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Abstract
Background
The influence of pH on the formation of host-guest complexes between the cucurbit[7]uril (CB[7]) macrocyclic host and three auxin plant hormones, namely indole-3-acetic acid (IAA), 2-naphthalene acetic acid (2-NAA), and 2,4-dichlorophenoxyacetic acid (2,4-D), was studied by 1H NMR and relaxation experiments.

Results
Only protonated auxins formed inclusion complexes with CB[7], exhibiting preferential encapsulation of the aromatic part inside the host cavity, and orientation of the carboxyl group towards the carbonyl-laced portals of CB[7]. At pH values above the auxin pKa values, the guest molecules were negatively ionized and were no longer retained within the macrocyclic host, suggesting that a pH-controlled release of auxin guests from the CB[7] host is possible.

Conclusions
The development of a technology based on the use of cucurbit[n]urils for the pH-controlled release of auxin molecules in plant systems represents an opportunity to exploit these macrocyclic compounds in a variety of agricultural applications.
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Background
Food security is an incumbent social problem, exacerbated by an ever-increasing population, decreasing arable land, and ecological adversities such as soil erosion and climate change. Chemical and biochemical technologies to support crop production could therefore play a vital role towards food security in the coming years. In this context, a technology based on host-guest complexation of bioactive compounds by macrocyclic host molecules in aqueous media may represent a controlled release system that may achieve efficient and balanced regulation of plant growth and increase of crop yields [1]. Such an innovative technology may become important in sustainable agriculture to substitute inefficient application practices of agrochemicals resulting in their hazardous and expensive dissipation in the environment [2].
Auxin is the generic name for a class of plant hormones active in coordinating many growth processes in the life cycle of plants. Indole-3-acetic acid (IAA) is the most abundant and potent native auxin active in plants [3]. 2-Naphthalene acetic acid (2-NAA) is used as a mimic for 1-naphthalene acetic acid synthetic auxin, which is commonly applied to stimulate the rooting potential of plant cuttings or to prevent fruit drop in orchards. The widely used 2,4-dichlorophenoxyacetic acid (2,4-D) is a synthetic plant growth regulator stimulating responses similar to those of natural auxins. Its auxin activity is mostly relevant at low concentrations (20 to 40 mg L−1), while it becomes phytotoxic at relatively high concentrations [1].
Among many structurally and functionally different synthetic macrocycles, cucurbit[n]urils (CB[n]) are an interesting family of host molecules [4–9] consisting of a hydrophobic inner cavity with two identical carbonyl-laced portals. In addition to the hydrophobic interactions within the cavity, the polar carbonyl groups at the portals are capable of stabilizing host-guest complexes by forming hydrogen bonds and ion-dipole and dipole-dipole interactions with appropriate guests [4, 5, 10]. Research on the host-guest chemistry of CB[n] has attracted great attention on account of the potential application of these materials in the fields of biomedicine [11, 12], photochemistry [13], materials science, and nanotechnology [4, 5]. In particular, its higher water solubility (approximately 20 mM) [4, 14] and intermediate cavity volume (210 Å3) [15] make CB[7] (Figure 1) an attractive host for complexation of guest molecules used in biology and medicine [5, 6, 16]. Such host-guest complexes have recently received considerable interest [17–20] as nontoxic drug delivery and controlled release systems. However, while a notable amount of literature reports are concerned with the interaction of neutral and cationic [21–25] guest molecules with cucurbit[n]urils, relatively little is known on the noncovalent complexation between weak organic acids and macrocyclic hosts.[image: A40538_2013_Article_2_Fig1_HTML.jpg]
Figure 1
                        Structure of cucurbit[7]uril.
                      




Our aim was thus to study, by proton nuclear magnetic resonance (1H NMR) spectroscopy, the binding that occurs in aqueous solution between the CB[7] macrocyclic host molecule and three weak organic acids of the auxin family, IAA, 2-NAA, and 2,4-D (Figure 2), and their response to changes in pH. To the best of our knowledge, this is the first report in which 1H NMR relaxation measurements have been directly applied to evaluate auxin's binding properties to cucurbit[n]uril in aqueous solution.[image: A40538_2013_Article_2_Fig2_HTML.jpg]
Figure 2
                        Chemical structure of the auxin guests used in this study.
                      





