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ABSTRACT

Beta-cyclodextrin (3-CyD), amantadine and glucose were fluorescently tagged with 4-chloro-7-
nitrobenz-2-oxa-1,3-diazole (NBD chloride) to afford NBD-[3-CyD, NBD-amantadine and NBD-glucose,
respectively. NBD--CyD/amantadine and 3-CyD/NBD-amantadine inclusion complexes were prepared.
Fluorescence emission maxima (Amax 544 nm) and relative fluorescence intensities for NBD-3-CyD and
NBD-3-CyD/amantadine were virtually identical, precluding the use of emission spectrum shifts for dis-
tinguishing free NBD-3-CyD from the complex. Intracellular accumulation of NBD-3-CyD was studied
in HepG2 and SK-MEL-24 cells using confocal laser scanning microscopy (CLSM). No major differences
were observed between uptake of NBD-3-CyD and NBD-3-CyD/amantadine. Serum proteins did not per-
turb uptake, whereas temperature-dependent uptake, indicative of cell entry via diffusion, was observed.
Intracellular distribution favoured mitochondria, with less fluorescent material present in cytoplasm and
none in cell nuclei. No experimental evidence of NBD-f3-CyD breakdown to NBD-glucose was found upon
chromatographic analysis of incubation mixtures, providing additional evidence of intact NBD-3-CyD
entry into these cells. Endocytosis and/or cholesterol-independent membrane modulation are discussed

as possible mechanisms for the transmembrane passage of NBD-3-CyD.

© 2010 Published by Elsevier B.V.

1. Introduction

Cyclodextrins (CyDs) are cyclic a-(1,4)-linked oligosaccharides
of a-D-glucopyranose. 3-Cyclodextrin ([3-CyD) comprises seven-
glucose units and has near-ideal cavity dimensions (®=6.2 A) for
complexing small drug molecules (Szejtli, 1988). CyDs are rela-
tively large (MW =~1000->1500Da), neutral molecules that are
poor permeants of biological membranes (Matsubara et al., 1995;
Masson et al., 1999). It is well established that CyDs disappear
rapidly from the systemic circulation after intravenous (i.v.) dos-
ing in animals, and that they are excreted mainly via the kidney
(Kubota et al., 1996). CyDs facilitate their own absorption at high

Abbreviations: CLSM, confocal laser scanning microscopy; NBD--CyD, mono-
4-(N-6-deoxy-6-amino-3-cyclodextrin)-7-nitrobenzofuran.
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oral doses (Irie and Uekama, 1997), and nasal absorption in rats
(Matsubara et al., 1995) is reported. Mechanisms by which CyDs
promote passage of their guests across cell monolayers have been
investigated (Marttin et al., 1999; Lambert et al., 1980, 2005) and
guest transfer quantified (Matilainen et al., 2008) in cell culture.
The successful delivery of the payload by these CyD complexes is
clear, but it is not clear whether the CyD carrier itself crosses the
membrane.

There are very few reports on the permeation of CyDs into
cells, and the limited evidence for proof of cell permeation is
largely inconclusive. 14C-labelled B-CyD has been used to show
oral absorption in rats (Szejtli et al., 1980) and to demonstrate that
it extracts membrane components (cholesterol) from erythrocytes
without entry of 14C-labelled B-CyD into the erythrocyte (Gerloczy
et al,, 1985). CyDs can be transported into the cytoplasm of Kleb-
siella oxytoca (a bacterial pathogen) via a specific binding-protein
dependent uptake system (Fiedler et al., 1996; Pajatsch et al., 1998).
No analogous transport system has been identified in mammalian
cells.

This manuscript describes the use of confocal laser scanning
microscopy (CLSM) fluorescence imaging to observe and character-
ize cell permeation and sub-cellular distribution patterns of mono-
4-(N-6-deoxy-6-amino-3-cyclodextrin)-7-nitrobenzofuran (NBD-
3-CyD), a chemically substituted fluorescent (3-CyD, under cell
culture conditions. NBD-amantadine is a novel compound.
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2. Materials and method
2.1. Materials

Chemicals and materials were purchased from commercial
suppliers: 4-chloro-7-nitrobenzofurazan (NBD-Cl) and adaman-
tanamine hydrochloride (Lancaster Synthesis Ltd.), methyl a-
D-glucopyranoside, B-cyclodextrin and sodium azide (Aldrich),
preparative C18 bulk packing material (50-105pum) (Waters),
bovine plasma lipoprotein (Sigma). All chemicals were reagent
grade and were used without further purification unless otherwise
noted.

