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This report describes, for the first time, cucurbit[7]uril-assisted quantitative in vitro and in vivo uptake of a
hydrophobic model drug, coumarin-6, by both an epithelial cell model and a zebrafish model. The

transcellular delivery pathway study suggested multiple mechanisms involved, including macropinocytosis,
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High-throughput screening approaches in drug discovery and
development have led to an increasing number of lipophilic
drugs whose clinical usefulness is often hampered by their
poor solubility in water, as water-solubility is one of the main
factors to influence drug bioavailability."”> One of the popular
approaches to improve the water solubility and bioavailability
of drug candidates is to encapsulate them within macrocyclic
molecular containers such as cyclodextrins, calixarenes, and
cucurbiturils.*® In particular, cyclodextrins have been studied
for over 100 years and frequently used in pharmaceutical sci-
ences to enhance the aqueous solubility of drugs and to
improve drug bioavailability, e.g., several dozens of commer-
cial pharmaceutical products based on cyclodextrins have
been approved by regulatory agencies.>” Accordingly, the cel-
lular uptake of both cyclodextrins and calixarenes, as well as
the associated mechanisms, have been extensively studied.®’
The cucurbit[n]urils (CB[n], n = 5-8, 10, 14), are a relatively
new family of macrocyclic host molecules that have received
increasing attention during the past 15 years. Consequently,
investigations into their potential applications in the pharma-
ceutical sciences such as drug formulation and delivery are
still far from real-world clinical use, presumably due to the
scarcity of examples exhibiting both in vitro and in vivo
uptake of a hydrophobic drug promoted by CB[n] and the lack
of understanding of the associated transcellular mechanisms
involved with CB[n]-drug complexes.>*'°
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clathrin and lipid raft-mediated endocytosis/exocytosis.

Recently CB[n] hosts have demonstrated outstanding
molecular recognition properties and superior interactions
with a wide range of neutral and positively charged mole-
cules, many of which are biologically- and medically-relevant
compounds.®®' Among the CB[n] family, CB[7] (shown in
Fig. 1) has received perhaps the greatest attention as a poten-
tial drug delivery vehicle due to its well-studied biocompati-
bility profile,">™** superior water-solubility and compatible
size with various organic and organometallic drug mole-
cules.”®'" Examples of drugs that have been studied by us
and by a few other research groups for their complexation
behaviour with CB[7] include: a beta-blocker atenolol,*® a
tuberculosis drug pyrazinamide,'” platinum-based anti-can-
cer drugs such as cisplatin and several others,"®'® local anes-
thetics,”® an anticoagulant drug coumarin,®* an anti-peptic
ulcer drug ranitidine,** and vitamin B,, as well as coenzyme
By,.>* Although these and other examples have exhibited
enhanced water solubility as guest drugs upon CB[7] encap-
sulation, the actual benefit of such encapsulation during
drug delivery (e.g. increased drug uptake), has not been
clearly demonstrated with both in vitro and in vivo models.
One previous study has reported the cellular uptake of CB[7]
complexed acridine orange and pyronine by a mouse muscle
embryo 3T3 cell model via fluorescence microscopy.**
Another study showed the uptake and trafficking of fluores-
cent dye tagged CB[7] with macrophage cell lines RAW264.7
by using flow cytometry and fluorescence microscopy.>> How-
ever, the cellular uptake of these complexes was not
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Fig. 1 The molecular structures of CB[7] (left) and C6 (right).
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compared with free guests (which can also cross cell mem-
branes by themselves in both of these cases) in these studies.
Thus the value of CB[7] as a delivery vehicle for the guest
drug was not exhibited. One recent study demonstrated that
CB[7] aided the transportation of a synthetic hemicyanine
dye (Hsd) into living cells, thus facilitating selective RNA
staining.® However, the intracellular transportation mecha-
nism of these complexes has never been studied previously.