Results and discussion
1H NMR chemical shifts
IAA, 2-NAA, and 2,4-D are weak acids with only one dissociation constant in aqueous solution. Values of pKa in water for IAA and 2-NAA are 4.7 and 4.2, respectively, thus leaving these molecules fully protonated and uncharged at pH ≤ 2.0 and as negatively charged anions only at pH ≥ 7.0. Conversely, the pKa value of 2.7 for 2,4-D renders the molecule totally ionized and negatively charged already at pH ≥ 5.0.
Complexation with CB[7] is reported to shift the pKa values of encapsulated guests [26, 27]. Guests comprising suitable chromophores allow the direct spectrophotometric determination of complexation in the host through shifts in the pKa values (i.e., the pKa of guest before and after complexation) [28, 29]. With the exception of the IAA-CB[7] complex at pH 1, the lack of distinct absorption maxima in the UV-vis region for complexes involving CB[7] and the other auxin guests prevented the determination of pKa shifts, by UV-vis spectroscopy under pH changes. Therefore, the pKa values of the carboxylic group of auxins, before and after CB[7] addition, were determined by a 1H NMR study following the variation with pH of chemical shifts for protons in the alkyl groups next to the carboxylic moieties [30].
No significant pKa shifts were observed for the auxin guests upon addition of CB[7] (results not shown), most likely because the hormone carboxylic acid moieties, which are positioned outside the macrocyclic host, were not affected by changes in the electronic environment. Indeed, it is reported in the literature that when a similar position is adopted by carboxylic acid groups during the encapsulation of weak acids by CB[7], no pKa shifts can be observed [31–33]. Conversely, an increase of the pKa values, upon complexation with the CB[n] hosts, has been invariably reported at low pH values for guests holding protonated nitrogen-containing functional groups, [34–37] presumably due to stabilization of the protonated moieties by interaction with carbonyl portals in the CB[7] host. This interaction represents an additional binding strength over the hydrophobic forces which already keep the guest neutral forms inside the CB[7] even at higher pH.
The pH titrations of IAA, 2-NAA, and 2,4-D by 1H NMR spectroscopy showed the influence of solution pH on binding interactions between both protonated and anionic forms of auxin molecules and CB[7]. 1H NMR spectra were used to determine the portion(s) of guest molecules located within the hydrophobic cavity, as opposed to those positioned adjacent to the polar carbonyl-laced portals of the cucurbit[n]urils [4, 5, 7]. An upfield shift of a guest proton resonance (∆δlim = δfree − δbound) indicates its average position within the shielding hydrophobic cavity, whereas a downfield shift suggests that the guest proton is near one of the deshielding carbonyl-laced portals [38].
The limiting chemical shift values, ∆δlim, for the auxin guests upon addition of one equivalent of CB[7], at selected pH values ranging from 1 to 12 are reported in Table 1. For the protonated IAA, all signals for indole protons exhibited an upfield shift and broadening (Figure 3, spectrum IV), thereby indicating a preferential encapsulation of the indole portion of IAA in the inner cucurbituril cavity. Conversely, the considerably smaller ∆δlim value for the benzyl protons f next to the IAA carboxyl group suggested a proximity to the portal (Table 1). These CB[7]-induced shifts are highly suggestive of IAA-CB[7] complex formation, and that association/dissociation of the host-guest complex was fast on the NMR time scale since the observed chemical shifts were a time-weighted average of free and bound proton signals [38].Table 1
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	1Ha
	pH

