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'Cationic Cyclodextrin Bilayer Vesicles'

by Ruth Donohue, Antonino Mazzaglia, Bart Jan Ravoo and Raphael Darcy.

General Remarks:

(-Cyclodextrin (Wacker) was dried under vacuum (0.1 mm Hg, 80 ºC) for 4 h. Anhydrous DMF was taken under N2 from sealed bottles. Triphenylphosphine was crystallised from methanol and dried for 12 h under vacuum (0.1 mm Hg, 55 ºC). TLC was carried out on Merck Kieselgel 60 analytical plates with the specified solvent system. Cyclodextrin derivatives were detected by UV light or by dipping in 5% sulphuric acid in ethanol and heating. NMR spectroscopy was carried out on 300 MHz and 500 MHz Varian Unity Spectrometers in CDCl3 or [D6]-DMSO solutions at 30 ºC. The interpretation of 1H and 13C NMR spectra was aided by recording COSY and 1H-13C HSQC spectra. MALDI-MS was carried out at the University of Catania, Italy. Microanalysis was carried out at the Analytical Services Unit, University College Dublin.

Heptakis[2--iodo-oligo(ethylene glycol)-6-deoxy-6-hexadecylthio]--cyclodextrin 4:

Dried cyclodextrin 2 (0.5 g, 0.15 mmol) was dissolved in anhydrous DMF (25 mL) under N2. Dried, recrystallised PPh3 (0.82 g, 3.15 mmol) was added and stirred at 100 (C for 20 min.  N-Iodosuccinimide (0.69g, 3.15mmol) was then added while the reaction mixture was stirred at 100 (C.  The bromination was monitored by TLC.  Upon completion of the reaction after 4 ½ h (CHCl3:MeOH = 5:1, Rf starter = 0.45-0.55, Rf product = 0.95), the reaction mixture was allowed to cool, precipitated in EtOH-H2O (1:1), and the resulting yellow solid was isolated by filtration. Purification of the crude product of the phosphine compounds was achieved by stirring it in boiling MeOH.  The product remained as an oily brown residue when the boiling solvent was decanted off, this process was repeated until the MeOH remained clear (of both colour and PPh3 and PPh3O, which were detected under a UV lamp). The product solidified on cooling and was isolated in 71 % yield. NB: Cyclodextrin 4 was air-dried at ambient temperature and should not be dried in vacuum since it then becomes insoluble in all organic solvents. 1H-NMR (CDCl3): ( = 0.89 (t, 21H, CH3), 1.29 (br, 182H, (CH2)13), 1.55 (m, 14H, CH2), 2.60 (m, 14H, SCH2), 2.7-2.9 (m, 14H, H-6), 3.2-3.9 (m, 21H, H-4, CH2I ), 3.40-4.1 (m, ca. 63H, H-2, H-3, H-5, OCH2CH2O), 5.02 (br, 7H, H-1) ppm. 13C-NMR (CDCl3):  = 3.0 (CH2I), 14.1 (CH3), 22.7 (CH2), 29.2 (CH2), 29.4 (CH2), 29.5 (CH2), 29.5 (CH2), 29.7 (CH2), 29.8 [(CH2)n], 32.0 (CH2), 33.7 (CH2S), 36.7 (C-6), 71.0-72.5 (C-3, C-5, OCH2CH2O), 81.2 (C-2, C-4), 100.9 (C-1) ppm. Microanalysis calculated for (C182 H343 O35 S7 I7 ): C 51.99 %, H 8.22 %, S 5.34 %, I 21.13 %; found: C 49.08 %, H 7.94 %, S 5.41 %, I 21.98 %.