Fluorescence spectra were recorded using a SPEC FluoroMax®
spectrofluorometer (SPEC Industries Inc., USA). A Labconco Freeze
Dryer 3 was used for lyophilization. NMR spectra were recorded at
25°C on either Bruker AM-300 or 500 MHz Varian VXR-500 NMR
spectrometers. Chemical shifts are quoted in ppm, referenced to
residual CHCl3 at § 7.27 for CDCl3 solutions and HOD at § 4.82 for
D,0 solutions. Coupling constants (J) are reported in Hertz. 13C
NMR spectral assignments were aided by the J-MOD technique.
The synthesized compounds were characterized by electrospray
mass spectrometry (ES-MS) on a VG Trio-2000 quadrupole mass
spectrometer (Fisons, UK). Thin-layer chromatography (TLC) was
carried out on Kieselgel 60 F254 (Merck) with visualization under
long-wavelength ultraviolet light or by charring with 5% methano-
lic sulfuric acid. Column chromatography was performed on silica
gel 60 (230-400) Mesh ASTM, 0.040-0.063 mm (Rose Scientific
Ltd.).

2.2. Confocal laser scanning microscopy (CLSM)

The confocal laser scanning microscope (Leica Microsystems
Heidelberg GMBH, Germany) system included an argon-krypton
laser with major emission lines 0f 488, 568 and 647 nm. Image anal-
ysis software (Leica Lasertechnik GmbH, Heidelberg) was run on a
Motorola 68030 CPU workstation, using the 0S-9 operating sys-
tem. All physical parameters related to fluorescence illumination
and detection were kept constant during the study: 512 x 512 pixel
image, 100/1.32 oil-immersion objective lens, KP 510 short-pass
excitation filter, TK 488 beam-splitter; the emission fluorescence
was detected using a photomultiplier (gain 752 V), with a LP 515
barrier long-pass filter. Excitation and emission spectra of NBD-[3-
CyD and NBD-3-CyD/adamantidine were determined in aqueous
solution (0.2 mg/mL).

2.3. NBD-G (5) was synthesized in four steps from methyl
«-D-glucopyranoside using adapted literature methods

Methyl 6-azido-6-deoxy-a-D-glucoside (2) was recovered as a
light hygroscopic yellow solid (11.6g, 79%); mp 102-104°C, lit.
103 °C (Hanessian et al., 1969); 6-azido-6-deoxy-D-glucose (3) was
recrystallized from 2-propanol-ether to yield a white solid (1.23 g,
32%); mp 128-130°C, lit. 128-133 °C(de Raadt and Stuetz, 1992).6-
Deoxy-D-aminoglucose hydrochloride (4) was recrystallized from
a mixture of methanol-acetone to yield a white solid (0.35 g, 66%);
mp 139-141°C, lit. 158°C (Hardegger et al., 1963). 6-Deoxy-N-
(7-nitrobenz-2-oxa-1,3-diazol-4-yl)Jaminoglucose (NBD-G 5) was
purified by C18 reverse phase column chromatography using a gra-
dient of methanol-water for elution. Evaporation of the appropriate
eluate fraction yielded an orange-red solid (90 mg, 16%), mp >185 °C
(dec.). "TH NMR (DMSO-dg, 300 MHz) § 6.61 (d, J1 2 =2.66 Hz, 1H, H-
1a), 6.34(d, J12 =8.86 Hz, 1H, H-1); 13C NMR (DMSO-dg, 75 MHz)
6 146, 145.9, 144.8, 144.2, 137.4, 137.2(CgHg), 96.9(C-1ax), 92.3(C-
1B), 76.4(C-3B), 74.7(C-3a), 73.9, 72.7, 72.5, 72.2(C-2q, 2f3, 5a,
5B), 72.0(C-4P3), 69.8(C-4a), 46.1(C-6[3), 45.9(C-6a). ES-MS m/z
(M+1) 343.1, calcd for C12H14N40g 343.27.TLC (5102) R¢ 0.19 (931

chloroform-methanol-ammonia water), lit R; 0.44 water saturated
butanol on silica gel plates (Speizer et al., 1985).

2.4. NBD-pB-CyD (9) was synthesized in four steps starting with
B-CyD (Scheme 1) using modified literature procedures

Mono-6-deoxy-6-(p-tolylsulfonyl)-B-cyclodextrin  (6) was
recrystallized from hot water to yield a white solid (1.5 g, 26%);
mp >163°C (dec.), lit. mp 163-168°C (dec.) (Brady et al., 2000).
Mono-6-deoxy-6-azido-f3-cyclodextrin (7) was synthesized from 6
and purified via the peracetylated intermediate (Petter et al., 1990;
Tekeo et al., 1989) to yield a white solid (5.3 g, 84%); mp >209°C
(dec.). The peracetylated intermediate (8) (369 mg; 46%) was a
white solid: Ry 0.11 (3:2 hexane-acetone); 'H NMR (300 MHz,
CDCl3) 8 5.30-5.08 (m, 7H), 5.07-4.90 (m, 7H), 4.78-4.65 (m,
7H), 4.55-4.40 (m, 7H), 4.25-3.94 (m, 14H), 3.74-3.54 (m, 7H),
2.10-1.90 (m, 60H, COCH3).

