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ABSTRACT Present research provides a successful example to use biocompatible

pillararene-based assemblies for delivering mixed dyes in dual bioimaging. A series of
tadpole-like and bola amphiphilic pillararenes 1—4 were synthesized by selectively
employing water-soluble ethylene glycols and hydrophobic alkyl units as the starting
materials. In comparison with their monomers, these amphiphilic pillararenes not only
show improved biocompatibility to cells but also could form homogeneous supra-
molecular self-assemblies. Interestingly, different types of amphiphilic pillararene-
based assemblies exhibit various performances on the delivery of dyes with different
aqueous solubility. All assemblies can deliver water-soluble rhodamine B to cells, while
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only tadpole-like amphiphilic pillararene-based assemblies performed better on delivering hydrophobic fluorescein isothiocyanate for imaging. In addition,

pillararene derivatives 1, 3, and 4 could complex with a viologen guest, further forming stable assemblies for bioimaging. In such cases, the assembly formed

from the complex of tadpole-like amphiphile pillararene 1 with the viologen guest performed better in delivering mixed dyes. Finally, an anticancer drug,

doxorubicin, was successfully delivered to cells by using the pillararene-based assemblies. The current research has determined the capacities of pillararene-

based assemblies to deliver different dyes for bioimaging and paves the way for using these biocompatible carriers toward combined cancer therapy.
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elf-assemblies constructed by pillarare-

nes'® have attracted much attention

of chemists over the past 5 years.
Various topological morphologies”® of
pillararene-based supramolecular assembl-
ies'®'" along with fundamental principles
for assembling’* ' have been developed
so far. For example, UV/vis-responsive zero-
dimensional (0D) supramolecular architec-
tures were prepared by using azobenzene
covalently modified pillar[5]arenes,'® show-
ing a morphology shift between hollow
and solid spheres upon alternate exposure
to visible and UV light. Similarly, spherical
assemblies prepared by fluorescein isothio-
cyanate (FITC)-modified pillar[5]arenes'®
exhibited thermoresponsive properties by
changing the external temperature. In these
two cases,’>'® owing to poor host—guest
interactions' > between the pillar[5]arene
cavity and functional units with unmatched
sizes, the functional groups were excluded
from the pillararene cavity in organic sol-
vents. Layered spherical structures were
subsequently formed through solvophobic
effects and supramolecular interactions
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between these functional groups.'>'® Thus,
a question was raised—what will happen by
coupling the guest molecules with the pil-
lararenes? We then added a linear molecule
with two viologen units into acetone solution
of 1,4-dimethoxypillar[5]arene (DMpillar)."”
In contrast to no regular aggregates being
observed in acetone solution of individual
DMpillar, the inclusion complex between
the biviologen guest and DMpillar formed
spherical 0D supramolecular architectures,
indicating that the introduction of suitable
guests can influence the morphologies of
pillararene-based assemblies. Furthermore,
we covalently modified pillararenes with
viologen units'® and found that, by gradually
increasing concentrations, viologen-modified
pillararenes formed self-inclusion, supramo-
lecular daisy chains and linear polymeric
assemblies one by one. The driving force in
this assembly process was definitely the
host—guest interactions.'® Very recently, by
employing the dendritic pillararene host, dy-
namic supramolecular assemblies prepared
through the host—guest interactions be-
tween a pillararene trimer and a biviologen
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guest presented multidimensional morphology changes."”
The dynamic supramolecular assemblies can be trans-
formed along vesicular structures (0D), linear objects
(one-dimensional, 1D), layers (two-dimensional, 2D),
and stacked layers (three-dimensional, 3D) upon in-
creasing the concentrations, providing a novel strategy
for the morphology control. Fabricating these assem-
blies is a kind of building-block game with the control-
ling strategies, such as supramolecular interactions and
solvophobic effects, as well as proper external stimulus
methods.'® In addition, all the assemblies obtained
expand the horizon for fabricating pillararene-based
topological supramolecular materials and provide
theoretical foundations for further applications, for
example, in biomimetics and biomedicine.?°~%?