	 	1.0
	3.0
	5.0
	7.0
	9.5
	12.0

	IAA
	 	 	 	 	 	 
	 a
	0.0055
	0.0049
	−0.0003
	−0.0012
	0.0002
	−0.0018

	 b
	0.0056
	0.0058
	0.0024
	0.0002
	0.0035
	0.0024

	 c
	0.0042
	0.0045
	0.0012
	0.0002
	0.0012
	0.0006

	 d
	0.0054
	0.0057
	0.0021
	0.0005
	0.0024
	0.0010

	 e
	0.0026
	0.0031
	−0.0005
	−0.0016
	0.0000
	−0.0009

	 f
	0.0014
	0.0021
	0.0004
	0.0004
	0.0022
	0.0010

	2-NAA
	 	 	 	 	 	 
	 g
	0.0182
	0.0003
	−0.0008
	0.0015
	0.0024
	−0.0002

	 h
	0.0136
	−0.0014
	−0.0014
	0.0005
	0.0010
	−0.0096

	 i
	0.0151
	−0.0018
	0.0000
	0.0012
	0.0025
	−0.0002

	 l
	0.0071
	−0.0046
	−0.0017
	0.0002
	0.0008
	−0.0015

	 m
	−0.0035
	−0.0065
	−0.0011
	−0.0007
	0.0000
	−0.0014

	 n
	ND
	ND
	ND
	ND
	ND
	ND

	2,4-D
	 	 	 	 	 	 
	 o
	0.0036
	0.0020
	0.0007
	0.0006
	0.0011
	0.0004

	 p
	0.0073
	0.0010
	0.0005
	0.0004
	0.0006
	0.0003

	 q
	0.0039
	0.0020
	0.0004
	0.0000
	0.0007
	−0.0004

	 r
	ND
	0.0008
	0.0001
	0.0002
	0.0003
	−0.0009


aAuxin protons in IAA, 2-NAA and 2,4-D, upon addition of one equivalent of CB[7], and at different solution pH. Letters indicate positions of protons on auxins structure as reported in Figure 2. ND, not determined because it was masked by other signals. The ∆δlim values were calculated as δfree guest – δbound guest.
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Figure 3
                            1
                          H NMR spectra of 0.4 mM IAA without and with 1.0 equivalent of CB[7]. They were recorded at pH 12.0 (spectra I and II) and pH 1.0 (spectra III and IV). The intensity of the signal marked by the asterisk is four-fold higher than that of the other signals.




Since host-guest interactions are very sensitive to structural features, the negative charge produced on the guest molecule by deprotonation of the terminal auxin carboxyl group at high pH may disrupt the stability of the IAA-CB[7] complex. In fact, at high pH values, the IAA protons experienced negligible or downfield shifts (Figure 3, spectrum II) after addition of the macrocycle to the guest solution, thus suggesting that the auxin was outside of the CB[7] cavity and that no more intermolecular interactions occurred between the host and IAA. The absence of binding was likely due to the electrostatic repulsion between the IAA carboxylate negative charge and the carbonyl oxygens on the two electron-rich portals of CB[7], which overcomes any stabilization provided by the CB[7] hydrophobic cavity for the aromatic indole moiety.
In the case of the other two auxin molecules (2-NAA and 2,4-D), the 1H NMR spectroscopic experiments showed similar trends in chemical shift changes upon addition of CB[7] in aqueous solution. Addition of the host to an acidic solution of either 2-NAA or 2,4-D caused the upfield shifts, signal broadening of the guest aromatic protons, and concomitant downfield or negligible shifts of signals for protons near the auxin carboxylic acid group (Figure 4 (spectrum IV) and Figure 5 (spectrum IV)). These observations are consistent with the formation of a complex in which the aromatic core of the guest is accommodated in the hydrophobic cavity of the cucurbit[n]uril host, leaving the carboxylic acid near the carbonyl portals of CB[7]. Furthermore, as reported above for IAA, the deprotonation of the carboxylic acid on 2-NAA and 2,4-D significantly affects the affinity of these molecules toward CB[7]. Indeed, anionic carboxylates are repelled by the negatively polarized carbonyl portals of the macrocycle, leading to complex dissociation (Table 1 and Figure 4 (spectrum II) and Figure 5 (spectrum II)).[image: A40538_2013_Article_2_Fig4_HTML.jpg]
Figure 4
                            1
                          H NMR spectra of 0.4 mM 2-NAA without and with 1.0 equivalent of CB[7]. They were recorded at pH 12.0 (spectra I and II) and pH 1.0 (spectra III and IV). The intensity of the signal marked by the asterisk is four-fold higher than that of the other signals.
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Figure 5
                            1
                          H NMR spectra of 0.4 mM 2,4-D without and with 1.0 equivalent of CB[7]. They were recorded at pH 12.0 (spectra I and II) and pH 1.0 (spectra III and IV). The signal of r proton is not visible in the spectrum because it is overlying the water signal.




The association/dissociation behavior of auxin complexes with CB[7] as a function of pH is in line with the supramolecular chemistry of cucurbit[n]urils previously reported [4, 5, 10]. The adducts of the protonated auxins with CB[7] are likely stabilized by hydrogen bonds between the host carbonyl portals and the auxins' protonated carboxyl groups. Moreover, the hydrophobic effect that directed the aromatic part of auxins into the hydrophobic cavity of CB[7] was also an important supramolecular driving force for binding in aqueous solution. However, the high pH deprotonation of the carboxylic acid led to an electrostatic repulsion that overcame the hydrophobic affinity of auxins to CB[7]. These findings revealed a completely reversible and pH-switchable binding between important auxin guest molecules and CB[7].

