, are highlighted and discussed.
HYBRIDS OF VANCOMYCIN
Although about 6 decades have passed since vancomycin (VAN, 1, Figure 1) was initially approved by the U.S. Food and Drug Administration (FDA) in 1958 and introduced into clinical practice, it is still commonly used for the treatment of many Gram-positive bacterial infections and often the last resort in modern treatment of drug-resistant infections (Okano et al., 2017). However, a dark cloud lids over the use of 1, as evidenced by widespread VAN-resistant Enterococci (VRE) and VAN-resistant Staphylococcus aureus (VRSA) and the loss of clinical efficacy against severe methicillin-resistant S. aureus (MRSA) infections (Faron et al., 2016). Vancomycin has continued to be captured in the spotlight in antibacterial drug development; its unique clinical successes, absence of cross-resistance with other antibacterial classes, a significant time span (30 years) between discovery and appearance of the first resistant strains in VRE, and advances in structural determinations or synthetic methods are among the reasons accounted (Blaskovich et al., 2018). Notably, three new structural analogs, that is, telavancin (Vibativ®), dalbavancin (Dalvance®), and oritavancin (Orbactiv®), were approved by the U.S. FDA in September 2009, May 2014, and August 2014, respectively, for the treatments of complicated skin and skin structure infections (cSSSIs) and acute bacterial skin and skin structure infections (ABSSSIs) (Lexicomp, 2021). Besides its historical clinical success and impact, 1 has also been targeted in the antibiotic hybrid paradigm for two main reasons. First, the glycopeptide scaffold in 1 provides several substituents suitable for binding a partner—in particular, the free C-terminal carboxylic acid (VC), the primary amine in vancosamine sugar (VV), and the aryl group of the seventh amino acid (VR) (Figure 1, Long et al., 2008a; Long et al., 2008b; Blaskovich et al., 2018). Second, 1 increases the affinity to the target via cooperative back-to-back dimerization. This opens a characteristic possibility to design potent conjugates where two vancomycin residues are dimerized or 1 is covalently linked to another partner such as 2 (Blaskovich et al., 2018). Although 1 has been dimerized or conjugated with siderophores or fluorophores, only its antibiotic hybrids have provided advanced candidates under clinical development, that is, cefilavancin (3, also known as TD-1792) and TD-1607 (4) in Figure 2 (Negash et al., 2019; Theuretzbacher, 2020).
[image: Figure 1]FIGURE 1 | Suitable attachment positions in vancomycin (1) and THRX-169797 (2).
[image: Figure 2]FIGURE 2 | Chemical structures of VAN hybrids, cefilavancin (3, TD-1792), and TD-1607 (4).
The lipid intermediate II (a membrane-anchored cell wall precursor) and transpeptidase (the penicillin-binding protein), the cellular targets of 1 and cephalosporins, respectively, are in close proximity and catalyze sequential roles in the bacterial cell wall biosynthesis. Consequently, their hybrid molecule might be able to inhibit both targets simultaneously and therefore have superior bactericidal properties (Long et al., 2008a). As mentioned above, 1 is equipped with at least three potential attachment sites (VV, VC, and VR) (Long et al., 2008a; Blaskovich et al., 2018). Similarly, the C-3 pyridinium (CP) moiety, the Z-oriented oxime (CO), and thiazolylamino (CN) groups of the C-7 side chain of 2 are suitable attachment sites in a cephalosporin nucleus (Figure 1, Long et al., 2008a). All possible nine hybrid heteromers between the above-mentioned attachment sites were synthesized via an amide linker and exhibited excellent activity against a select panel of Gram-positive bacteria pathogens, including MRSA and vancomycin intermediate-resistant S. aureus (VISA) (Long et al., 2008a). Cefilavancin was among the two most promising heteromers, with an MIC90 value of 0.03 μg/ml against MRSA isolates (Long et al., 2008a; Blais et al., 2012). Furthermore, in vitro studies revealed that THRX-169797 (2), the cephalosporin constituent of 3, was much less active than 3 against all S. aureus isolates tested (Blais et al., 2012). The murine neutropenic thigh infection model of MRSA was extended to 3. The ED50 of 0.19 mg/kg for 3 was 40 times more effective than the ED50 of that for 1, with an ED50 of 8.1 mg/kg in their assay (Long et al., 2008a). Consequently, 3 was selected and advanced as a clinical candidate for further development.
Cefilavancin also showed very potent activity against the heterogeneous VISA (hVISA), with minimum inhibitory concentration (MIC90) values of 0.03 μg/ml against 39 isolated strains of hVISA, relative to 2 μg/ml for 1 (Blais et al., 2012). In addition, 3 was the most active (MIC90 = 0.125 μg/ml) against various clinical isolates of VAN-intermediate staphylococcal species (VISS), heterogeneous VISS (hVISS), and VRSA, compared to daptomycin, quinupristin–dalfopristin, and linezolid (Leuthner et al., 2010). A similar study identified the effect of plasma proteins on the potency of 3 as low, and the MIC90 value remained the lowest compared to all comparators (Leuthner et al., 2010). Moreover, the positive results from clinical trials have supported the continued development of 3. In phase 1 studies, plasma concentrations after intravenous (IV) administration of 2 mg/kg body weight were continuously above the MIC value at which 100% MRSA isolates were inhibited (Blais et al., 2012). In phase 2 studies, the efficacy of 3 was compared with that of 1 in the treatment of cSSSIs. The cure rate at the end of the treatments with 1 and 3 was 90.7% and 91.7%, respectively (Stryjewski et al., 2012). The incidence of the most common adverse effects was similar in both groups, except for itching, which was more common in volunteers in the VAN arm (NCT00442832, 2006; Stryjewski et al., 2012). Currently, Theravance Biopharma and R-Pharm are conducting a phase 3 clinical development of 3 in Russia (WHO, 2019a; Adis Insight, 2020).
