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A pillar[5]arene-based bioactive guest loading system has been
developed, which can increase the solubility of the drug norharmane
in aqueous medium, and also enable its pH-stimulated release.
Furthermore, this supramolecular transport system reduces the
toxicity of loaded guest.

The development of efficient and responsive guest-loading com-
plexes is not only of fundamental scientific interest, but also
exerts significant value for pharmaceutical applications." Supra-
molecular structures involving macrocycles have been an intense
area of research, because they serve as models for understanding
natural supramolecular self-assemblies and molecular recogni-
tion motifs, and more importantly, they provide precursors for
designing novel nanomaterials for biomedical applications.>
Currently, there is an urgent need for methods that improve
the solubility of poorly soluble bioactive candidates, because
an estimated 40-70% of new chemical entities belong to
Biopharmaceutics Classification System (BCS) Class II, which
comprises compounds with low solubility, but high intestinal
permeability.®> Supramolecular entities, such as host-guest
complexes,* supramolecular polymers,” vesicles and micelles,®
have gained increased attention in applications as guest trans-
port systems. These entities not only trap high-energy forms of
bioactive ingredients owing to their high binding constant
(K, > 10* M), but also expose dynamical, stimuli-responsive,
and controllable guest-recognition behaviour, which enables the
release of molecules under external stimuli.

Pillar{n]arenes (P[n]s) are a new class of macrocyclic hosts beside
crown ethers,” cyclodextrins,® calixarenes,” and cucurbiturils.'® The
repeating units of P[n]s are connected by methylene bridges in
the two para-positions, forming rigid pillar-like architectures."*
The unique structures and easy functionalization of pillararenes
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have given them outstanding abilities to selectively bind different
kinds of guests and provided a useful platform for the construc-
tion of many interesting supramolecular systems, including cyclic
dimers,'” chemosensors,'? supramolecular polymers,'* and trans-
membrane channels." However, exploring P[n]s’ applications in
biomedical fields, particularly as a drug loading system, is still in
its infancy.'® The main reason can be ascribed to the limited
information available on the biocompability of P[n]s. Also, little
effort has been devoted to gaining insight on their host-guest
complexation behaviour with bioactive molecules."” Just recently,
for example, Huang’s group reported a pillararene-based ternary
drug-delivery system with photo-controlled anticancer drug
release.'’* Wang et al. described P[6]-derived vesicles that can
entrap model drugs and realize controlled release.’””* In these
P[n]s-based loading systems, the main design strategy was to
introduce suitable guest molecules to construct supramolecular
amphiphiles along with P[n]s via host-guest chemistry, which
could then further assemble into micelles/vesicles. The model
drugs were loaded during the preparation of these assemblies
and then exposed to dialysis. Apparently, this type of formula-
tion strategy inevitably required several synthetic steps for host/
guest molecules as well as additional purification processes.
Moreover, the preparation of large-scale amounts was probably
going to be even more costly. To realize loading and release on
demand, a simpler, more economic loading system was needed in
which the P[n]s could directly interact with bioactive molecules.

Herein, we report a supramolecular approach to induce drug
transport based on a water-soluble pillar[5]arene. The molecular
recognition event facilitated a more soluble hydrophobic drug
molecule in aqueous solution. The reversible complexation and
decomplexation with drug molecules could be easily monitored
and controlled by pH variation.

As depicted in Scheme 1, two water-soluble pillar[5]arene
hosts 1 and 2 were chosen for this study. The synthesis of 1 and
2 was prepared by a “building-block approach” from two well-
known key intermediates that were available from inexpensive
starting materials.'® Norharmane (NHM) was selected as a
hydrophobic drug model to investigate the ability of the loading
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Scheme 1 Chemical structures of water-soluble pillar[5]arenes 1 and 2,
and bioactive model molecule norharmane (NHM).