1H NMR relaxation times
Relaxation experiments agreed with results of chemical shift changes observed in 1H NMR spectra upon pH titrations. The 1H spin-lattice (T1) and spin-spin (T2) relaxation times measured for IAA, 2-NAA, and 2,4-D, in the absence and presence of CB[7] at pH 1 and 12, are given in Table 2. At pH 1, the addition of 1.0 equivalent of CB[7] caused a considerable decrease in T1 values of 2,4-D. A significant decrease was also observed for T2 values of aromatic protons of IAA, 2-NAA, and 2,4-D in complexes with CB[7] under acidic conditions (Table 2). Only auxin protons near the carboxyl group remained nearly unaltered. On the contrary, at pH 12 and with CB[7], the shortening of T2 values was negligible for all protons on the three auxin molecules. These results suggest an overall reduction in auxin molecular mobility in acidic solution due to formation of noncovalent host-guest complexes between the protonated auxin molecules and the host. Again, dissociation of the carboxylic acid groups at high pH caused the release of auxins from CB[7].Table 2
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                          relaxation time values for protons of IAA, 2-NAA, and 2,4-D
                        


	1Ha
	T1(s)
	T2(s)

	pH 1.0
	pH 12.0
	pH 1.0
	pH 12.0

	−CB[7]
	+CB[7]
	−CB[7]
	+CB[7]
	−CB[7]
	+CB[7]
	−CB[7]
	+CB[7]

	IAA
	 	 	 	 	 	 	 	 
	 a
	5.184
	5.067
	5.342
	4.727
	3.157
	0.384
	2.559
	2.500

	 b
	7.427
	6.766
	7.531
	6.533
	4.690
	0.466
	2.677
	2.547

	 c
	4.512
	4.337
	6.236
	5.765
	1.372
	0.496
	2.535
	2.240

	 d
	4.071
	3.714
	4.014
	3.645
	1.276
	0.402
	2.425
	2.279

	 e
	9.158
	8.244
	8.911
	7.945
	1.986
	0.350
	3.025
	3.025

	 f
	1.681
	1.643
	1.642
	1.617
	0.678
	0.414
	1.398
	1.364

	2-NAA
	 	 	 	 	 	 	 	 
	 g
	3.415
	2.063
	4.042
	2.625
	2.351
	0.079
	2.063
	0.803

	 h
	3.114
	2.758
	4.172
	2.405
	1.410
	0.098
	2.483
	1.257

	 i
	3.876
	2.629
	4.252
	3.413
	1.629
	0.078
	2.399
	1.099

	 l
	4.531
	3.075
	3.879
	3.119
	2.108
	0.103
	2.420
	1.852

	 m
	1.447
	1.401
	3.656
	1.853
	1.130
	0.693
	1.266
	1.130

	 n
	ND
	ND
	ND
	ND
	ND
	ND
	ND
	ND

	2,4-D
	 	 	 	 	 	 	 	 
	 o
	8.030
	3.557
	6.659
	5.832
	4.521
	0.447
	1.290
	1.319

	 p
	4.465
	2.471
	3.440
	3.252
	3.435
	0.152
	0.993
	1.104

	 q
	3.294
	1.642
	2.031
	2.514
	3.122
	0.104
	1.120
	0.981

	 r
	ND
	ND
	ND
	ND
	ND
	ND
	ND
	ND


aAuxin protons in IAA, 2-NAA and 2,4-D, in the absence and presence of CB[7], at pH 1.0 and 12.0. Letters indicate positions of protons on auxins structure as reported in Figure 2. ND, not determined.