Mono-6-deoxy-6-amino-@-cyclodextrin (8). Using an alterna-
tive to the literature procedure (Hamasaki et al., 1993), 7 (1.9g,
1.64 mmol) was dissolved in MeOH-H,0 (325 mL; 1:2) and Pd/C
(10%, 300 mg) was added. This mixture was subjected to hydrogen
gas (30 psi) at room temperature for 72 h. After removal of the cat-
alyst by filtration, the solution was evaporated in vacuo to yield
compound 8 as a white solid (1.7 g, 91%); mp 236°C (dec.); TLC
(Si03) Rf 0.11 (8:2:2 isopropanol-water-ammonium hydroxide);
TH NMR (500 MHz, D,0) § 5.18-5.10 (m, 7H, H1), 4.0 (t, 7H, H3),
3.98-3.88 (m, 31H, H6, H5), 3.7 (dd, 7H, H2), 3.62 (t, 6H, H4), 3.54
(t, 1H, H4), 3.30 (dd, 1H, H6), 3.06 (dd, 1H, H6); 13C NMR (D,0,
75MHz) 6 104.3,104.2,104.0, 83.6, 83.4, 83.3,75.7, 75.6, 75.5, 75 4,
74.7, 74.6, 74.5, 74.4, 74.3, 74.2, 74.1, 73.7, 62.8; ES-MS positive
ionization mode, calcd m/z 1134.01, found m/z 1135.7.

Mono-4-(N-6-deoxy-6-amino-{3-cyclodextrin)-7-
nitrobenzofuran (NBD--CyD 9) was synthesized using general
literature CyD derivatization procedures modified for this synthe-
sis (Ikeda et al., 2006). 3-CyDNH, 9 (15 mg, 13.2 pwmol), NBD-Cl
(7.9mg, 39.7 wmol) and NaHCO3 (15mg, 0.18 mmol) were dis-
solved in water-methanol (2:1; 1.5 mL). The reaction mixture was
stirred in the dark at room temperature for 15 h. The solvents were
removed in vacuo and the dark brown residue was purified by C18
reverse phase column chromatography using methanol-water a
gradient for elution. The product 9 (8 mg) was obtained in 47% yield
as a pale yellow solid. Rf 0.27 (7:2:2 isopopanol-water-ammonium
hydroxide); 'TH NMR (500 MHz, D,0) § 8.5 (br s, 1H, aromatic),
6.6 (br s, 1H, NH), 5.26 (d, 1H, H1 CyD), 5.18 (d, 2H, H1 CyD), 5.17
(d, 2H, H1 CyD), 5.11 (br s, 1H, H1 CyD), 5.03 (br s, 1H, H1 CyD),
4.29-3.57 (m, 42H); ES-MS in positive ionization mode: calcd m/z
1297.10, found m/z 1298.6, calcd m/z 1297.10. Reported (Irie and
Uekama, 1997): TLC (n-butanol:ethanol:water 5:4:3) R; 0.51; 'H
NMR (D0, 500 MHz): § 4.89-5.13 (m, 7H, H-1), 6.43 (br s, 1H,
aromatic), 8.45 (d, 1H, aromatic); (d, 1H, aromatic), 8.19 (d, 1H,
aromatic). MALDI-TOF MS: m/z 1320.9, calcd for [M+Na]*, 1320.1.

2.5. NBD-amantadine
[4-(1-N-adamantanamino )-7-nitrobenzofuran; 10] (Scheme 2)

1-Adamantanamine hydrochloride (94.3 mg, 0.50 mmol), 4-
chloro-7-nitrobenzofurazan (NBD-Cl, 100mg, 0.50 mmol) and
potassium carbonate (200mg, 1.45mmol) were dissolved in
methanol (3 mL), and the reaction mixture was stirred in the dark
for 24h. The methanol was then evaporated in vacuo and the
residue was dissolved in chloroform (50mL) and washed with
water (50 mL, 3 times). The organic solution was evaporated, and
the residue was purified by silica gel column chromatography using
6:1 hexane-acetone as eluent to give 10 (27 mg; 17%) as an orange
solid after lyophilization. Rf 0.71 (1:1 hexane-ethyl acetate); 'H
NMR (500 MHz, CDCl3) § 8.4 (d, 1H, J;=8.8 Hz, aromatic), 6.4 (d,
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Scheme 1. Synthesis of mono-4-(N-6-deoxy-6-amino-f3-cyclodextrin)-7-nitrobenzofuran (NBD-3-CyD, 9).

1H, J; = 8.8 Hz, aromatic), 6.15 (br s, 1H, NH), 2.2 (br s, 3H, adaman-
tane y-protons), 2.15 (br s, 6H, adamantane a-protons), 1.8 (m, 6H,
adamantane [3-protons).