The hybridization of the nuclei in 3, but with a longer amide linker and different attachment positions, led to TD-1607 (4) (Figure 2, Fatheree et al., 2005). In 4, the aryl group closest to the C-terminus of 1 (VR) is aminomethylated and linked to the pyridinyl substituent (CP) from the bicyclic lactam of cephalosporin (Fatheree et al., 2005; Blaskovich et al., 2018). TD-1607 exerts its antibacterial activity by inhibiting cell wall biosynthesis; in vitro microbiological profiling showed a rapid and potent bactericidal effect against Gram-positive organisms (Sader et al., 2014). Compound 4 proved to be the most effective against all comparators, including 1, with MIC values between 0.008 and 0.06 μg/ml against 1,026 MRSA isolates procured worldwide (Sader et al., 2014; Liapikou et al., 2017). Single and multiple ascending dose phase 1 studies on the safety, tolerability, and PK of 4 were conducted in healthy volunteers (NCT01791049, 2013; NCT01949103, 2013). However, Theravance BioPharma has discontinued further clinical developments of 4 (Butler and Paterson, 2020).
Synthesis of Vancomycin Hybrids
Chemical syntheses of VAN conjugates 3 and 4 involved a series of steps to construct the cephalosporin synthon attached to a linker and an eventual coupling with vancomycin (Scheme 1). The synthesis of a cephalosporin and an amide anchor motif in 3 started by coupling N-Boc–protected bromopropylamine 5 with the hydroxylimino moiety of a trityl-protected aminothiazolyl residue 6 (Long et al., 2008a). Following ester hydrolysis of 7 and subsequent chlorination of the thiazolyl ring in 7 or 8 using N-chlorosuccinimide (NCS) yielded 9 or 10, respectively. Intermediates 9 and 10 were next coupled with 7-amino-3-chloromethyl-3-cephem-4-carboxylic acid p-methoxybenzyl ester hydrochloride salt (ACLE). The 3-chloro good leaving group in the ACLE moiety was replaced with pyridine or 4-(N-tert-butoxycarbonyl)aminomethyl pyridine to give 11 or 12, respectively (Fatheree et al., 2005; Long et al., 2008a). The key cephalosporin intermediates 13 and 14 were synthesized by global deprotection of their corresponding precursors in TFA. Finally, VAN 1 was attached directly to 13 through amide bond formation to afford target compound 3 (Fatheree et al., 2005; Long et al., 2008a). Unlike the direct coupling in 3, target compound 4 was synthesized via sequential bifunctional amide coupling of the cephalosporin CP synthon 14 and the VAN VR synthon via the di-HOAt ester of adipic acid (Fatheree et al., 2005; Long et al., 2008a).
[image: Scheme 1]SCHEME 1 | Synthesis of VAN hybrids 3 and 4 (Long et al., 2008a). (a) Cs2CO3, tetrabutylammonium iodide, DMF, rt, 2 h. (b) for 9: i. KOH, ethanol, 80°C, 30 min; ii. NCS, CHCl3, rt, overnight; for 10: NCS, DMF, rt, overnight. (c) for 11: i. ACLE, THF, –45°C, 2,4,6-collidine, POCl3, 10 min; ii. NaI, acetone, N2, rt, 80 min, then pyridine, 150 min; for 12: i. ACLE, N-[3-dimethylaminopropyl]-N′-ethylcarbodiimide hydrochloride (EDCI), 2,4,6-collidine, DMF, rt, 2 h; ii. Acetone, NaI, N2, 4-(N-tert-butoxycarbonyl)aminomethyl pyridine, rt, 2 h. (d) TFA, dichloromethane, anisole, rt, 2–3 h. (e) 1, benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP), HOAt, DIPEA, DMSO, DMF, rt, 30 min, then 2,4,6-collidine, 4 h. (f) di-HOAt adipic ester, DMF, ice bath, 2,4,6-collidine, 15 min, then the VR synthon of 1, DMF, ice bath, 2,4,6-collidine, 20 min.