Heptakis[2-(-azido-oligo ethylene glycol)-6-deoxy-6-hexylthio]-- cyclodextrin 5:

Dried cyclodextrin 3 (0.620 g, 0.19 mmol) was dissolved in anhydrous DMF (25 mL), sodium azide (0.625 g, 9.5 mmol) was added and the reaction mixture was stirred at 100 (C under N2. After 4 d the reaction mixture was evaporated to dryness under reduced pressure. The organic residue was dissolved in CHCl3 and insoluble sodium azide was filtered off (this procedure was repeated, after reducing the chloroform solution to dryness again). Evaporation of the CHCl3 gave a light brown crystalline product (0.3 g, 60 % yield). 1H-NMR (500 MHz, CDCl3):  = 0.89 (t, 21H, CH3), 1.29 (br m, 42H, (CH2)3), 1.57 (m, 14H, CH2), 2.59 (m, 14H, SCH2),  2.7-2.9 (m, 14H, H-6),  3.2-3.4 (m, ca. 21H, H-4, CH2N3),  3.5-4.2 (m, ca. 63H, H-2, H-3, H-5, OCH2), 5.07 (br, 7H, H-1) ppm. 13C-NMR (500 MHz, CDCl3): ( = 14.1 (CH3), 22.6 (CH2), 28.7 (CH2), 29.7 (CH2), 31.6 (CH2), 33.8 (CH2S, C-6), 50.8 (CH2N3), 70.0-71.9 (C-3, C-5, OCH2), 80.9 (C-2, C-4), 101.2 (C-1) ppm. IR (KBr): ( = 2111 (N3) cm-1. Microanalysis calaulated for (C112 H203 O35 S7 N21) C 51.18 %, H 7.78 %, N 11.19 %, S 8.54 %.  Found: C 50.07 %, H 7.67 %, N 10.14 %, S 7.69 %. MALDI-MS (main peaks only): m/z: 2849.7 [M19EO-H+], 2959.8 [M21EO-Na+], 3047.9 [M23EO-Na+].

Heptakis[2--azido-oligo(ethylene glycol)-6-deoxy-6-hexadecylthio]--cyclodextrin 6:

This compound was prepared as described for cyclodextrin 5. Dried cyclodextrin 4 (0.7 g, 0.166 mmol) was dissolved in anhydrous DMF (25 mL), sodium azide (0.76 g, 11.6 mmol) was added and the reaction was stirred at 100 (C for 6 d under N2. 6 was isolated as a cream crystalline product (0.416 g, 70 % yield). 1H-NMR (CDCl3):  = 0.81 (t, 21H, CH3), 1.19 (br, 182H, (CH2)13), 1.5 (m, 14H, CH2), 2.52 (m, 14H, SCH2), 2.73-2.91 (m, 14H, H-6), 3.35-3.5 (m, 21H, H-4, CHN3), 3.6-4.0 (m, ca. 63H, H-2, H-3, H-5, OCH2CH2O), 5.09 (br, 7H, H-1) ppm. 13C-NMR (CDCl3):  = 14.2 (CH3), 22.9 (CH2), 29.3 (CH2), 29.5 (CH2), 29.7 (CH2), 29.8 (CH2), 29.8 [(CH2)n], 32.1 (CH2), 33.9 (CH2S, C-6), 50.6 (CH2N3), 70.0-71.9 (C-3, C-5, OCH2), 81.2 (C-2, C-4), 100.8 (C-1) ppm. Microanalysis calculated for (C182 H343 O35 S7 N21): C 60.53 %, H 9.57 %, S 6.21 %, N 8.18 %; found: C 59.64 %, H 8.98 %, S 5.91 %, N 8.96 %. IR (KBr): ( = 2106 (N3) cm-1. MALDI-MS (main peaks only): m/z: 3608.2 [M14EO-H+], 3653.77 [M15EO-H+].