capacity and potential host-guest properties of 1 and 2. NHM,
known also as B-carboline, is a bioactive alkaloid, which widely
exists in animals and plants,'® and has been reported to exhibit
significant antioxidant abilities and neuroprotective effects against
neurotoxins®® and potent antitumor, antiviral, antimicrobial,
and antiparasitic activities in photodynamic therapy.*" In our
test approach, we observed a large excess of insoluble solid
NHM (2 mg) floating in the tested vial (1 mL H,0). However, the
excess insoluble NHM could be rapidly dissolved when the certain
amount of 1 (20 mg) was added to the system under gentle stirring
(1 min, 500 rpm), which suggests host 1 was able to facilitate the
solvation process of hydrophobic bioactive molecule. Under iden-
tical conditions, however, compound 2 did not lead to any apparent
solubilisation, which indicated that the terminal functional group
played a vital role for the selective recognition.

The *H NMR was recorded to follow the solubilisation process.
As shown in Fig. 1, we found that the proton signals of NHM clearly
showed upfield shifts upon addition of 1. For example, the pyridine
ring proton (H,) shifted from 8.82 ppm to 8.16 ppm, and Hy4 on the
indole moiety moved from 8.25 ppm to 7.70 ppm, respectively. All
these signal changes were consistent with the shielding effect
observed in other NHM-involved complexes.>” As expected,
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Fig. 1 Partial 'H NMR spectra (400 MHz, D,0, 298 K) of (a) the saturated
aqueous solution of NHM, and suspensions of a fixed amount NHM (6.0 mg)
after addition of (b) 1 mg, (c) 5 mg, (d) 20 mg, (e) 60 mg 1, and (f) only 1. The
inserted figure is a phase-solubility diagram measured for NHM in the
presence of 1.
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the addition of 2 to the suspension of NHM did not cause
any significant variation in the "H NMR spectra (Fig. S1, ESI?).
The detailed phase-solubility diagram (Fig. 1, plot of [NHM]
versus [1]) shows the solubility of the drug molecule was thus
increased by factor of 100 (up to 4.5 mg mL™ ') with the assistance
of pillararene host (Fig. S3, ESIT).

We gained more detailed recognition information between
host 1 and NHM through UV-vis and fluorescence examinations,
since NHM is also known for its excellent chemosensory response
and has been widely used as a molecular probe for biophysics
studies.”® In aqueous medium, the absorption spectrum of
saturated NHM solution showed two characteristic bands with
maxima at 348 nm and 372 nm that correspond to its neutral
and cationic forms, respectively (Fig. 2a). With gradual addition
of 1, the band belonging to the neutral form of NHM concomitantly
decreased, and the band belonging to the acid form increased,
which is due to the shifted ground state of NHM from prototropic
equilibrium towards its cationic form. In a fluorescent study, we
observed that the blue emission band at 450 nm, ascribed to the
cationic form of NHM, was rapidly quenched after addition of 1
(Fig. 2b). The Stern-Volmer quenching constant (Ky,), an indicator
of the degree of sensitivity of quencher, was found to be as high
as 1.36 x 10° M~ ' in our case (Fig. S4, ESIf), which is even
compatible to some reported efficient quenchers with high K,.>*
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Fig. 2 Variation of the (a) absorption and (b) fluorescence (Jex = 352 nm)
spectra of NHM as a function of the concentration of 1. From the bottom
to top of the arrows, the curves correspond to [1] = 0 to 1.36 mg mL™%. The
inserted photos show the fluorescence quenching process (lex = 365 nm).
(c) The pH-triggered reversible complexation and discomplexation pro-
cesses between 1 and NHM. In all samples, the concentrations of NHM
were kept as a constant 44 pug mL™*.
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In fact, the fluorescence quenching process usually can be
caused by a collision process (dynamic quenching mechanism)
or by formation of a complex between quencher and fluorophore
(static quenching mechanism).