HYBRIDS OF RIFAMYCINS
Various clinical guidelines for the treatment of staphylococcal prosthetic joint infection (PJI), including the Infectious Diseases Society of America (IDSA) guideline, recommend rifampin with a fluoroquinolone companion (Osmon et al., 2013; Berbari et al., 2020). First, rifamycins are the drug of choice for persistent bacterial infections such as PJI (Robertson et al., 2008). Rifampin intervenes critical gene transcription process and prevents spread to deep-seated infection sites, crafting a clinical success against slow-growing and nonreplicating metabolic stages of bacteria (Robertson et al., 2008; Ma and Lynch, 2016). Second, the formation of bacterial biofilms, a polysaccharide glycocalyx that provides a mechanical shield from antibiotics and immune system of the host, over the prosthesis is a central mechanism in the pathogenesis of PJI (Taha et al., 2018). According to various in vitro and/or in vivo animal model studies, rifampin diffuses well into biofilm and produces effective killing against biofilm-associated bacteria (Sanchez et al., 2015). Third, a point mutation in the rpoB gene that encodes the β-subunit of RNA polymerase confers a high resistance to rifampin (Aubry-Damon et al., 1998; Silver, 2011), and a companion drug may be needed to slow down the development of resistance. In this context, in vivo and clinical data indicated fluoroquinolones as the best concomitant drugs with rifampin (Wells et al., 2018). However, the in vitro antagonism observed between rifampin and the fluoroquinolone class (Murillo et al., 2008) and the need to take rifampin orally and fluoroquinolones intravenously during the initial phase of the treatment regimen are major limitations for clinical use of this combination (Ma and Lynch, 2016). Rifampin inhibits bacterial RNA synthesis which may weaken the bactericidal effect of fluoroquinolones by impeding the supercoiling of DNA (Zimmerli and Sendi, 2019). To address these, a resolution by introducing a covalently linked hybrid of rifampin and a fluoroquinolone pharmacophore was proposed. Furthermore, fluoroquinolones are one of the most widely used classes in the antibiotic hybrid paradigm (Pham et al., 2019). A dual mechanism against topoisomerase IV and DNA gyrase, which may compensate for any interference shadowed by steric hindrance from a linker (Pokrovskaya and Baasov, 2010) or a second component with suitable attachment sites for bulky partners and stability under different synthetic conditions, are the arguments put forward for the fluoroquinolones (Fedorowicz and Sączewski, 2018).
As previously reported (Ma and Lynch, 2016), open spaces and hence convenient positions for attachments to the C-3 and C-25 positions of rifampin were identified from a co-crystallized structure of rifampin and RNA polymerase. This is further illustrated in Figure 3 using a recently reported co-crystal structure (Molodtsov et al., 2017). Structure–activity relationships (SARs) from a series of spirorifamycins disclosed that a heterocycle fused with both C-3 and adjacent C-4 of rifamycin can serve as an attachment site for the second partner (Kim et al., 2007). The carbonyl group at C-11 can be used as a conjugation site. Functionalization of the C-11 carbonyl to oxime led to a series of novel 11-deoxy-11-hydroxyiminorifamycin derivatives, with better or equivalent activity against the RNA polymerase of S. aureus (Li et al., 2007). Similarly, the C-25 position can be used for attachment of a companion after replacement of the acetyl group with a carbamate. A series of C-25 carbamate rifamycins showed improved antimycobacterial activity and absence of inactivation through ribosylation of C-23 alcohol by ADP-ribosyl transferase of Mycobacterium smegmatis (Combrink et al., 2007).
[image: Figure 3]FIGURE 3 | Most accessible positions for conjugation in the chemical structure of rifampin. The figure was generated from the crystal structure (Pdb 5UAL) (Molodtsov et al., 2017) using PyMOL (Delano, 2002).
Various matching partners of rifamycins have been explored, with rifamycin–quinolones being the most studied (Ma and Lynch, 2016). SARs from approximately 300 rifamycin–quinolone hybrids revealed that the linker significantly influenced biological activity (Robertson et al., 2008; Klahn and Bronstrup, 2017). Partnering a rifamycin nucleus with a quinazolinone, a bioisostere of quinolone, provided the activity-leading conjugate, called CBR-2092 or TNP-2092 (15) (Figure 4, Ma and Lynch, 2016). Furthermore, the quinazolinone core possesses activity against the ParCS80F variant of topoisomerase IV, the activity that is not retained by ciprofloxacin. This provides an explanation for the activity of 15 against bacterial isolates that are resistant to ciprofloxacin alone or in combination with rifampin (Fisher et al., 2020). In 15, the C-3 of rifamycin and the C-8 of quinazolinone pharmacophores are bound by a linker that resembles a covalently bound side chain of rifampin and ABT-719 (Ma and Lynch, 2016). The optimal linker in 15 also clamps the binding of rifamycin and quinazolinone motifs to their respective binding sites (Ma and Lynch, 2016).
[image: Figure 4]FIGURE 4 | Cores and linker in the structure of TNP-2092 (15).