In comparison with other hosts, such as cyclo-
dextrins®® and calixarenes,?* studies on applying pillar-
arenes and their assemblies to biomedicine are still
limited. Up to now, only two papers reported the
toxicity? and biomimicking®® of aqueous soluble pillar-
arenes. On one hand, current research regarding the
pillararene assemblies is still on the stage of morphol-
ogy studies. On the other hand, poor aqueous solubility
of pillararenes' 2 is deemed as the key problem and
limits their biomedical applications, leading to high
toxicity to biological systems.?’~2° For instance, both
DMpillar’ and DBpillar® (1,4-dibutoxypillar{5]arene,
Scheme 1) have very poor aqueous solubility, although
they can be dissolved in dimethyl sulfoxide (DMSO).
The DMSO solution of DMpillar or DBpillar was cytotoxic
and harmful (Figure S1 in the Supporting Information
(SI)). We found that DMSO solvent itself has high toxicity
to Hela cells, determined by the MTT ((3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
assay,>° 3 and the toxicity was decreased a lot upon
increasing the volume ratio of H,O in the mixed DMSO/
H,0 solvent (Figure S1a in the SI). If aqueous solubility
of pillararene derivatives is improved, by dissolving
them in much lower amount of DMSO-containing
DMSO/H,0 solvent, the toxicity should be significantly
decreased. To confirm this hypothesis, dihydroxypillar-
[5]arene® (DHpillar) was prepared after the demethyla-
tion reaction of DMpillar (Scheme 1). DHpillar can be
dissolved in mixed DMSO/H,0 solvent with low volume
ratio (10%) of DMSO. The MTT assay of DHpillar in the
mixed solvent was subsequently performed, indicating
that the cytotoxicity of the DHpillar solution was re-
duced in comparison with those of DMpillar and
DBpillar (Figure S1b—d in the SI). Encouraged by these
results, if we introduce more biocompatible functional
groups with good aqueous solubility onto pillararenes,
obtained pillararene derivatives may expand their ap-
plication prospects into the area of biomedicine.?”~%°

Herein, a series of amphiphilic pillararene derivatives
(1—4, Scheme 1) was synthesized by selectively
introducing water-soluble ethylene glycol groups
and hydrophobic alkyl groups onto pillararenes. In
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comparison with their monomers, the derivatives not
only show improved biocompatibility but also form
homogeneous supramolecular self-assemblies above
critical assembly concentration (CAC), exhibiting good
performance on the delivery of mixed dyes to cells for
dual bioimaging. Exploring potential applications of
pillararenes in biomedicine is important for providing
more carrier candidates for bioimaging and drug delivery.
One major purpose of delivering fluorescent dyes into cells
is to distinguish organelles within cells for tracking and
diagnostics applications. However, the main disadvantage
of using fluorescent dyes in the cell imaging is their low cell
internalization efficiency. Thus, the dye carriers are needed
to improve the imaging efficiency of dyes. To fully utilize
the advantages of pillararene-based assemblies, several
dyes were employed in our work, including rhodamine B
(RhB), FITC, and viologen. We would like to provide a proof-
of-concept by using these dye models in order to examine
the capability of the pillararene-based assemblies for
bioimaging and drug delivery. In the research, the
mechanisms of the self-assembly as well as the influence
of structures with different length of hydrophobic units on
cytotoxicity and bioimaging were investigated. Further-
more, the feasibility of delivering a real anticancer drug,
doxorubicin (Dox), by using these pillararene-based
assemblies was confirmed in vitro.

RESULTS AND DISCUSSION

Design and Synthesis of Novel Pillararenes. To improve
aqueous solubility and reduce cytotoxicity of pillararenes,
water-soluble and biodegradable ethylene glycols®®
were employed to functionalize pillararenes through
click reaction'>~"® with high synthetic efficiency. Alkynyl
pillararene derivatives 5—7 were synthesized first by
mixing corresponding alkynyl dihydroxybenzene deriva-
tives with paraformaldehyde and boron trifluoride diethyl
etherate in refluxing 1,2-dichloroethane under nitrogen
atmosphere (Scheme 1).'73 It should be noted that,
according to previous literature reports,>**> asymmetric
synthesis of pillararenes can result in diverse conformers,
such as partial cone, 1,2-alternate, 1,3-alternate, and cone.
After being purified by flash column chromatography
with CH,Cl,/n-hexane (v/v = 2:3—9:1) as gradient eluent,
pure alkynyl pillararenes 5 and 6 with Cs symmetric
structures were obtained and confirmed based on their
relatively simple '"H and *C NMR spectra shown in
the SI>°> The obtained pure alkynyl pillararenes 5—7
further reacted with azido ethylene glycols through the
copper(l)-catalyzed Huisgen-type azide—alkyne cyclo-
addition'>~'® in refluxing acetone under nitrogen atmo-
sphere, affording crude products (Scheme S1 in the SI).
Finally, compounds 1—4 were obtained in high yields
over 80% after the purifications by flash column chroma-
tography with MeOH/CH,Cl; (v/v = 1:19—1:9) as gradient
eluent and were fully characterized by NMR, mass spec-
trometric, and elemental analysis (see Materials and
Methods section and the SI).
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Scheme 1. (A) Synthesis and structural representations of DMpillar, DHpillar, DBpillar, and compounds 1—11. (B) lllustrative
mechanism for dual bioimaging by using biocompatible pillararene-based assemblies to deliver 12, FITC, and RhB.