Herein we report the CB[7]-assisted cellular uptake of a
hydrophobic model drug and a fluorescent dye, coumarin-6
(C6, Fig. 1), by a Madin-Darby canine kidney (MDCK) epithe-
lial cell model. The MDCK cell line is a widely adopted epi-
thelial model that is used to simulate biological barriers such
as the gastrointestinal tract and blood brain barriers, and
these barriers are often the main hindrance against the
uptake of various substances in vivo, including new chemical
entities and therapeutic agents.>” Thus it is critical to under-
stand whether CB[7] can assist the endocytosis and exocytosis
of encapsulated hydrophobic drugs with this epithelial cell
model. In this communication, the benefits of CB[7] in the
cellular uptake of a hydrophobic model guest drug by this
important barrier tissue cell model was demonstrated for the
first time. Importantly, it was found that CB[7] significantly
improved the cellular uptake of the model drug. The trans-
cellular transportation mechanism has also been studied in
detail. Furthermore, the enhanced model drug uptake was
further examined with a live in vivo zebrafish model.

C6 is a derivative of coumarin in the benzopyrone chemi-
cal class. It is a natural substance found in many plants,
often used as a fluorescent and lipophilic model drug for the
in vitro or in vivo monitoring of nanoparticle-based delivery
systems via fluorescence or confocal microscopy.”® As a
highly lipophilic model drug, it is not readily taken up by
MDCK cells.?” As a matter of fact, the formation of a 1:1
guest-host complex between C6 and CB[7] at neutral pH has
been previously confirmed by "H NMR spectroscopy as well
as UV-visible absorbance (Job's plot) and emission spectro-
scopy (titration), with a binding constant of (2.0 + 0.1) x 10°
M.*° A MM2 energy-minimized structure of the C6@CB[7]
complex (Fig. 2) shows that the benzopyrone portion is
encapsulated within the CB[7] cavity, aligning the quaternary
amine (protonated at neutral pH) at one of its portals and
leaving the benzothiazole ring outside of cavity. Such an
encapsulation configuration is consistent with our previous
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Fig. 2 Molecular modeling of C6@CBI[7] (side view and top view).
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results from investigations focusing on the encapsulation of
the parent coumarin by CB[7].>"

Prior to the in vitro and in vivo delivery study, the biocom-
patibility of CB[7] in the range of functional concentrations
used in this work was examined with the MDCK cell lines
(ESIt). The results revealed that up to 1 mM of CB[7] did not
cause cell mortality. Thus 300 ng mL™" (0.86 nM) of C6 in the
absence and in the presence of CB[7] (0.80 mM) were incu-
bated with MDCK cell lines at 37 °C for 5, 15, 30, and 60
min. The large excess of CB[7] was added to ensure that the
majority (>60%) of the C6 species was in the bound form.
The CB[7]-assisted intracellular delivery of C6 was monitored
via fluorescence microscopy. As shown in Fig. 3, incubation
MDCK cells with C6@CB[7] complex resulted in inclusion of
green fluorescent C6 within the cells, and the drug was likely
located in the membrane and endosome without obvious
accumulation in the nucleus. Interestingly, the fluorescence
intensity within the cells gradually decreased from 5 min to
60 min, which is likely attributed to the initial CB[7] assisted
C6 uptake in the complex form and subsequent release of
free C6 in the cytoplasm (the fluorescence intensity of free C6
is much weaker in comparison with that of the CB[7]-
complexed form,*® as was seen from Fig. S1}). Detailed C6
distribution study by confocal laser scanning microscopy
(ESI Fig. S3 and a video showing z axis changes) confirmed
that the C6 was mainly in the cytoplasm of the cells. In con-
trast, free C6 (either solubilized by Tween-80 or C6 suspen-
sion) exhibited little uptake by the MDCK cells regardless of
incubation time. After the incubation treatment, the cells
were rinsed three times with cold PBS and sonicated and
ultra-centrifuged (13 000 rpm for 30 min) before the obtained
supernatant was measured via fluorescence spectrophotome-
try. Interestingly the fluorescence emission resembled that of
free C6, implying that C6 was released in the free form upon
uptake by the MDCK cells. The C6 uptake therefore was
quantitatively measured against its standard emission curve.
The displacement of the included drug from CB[7] inside the
cell environment is often desired for the purpose of

5 min 15 min 30 min 60 min

-
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Fig. 3 Confocal laser scanning microscopy images of MDCK cell lines
incubated for 5, 15, 30 and 60 min with C6@CBI[7] (A), 60 min with C6
solution (solubilized by Tween-80) (B), and 60 min with C6 suspension
(C6 suspended in HBSS) (C). And the quantitative cellular uptake of C6
by MDCK in the presence of CB[7] and Tween-80 (D) (n = 3).