TNP-2092 was superior to rifampin plus ciprofloxacin in several facets, a credence to hybrid pharmaceuticals in the antibacterial pipeline. 1) In S. aureus and coagulase-negative Staphylococci (coNS), the main causative agents and major elements of treatment failure in PJI, 15 has multi-targeted activities against RNA polymerase, DNA gyrase, and topoisomerase IV (Robertson et al., 2008; Ma and Lynch, 2016). 2) TNP-2092 is not a substrate for efflux pumps such as NorA or MepA and therefore retains activity against resistance mediated by mutations of the efflux system. In addition, the lack of efflux effectively traps 15 within bacteria (Ma and Lynch, 2016). Almost half of fluoroquinolone-resistant strains have enhanced expression of norA or mepA gene (Robertson et al., 2008). 3) TNP-2092 appears to overcome the antagonism between rifampin and ciprofloxacin (Murillo et al., 2008); in a minimum biofilm bactericidal concentration (MBBC) evaluation, ciprofloxacin plus rifampin exhibited MBBC levels higher than the MBBC values of ciprofloxacin alone in 11 of 40 S. aureus and in zero of 40 S. epidermidis isolates (Fisher et al., 2020). 4) TNP-2092 showed strong activity against pathogens resistant to its constituents. The difference in MIC values of 15 between the wild-type (CB190) and rifamycin-resistant S. aureus (CB370, rpoBH481Y) was smaller, unlike 31,250 folds for rifampin. Compound 15 exhibited no activity difference between CB190 and fluoroquinolone-resistant S. aureus (CB814, gyrAS84LParCS80F), while nearly 67-fold difference was observed for ciprofloxacin (Robertson et al., 2008). Against rifampin-resistant S. epidermidis strains, IDRL-10005 (rpoBD471ErpoBI527Y) and IDRL-10692 (rpoBS486F), on the other hand, 15 had MIC values of 0.06 and 0.125 μg/ml, respectively; in contrast, rifampin had high MIC values of ≥4 μg/ml, and ciprofloxacin had MIC values of 8 and 1 μg/ml, respectively (Fisher et al., 2020). 5) Safety concerns related to constituent elements such as hERG inhibition and induction of CYP3A4 isoenzyme were not observed in 15 (Ma and Lynch, 2016).
Rifaximin, a member of the rifamycin family and a nonsystemic antibiotic, has been approved for the treatments of travelers’ diarrhea, hepatic encephalopathy, and irritable bowel syndrome without constipation (Lexicomp, 2021). Its clinical benefits were thought to be mediated through altered gastrointestinal (GI) microbiota or dysbiosis (Chey et al., 2020). Antibacterial evaluations of 15 against a representative panel of GI bacteria revealed similarities with rifaximin (Yuan et al., 2020). Interestingly, 15 was more active against Gram-negative bacteria such as E. coli and A. baumannii, which were resistant to rifampin (Ma and Lynch, 2016). The low oral bioavailability of 15, 1.81% in rats and 0.315% in dogs, can offer additional benefits for local treatment of intestinal diseases (Yuan et al., 2020). The main strategy for the treatment of hepatic encephalopathy, which is closely related to hyperammonemia, is to regulate urease-producing bacteria located in the gut (Liu et al., 2018). Against a panel of urease-producing strains, 15 was more active than rifampin against Gram-negative bacteria such as Helicobacter pylori (H. pylori) and Salmonella strains but lower activity against beneficial commensals such as B. infantis and B. bifidum (Yuan et al., 2020). TNP-2092 appears to be an attractive candidate for the treatment of the urease-producing C. difficile. Compared to the standard treatments of C. difficile infections (CDIs), vancomycin and metronidazole, 15 showed superior activity against various isolates of C. difficile (Yuan et al., 2020). In addition, following 7 days’ treatment with 15, the changes in the percentage of intestinal microbiota were temporary and generally returned to pretreatment levels. This explains the nonrecurrence of CDIs after treatment with 15 (Yuan et al., 2020). The standard treatments interfere with the intestinal microbiota and are the leading factors for the recurrence of CDIs (Tsutsumi et al., 2014).
The phase 1 study of 15 on tissue distribution, PK, safety, and tolerability in participants undergoing primary total hip replacement or knee arthroplasty is being planned, but participants have not been recruited yet (NCT04294862, 2021). Nevertheless, the phase 2 study of 15 for the treatment of ABSSSIs was completed in September 2020 (NCT03964493, 2019). TenNor Therapeutics presented “topline” phase 2 results of 15 for the treatment of ABSSSIs at the 2020 China Biomed Innovation and Investment Conference (CBIIC) (TenNor, 2020b). In 2020, the FDA has granted an orphan drug status for the IV use of 15 for the treatment of PJI (PR Newswire, 2020).
Synthesis of TNP-2092
A scheme suitable for kilogram quantity synthesis of 15 was reported (Ma and Lynch, 2016). The scheme involved an initial five-step synthesis of the linker intermediate 18, which was subsequently coupled with the fluoroquinolone core 19 under reflux in acetonitrile, to give 20. The fluoroquinolone-linker motif 20 was further processed via hydrolysis of ethyl ester and Boc deprotection to afford 21 using LiOH and TFA, respectively. Eventually, following the conversion of the piperidine moiety in 21 to a hydrazine, 15 was produced by coupling the hydrazine variant of 21 with 3-formyl rifamycin (Ma and Lynch, 2016; Scheme 2).
[image: Scheme 2]SCHEME 2 | Synthesis of rifamycin hybrid 15 (Ma and Lynch, 2016). (a) Ti(O-iPr)4, EtMgBr, Et2O/THF, −78°C, 20 min, then Et2O/BF3, rt, 2 h. (b) NaHCO3, acetonitrile, reflux, 5 h. (c) i. LiOH, ethanol, 60°C, 1 h; ii. TFA, dichloromethane, 0°C to rt, 1 h. (d) i. NaOH, H2N–OSO3H, 0°C, 1 h; ii. 3-formyl rifamycin, MeOH/THF, rt, 30 min.