Experimental
Materials
Cucurbit[7]uril was prepared as documented previously [39]. IAA, 2-NAA, and 2,4-D were used as received (Sigma-Aldrich Corporation, St. Louis, MO, USA). The auxin molecules were dissolved separately to reach 0.4 mM in solutions containing 10% (v/v) of deuterated water (99.8% D2O/H2O; Armar Chemicals, Döttingen, Switzerland) and buffers to ensure the following pH values of 1 (hydrochloric acid/sodium chloride (0.05 M)), 3 (citric acid/sodium citrate (0.05 M)), 5 (sodium acetate/acetic acid (0.05 M)), 7 (sodium dihydrogen phosphate/disodium hydrogen phosphate (0.05 M)), 9.5 (ammonia/ammonium chloride (0.05 M)), and 12 (sodium hydroxide (0.05 M)). Then, CB[7] was added to its final concentration of 0.4 mM, to form auxin-CB[7] complexes. All samples were incubated for 48 h to reach complexation equilibrium. Samples were transferred into 5-mm NMR tubes, and the solutions were degassed gently by N2 flux for 5 min before NMR analysis.

Methods
A 400-MHz Bruker Avance (Rheinstetten, Germany) spectrometer, equipped with a 5-mm Bruker broadband observe (BBO) probe, working at 1H frequency of 400.13 MHz, was employed to conduct all liquid-state NMR measurements at a temperature of 298 ± 1 K. 1H NMR spectra were acquired for all samples with 22 s of thermal equilibrium delay, 90° pulse length ranging between 13.05 and 14.35 μs, 32,768 time domain points, and 64 transients.
The 1H longitudinal (spin-lattice) relaxation time constants (T1) of auxin proton signals were measured at pH 1 and 12 by applying an inversion recovery pulse sequence, with 16 increments and variable delays from 0.5 to 25 s. The transverse (spin-spin) relaxation time constants (T2) were obtained using a Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence with 16 increments and 2 (2 ms) to 2,000 (5,000 ms) spin-echo repetitions, with a constant 0.5-ms spin-echo delay. A time domain of 32,768 points and 22 s of thermal equilibrium delay were set for all relaxation experiments.
The 1H spectral width had a range of 16 ppm (6,410.5 Hz), and the residual water signal was removed from 1H NMR spectra by pre-saturation technique. All spectra were baseline-corrected and processed by Bruker Topspin Software (v.2.1). No zero filling, as well as 0.2- and 0.5-Hz line broadenings, was adopted to Fourier transform the free induction decays (FID) of spectra deriving from conventional 1D proton acquisitions and relaxation experiments, respectively. Relaxation times of auxin molecules were calculated using MestReC NMR Processing (v. 4.9.9.9) and Origin (v.6.1) software.
Assignment of proton signals was achieved through two-dimensional (2D) experiments: homonuclear 1H-1H correlation spectroscopy (COSY), total correlation spectroscopy (TOCSY), nuclear Overhauser enhancement spectroscopy (NOESY), and heteronuclear 1H-13C heteronuclear single-quantum correlation (HSQC), and heteronuclear multiple bond coherence (HMBC). Homonuclear and heteronuclear 2D experiments were acquired with 48 and 80 scans, respectively, 16 dummy scans, a time domain of two k points (F2), and 256 experiments (F1). In detail, TOCSY and NOESY experiments were conducted with a mixing time of 80 and 900 ms, respectively, while HSQC and HMBC experiments were optimized for 145-Hz short-range and 8.5-Hz long-range JCH couplings. All 2D experiments were gradient-enhanced, except for TOCSY.
The host-guest binding constant and stoichiometry for the IAA-CB[7] complex were determined by means of UV-visible (vis) spectroscopy (PerkinElmer Lambda 25, Branford, CT, USA) at λmax = 525 nm. In order to reduce uncertainties due to concomitant presence of both the IAA protonated and dissociated forms, a CB[7] titration of IAA was conducted at pH 1.0, where only protonated species are present. The derived Job plot (Figure 6) indicated that a host-guest complex between CB[7] and the protonated IAA was formed in a 1:1 stoichiometry, while calculation of the binding constant [40] provided a value of 9.6 (± 0.8) × 102 M−1.[image: A40538_2013_Article_2_Fig6_HTML.jpg]
Figure 6Plot of absorbance changes at 525 nm as a function of [CB[7]]/[CB[7] + [IAA]. Line shows best fit of the experimental data to the 1:1 binding model. Aobs, absorbance observed; ACB[7], absorbance CB[7]; AIAA, absorbance IAA.