As compared to DMpillar and DBpillar, the solubility triazole rings to the pillararene structures.?® Compound
of compounds 1—4 in H,0 is significantly improved 4 dissolves well in H,O (1 mM), forming an opalescent
on account of introducing ethylene glycol groups and solution. Having extra hydrophobic alkyl chains on
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Figure 1. Viability of HeLa cells after being treated with
DHpillar and compounds 1—3 in DMSO/H,0 (v/v = 1: 9)
solvent and compound 4 in H,O for 24 h. Five columns in
each group from left to right under the same concentration
indicate the cell viabilities after treatment with DHpillar and
compounds 1—4.

pillararenes, compounds 1—3 have to be dissolved in
aqueous solution (1 mM) containing a small amount of
DMSO (10% volume ratio).

As expected, the improved aqueous solubility low-
ered the cytotoxicity of obtained pillararenes. A small
amount of DMSO used in the mixture solvent has
low cytotoxicity with little effect on the MTT assay
(Figure S1a in the Sl). In comparison with DHpillar, the
biocompatibility of compounds 1—4 was remarkably
improved with the concentrations below 50 uM ac-
cording to the MTT assay, leading to the increase of
the cell viability (Figure 1). Above the concentration of
100 uM, however, compound 2 is more toxic to cells
than DHpillar, probably caused by possessing long
hydrophobic alkyl chains.>”~2°

Characterization of Pillararene-Based Assemblies. To char-
acterize the micromorphology and diameters of the
assemblies formed by the amphiphilic pillararenes 1—4
in solution, transmission electron microscopy (TEM)
and dynamic light scattering (DLS) were employed. As
shown in Figure 2, spherical vesicular structures with
diameters of around 80—500 nm were observed in
these solutions (0.04 mM) by negative-stained TEM.
These spherical assemblies could be sustained in solu-
tions at 300 K for about 1 week. The sizes and size
distributions of these nanospheres determined by TEM
were further confirmed by DLS (Figure 2). Since DLS
determines swollen samples (Figures S2—S5 in the SI),
it is reasonable that the measured mean diameters
(40—300 nm) by DLS have little variations from those
observed by microscopic methods (Tables S1—S4 in
the SI)."> ™8

Furthermore, the CAC of these amphiphilic pillarar-
enes 1—4 was determined to be around 0.01—0.02 mM
by DLS in a variable concentration scale (Figures S2—S5
and Tables S1—S4 in the SI). It is understandable that
hydrophobic effect is the driving force in the forma-
tion of these vesicular assemblies by amphiphilic
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pillararenes in solution.¢~38 According to a geometric
packing model,'>~ 83738 owing to their cylindrical-
like shapes, tadpole-like compounds 1 and 2 are
assumed to self-assemble into ordered bilayer mem-
branes above CAC with alkyl units located inside the
bilayers and ethylene glycol units facing the inner and
outer aqueous solution (Scheme 1B). Since compounds
3 and 4 are bola-like amphiphiles*® 32 with two hydro-
philic ethylene glycol units at both ends, they aggre-
gate orderly above CAC into lamellar structures with
water molecules inside the cores (Scheme 1B).