Besides 15, TenNor Therapeutics is also developing a conjugate of rifamycin and metronidazole (Figure 5), also known as TNP-2198 (22). Metronidazole is used to treat infections caused by anaerobic bacteria and is the first-line treatment for bacterial vaginosis (BV) (Jones, 2019). However, the effectiveness of metronidazole against Gardnerella vaginalis (GV), the leading cause of BV, is associated with 58% recurrence (Bradshaw et al., 2012). The underlying factor for treatment failure is resistance by biofilms that form a protective shield to reduce the penetration of metronidazole (Ma et al., 2020). Leaving the essential nitroimidazole moiety intact, conjugates of metronidazole (Patel et al., 2021), via N1-alkyl or 2-methyl linker or both, with different structural nuclei such as thiomorpholine-1,1-dioxide, have resulted in hybrids with superior activity against metronidazole sensitive as well as resistant H. pylori strains (Rossi and Ciofalo, 2020). Accordingly, the pharmacophore of metronidazole, a 5-nitroimidazole motif, was conjugated with rifamycin, an established agent against biofilm-forming pathogens. The resulting 22 showed strong synergistic property against GV (Ma et al., 2020). The MIC value of 0.004 μg/ml of 22 against GV was significantly lower than those of its constituents, with MICs of 4 and 0.5 μg/ml for metronidazole and rifampicin, respectively (Ma et al., 2020). In addition, the spectrum activity of 22 was not limited to GV but also active against other pathogens that can cause BV and other anaerobic bacteria. Apart from a few BV-causing bacteria where equivalent activity was displayed, the MIC values of 22 were 100 to 1,000 folds lower than those of metronidazole (Ma et al., 2020). Very recently, TenNor Therapeutics initiated a phase 1b/2a clinical development of 22 for the treatment of H. pylori infection (TenNor, 2020a). Additional clinical development status of 22 is listed in Table 1.
[image: Figure 5]FIGURE 5 | Chemical structure of TNP-2198 (22).
TABLE 1 | Overview and key parameters of clinical macrocycle–antibiotic hybrids.
[image: Table 1]Antibody–antibiotic conjugation (AAC), in addition to the antibiotic-antibiotic hybrids mentioned above, is practiced for the conjugation of rifamycins. The antibody–drug conjugate (ADC) is mainly used in cancer immunotherapy, to selectively deliver a cytotoxic warhead using a labeling antibody bound via a linker (Beck et al., 2017). In 2015, the extension of ADC to the treatment of bacterial infections caused by S. aureus was first coined by Lehar et al. (2015). The infamous S. aureus is able to survive the wrath of antibiotics by internalizing into phagocytes (Fraunholz and Sinha, 2012). This intracellular reservoir has enabled long-term colonization of a host and promoted development of resistance, which explains the recurrences associated with invasive S. aureus infections (Lehar et al., 2015; Peyrusson et al., 2020). Despite available appropriate treatments, S. aureus remains a leading cause of death related to bacterial infections, with mortality rates of around 20–30% (Yilmaz et al., 2016). A new strategy capable of effectively eliminating the responsible intracellular foci of S. aureus was needed. As such, a novel AAC platform, THIOMAB™ antibody–antibiotic conjugate (TAC), was utilized to target the intracellular S. aureus. DSTA4637S (23) (Figure 6) is a novel conjugate of an antibiotic with an anti–S. aureus antibody, which represents the first AAC in this class under clinical development (Lehar et al., 2015; Mariathasan and Tan, 2017; Poreba, 2020). Mechanistically, the large-sized 23 cannot diffuse into mammalian cells. In systemic circulation and tissues, the antibody directs the binding of the conjugate to S. aureus, enabling the uptake of appended bacteria into phagocytes via opsonization (Cai et al., 2020). The linker is cleaved by cathepsins inside the phagolysosome to release the active antibiotic that can eliminate the conjugate bound and other existing bacteria (Lehar et al., 2015; Cai et al., 2020).
[image: Figure 6]FIGURE 6 | Monoclonal antibody, linker, and the antibiotic of DSTA4637S (23).
In DSTA4637S, an artificially engineered monoclonal antibody MSTA3852A against S. aureus from human immunoglobulin (IgG1) and 4-dimethylaminopiperidino-hydroxybenzoxazino rifamycin, dmDNA31 (rifalogue), are linked by a protease cleavable valine–citrulline (vc) linker (Lehar et al., 2015; Poreba, 2020). MSTA3852A was selected from >40 anti–S. aureus antibodies that originated from the blood of patients recovering from different S. aureus infections. The highest level of binding by those antibodies was directed against a major component in the cell wall of S. aureus, the wall-teichoic acids (WTAs) (Lehar et al., 2015; Deng et al., 2019).