2.6. NBD-B-CyD/amantadine inclusion complex

Amantadine (0.016 mmol) and NBD-3-CyD (0.016 mmol) were
added to water (2 mL) and the mixture was mechanically stirred in
the dark at 60 °C for 4 h, followed by lyophilization. Complexes were
re-constituted in water and filtered (0.22 pm filter) immediately
before use.

2.7. Stability of NBD-B-CyD in MEM and in RPMI-1640 cell
culture media

NBD-f-CyD (1 mg/mL) was dissolved in each culture medium
and incubated at 37°C. Aliquots were withdrawn at 11 pre-

H,N -HCI

N

Adamantanamine
hydrochloride
(amantidine HCI)

NO,
/N /N\
N\ o)
+ 0 ———— ~ /
~/ N
NH
Cl

4-chloro-7-nitrobenzofurazan
(NBD chloride)

determined intervals (10-150 min) and examined by TLC, using
7:2:2 isopropanol-water-ammonium hydroxide as the solvent
system. NBD-3-CyD and decomposition products (if any) were
visualized on the TLC plate by long-wavelength light (for fluores-
cent compounds) and by charring with 5% methanolic sulfuric acid
(for carbohydrates).

2.8. Intracellular uptake studies

HepG2 and SK-MEL-24 cells were maintained in MEM and RPMI-
1640 medium, respectively. Both media contained 10% (v/v) fetal
bovine serum (FBS) and 1% penicillin/streptomycin (v/v). The cells
were grown in 75 mL flasks in an atmosphere of 5% CO, at 100%
relative humidity, and passaged every 4 days. Two days prior to the
uptake experiment, trypsinized HepG2 or SK-MEL-24 cells (2 mL)
were plated into 3cm petri dishes and grown as a monolayer

NO,

NBD-amantidine (10)

Scheme 2. Synthesis of fluorescently tagged amantadine (NBD-amantadine; 10).
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culture. The petri dishes containing the cells were rinsed gently
with PBS (3x; pH 7.4), then test solutions of either NBD-3-CyD or
NBD-3-CyD/amantadine (0.03 mg/mL in either MEM or RPMI-1640
for HepG2 or SK-MEL-24 cells, respectively) were added. These
plates were incubated in the dark at specified temperatures for
pre-determined times. After incubation, the medium was removed,
and the monolayers were gently rinsed 3 times with PBS. A glass
coverslip was directly mounted on the surface of the monolayer
culture using a small amount of 1:1 PBS-glycerol. Control cultures
were prepared identically. Three series of tests were carried out, to
determine the effects of temperature (incubations at 0-2 °Cor 37 °C
for 30 min) and serum protein (with or without 10% FBS at 37 °C for
30min), and to measure uptake-kinetics (with FBS or with 0.1%,
w/v lipoprotein) at 37 °C over periods of 0.5, 2, 5, 15, 30 and 60 min.

2.9. Statistical analysis

Experiments were performed in triplicate. A minimum of three
randomly chosen image regions of interest were selected for CLSM
from each petri dish. For cytoplasm, over fifteen measurements
were obtained from the images while for mitochondria, twenty
to thirty measurements were obtained. The fluorescence images
were stored on an optical disk for further analysis of fluores-
cence intensity within regions Quantitative intracellular uptake
data were analyzed with SigmaPlot (v. 3.0). Significance of differ-
ences between experiments was calculated by Student’s t test using
two-tailed distributions and either a two-sample equal variance
(homoscedastic) or a two-sample unequal variance (heteroscedas-
tic) method. Statistical significance was calculated at the 95%
confidence level (p <0.05).

3. Results and discussions
3.1. Fluorescent probes

6-Deoxy-N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)aminoglucose
(NBD-G; 5) and 4-(N-Mono-6-deoxy-6-amino-[3-cyclodextrin)-
7-nitrobenzo-furan (NBD-B3-CyD, 9), were synthesized using
established carbohydrate chemistry methods. Both are known
compounds (Speizer et al., 1985; Ikeda et al., 2006), respectively,
but modified syntheses and additional NMR data are reported.
The resonance at 6.6 (br s, 1H) has now been assigned to NH as a
slow exchanging proton, since the original assignment at 6.43 (br
s, 1H, aromatic) (Matsubara et al., 1995) is incompatible with the
number of aromatic protons (two) actually present in the molecule.
4-(1-N-Adamantanamino)-7-nitrobenzofuran (NBD-amantadine,
10) has been used as a fluorophore for chromatographic analyses
of adamantanamine analogues (Higashi et al., 2006), but since
chemical characterization was not previously reported, additional
data are now presented. Amantadine was readily complexed
with NBD-(3-CyD, but NBD-amantadine formed water-insoluble
complexes with B-CyD. In water, the fluorescence spectra of
NBD-3-CyD and its amantadine complex had qualitatively and
quantitatively similar emission maxima (544nm), but exhib-
ited qualitatively distinct excitation bands between 300 nm and
420 nm (Fig. 1). The fluorescence emission intensities (counts per
second; cps) for the 407 nm excitation band were identical for
NBD-B-CyD and NBD-B-CyD/amantadine (3.46+0.06 x 106 and
3.44+0.08 x 10 cps, respectively (means + SEM, n=3; p>0.05).