Heptahydrochloride salt of heptakis [2-(-amino-oligo ethylene glycol)-6-deoxy-6-hexylthio]--cyclodextrin 7:

Cyclodextrin 5 (vacuum-dried, 0.668 g, 0.254 mmol) was dissolved in anhydrous DMF (20 mL), PPh3 (1.4 g, 5.3 mmol) was added and the reaction was stirred at room temperature for 1 h. Concentrated ammonia solution (8 mL) was added dropwise at 45 (C. The reduction was complete after 24 hrs at 45 (C, as monitored by TLC (CHCl3:MeOH = 5:1) which showed the conversion of 5 (Rf = 0.9) into 7 (Rf = 0.0). The reaction mixture was concentrated to a small volume under vacuum before precipitation of PPh3 and PPh3O by addition of water (70 mL). The precipitate was filtered off, the filtrate was reduced to dryness and redissolved in DMF, the pH was adjusted to 2 by addition of HCl (1M) to form the hydrochloride salt of the amine. Evaporation under reduced vacuum gave the crude product, which was purified of the residual PPh3 and PPh3O by extraction with boiling hexane in a Soxhlet extractor. The hepta-amine was isolated as its hydrochloride salt as a light yellow solid (0.385 g, 56 %). 1H-NMR (500MHz, d6-DMSO): 0.85 (t, 21H, CH3), 1.25-1.32 (m, 42H, (CH2)3), 1.55 (m, 14H, CH2), 2.58 (m, 14H, SCH2), 2.98 (m, 28H, H-6, CH2NH3), 3.36 (m, 14H, H-2, H-4), 3.45-4.00 (m, ca. 70H, H-3, H-5, OCH2), 5.09 (br, 7H, H-1), 8.2 (br s, 21H, NH3) ppm. 13C-NMR (500MHz, d6-DMSO):  = 14.1 (CH3), 22.4 (CH2), 28.3 (CH2), 29.66 (CH2), 31.35 (CH2), 33.3 (C-6, SCH2), 39.4 (CH2NH3), 66.8, (O-CH2), 70.1-72.6 (C-3, C-5, OCH2), 80.1 (C-2, C-4), 101.7 (C-1) ppm. Microanalysis calculated for (C112 H224O35N7 S7Cl7): C 49.87 %, H 8.36 %, N 3.63 %, S 8.31 %, Cl 9.18 %.  Found:  C 48.94 %, H 7.58 %, N 3.80 %, S 8.03 %, Cl 8.21 %.

Heptahydrochloride salt of heptakis[2-(-amino-oligo(ethylene glycol)-6-deoxy-6-hexadecylthio]--cyclodextrin 8: 

Cyclodextrin 6 (vacuum-dried, 0.668 g, 0.254 mmols) was dissolved in anhydrous DMF (25 mL), PPh3 (1.4 g, 5.334 mmols) was added and the reaction was stirred at room temperature for 2 h. A concentrated solution of ammonia (8 mL) was added dropwise over 1 h while the temperature of the solution was maintained at 70 (C, and was stirred at this temperature for 48 hrs. TLC (CHCl3:MeOH = 5:1) showed complete reduction of 6 (Rf =0.9) to 8 (Rf =0.0). The reaction mixture was reduced in volume and addition to 20 mL of water precipitated the PPh3 and PPh3O. The pH of the solution was then adjusted to 2 by addition of 1M HCl. Since 8 is partially insoluble in water, DMF was added to increase its solubility and the acidic solution was left to stir for 18 hrs at room temperature. After reducing mixture to dryness, the crude product was purified as described for compound 7. The hepta-amine was isolated as its hydrochloride salt as a yellow solid (0.62 g, 62% yield). 1H-NMR (DMSO-d6): 0.85 (t, 21H, CH3) 1.25-1.32 (m, 182H, (CH2)13), 1.55 (m, 14H, CH2), 2.58 (m, 14H, SCH2), 2.98 (m, 14H, H-6), 3.36 (m, 7H, H-4), 3.45-4.00 (m, ca. 77H, H-2, H-3, H-5, OCH2CH2O), 5.09 (br, 7H, H-1), 8.2 (br s, 21H, NH3) ppm. 13C-NMR (DMSO-d6):  14.1 (CH3), 22.9 (CH2), 28.9 (CH2), 29.4 (CH2), 29.6 (CH2), 29.7 (CH2), 29.8 [(CH2)n], 31.3 (CH2), 33.7 (C-6, SCH2), 39.3 (CH2NH3), 70.5-73.0 (C-3, C-5, OCH2CH2O), 80.1 (C-2, C-4), 101.7 (C-1) ppm. Microanalysis calculated for (C182H364O35S7N7Cl7): C 59.34 %, H 10.5 %, S 6.09 %, N 2.64 %, Cl 6.37 %; found: C 57.61 %, H 9.55 %, S 6.02 %, N 2.71 %, Cl 5.98 %.