In the majority of S. aureus lineages, WTA is composed of up to 40 repeating units of ribitol phosphate (RboP) that are covalently linked to the N-acetylmuramic acid (MurNAc) residue of the peptidoglycan layer by a short polysaccharide anchor unit (Figure 7, Weidenmaier and Peschel, 2008; Fong et al., 2018). The anchor unit is composed of glycerol-phosphate (GroP) units (1–3×), N-acetyl-d-mannosamine (ManNAc), and N-acetyl-d-glucosamine-1-phosphate (GlcNAc-1-P) (Winstel et al., 2014). RboP can be modified with α- or β-O-linked N-acetyl-d-glucosamine (α/β-O-GlcNAc) residues and d-alanine. Those modifications were reported to be essential for developing resistance to methicillin and cationic antimicrobial peptides (Brown et al., 2012). In MRSA strains, modifications with β-1,4-GlcNAc and α-1,3-GlcNAc are catalyzed by glycotransferases TarS and TarM, respectively (Brown et al., 2012; van Dalen et al., 2019). Recently, Gerlach et al. have identified an alternative glycotransferase for MRSA, TarP, which catalyzes the glycosylation of β-1,3-GlcNAc on WTA (Gerlach et al., 2018). This alternative glycan modification was poorly immunogenic and sabotaged the recognition by host antibodies (Gerlach et al., 2018). WTAs are promising antigens being pursued for the development of novel vaccines against MRSA (van Dalen et al., 2019).
[image: Figure 7]FIGURE 7 | Simplified molecular structure of the WTA of common S. aureus.
The majority of the host anti–S. aureus antibodies target β-1,4-GlcNAc, followed by β-1,3-GlcNAc, and few antibodies are reactive to α-1,4-GlcNAc, albeit the underlying reason is not fully understood (van Dalen et al., 2020). The binding pattern between antibodies and β-WTA was then characterized by co-crystallizing the Fab fragment of anti–β-WTA antibodies with a minimal synthetic repeat of β-WTA, a β-glycosidic bonded unit between ribitol-1-phosphate (Rbo-1-P) or ribitol-5-phosphate (Rbo-5-P) and GlcNAc (Lehar et al., 2015; Fong et al., 2018). Antibodies displayed a conserved mechanism to specifically recognize the β-anomer mimic, albeit different residues were involved in different antibodies (Fong et al., 2018). In the co-crystal structures of antibody 4462 or 6078, for example, the pyranose ring of GlcNAc of the mimic was stacked against the amide chain of N95 or the indole side chain of W50, respectively (Figure 8, Fong et al., 2018). In antibody 4462, the C-5 phosphate of the WTA mimic formed ionic interactions with K94 (Figure 8A). Similarly, the interaction between the 5-phosphate and Y94 in antibody 6078 was indicated for selectivity to β-linked GlcNAc (Figure 8B, Fong et al., 2018). Lehar et al., using a co-crystal structure of antibody 4497 with 1-phosphoribitol β-WTA, also revealed an arginine “tweezers” motif by Arg27d and 28 that dictated the β-anomer–specific recognition via triangulation of the ribitol phosphodiester backbone in relation to the GlcNAc moiety (Figure 8C, Lehar et al., 2015).
[image: Figure 8]FIGURE 8 | Binding interactions between the β-WTA mimic and anti–S. aureus antibodies. (A) Stacking and ionic interactions between antibody 4462 and Rbo-5-P (Pdb 6DWI). (B) Interactions between antibody 6078 and Rbo-5-P (Pdb 6DW2). (C) Arginine “tweezers” motif (Pdb 5D6C). Pictures (A)–(C) were generated from reported Pdb files (Lehar et al., 2015; Fong et al., 2018) using PyMOL (Delano, 2002).
Various features of rifalogue (dmDNA31) were considered in the selection of the payload for anti–S. aureus antibody 4497. dmDNA31 had an MIC value of 4 × 10–9 M against MRSA (USA300), with effective killing property against these well-recognized persister cells (Lehar et al., 2015). Persister cells are dormant, nonreplicating bacteria with a high level of tolerance to antibiotics. Nondividing MRSA isolates inside macrophages were effectively eliminated by dmDNA31 (Lehar et al., 2015). Moreover, dmDNA31 conjugate was inactive against extracellular bacteria, indicating the safety of the conjugate (Shopsin et al., 2016).
V112C mutagenesis of the antibody MSTA3852A, in which a valine in the light chain IgG1 is precisely replaced by a reactive cysteine residue, enables site-specific conjugation with a drug–antibody ratio (DAR) of two vc-dmDNA31 per antibody (Deng et al., 2019). Site-specific conjugation in ADC enables a direct and homogeneous conjugation of a drug (Zhou, 2017). Stochastic or random conjugation, on the other hand, often leads to heterogeneous products, with each subtype having different PK properties, efficacy, and safety profiles. In stochastic conjugates, there are also concerns about higher DAR, which are relatively more active in vitro, less tolerated, and exhibit rapid elimination than conjugates with lower DAR (Gauzy-Lazo et al., 2020). THIOMAB™ is one such site-specific conjugation technology that led to 23 (Lehar et al., 2015; Wang-Lin and Balthasar, 2018; Gauzy-Lazo et al., 2020). The linker in 23 will be cleaved within minutes following the entry of the opsonized S. aureus, and when tested inside human macrophages, epithelial and endothelial cells, AAC-opsonized MRSA isolates were killed in all cases (Lehar et al., 2015). In an intravenous mice infection model, the efficacy of 23 was superior than that of 1. The efficacy of 1 declined when administered after 7–24 h of infections, suggesting the failure of 1 due to the internalization of MRSA into host cells (Lehar et al., 2015). After 24 h of infection, a single dose of TAC was effective and superior to the twice-daily dose of 1 (Lehar et al., 2015).