In a control study, four monomers 8—11 of these
amphiphilic pillararenes were synthesized by using
the copper(l)-catalyzed Huisgen-type azide—alkyne
cycloaddition with corresponding alkynyl dihydroxy-
benzene derivatives as the starting materials (see
Materials and Methods section).”> "8 It was found that
all four monomers have similar aqueous solubility with
related amphiphilic pillararenes. In addition, monomers
8, 10, and 11 have similar low cytotoxicity with com-
pounds 1, 3, and 4, respectively. However, monomer 9
is more toxic than its pillar[5]arene analogue, 2, and
other monomers at the same concentration measured
(Figure S6 in the SI). TEM was employed to examine
the possible aggregates of these monomers under
the same preparation conditions. However, no regular
aggregates were formed in these samples, and only
some occasionally formed irregular shapes were ob-
served by TEM (Figure S7 in the SI). In comparison with
their monomers 8—11, amphiphilic pillararenes 1—4
with relatively low cytotoxicity have better capacity
to form regular vesicular self-assemblies on account
of their unique cylindrical-like structures.

Characterization of Inclusion Complexes hetween Pillararenes
and Guests. Viologen, a fluorescent dye and the most
suitable guest for pillararenes,' > was chosen to be
delivered by using the pillararene-based assemblies.
Although viologen is toxic, it still can be used as a dye
model in the delivery systems.?® Here, we would like to
provide a proof-of-concept by using this dye model in
order to examine the capability of the pillararene-based
assembilies for bioimaging. Thus, a viologen derivative,
water-soluble compound 12 was synthesized through
a simple substitution reaction in high yield (see the SI
for experimental details)’>~'® and was used as a model
dye for delivery. Owing to size effects and forming
donor—acceptor pairs,' 3 viologen can be easily in-
cluded by the cavity of pillar[5]arenes in a 1:1 molar
ratio. Compared to aqueous solutions containing in-
dividual 1—4 and 12, after adding 12 into the solutions
of compounds 1—4, clear color change from colorless
to yellow brown induced by the charge transfer be-
tween pillararenes and viologen was observed, indicat-
ing that the host—guest inclusion complexes were
formed."~'® The complexation between amphiphilic
pillararenes 1—4 and 12 was further confirmed by 'H
NOESY NMR spectroscopy, showing strong correlations
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Figure 2. Micromorphology of compound 1 (a, 0.040 mM, scale bar = 0.2 um), 2 (c, 0.040 mM, scale bar = 0.5 um), and 3
(e, 0.040 mM, scale bar = 1.0 um) in DMSO/H,0 (v/v = 1:9), as well as 4 (g, 0.040 mM, scale bar = 0.2 um) in H,O by using
negative-stained TEM at room temperature. DLS size distributions of 1 (b, 0.040 mM), 2 (d, 0.040 mM), and 3 (f, 0.040 mM) in

DMSO/H,0 (v/v = 1:9), as well as 4 (h, 0.040 mM) in H,0.

between the aromatic protons on pillararenes and the
bipyridinium protons H,, on 12 (Figure S8 in the SI).
The inclusion complexes and their 1:1 host—guest
stoichiometry were confirmed by high-resolution mass
spectrometry (Figures S9—S12 in the Sl). The complex
constants (K) were calculated according to Benesi—
Hildebrand equation'>~'® determined by UV—vis
(Figure S13 in the SI) and fluorescence titrations
(Figure S14 in the SI). The obtained K values are around
2—5 x 10> M~ (Table S5 in the S), in accordance with
those average constants (~10°> M™") for 1:1 pillararene/
viologen complexes reported in literature.'®

MTT Assay and Confocal Laser Scattering Microscopy. In
order to select a suitable pillararene complex for per-
forming the bioimaging investigations, the cytotoxicity
of the complexes and the effect on micromorphologies

ZHANG ET AL.

after adding 12 into the solutions of amphiphilic pillar-
arenes were determined. As shown from the MTT assay
(Figure S15 in the SI), the toxicity of 12 was tolerant for
cells at low concentrations. In addition, the presence of
biocompatible pillararenes 1 and 4 lowered the toxicity
of 12, while the compounds 2 and 3 made its toxicity
even worse. Indeed, the complex of 3 and 12 is highly
toxic to Hela cells with the lowest cell viability under
the same concentration measured. As shown from the
TEM images, individual 12 cannot self-assemble into
regular aggregates in H,O (0.1 mM, Figure S16 in the SI),
and the addition of 12 to the solutions containing 1, 3,
and 4 did not affect their vesicular morphologies
(Figure S17 in the SI). Furthermore, fluorescent assem-
blies were observed by fluorescent microscopy (Figure
S17 in the SI), emitting significant fluorescence when
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Figure 3. CLSM images of Hela cells, after being treated with 1 (40 xM) containing FITC (4 «M) and RhB (4 uM) for 24 h: (a)
bright field, (b) FITC channel, (c) RhB channel, and (d) merged image of (a—c), scale bar is 25 xm; and after being treated with
2 (40 M) containing FITC (4 «M) and RhB (4 uM) for 24 h: (e) bright field, (f) FITC channel, (g) RhB channel, and (h) merged

image of (e—g), scale bar is 50 um.