Encapsulation of Rhodamine B in vesicles of 50/50 CD 8/CD 2 and of CD 8:
(A) Encapsulation in vesicles of 50/50 CD 8/CD 2. (B) Encapsulation in vesicles of CD 2. Elution profile of DEAE Sephadex (A) and Sephadex G25 (B) columns. Vesicles prepared as described in main text. Closed symbols, solid line: vesicles (normalised light scattering at 400 nm). Open symbols, dashed line: Rhodamine B (normalised fluorescence intensity at 550 nm).
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		NB- Both the Scattering and the Emission intensity of the vesicles encapsulating the RhodamineB are normalised by setting the highest value of each to 1.

								SC16CDNH2								50:50, SC16HE:SC16NH2								SC16HE

		Fraction(mL)						Scatter		Norm.		Em.Int.Ves		Norm.		Scatter		Norm		Em.Int.ves		Norm		Scatter		Norm.		Em.Int		Norm.

		1						2		0.03		1.49		0.01		3		0.04		3.85		0.01		3		0.04		8.61		0.03

		2						2		0.03		1.41		0.01		3		0.04		4.46		0.01		3		0.04		8.61		0.03

		3						2		0.03		1.91		0.01		3		0.04		5.43		0.02		3		0.04		8.61		0.03

		4						2		0.03		2.1		0.01		3		0.04		4.38		0.01		3		0.04		8.69		0.03

		5						2		0.03		1.88		0.01		3		0.04		4.6		0.01		3		0.04		8.81		0.03

		6						2		0.03		3.71		0.01		3		0.04		4.21		0.01		3		0.04		9.12		0.03

		7						59.5		0.77		238.61		0.73		46		0.6		162.91		0.5		6		0.07		21.06		0.06

		8						77.5		1		248.49		0.76		21		0.27		78.22		0.24		55		0.7		327.5		1

		9						10		0.13		20.99		0.06		4		0.05		7.96		0.02		22		0.28		148.78		0.45

		10						4		0.05		3.02		0.01		3		0.04		6.48		0.02		3		0.04		25.8		0.08

		11						2		0.03		5.42		0.02		3		0.04		11.03		0.03		3		0.04		10.3		0.03

		12						2		0.03		28.13		0.08		3		0.04		29.34		0.09		3		0.04		9.2		0.03

		13						2		0.03		35.52		0.1		3		0.04		29.07		0.09		3		0.04		8.9		0.03

		14						2		0.03		35.56		0.1		2		0.03		28.53		0.09		3		0.04		9.1		0.03

		15						2		0.03		46.31		0.14		3		0.04		29.04		0.09		3		0.04		9		0.03

				SC16NH2				50:50 SC16HE:SC16NH2				SC16HE

		Fraction(mL)		Scatt		Em.Int		Scatt		Em.Int		Scatt		Em.Int

		1		0.03		0.01		0.04		0.01		0.04		0.03

		2		0.03		0.01		0.04		0.01		0.04		0.03

		3		0.03		0.01		0.04		0.02		0.04		0.03

		4		0.03		0.01		0.04		0.01		0.04		0.03

		5		0.03		0.01		0.04		0.01		0.04		0.03

		6		0.03		0.01		0.04		0.01		0.04		0.03

		7		0.77		0.73		0.6		0.5		0.07		0.06

		8		1		0.76		0.27		0.24		0.7		1

		9		0.13		0.06		0.05		0.02		0.28		0.45

		10		0.05		0.01		0.04		0.02		0.04		0.08

		11		0.03		0.02		0.04		0.03		0.04		0.03

		12		0.03		0.08		0.04		0.09		0.04		0.03

		13		0.03		0.1		0.04		0.09		0.04		0.03

		14		0.03		0.1		0.03		0.09		0.04		0.03