The preclinical PK properties of TAC 23 were profiled in mice, rats, and cynomolgus monkey (Zhou et al., 2016; Deng et al., 2019). The PK profiling of TAC involved the analysis of three analytes: TAC total antibody (TAb) which includes fully conjugated (DAR 2), partially conjugated (DAR 1), and unconjugated antibodies (Zhou et al., 2016). The PK properties of typical monoclonal antibody-based therapeutics, that is, short distribution, slow clearance, and long half-life, were demonstrated by DSTA4637A (the preclinical liquid formulation of 23) in various in vivo animal studies (Zhou et al., 2016; Deng et al., 2019). In mice, the conjugation extended the half-life (∼3–4 h) of unconjugated dmDNA31 to 4 days in ac-dmDNA31. A similar clearance between 23 and the unconjugated antibody in mice indicated the conjugation of dmDNA31 had relatively little effect on the clearance of the TAb (Zhou et al., 2016). Comparable PK properties of DSTA4637A TAb and MSTA3852A were also found in rats and monkey (Deng et al., 2019). Three main reasons can explain the similar PK profiles between DSTA4637A and MSTA3852A. First, conjugates with a DAR of 2–4 generally have slower clearance rates and longer half-lives than conjugates with a higher DAR (Deng et al., 2019). Second, THIOMAB™ technology allows uniform conjugation on the engineered cysteine without disrupting the inter-disulfide bonds in the antibody (Sussman et al., 2018), and therefore minimal PK changes after conjugation. Third, drug loading and hydrophobicity are factors that cause significant changes in PK properties (Kamath and Iyer, 2016). The hydrophilic property of dmDNA31 is expected to slow down clearance and extend the half-life of 23 (Deng et al., 2019). A minimal physiologically based PK model in mice indicated a low level of drug interactions between DSTA4637A and cytochrome P450 substrates. This model of PK disposition also indicated the liver and spleen, where phagocytes are usually accumulated, may contain high concentrations of dmDNA31 (Wang-Lin et al., 2018).
Preclinical safety evaluations with high doses of 23, up to 250 and 500 mg/kg in monkeys and rats, respectively, were well tolerated (Deng et al., 2019). In 2019, the results of the phase 1 investigations on the safety, PK, and immunogenicity in healthy volunteers were published, which showcased the favorable profiles of 23 for human use (NCT02596399, 2015; Peck et al., 2019). No serious adverse effects were observed in the dose range between 5 and 150 mg/kg; no clinically significant changes in laboratory or vital signs or antibody responses induced by 23 were observed (Peck et al., 2019). Therefore, further clinical development of 23 for S. aureus infections is expected following these favorable safety and PK profiles in human volunteers (Peck et al., 2019).
LIMITATIONS AND WAYS FORWARD IN MACROCYCLE-ANTIBIOTIC HYBRID APPROACH
The increase in molecular weight is a major limitation of the antibiotic hybrid approach. The resulting low oral bioavailability of such conjugates may impede oral dosage formulations for systemic applications (Gupta and Datta, 2019). However, this opens the door to selectivity and efficacy for local treatments of gut and liver diseases (Ma and Lynch, 2016). In addition, given that the structure of the outer membrane (OM) in the cell wall of Gram-negative bacteria is well designed for intrinsic resistance to various antibacterial agents, the high molecular weight of antibiotic hybrids is also detrimental to their activity against Gram-negative microorganisms. Moreover, the hydration sphere, created by hydrophilic carbohydrates, and the reduced fluidity caused by efficient packing of the lipid component restrict the passage of hydrophobic molecules across the OM (Domalaon et al., 2018). What remains is a passage through unspecific, barrel-shaped protein channels called porins. Nevertheless, only small molecules with a molecular weight of ≤600 g/mol are more favorable to pass the molecular sieve imposed by the porins (Vergalli et al., 2020). Fortunately, some antibiotics with a molecular weight of >600 g/mol, such as polymyxins, are able to pass through OM via various uptake mechanisms (e.g., self-promoted entry) (Moubareck, 2020). Agents of this nature are capable of disturbing the electrostatic interactions between the divalent cations such as Mg2+ or Ca2+ and phosphate groups in the lipid, thereby creating a passage through (Deris et al., 2014). Further clarifications of the structural or physicochemical criteria for self-promoted mechanism can extend the antibacterial spectrum of macrocycle-antibiotic hybrids against Gram-negative organisms (Domalaon et al., 2018).