Here the obtained bimolecular quenching constant (k,) has
a value of ~10"> M~ s~ (Fig. S4, ESIf), which is two orders
larger than the maximum value of diffusion-limited rate con-
stant (~10"® M~* s7') and indicates the observed quenching
mechanism is due to complex formation. Moreover, previous
studies focusing on natural B-carboline alkaloids found that the
chemical groups with lower oxidation potential facilitated the
fluorescence quenching since the protons transferred from
the singlet-excited B-carboline to the receptor.*® Considering
the relatively low oxidation potential of carboxylates, the rapid
quenching process induced by 1 could be attributed to the
electrostatic interaction between the cationic fluorophore
(singlet-excited NHM) and the negative COO™~ group on 1. In
other words, the NHM favourably binds to the rim region where
there is a high concentration of carboxylate anion (as illustrated
in Scheme 1), instead of being embedded in the cavity of 1,
which is somewhat unique to many other host—guest complexes
based on pillararenes.>® However, it was still difficult to deter-
mine the cavity’s hydrophobic effect upon the complexation. The
Job plot showed the complex adapted the 1:1 NHM:-1 stoichio-
metry (Fig. S5, ESIT), which implied the binding of the first NHM
molecule resulted in a structural alternation that was unfavour-
able for binding the second guest. Using the Benesi-Hildebrand
equation, we determined that the binding constants K, for NHM-1
was 3.4 x 10" M~ (Fig. S6, ESIY).

Here the pH-triggered release was achieved because of the
pH-sensitivity of carboxylate group. Adding a little excess of
hydrochloric acid to a mixed solution of NHM and 1 immediately
resulted in a fast and obvious phase transition from a clear
solution to a turbid colloid (Fig. 2¢), which was ascribed to the
precipitated carboxylic-acid form of pillar[5]arene 1. Since the
fluorescent intensity of NHM under acidic conditions (pH = 1.5)
is known to be approximately three times higher than in neutral
medium (pH = 7.0),”” we can estimate that over 90% of the
complexed drug molecules were released upon the reduction of
the pH value (Fig. S7, ESIt). The further addition of ammonia
changed the system to neutral medium, and the fluorescence of
NHM was regained correspondingly.

The cytotoxicity of 1 was exemplarily evaluated in different
cell lines. Up to a concentration of 300 uM mL ™", no cytotoxicity
could be observed in human kidney cells (HEK 293), human
liver cells (HepG2) and human monocyte cells (THP-1) in a MTS
assay (Fig. S8, ESIt). Furthermore, we tested in vitro cytotoxic
activity of the NHM-1 system in A549 cells by MTT (3-(4,5-
dimethylthiazolyl)-2,5-diphenyltetrazolium bromide) for further
applications. We found that the toxicity for NHM obviously
decreased after supramolecular complexation (Fig. 3). For example,
cells treated with concentrations of 60 pg mL ' NHM (367 uM)
showed only a minor reduction in cell viability (~20%). In contrast,
the relative cell viability of the sample treated with NHM dissolved
in methanol sharply reduced (~95%). Previous studies showed
B-carboline alkaloids are characteristic for DNA binding.>*”
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Fig. 3 Cytotoxicity of NHM and its complexes with 1 in human A549 cells.

Particularly at high dose condition, the intercalation between
[-carboline species into DNA may lead to conformational changes
and disrupt the normal mechanism of DNA replication, transcrip-
tion, and repair.*** Therefore, the observed toxicity reduction could
be ascribed to the lowered chance of NHM bound to the DNA in
nucleus and mitochondrion of cells. From the above results,
it could be demonstrated that this supramolecular induced drug
transport system diminished the toxicity of bioactive molecules
even at high concentrations of NHM.

In summary, we have presented a versatile, simplified hydro-
phobic guest transport system based on the pillararene. The
introduction of supramolecular interactions between P[5] deri-
vative and NHM exhibited improvement of the water solubility
of the bioactive molecule. Compared with individual NHM, the
supramolecular transport system containing both NHM and 1
showed a significant reduction of the drug’s cell toxicity, when at
higher concentration. Considering that the increased numbers of
P[n]s homologues (n = 6-14) contain larger cavities (in nanosize)
and more functional groups,*® we believe the pillararenes-based
guest transport system has great potential as drug delivery system.
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