Cellular uptake of C6
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intracellular drug delivery, and presumably this process
occurs via competitive guest binding by protein residues
(amino acids).*® Fig. 3D shows the performance of CB[7]-
assisted cellular uptake of C6 quantitatively post incubation
for different time-lengths. The cellular uptake increased grad-
ually and reached a maximum at ~1 h. In the absence of
CB[7], no detectable C6 was uptaken by the cells. Tween-80
was therefore added to enhance the solubility of C6 and facil-
itate free C6 intracellular transportation process,*" for the
sake of comparison. It seems that Tween-80 only moderately
improved the cellular uptake of C6, which was still signifi-
cantly less than the CB[7]-assisted uptake. The significant
benefit of CB[7] in the intracellular uptake of a hydrophobic
model drug is clearly demonstrated quantitatively here for
the first time.

In order to understand the cellular uptake mechanism
and investigate how a CB[7]-complexed hydrophobic drug
would transport through an epithelial cell layer, endocytosis
and exocytosis pathways were examined with several well-
known and commonly used transcellular regulators (Table S1
in ESIf lists various inhibitors and the concentrations used
in the study). For the endocytosis pathway detection, each of
the regulators at a given concentration was pre-incubated
with MDCK cells that were seeded in 12-well plates for 30
min. After the aspiration of the pre-incubated solutions, the
C6@CB[7] complex (at the final concentrations of 0.86 nM C6
and 0.80 mM CB[7]) in HBSS and different inhibitors were
added individually and further incubated at 37 °C for 30
min. This test was aborted by aspirating the dispersions and
rinsing cells three times with cold PBS. The cells were subse-
quently scraped, washed and centrifuged according to the
method described in the ESL} before the supernatant sample
was measured by fluorescence spectrophotometry. For the
exocytosis pathway study, the MDCK cell monolayer was incu-
bated in a similar manner with the same concentration of
the C6@CB[7] complex at 37 °C for 30 min first, and then
inhibitors that were dissolved in HBSS (listed in Table S17)
were individually added to re-incubate the samples with cells
for another 30 min at 37 °C during exocytosis process. The
intracellular fluorescent intensities of C6 were measured via
fluorescence spectrophotometry. As shown by Fig. 4, filipin,
nystatin, EIPA and MBCD exhibited pronounced effects on
the cellular uptake of the complex during the endocytosis
and exocytosis processes, thus implying that the endocytosis
and exocytosis of the complex involved clathrin and lipid
raft-mediation, as well as macropinocytosis during this pro-
cess. Conversely, the brefeldinA and Monensin exhibited no
effect during the transportation of the C6@CB[7] complex,
thus suggesting that ER/Golgi and Golgi/PM pathways were
not involved.

The study was further extended to a larval zebrafish model
to examine CB[7]-assisted in vivo uptake of the hydrophobic
model drug. In recent years, zebrafish have emerged as use-
ful vertebrate models for in vivo drug delivery including bio-
availability and bio-distribution studies, due to the transpar-
ency of the whole body that enables non-invasive and direct
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Fig. 4 Cellular uptake of C6 in the presence of CB[7] with various
endocytosis/exocytosis regulators, as determined using ANOVA
analysis in comparison with the control group (*p < 0.05, **p < 0.005,
n=3).

observations, especially by optical tracking of fluorescent
probes.*>** Wild-type AB strain larval zebrafish at 8 days post
fertilization were used for this study, as the structure and
function of barrier and organs are similar to those of mam-
mals.>® The zebrafish (30/group) were incubated with the
C6@CB[7] complex with concentrations of 100, 200, 400 and
800 ng mL™" of C6 with a large excess of CB[7] (930 equiva-
lents by molecular ratio) for 30 min, respectively. Alterna-
tively, the same concentration (300 ng mL™) of C6@CB[7]
was incubated for different time-lengths with the zebrafish
samples. Equal quantities of the C6 suspension was added in
the control groups, and Tween-80 solubilized C60 was added
in groups of zebrafish for comparative purposes (ethical
approval, detailed fish care, breeding, experimental and
imaging protocols, are provided in the ESI{).