After incubation (1 h) of 9 in either MEM or RPMI-1640 culture
medium, only one fluorescent spot, which could also be charred
by 5% methanolic sulfuric acid and corresponded to pure NBD-[3-
CyD, was visible on TLC (R¢=0.27). In aliquots withdrawn after the
first hour, a faint second fluorescent spot (Ry=0.94) that did not
char was observed. The fluorescence intensity of this second spot

EM, 544 !
i
1
1
1
]
1
_ |Ls00 _B00___ 700 ___|
(2]
o
L
= ‘/\/\/ NBD-B-CyD
v
c
7] \‘
£ Ex 407
NBD-B-CyD,
N amantadine
250 350 450

Wavelength nm

Fig. 1. Fluorescence excitation and emission spectra of NBD-3-CyD and NBD-
B-CyD/adamantine in water (0.2mg/mL). Fluorescence emission spectra (top),
determined at an excitation (Ex) wavelength of 407 nm, were identical (Emmax
544 nm) for NBD-3-CyD and NBD-3-CyD/adamantine. Excitation spectra for NBD-
B-CyD and NBD-3-CyD/adamantine are shown in the lower two spectra, as labeled.
Fluorescence intensities are plotted as counts per second (cps).

increased with increasing incubation times, and after 2 h, a third
spot (Rg~0.2), not fluorescent, was visible after charring (3-CyD
residue). At 150 min, the intensity of the third spot after charring
was estimated to be ~25% of the intensity of the NBD-3-CyD spot
in the same aliquot (i.e., ~25% decomposition after 2.5 h).

3.2. Intracellular uptake of NBD-B-CyD (9)

Typical fluorescence images of intracellular distributions of
NBD-[3-CyD are shown in Fig. 2. There were no qualitative dif-
ferences in sub-cellular distributions of fluorescence between
NBD-[3-CyD and NBD-3-CyD/amantadine, and the subcellular dis-
tributions of both agents were similar in the two cell lines.

cytoplasm £

\\\\& nucleus

Fig. 2. CMSL image of SK-MEL-24 cells incubated with NBD-3-CyD 9 for 30 min in
RPMI-1640 medium. Typical regions of interest elected for fluorescence assay are
delineated by hand-drawn perimeters; cellular organelles are identified.
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I NBD-R-CyD mitochondria
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Fig. 3. Effects of temperature and protein on the intracellular uptake of NBD-3-CyD
and NBD-3-CyD/amantadine by HepG2 and SK-MEL-24 cells in vitro. Error bars are
standard deviations, for n=3.

NBD-[3-CyD fluorescence was not seen in nuclei. The cytoplasm was
diffusely and granularly stained, and fluorescence was most intense
in mitochondria, seen as bright green, oval and round foci dis-
tributed throughout the cytoplasm. Hand-drawn regions of interest
selected for quantitation by fluorescence intensity integration are
depicted in Fig. 2.

Temperature-dependent uptake was observed for both NBD-
3-CyD and NBD-B-CyD/amantadine when incubated with either
cell line at 37 °C or near 0°C for 30 min in medium containing FBS
(Fig. 3). The intracellular distribution patterns of NBD-3-CyD at the
two different temperatures were similar (fluorescence mainly in
the cytoplasm and mitochondria), but the fluorescence intensities
were clearly temperature-dependent and significantly (p<0.01)
higher at 37°C than 0°C. Intensities (rfu) for 9 with HepG2 cells
were 4.2 times (mitochondria) and 1.3 times (cytoplasm) higher
at 37°C, and 4.6 and 1.5 times higher for NBD-3-CyD-amantadine;
with SK-MEL-24 cells, the intensities for mitochondria and cyto-
plasm with NBD-3-CyD 9 were 8.0 and 3.5 times higher at 37°C,
respectively, and for NBD-3-CyD-amantadine, 21.8 and 3.0 times
higher, respectively.

The intracellular distribution of NBD-3-CyD was virtually inde-
pendent of the presence or absence of FBS in the culture media, with
fluorescence appearing in the mitochondria and cytoplasm (Fig. 3).
Analysis (t-test) showed that the average fluorescence intensities
for mitochondria and cytoplasm with NBD-f3-CyD are significantly
different (p <0.01) for FBS vs. non-FBS in both cell lines. For NBD-
3-CyD/amantadine, the fluorescence intensities in cytoplasm in
SK-MEL-24 cells were significantly different (p<0.01) for FBS vs.
non-FBS. The average fluorescence intensities in mitochondria in
both cell lines showed no significant difference between for FBS vs.
non-FBS.