Pioneered by cefiderocol, a cephalosporin siderophore antibiotic approved by the U.S. FDA in November 2019 (Lexicomp, 2021), antibiotic–siderophore conjugates represent an attractive antibiotic hybrid class by conjugating iron-chelating microbial siderophores with an antibiotic to facilitate uptake and antibacterial efficacy (Schalk, 2018; Negash et al., 2019). Specifically, a macrocycle siderophore hybrid, involving the conjugation of a macrocyclic antibiotic with a microbial siderophore or a siderophore mimetic, may overcome the penetration issue to pass through the OM of Gram-negative bacteria. Siderophores benefit bacteria by dissolving and importing iron (Ji et al., 2012). Conjugating with a siderophore can facilitate the entry of the corresponding hybrid through a ferri-siderophore uptake pathway that internalizes iron by an active transport mechanism, that is, a Trojan horse mechanism (Schalk, 2018). Similarly, a self-promoted passage through means of polymyxins can be exploited to force the entry of macrocycle polymyxin conjugates (Negash et al., 2019). Conjugation with polymyxins can not only extend activity against Gram-negative bacteria but also retain activity against resistance mechanism involving overexpression of efflux pumps as well (Negash et al., 2019). Various other hybrid chemical entities have also been reported, including polymyxin B3-tobramycin hybrids with Pseudomonas eruginosa–selective antibacterial activity and strong potentiation of rifampicin, minocycline, and vancomycin (Domalaon et al., 2017), azithromycin–benzoxaborole hybrid derivatives (Tevyashova et al., 2019), as well as antitubercular rifampicin and clofazimine hybrid (Saravanan et al., 2021). Very recently, design and synthesis of vitamin B12–antibiotic conjugates led to advanced candidates with >500-fold improved activity against Gram-negative bacteria including E. coli, relative to ampicillin, demonstrating that the vitamin B12 conjugate strategy is effective for enabling cellular uptake and antibiotic delivery, thus improving antibacterial efficacy (Zhao et al., 2020). Furthermore, among numerous elegant examples by the Schweizer group (Gorityala et al., 2016a; Gorityala et al., 2016b; Yang et al., 2017; Domalaon et al., 2019), the use of antibiotic hybrids as adjuvants such as nebramine-based hybrids (Yang et al., 2019) and lysine-tobramycin conjugates (Lyu et al., 2019) has potentiated the activities of current existing antibiotics including rifampicin and erythromycin, respectively. Similarly, rifamycin–tobramycin conjugate adjuvants were able to break intrinsic resistance of Pseudomonas aeruginosa to tetracyclines and chloramphenicol (Idowu et al., 2019).
Some key questions remain to be answered despite the progress and new advances of antibiotic hybrids to clinical development (Domalaon et al., 2018), highlighting the potential to burgeon the antibacterial pipeline. Structure-based drug design, exemplified by X-ray co-crystal studies and molecular modeling, is among techniques capable of ameliorating the way forward of antibiotic hybrids. For example, the co-crystal structure of rifampin with RNA polymerase has highlighted steric-free sites of attachments for conjugates, vide supra (Ma and Lynch, 2016; Molodtsov et al., 2017). In addition, TenNor Therapeutics very recently presented the outcome of their phase 2 clinical trial of TNP-2092 and disclosed the co-crystal structure of TNP-2092 bound with bacterial RNA polymerase, along with its interaction with DNA, at the 2020 CBIIC, which was held in Suzhou, China, in September 2020 (TenNor, 2020b). Computational strategies were also applied in the design of promising hybrids which are in the early stage of development. For example, in the design of macrocyclic peptide–peptoid hybrids, the crystal structure of the chemokine receptor CXCR4 was used as a template for the homology model of CXCR7 (Boehm et al., 2017). Besides identifying residues important for activity, binding poses from an induced fit docking also spotted spaces in the CXCR7 model that are not occupied by the macrocycle peptide (Boehm et al., 2017). Virtual tools also facilitated the design of VAN–nicin conjugates, by predicting the optimal length of the linker and suitable attachment sites (Arnusch et al., 2008). Nicin is an antimicrobial peptide that binds to lipid II and inhibits the transglycosylation step in the cell wall biosynthesis (Le et al., 2017). Although each has different modes of action, lipid II is targeted by both VAN and nicin. Predicting the optimal spacer and sites of connection was essential to place the constituting elements to their respective binding sites in lipid II (Olsufyeva and Tevyashova, 2017). Computationally guided design of VAN–nicin hybrids led to promising derivatives, with the most active hybrid displaying a 40-fold higher activity than VAN or nicin (Arnusch et al., 2008).
Besides activity profiling, virtual tools depending on prior knowledge or machine learning may enable prediction of specificity, solubility, permeability, and general toxicity of hybrids (Mulligan, 2020; Zin et al., 2020). Prediction of physical properties using molecular dynamics, a computer simulation of the movement of a molecule surrounded by water, may provide a more unbiased model than tools dependent on a database of a large number of compounds with known properties (Mulligan, 2020). Efficient and reliable computational tools for predicting physicochemical properties such as permeability can be essential in the design of macrocyclic hybrids. Macrocycles and their antibiotic hybrids/conjugates are generally considered poor drug-like compounds and often violate desirable parameters for orally bioavailable drug molecules (Lipinski et al., 1997; Zin et al., 2020). Diverse functionalization strategies of macrocycles can modulate physicochemical properties by changing the rigidity, conformation, and basicity of the macrocycle core and/or its side chain (Mallinson and Collins, 2012). In addition, the decrease in degree of freedom by macrocyclization may improve cell permeability of macrocycles (Dougherty et al., 2019). A recent study demonstrated modulation of scaffold rigidity to engineer favorable ADME properties in macrocyclic peptides (Furukawa et al., 2020). Finally, drug design strategies, such as N-methylation or replacing NH with sulfur (or vice versa), were found to improve pharmacological activity, solubility, and/or permeability of macrocycles (Mallinson and Collins, 2012; Liras and McClure, 2019; Stadelmann et al., 2020; Buckton et al., 2021). Extending studies of this nature to macrocyclic hybrids is expected to improve their oral bioavailability for systemic uses.
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