Conclusions
We report for the first time the supramolecular host-guest interactions of the macrocycle CB[7] with bioactive auxin molecules IAA, 2-NAA, and 2,4-D. NMR spectroscopy showed that, for auxins dissolved in acidic aqueous solutions, the addition of CB[7] led to changes in both the shape and chemical shifts of auxin resonances and to a decrease of relaxation times. Conversely, when auxins were negatively charged (i.e., deprotonated), the presence of CB[7] did not induce any significant changes in chemical shifts and relaxation times. We conclude that cucurbit[7]uril is capable of hosting the protonated forms of the investigated plant growth molecules within its hydrophobic cavity, whereas the anionic forms of the auxins are released from the macrocycle, thereby suggesting pH control over the sequestration and release of auxin molecules within CB[7]. Such a system has the advantage of being readily triggered at any desiderable time by simply and reproducibly adjusting the soil medium pH, a parameter that is easily controlled. These findings may provide a new approach to the host-guest chemistry of cucurbit[n]urils for the development of a controlled release technology of weakly acidic agrochemicals to plant systems.

Acknowledgements
AN conducted this work in partial fulfillment of a PhD degree within the Doctorate School “Valorizzazione e Gestione delle Risorse Agroforestali” of the Università di Napoli Federico II. AN gratefully acknowledges hospitality by OAS and his research group in Melville Laboratory for Polymer Synthesis of University of Cambridge.

References
1.
Mancuso S, Rinaldelli E, Mura P, Faucci MT, Manderioli A: Employment of indolebutyric acid and indoleacetic acids complexed with α-cyclodextrin on cuttings rooting in Olea europaea L.cv. Leccio del Corno. Effects of concentration and treatment time. Adv Hort Sci. 1997, 11: 153-157.

2.
Martin AI, Sanchez-Chaves M, Arranz F: Synthesis, characterization and controlled release behaviour of adducts from chloroacetylated cellulose and a-naphthylacetic acid. Rect & Funct Polym. 1999, 39: 179-187. 10.1016/S1381-5148(97)00180-6.CrossRef

3.
Simon S, Petrášek J: Why plants need more than one type of auxin. Plant Sci. 2011, 180: 454-460. 10.1016/j.plantsci.2010.12.007.CrossRefPubMed

4.
Lee JW, Samal S, Selvapalam N, Kim H-J, Kim K: Cucurbituril homologues and derivatives: new opportunities in supramolecular chemistry. Acc Chem Res. 2003, 36: 621-630. 10.1021/ar020254k.CrossRefPubMed

5.
Lagona J, Mukhopadhyay P, Chakrabarti S, Isaacs L: The cucurbit[n]uril family. Angew Chem Int Ed. 2005, 44: 4844-4870. 10.1002/anie.200460675.CrossRef

6.
Liu S, Ruspic C, Mukhopadhyay P, Chakrabarti S, Zavalij PY, Isaacs L: The cucurbit[n]uril family: prime components for self-sorting systems. J Am Chem Soc. 2005, 127: 15959-15967. 10.1021/ja055013x.CrossRefPubMed

7.
Kim K, Selvapalam N, Ko YH, Park KM, Kim D, Kim J: Functionalized cucurbiturils and their applications. Chem Soc Rev. 2007, 36: 267-279. 10.1039/b603088m.CrossRefPubMed

8.
Isaacs L: Cucurbit[n]urils: from mechanism to structure and function. Chem Commun. 2009, doi:10.1039/B814897J

9.
Masson E, Ling X, Joseph R, Kyeremeh-Mensah L, Lu X: Cucurbituril chemistry: a tale of supramolecular success. RSC Adv. 2012, 2: 1213-1247. 10.1039/c1ra00768h.CrossRef

10.
Hwang I, Jeon WS, Kim H-J, Kim D, Kim H, Selvapalam N, Fujita N, Shinkai S, Kim K: Cucurbit[7]uril: a simple macrocyclic, pH-triggered hydrogelator exhibiting guest-induced stimuli-responsive behavior. Angew Chem Int Ed. 2007, 46: 210-213. 10.1002/anie.200603149.CrossRef

11.
Hettiarachchi G, Nguyen D, Wu J, Lucas D, Ma D, Isaacs L, Briken V: Toxicology and drug delivery by cucurbit[n]uril type molecular containers. PLoS One. 2010, 5: e10514-10.1371/journal.pone.0010514.PubMedCentralCrossRefPubMed

12.
Uzunova VD, Cullinane C, Brix K, Nau WM, Day AI: Toxicity of cucurbit[7]uril and cucurbit[8]uril: an exploratory in vitro and in vivo study. Org Biomol Chem. 2010, 8: 2037-2042. 10.1039/b925555a.CrossRefPubMed