excited at 488 nm. Based on the microscopy studies, it
can be concluded that some pillararene/viologen com-
plexes also have the capacity to undergo self-assembly
(Scheme 1B). However, the complex formation be-
tween 2 and 12 led to the disappearance of both
opalescent transparency in solution and assemblies
determined under microscopy. DLS measurements
in a variable concentration scale confirmed the sizes
(50—300 nm) of the self-assemblies formed by the
pillararene complexes of 112, 312, and 4e12
(Figures S18—S21 and Tables S6—S9 in the SI). Interest-
ingly, the CAC of the complex 1¢12 can only be
determined by DLS. The presence of 12 enables bola-
like amphiphiles 3 and 4 to form regular and stable
assemblies much easier even at low concentrations
and thus cannot provide exact CAC values for the
complexes. The observation was further confirmed by
UV—vis and fluorescent measurements under a variable
concentration scale (Figures S22 and S23 in the SI).
Thus, the complexes 1012, 3¢12, and 4¢12 can be used
for bioimaging applications owing to their relatively
low cytotoxicity and the formations of stable self-
assemblies.

To carry out the bioimaging investigations using
these pillararene complexes, confocal laser scanning
microscopy (CLSM) was employed.3°7323940 As ex-
pected, Hela cells could be imaged by compound 12
delivered by amphiphilic pillararene-based assemblies
(1, 3, and 4), showing green intracellular color (Figure
S24 in the SI). Complex 2¢12 did not present bioima-
ging character as others since the complex cannot
form the assembly and thus cannot serve as a carrier.

Delivery of Hydrophobic Dye by Pillararene-Based Assemblies.
As a hydrophobic dye, FITC has a poor solubility in H,O
(less than 0.1 mg mL™") and is commonly used in
biomodification and biolabeling with low cytotoxicity

ZHANG ET AL.

(Figure 525 in the SI).2”2° FITC was chosen as another
model dye to be delivered by pillararene-based assem-
blies. The cytotoxicity of amphiphilic pillararene-based
assemblies (1—4) with FITC was determined by the
MTT assay (Figure S25 in the Sl). The obtained results
indicate that all amphiphilic pillararene assemblies
could increase the cytotoxicity of FITC above the
concentration of 50 uM. The toxicity of pillararene-
based assemblies (1, 3, and 4) containing FITC was
acceptable with high cell viabilities below the concen-
tration of 50 uM. In the case of assembly 2 with FITC,
it showed very high cytotoxicity even below the con-
centration of 10 uM. Thus, further experiments were
performed using the samples at suitable concentra-
tions with good biocompatibility. In addition, FITC
itself cannot form regular aggregates under the same
conditions (Figure S16b in the Sl), and adding FITC into
the solutions of pillararenes 1—3 did not destroy the
formed pillararene assemblies as confirmed by TEM
(Figure S26 in the Sl) and DLS (Figure S27 and Table S10
in the SI). Fluorescent objects can be observed in these
sample solutions by fluorescent microscopy (Figure
S26 in the Sl). After adding FITC into the solution of
the compound 4, no regular assemblies can be ob-
served by either TEM or fluorescent microscopy. Since
FITC is a hydrophobic dye and cannot be included by
the cavity of pillararenes, it can be easily included
by hydrophobic layers of vesicular structures formed
by tadpole-like amphiphilic pillararenes 1 and 2 with
fluorescent emission (Scheme 1B).">~ 835738 Haying
methyl end groups on the structure of 3, the formed
lamellar spheres by 3 can also deliver FITC. On the
other hand, the presence of hydrophobic FITC could
destroy the membranes formed by bola-like amphi-
philic pillararene 4. Thus, pillararenes 1—3 performed
better than 4 in terms of the FITC delivery. Since the