The intracellular uptake kinetics of NBD-3-CyD and NBD-[3-
CyD/amantadine complex in HepG2 and SK-MEL-24 cell lines were
studied by repeated integration of the fluorescence intensity of
selected regions over time. Representative uptake profiles for
mitochondria and cytoplasm (Figs. 4 and 5) feature rapid initial
(0-5min) uptake followed by slower, linear increases between 5
and 60 min. Data for SK-MEL-24 cells were similar (not shown).

CLSM is a semiquantitative imaging technique that can be used
to study intracellular uptake kinetics, subcellular distribution pat-
terns, and permeation routes of fluorescent compounds across
cell layers in vitro, without physical damage to the cell. Its major
advantages over conventional fluorescence microscopy include the
reduction of out-of-focus fluorescence, the ability to select clearly
resolved optical sections of the tissue and extremely high sensi-
tivity (Marttin et al., 1997; Skoog et al., 1998; Miller et al., 1997).
Fluorescent detection and quantification of amantadine and CyDs,

250

200

1504

1004

50+

—@— NBD-B-CyD-FBS
—O— NBD- B -CyD-lipoprotein
0+ —w— NBD- p-CyD/amantidine-FBS
—&— NBD- B -CyD/amantidine-lipoprotein

Relative Fluorescence Intensity

0 10 20 30 40 50 60 70
Time (min)

Fig. 4. Uptake kinetics of NBD-3-CyD and NBD-$3-CyD/amantadine in the pres-
ence of added FBS or lipoprotein, in HepG2 mitochondria. Calculated regression
equations: NBD-B-CyD & FBS (Y=1.74x+38.67; R? 0.9969); NBD-B-CyD & lipopro-
tein (Y=1.27x+36.10; R? 0.9695); NBD-B-CyD/amantadine & FBS (Y=1.51x+90.81;
R? 0.9641); NBD-B-CyD/amantadine & lipoprotein (Y=1.71x+67.75; 0.9969; R?
0.9602).

requires derivatization because they fluorescence chromophores.
4-Chloro-7-nitrobenzofurazan (NBD-Cl), a fluorescence derivatiza-
tion reagent for facile labelling of amines (Ghosh and Whitehouse,
1968) was selected for this work in conjunction with confocal laser
scanning microscopy (CLSM) because of the impact NBD, a rela-
tively low molecular weight fluorophore, is anticipated to impart
on the processes to be measured.

The initial objective, to utilize complexes comprising non-
fluorescent host/fluorescent guest (3-CyD/NBD-amantadine) and
fluorescent host/non-fluorescent guest (NBD-3-CyD/amantadine)
combinations, however could not be realized. Although NBD-
B-CyD 9 and NBD-amantadine 10 were readily prepared,
complexation of 10 with 3-CyD produced a low water solubil-
ity product that was unsuitable for the purposes of this work.
Attempts to produce more water-soluble complexes by intro-
ducing a linking arm (glycine) between adamantamine and NBD,
or using an alternative (rhodamine) fluorescent label, yielded
unstable adamantamine derivatives (data not shown), thereby
negating this approach. These observations are in line with reports
of formation of an insoluble complex between [-CyD and a
nucleoside-derivatized amantadine (Yang et al., 2009).
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Fig. 5. Uptake kinetics of NBD--CyD and NBD-3-CyD/amantadine in the presence
of added FBS or lipoprotein, in HepG2 cytoplasm. Calculated regression equa-
tions: NBD-B-CyD & FBS (Y=0.58x+4.39; R? 0.9874); NBD-B-CyD & lipoprotein
(Y=0.46x+2.30; R? 0.9652); NBD-B-CyD/amantadine & FBS (Y=0.62x+11.18; R?
0.9361); NBD-B-CyD/amantadine & lipoprotein (Y=0.53x+8.02; R? 0.9214).
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Uptake studies were consequently conducted using the fluo-
rescent host NBD-3-CyD 9 and NBD-3-CyD/amantadine, the latter
to minimize effect of cholesterol extraction by NBD-3-CyD as a
permeation-perturbing effect (Yang et al., 2009). The quantifica-
tion of fluorescence using CLSM necessitated determination of
the effect of NBD-3-CyD/amantadine complex formation on the
fluorescence spectra and yield. In the current work, no signifi-
cant differences in fluorescent intensity or emission spectra were
observed between NBD-[3-CyD and NBD-f3-CyD/amantadine, and
excitation spectra exhibited only small differences, in agreement
with literature data (Ikeda et al., 2006). This may be attributed to
direct coupling of NBD to (3-CyD (i.e., no spacer arm), which may
sterically preclude intramolecular complexation. The high stability
of 3-CyD/adamantine and the similarities in fluorescence spectra
and intensity of NBD--CyD and NBD-f3-CyD/amantadine support
the conclusion that formation of intramolecular and intermolecu-
lar complexes are unlikely to perturb their relative quantification
using CMSL. However, this also negates the use of CMSL to obtain
information on whether or not NBD-3-CyD is complexed once
inside the cytoplasm or mitochondria.