13.
Rottman C, Avnir D: Getting a library of activities from a single compound: tunability and very large shifts in acidity constants induced by sol-gel entrapped micelles. J Am Chem Soc. 2001, 123: 5730-5734. 10.1021/ja004230p.CrossRefPubMed

14.
Marquez C, Nau WM: Polarizabilities inside molecular containers. Angew Chem Int Ed. 2001, 40: 4387-4390. 10.1002/1521-3773(20011203)40:23<4387::AID-ANIE4387>3.0.CO;2-H.CrossRef

15.
Krex D, Klink B, Hartmann C, von Deimling A, Pietsch T, Simon M, Sabel M, Steinbach JP, Heese O, Reifenberger G, Weller M, Schackert G: Long-term survival with glioblastoma multiforme. Brain. 2007, 130: 2596-2606. 10.1093/brain/awm204.CrossRefPubMed

16.
Marquez C, Hudgins RR, Nau WM: Mechanism of host-guest complexation by cucurbituril. J Am Chem Soc. 2004, 126: 5806-5816. 10.1021/ja0319846.CrossRefPubMed

17.
Macartney DH: Encapsulation of drug molecules by cucurbiturils: effects on their chemical properties in aqueous solution. Isr J Chem. 2011, 51: 600-615. 10.1002/ijch.201100040.CrossRef

18.
Urbach AR, Ramalingam V: Molecular recognition of amino acids, peptides, and proteins by cucurbit[n]uril receptors. Isr J Chem. 2011, 51: 664-678. 10.1002/ijch.201100035.CrossRef

19.
Walker S, Oun R, McInnes FJ, Wheate NJ: The potential of cucurbit[n]urils in drug delivery. Isr J Chem. 2011, 51: 616-624. 10.1002/ijch.201100033.CrossRef

20.
Ghosh I, Nau WM: The strategic use of supramolecular pKa shifts to enhance the bioavailability of drugs. Adv Drug Deliv Rev. 2012, 64: 764-783. 10.1016/j.addr.2012.01.015.CrossRefPubMed

21.
Choi S, Park SH, Ziganshina AY, Ko YH, Lee JW, Kim K: A stable cis-stilbene derivative encapsulated in cucurbit[7]uril. Chem Commun. 2003, doi:10.1039/B306832C

22.
Ong W, Kaifer AE: Unusual electrochemical properties of the inclusion complexes of ferrocenium and cobaltocenium with cucurbit[7]uril. Organometallics. 2003, 22: 4181-4183. 10.1021/om030305x.CrossRef

23.
Moon K, Kaifer AE: Modes of binding interaction between viologen guests and the cucurbit[7]uril host. Org Lett. 2004, 6: 185-188. 10.1021/ol035967x.CrossRefPubMed

24.
Sindelar V, Moon K, Kaifer AE: Binding selectivity of cucurbit[7]uril: bis(pyridinium)-1,4-xylylene versus 4,4′-bipyridinium guest sites. Org Lett. 2004, 6: 2665-2668. 10.1021/ol049140u.CrossRefPubMed

25.
Sindelar V, Cejas MA, Raymo FM, Kaifer AE: Tight inclusion complexation of 2,7-dimethyldiazapyrenium in cucurbit[7]uril. New J Chem. 2005, 29: 280-282. 10.1039/b418017h.CrossRef

26.
Wang R, Macartney DH: Cucurbit[7]uril host–guest complexes of the histamine H2-receptor antagonist ranitidine. Org Biomol Chem. 2008, 6: 1955-1960. 10.1039/b801591k.CrossRefPubMed

27.
Shaikh M, Mohanty J, Singh PK, Nau WM, Pal H: Complexation of acridine orange by cucurbit[7]uril and b-cyclodextrin: photophysical effects and pKa shifts. Photochem Photobiol Sci. 2008, 7: 408-414. 10.1039/b715815g.CrossRefPubMed

28.
Mohanty J, Bhasikuttan AC, Nau WM, Pal H: Host-guest complexation of neutral red with macrocyclic host molecules: contrasting pKa shifts and binding affinities for cucurbit[7]uril and β-cyclodextrin. J Phys Chem B. 2006, 110: 5132-5138. 10.1021/jp056411p.CrossRefPubMed

29.
Koner AL, Nau WM: Cucurbituril encapsulation of fluorescent dyes. Supramol Chem. 2007, 19: 55-66. 10.1080/10610270600910749.CrossRef