		15		0.03		0.14		0.04		0.09		0.04		0.03

																								SC16HE

																						Fraction(mL)		Scatt		Em.Int

																						1		0.04		0.03

																						2		0.04		0.03

																						3		0.04		0.03

																						4		0.04		0.03

																						5		0.04		0.03

																						6		0.04		0.03

																						7		0.07		0.06

																						8		0.7		1

																						9		0.28		0.45

																						10		0.04		0.08

																						11		0.04		0.03

																						12		0.04		0.03

																						13		0.04		0.03

																						14		0.04		0.03

																						15		0.04		0.03

				SC16NH2

		Fraction(mL)		Scatt		Em.Int

		1		0.03		0.01																								50:50 SC16HE:SC16NH2

		2		0.03		0.01																						Fraction(mL)		Scatt		Em.Int

		3		0.03		0.01																						1		0.04		0.01

		4		0.03		0.01																						2		0.04		0.01

		5		0.03		0.01																						3		0.04		0.02

		6		0.03		0.01																						4		0.04		0.01

		7		0.77		0.73																						5		0.04		0.01

		8		1		0.76																						6		0.04		0.01

		9		0.13		0.06																						7		0.6		0.5

		10		0.05		0.01																						8		0.27		0.24

		11		0.03		0.02																						9		0.05		0.02

		12		0.03		0.08																						10		0.04		0.02

		13		0.03		0.1																						11		0.04		0.03

		14		0.03		0.1																						12		0.04		0.09

		15		0.03		0.14																						13		0.04		0.09

																												14		0.03		0.09

																												15		0.04		0.09
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Scattering CD 8 vesicles

Em. Int from CD 8 ves.

Scattering CD 2&8 vesicles

Em. Int from CD 2&8 ves.

Scattering CD 2 vesicles

Em. Int from CD 2 ves.

Fraction (mL)

A.U.

Scattering of vesicles and emission intensity of encapsulated Rhodamine B
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Ves 8 - 'scattering'

Ves 8 - em. Int of encap. RhB

Ves 2&8 - 'scattering'

Ves 2&8 - Em. Int. of encap RhB
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Ves 2 - 'scattering'

Ves 2 - Em. Int. of encap RhB
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		NB- Both the Scattering and the Emission intensity of the vesicles encapsulating the RhodamineB are normalised by setting the highest value of each to 1.

								SC16CDNH2								50:50, SC16HE:SC16NH2								SC16HE

		Fraction(mL)						Scatter		Norm.		Em.Int.Ves		Norm.		Scatter		Norm		Em.Int.ves		Norm		Scatter		Norm.		Em.Int		Norm.