As was the case with the in vitro results, no obvious fluo-
rescence was observed in larval zebrafish treated with free C6
suspension, weak fluorescence was observed in the Tween-80
solubilized C6 (C6 solution) treated groups, whereas strong
fluorescence was observed in the C6@CB[7] complex treated
groups (Fig. 5). In addition, when all groups of fish were
treated with the same concentration of C6@CB[7] complex,
the fluorescence emission intensity increased significantly
when the duration of the incubation was increased from 5 to
30 min, and only increased moderately when the incubation
time was increased from 30 to 60 min, indicating an in vivo
uptake likely reached its maximum between 30 and 60 min
of incubation (Fig. 5B). Additionally, this time dependent
uptake behavior was further confirmed by the uptake quanti-
fication results (Fig. 5D). Moreover, a dose dependent in vivo
uptake of the C6@CB[7] complex was demonstrated as well
(Fig. 5C). Higher concentrations of the C6@CB[7] complex
resulted in enhanced fluorescence emission intensity within
the treated fish body after 30 min of incubation, which is
consistent with the quantitative uptake data shown in
Fig. 5E. In contrast, free C6 was barely taken up by zebrafish

This journal is © The Royal Society of Chemistry 2015
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Fig. 5 CB[7]-assisted C6 uptake in a larval zebrafish model. In vivo
fluorescence images of zebrafish larvae treated with C6 solubilized by
Tween 80 (0.2 wt%) at different time intervals (A), with C6 complex
(300 ng ml™ C6 in the presence of 0.80 mM CB[7]) at different time
intervals (B), and with C6 complex at various concentrations (C).
Quantitative uptake of C6 by larval zebrafish at different time intervals
(D), and different concentrations (E). Each data point is the mean of
three determinations, with error bar representing the S.D. (n = 3)
(**p < 0.01).

and the addition of Tween-80 only slightly enhanced the
uptake.

It is interesting to note that when the C6@CB[7] concen-
tration was at the lower range, the model drug preferentially
targeted the eyes and the digestive system. Magnified fluores-
cent microscopic images of the zebrafish showed that the
model drug preferentially accumulated in the following loca-
tions: the eyes, gall bladder, iridophores, and the microvascu-
lar system (Fig. S4 in ESIf). After uptake reached maximum,
the extracted supernatant (in embryo medium) from the
zebrafish exhibited a single fluorescence band with a maxi-
mum at 500 nm, which resembles the fluorescence spectrum
of the free C6 solution. This result suggested once again that
the free model drug C6 was eventually released from the
C6@CB[7] species after it was taken up in vivo (likely in a cel-
lular environment), which is often desired for a drug delivery
system, where a lipophilic drug is transported into the
targeted area and released at this site to impose its pharma-
cological activity.

In summary, we demonstrate for the first time the CB[7]-
assisted quantitative in vitro and in vivo uptake of a hydro-
phobic model drug, by both an epithelial cell model (of a bio-
logical barrier) and a zebrafish model. The transcellular deliv-
ery pathway study suggested that multiple mechanisms were
involved, including macropinocytosis, clathrin and lipid raft-
mediated endocytosis/exocytosis. This study provides critical
evidence to support the use of CB[7] as a carrier for lipophilic
drugs in order to enhance their bioabsorption and bioavail-
ability. The C6@CB[7] system may also find applications in
both in vitro and in vivo environments as a chemosensor,
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through competitive binding with other biologically impor-
tant analytes.’>>°
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