30.
Tataurova Y, Sealy MJ, Larsen RG, Larsen SC: Surface-selective solution NMR studies of functionalized zeolite nanoparticles. J Phys Chem Lett. 2012, 3: 425-429.CrossRefPubMed

31.
Sobransingh D, Kaifer AE: Binding interactions between the host cucurbit[7]uril and dendrimer guests containing a single ferrocenyl residue. Chem Commun. 2005, doi:10.1039/B510780F

32.
Jeon WS, Moon K, Park SH, Chun H, Ko YH, Lee JY, Lee ES, Samal S, Selvapalam N, Rekharsky MV, Sindelar V, Sobransingh D, Inoue Y, Kaifer AE, Kim K: Complexation of ferrocene derivatives by the cucurbit[7]uril host: a comparative study of the cucurbituril and cyclodextrin host families. J Am Chem Soc. 2005, 127: 12984-12989. 10.1021/ja052912c.CrossRefPubMed

33.
Sindelar V, Silvi S, Kaifer AE: Switching a molecular shuttle on and off: simple, pH-controlled pseudorotaxanes based on cucurbit[7]uril. Chem Commun. 2006, doi:10.1039/B601959E

34.
Wang R, Wyman IW, Wang S, Macartney DH: Encapsulation of a β-carboline in cucurbit[7]uril. J Incl Phenom Macrocycl Chem. 2009, 64: 233-237. 10.1007/s10847-009-9556-3.CrossRef

35.
Wyman IW, Macartney DH: Host–guest complexations of local anaesthetics by cucurbit[7]uril in aqueous solution. Org Biomol Chem. 2010, 8: 247-252. 10.1039/b915694a.CrossRefPubMed

36.
Shaikh M, Dutta Choudhury S, Mohanty J, Bhasikuttan AC, Pal H: Contrasting guest binding interaction of cucurbit[7–8]urils with neutral red dye: controlled exchange of multiple guests. Phys Chem Chem Phys. 2010, 12: 7050-7055. 10.1039/b922778d.CrossRefPubMed

37.
Koner AL, Ghosh I, Saleh N, Nau WM: Supramolecular encapsulation of benzimidazole-derived drugs by cucurbit[7]uril. Can J Chem. 2011, 89: 139-147.CrossRef

38.
Zhao N, Liu L, Biedermann F, Scherman OA: Binding studies on CB[6] with a series of 1-alkyl-3-methylimidazolium ionic liquids in an aqueous system. Chem Asian J. 2010, 5: 530-537. 10.1002/asia.200900510.CrossRefPubMed

39.
Jiao DZ, Zhao N, Scherman OA: A “green” method for isolation of cucurbit[7]uril via a solid state metathesis reaction. Chem Commun. 2010, 46: 2007-2009. 10.1039/b920848h.CrossRef

40.
Hirose K: Analytical methods in supramolecular chemistry. Edited by: Schalley CA. 2007, Wiley-VCH: Weinheim



Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
All authors have contributed substantially to the work. They read and approved the final manuscript.


OEBPS/sidebar.gif





OEBPS/A40538_2013_Article_2_Fig3_HTML.jpg
LI [ N N S S N B S S N N S B I B B S B B S S BN B LI L B B

7.6 7.5 7.4 7.3 7.2 71 3.8 3.6






OEBPS/A40538_2013_Article_2_Fig1_HTML.jpg





OEBPS/A40538_2013_Article_2_Fig5_HTML.jpg
g
o P y{""\,

('X)melwwﬂ MWVM»VM'W«'M\’W ‘M‘F\MN‘AWMMNWWNWW/’MM“

(1)

)
i NJ kw«w%«mww} '"Ju i\‘vWW“MM’WWNfWWWMMMMWMAMW”

oy






OEBPS/contact.gif





OEBPS/A40538_2013_Article_2_Fig4_HTML.jpg
ST

A






OEBPS/A40538_2013_Article_2_Fig6_HTML.jpg
Aobs =Acepr;— Aiaas OD

0.18

0.16

0.14

0.12

0.10

0.08

0.06

0.04

0.02

0.00

*
0.0

0.1

0.2

0.3

0.4 0.5 0.6 0.7

[CBI7VICBI7]] + [IAA], mM

0.8

0.9

1.0

1.1





OEBPS/A40538_2013_Article_2_Fig2_HTML.jpg
Cl