		1						2		0.03		1.49		0.01		3		0.04		3.85		0.01		3		0.04		8.61		0.03

		2						2		0.03		1.41		0.01		3		0.04		4.46		0.01		3		0.04		8.61		0.03

		3						2		0.03		1.91		0.01		3		0.04		5.43		0.02		3		0.04		8.61		0.03

		4						2		0.03		2.1		0.01		3		0.04		4.38		0.01		3		0.04		8.69		0.03

		5						2		0.03		1.88		0.01		3		0.04		4.6		0.01		3		0.04		8.81		0.03

		6						2		0.03		3.71		0.01		3		0.04		4.21		0.01		3		0.04		9.12		0.03

		7						59.5		0.77		238.61		0.73		46		0.6		162.91		0.5		6		0.07		21.06		0.06

		8						77.5		1		248.49		0.76		21		0.27		78.22		0.24		55		0.7		327.5		1

		9						10		0.13		20.99		0.06		4		0.05		7.96		0.02		22		0.28		148.78		0.45

		10						4		0.05		3.02		0.01		3		0.04		6.48		0.02		3		0.04		25.8		0.08

		11						2		0.03		5.42		0.02		3		0.04		11.03		0.03		3		0.04		10.3		0.03

		12						2		0.03		28.13		0.08		3		0.04		29.34		0.09		3		0.04		9.2		0.03

		13						2		0.03		35.52		0.1		3		0.04		29.07		0.09		3		0.04		8.9		0.03

		14						2		0.03		35.56		0.1		2		0.03		28.53		0.09		3		0.04		9.1		0.03

		15						2		0.03		46.31		0.14		3		0.04		29.04		0.09		3		0.04		9		0.03

				SC16NH2				50:50 SC16HE:SC16NH2				SC16HE

		Fraction(mL)		Scatt		Em.Int		Scatt		Em.Int		Scatt		Em.Int

		1		0.03		0.01		0.04		0.01		0.04		0.03

		2		0.03		0.01		0.04		0.01		0.04		0.03

		3		0.03		0.01		0.04		0.02		0.04		0.03

		4		0.03		0.01		0.04		0.01		0.04		0.03

		5		0.03		0.01		0.04		0.01		0.04		0.03

		6		0.03		0.01		0.04		0.01		0.04		0.03

		7		0.77		0.73		0.6		0.5		0.07		0.06

		8		1		0.76		0.27		0.24		0.7		1

		9		0.13		0.06		0.05		0.02		0.28		0.45

		10		0.05		0.01		0.04		0.02		0.04		0.08

		11		0.03		0.02		0.04		0.03		0.04		0.03

		12		0.03		0.08		0.04		0.09		0.04		0.03

		13		0.03		0.1		0.04		0.09		0.04		0.03

		14		0.03		0.1		0.03		0.09		0.04		0.03

		15		0.03		0.14		0.04		0.09		0.04		0.03

																								SC16HE

																						Fraction(mL)		Scatt		Em.Int

																						1		0.04		0.03

																						2		0.04		0.03

																						3		0.04		0.03

																						4		0.04		0.03

																						5		0.04		0.03

																						6		0.04		0.03

																						7		0.07		0.06

																						8		0.7		1

																						9		0.28		0.45

																						10		0.04		0.08

																						11		0.04		0.03

																						12		0.04		0.03

																						13		0.04		0.03

																						14		0.04		0.03

																						15		0.04		0.03

				SC16NH2

		Fraction(mL)		Scatt		Em.Int

		1		0.03		0.01																								50:50 SC16HE:SC16NH2

		2		0.03		0.01																						Fraction(mL)		Scatt		Em.Int

		3		0.03		0.01																						1		0.04		0.01

		4		0.03		0.01																						2		0.04		0.01

		5		0.03		0.01																						3		0.04		0.02

		6		0.03		0.01																						4		0.04		0.01

		7		0.77		0.73																						5		0.04		0.01

		8		1		0.76																						6		0.04		0.01

		9		0.13		0.06																						7		0.6		0.5

		10		0.05		0.01																						8		0.27		0.24

		11		0.03		0.02																						9		0.05		0.02

		12		0.03		0.08																						10		0.04		0.02

		13		0.03		0.1																						11		0.04		0.03

		14		0.03		0.1																						12		0.04		0.09

		15		0.03		0.14																						13		0.04		0.09

																												14		0.03		0.09

																												15		0.04		0.09

				Each experiment on separate diagram.

												OR SC16NH2 and 50:50 together , SC16He separate graph
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