Knowledge of the chemical stability of NBD-[3-CyD is vital to
interpretation of cell-associated fluorescence. CyDs are stable in
alkaline medium, but are hydrolyzed to a series of linear mal-
tosaccharides by strong acids. This ring-opening hydrolysis occurs
at a much slower rate than the hydrolysis of linear oligosaccha-
rides (Miyazawa et al., 1995). CyDs are less susceptible to attack
by enzymes such as a-amylase and their enzymatic hydrolysis
is slowed down even further when substituents are introduced
on the hydroxyl groups (Irie and Uekama, 1997; Hirayama et al.,
1992). None-the-less, NBD-G (NBD-glucose) is a possible CyD-
ring hydrolysis product of NBD-[3-CyD. However, TLC data indicate
that NBD-3-CyD is stable under incubation conditions. Thus, evi-
dence for the release of NBD- and [3-CyD- residues, but not
fluorescent carbohydrate fragments, precluded the further use
of NBD-G in this work.HepG2 human hepatocellular carcinoma
(Knowles et al., 1980) and SK-MEL-24 human melanoma (Guldberg
et al., 1997) cells, were selected as representative human cancer
cells that are used extensively in biochemical and drug-related
cell studies. Incubation of either cell line with NBD-3-CyD or
NBD-[3-CyD/amantadine resulted in mitochondrial fluorescence
intensities that were 3-4 times higher than that of comparable
areas of cytoplasm devoid of mitochondria. Mitochondrial electron
transport-linked oxidation is known to create an electrochemical
proton gradient across the mitochondrial membrane, allowing pos-
itively charged molecules to distribute electrophoretically into the
mitochondrial matrix based on the high negative transmembrane
potential of mitochondria (Johnson et al., 1980; Grouselle et al.,
1990). In the case of NBD-3-CyD, its secondary amine group would
be expected to protonate, thereby creating a positive charge. This
process could, at least in part, rationalize the movement of NBD-
[3-CyD, NBD--CyD/amantadine and other NBD-[3-CyD complexes
from the cytoplasm to the mitochondria.

It is possible to determine whether the intracellular uptake
occurs via a specific receptor by studying the influence of tem-
perature on intracellular uptake (Ostlund et al., 1996). Cooling is
a practical way of lowering a cell’s metabolism to demonstrate
the mechanism of passive diffusion into cells. Energy-dependent
processes such as active transport cannot occur near 0°C (ice
bath) because the carrier proteins that are responsible for active
transport are tightly coupled to a source of metabolic energy,
such as adenosine triphosphate (ATP) (Larsen et al., 1988). The
observed temperature-dependent intracellular uptake of NBD-
B-CyD is strongly supportive of a transmembrane permeation
mechanism that is independent of a specific transport carrier. This
clearly differentiates uptake into mammalian cells from bacterial
uptake, as in the case of K. oxytoca, in which CyDs are internalized

via a system of binding proteins specific for CyD transport (Feederle
et al., 1996).

CyDs and their guests are in equilibrium in solution, so other
components of the culture medium, especially albumin, cholesterol
and lipoproteins, could possibly form complexes with NBD-[3-
CyD before, during or after transmembrane passage. However, in
the current experiments, serum proteins only marginally influ-
enced uptake into mitochondria and cytoplasm. This indicates
that protein (including albumin and lipoprotein) complexation
with NBD-3-CyD and NBD-3-CyD/amantadine was either minimal,
and/or that it had no impact on the mechanism of absorption. This
observation, combined with the very similar total cell accumula-
tions of NBD-3-CyD and NBD-3-CyD/amantadine, would support
an permeation mechanism that is largely independent of the CyD’s
ability to strip cholesterol from the cell membrane as a condition
for entry into the cell. Published modeling studies have shown that
adamantanes, with skeletal diameters of ~5.15 A, are a perfect fit
for the 3-CyD cavity (6.2 A) (Eftink et al., 1989), in line with the high
association constants of 10> M~! characteristic of these complexes
(Yang et al., 2009; Higuchi and Connors, 1965). The high stability of
the B-CyD/amantadine complex was exploited in the current stud-
ies to elicit the role of membrane cholesterol stripping (by CyD) in
modulating the membrane’s impermeability to CyDs.

Kinetic uptake experiments were performed in two different
media, one containing FBS and the other containing lipoprotein
alone. The lipoprotein (90.8% HDL, 8.1% LDL) used in the experi-
ments was obtained from bovine plasma. HDLs are physiological
cholesterol acceptors that can induce the efflux of cholesterol from
cells (Kilsdonk et al., 1995) and may affect the intracellular uptake
of NBD-3-CyD and NBD--CyD/amantadine. Efflux of cholesterol
would be the anticipated outcome when cells are in a medium
containing a high concentration of HDL (0.1%, w/v). Intracellular
uptake tests for the same preparations (NBD-3-CyD or NBD-[3-
CyD/amantadine) in both media were performed on the same day
using the cells from the same source. Selected uptake profiles
(Fig. 4) show that fluorescence increased rapidly in mitochondria
within the first 5min, then gradually increased during the next
45 min, whereas cytoplasmic fluorescence increased gradually over
the entire period (Fig. 5); similar trends were apparent from other
experiments (data not shown). Due to the high standard deviation
for each time point, especially for mitochondria in both cell lines,
it is not possible to conclude that there are differences between
medium containing lipoproteins alone or containing FBS. The lack
of distinct differences may be attributed to functional changes
in the cell membrane due to HDL-induced cholesterol efflux or
decreasing uptake of both NBD-3-CyD or NBD-[3-CyD/amantadine
lipoprotein complexation and precipitation.

It is known that CyDs can form inclusion complexes with lipids
and extract cholesterol from biological membranes (Borroni et al.,
2007), and that they stimulate efflux of cholesterol from cultured
cells with high efficiency (Neufeld et al., 1996; Atger et al., 1997).
Extraction of cholesterol changes the membrane’s fluidity and per-
meability, and it has been postulated that these changes enable
drug passage across the biological membrane (Masson et al., 1999).

There is a substantial body of evidence that depicts mammalian
absorption of 3-CyD and excretion of both metabolic fractions and
the intact cyclodextrin (Kubota et al., 1996; Szejtli et al., 1980;
Anderson et al., 1963). Kubota et al. (1996) concluded that only
an insignificant amount of intact 3-CyD was absorbed from the
gastrointestinal tract in rats. Studies on healthy volunteers and
ileostomy patients have shown that 3-CyD and glucosyl-3-CyD
were poorly digested in the human small intestine but they were
readily fermented by the colonic flora, but that most of the admin-
istered CyD is excreted in the feces in the intact form (Flourie
et al., 1993). Experimental evidence supports a model in which
CyDs modulate the leakiness for some substrates through complex
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processes initiated by extraction of cholesterol at tight junctions
between epithelial cells (Lambert et al., 1980, 2005; Marttin et al.,
1997; Hovgaard and Bronsted, 1995; Rodal et al., 1999), but these
data are derived from cell monolayers, and do not model for the
transmembrane model used in the present work.

The cell membrane is a highly selective filter that is imperme-
able to most polar molecules, and hydrophilic molecules cross cell
membranes with difficulty unless they are substrates for transport
by specialized transmembrane proteins or endocytosis. NBD-[3-
CyD is a moderately large, hydrophilic, secondary amine that is
weakly protonated at physiological pH, and is expected to have
low solubility in cell membranes. Diffusion-based membrane per-
meation would be expected to be negligible in these circumstances
unless specialized conditions such as membrane disruption or
endocytosis were to pertain. Endocytosis may be triggered by
a number of mechanisms, and may be promoted by cholesterol
sequestration. It can be rationalized that once inside the cell, diffu-
sion into mitochondria would be followed by protonation and ionic
trapping, at the expense of cytoplasmic NBD-3-CyD.

4. Conclusions

NBD-B-CyD, NBD-G and NBD-adamantine were synthesized as
tracers for this study of cyclodextrin permeation into mammalian
cells. The excitation and emission spectra, and the fluores-
cence yields of NBD-B-CyD and NBD-B3-CyD/amantadine were
found to be virtually identical and therefore appropriate for the
semi-quantitative CLSM measurements used in the cell culture
experiments. There was no evidence for the formation of NBD-G,
a putative metabolic/chemical degradation product of NBD-3-CyD,
under incubation conditions.

Extensive intracellular fluorescence after incubation of
HepG2 and SK-MEL-24 cells with either NBD-3-CyD or NBD-3-
CyD/amantadine was observed by CLSM. Intracellular fluorescence,
putatively from NBD-3-CyD, was observed in mitochondria and
cytoplasm, but not in cell nuclei. The intracellular uptake of NBD-
3-CyD and NBD-3-CyD/amantadine was temperature-dependent,
whereas serum proteins had no measurable effect on intracellular
uptake of either substrate. These data are compatible with a
transmembrane permeation mechanism that is independent of
cholesterol stripping from the cell membrane by NBD-3-CyD or
by high density lipoproteins. It is therefore postulated that NBD-
[B-CyD enters cells either via endocytosis or via an unspecified
transmembrane diffusion process.
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