A N N
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Figure 4. CLSM images of Hela cells, after being treated with 1 (40 M) containing 12 (40 M) and RhB (4 uM) for 24 h: (a)
bright field, (b) green field (exited at 488 nm), (c) RhB channel, and (d) merged image of (a—c), scale bar is 25 um; after being
treated with 4 (40 «M) containing 12 (40 M) and RhB (4 «M) for 24 h: (e) bright field, (f) green field (exited at 488 nm), (g) RhB

channel, and (h) merged image of (e—g), scale bar is 25 um.

pillararene-based assemblies (1—3) containing FITC are
biocompatible under suitable concentrations and have
regular morphologies, we used them to carry out bio-
imaging application. As shown by CLSM images (Figure
S28 in the SI), Hela cells were stained green by FITC
delivered from pillararene-based assemblies (1—3).
Delivery of Hydrophilic Dye by Pillararene-Based Assemblies.
In contrast to hydrophobic FITC, RhB with high aqu-
eous solubility (50 mg mL™") was chosen as the third
model dye.?*~>? As determined by the MTT assay
(Figure S29 in the SI), all pillararenes discussed here
did not obviously increase the cytotoxicity of RhB below
the concentration of 50 uM. From TEM investigations
(Figure S16c in the SI), individual RhB cannot form
regular assemblies in H,O. The presence of RhB did
not influence the morphologies formed by amphiphilic
pillararenes 1—4 as confirmed by TEM, fluorescent
microscopy (Figure S30 in the Sl), and DLS (Figure S31
and Table S11 in the Sl), and it emits fluorescence when
excited at 515 nm. It was proposed that water-soluble
RhB with large molecular size than the cavity of pillar-
arenes was encapsulated into the aqueous cores inside
vesicular structures (Scheme 1B).26738 Thus, biocompa-
tible amphiphilic pillararenes 1—4 containing RhB were
also used for bioimaging. As detected by CLSM (Figure
S32 in the SI), RhB delivered by pillararene-based
assemblies performed well in imaging Hela cells in red.
Delivery of Mixed Dyes by Pillararene-Based Assemblies for
Dual Bioimaging. These biocompatible amphiphilic pil-
lararene-based assemblies possessing both pillararene
cavities and assembled vesicular structures were con-
firmed to successfully deliver suitable guests, hydro-
phobic dye, and water-soluble dye for bioimaging. On
the basis of these research results, we moved on by
using these assemblies for the delivery of mixed dyes.
Two groups of mixed dyes were employed here: group

ZHANG ET AL.

one contains FITC and RhB, while group two contains
12 and RhB. In the presence of group one, FITC and
RhB, the assemblies formed by bola-like amphiphiles
3 and 4 were destroyed, but those assembled by
tadpole-like amphiphiles 1 and 2 still existed without
any significant changes as indicated by TEM observa-
tions and DLS measurements (Figures S33 and S34 and
Table S12 in the SI). These two assemblies exhibited
green (from FITC) and red (from RhB) colors when
exited at 488 and 515 nm, respectively, observed by
fluorescent microscopy (Figure S33 in the SI). It can be
proposed that tadpole-like amphiphile-based vesicular
assemblies containing bilayer structures and aqueous
cores could include both hydrophobic and water-
soluble dyes simultaneously (Scheme 1B).36738 CLSM
observations further confirmed that tadpole-like am-
phiphile-based assemblies present remarkable perfor-
mance on delivering both FITC and RhB to Hela cells
for imaging, showing green and red colors, respec-
tively (Figure 3 and Figure S35 in the SI).

We then examined the group two, 12 and RhB, as
mixed dyes for loading into pillararene-based assem-
blies. In comparison with destroyed morphologies of
assemblies 2 and 3, regular vesicular assemblies formed
by compounds 1 and 4 in the presence of group two
could still be observed, exhibiting fluorescent dots with
various colors as confirmed by TEM, fluorescent micro-
scopy, and DLS (Figures S33 and S34 and Table S12 in
the SI). It is reasonable that the complexes between
pillararenes (1 and 4) and 12 form assemblies in aqu-
eous solution (Figure S17 in the Sl), and thus assemblies
obtained further wrap RhB within the aqueous cores
(Scheme 1B). As expected, the assemblies based on
pillararenes 1 and 4 can deliver simultaneously 12
and RhB to Hela cells with green and red colors, as
observed by CLSM (Figure 4 and Figure S36 in the SI).

ACRT A RN
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Thus, amphiphilic pillararene-based assemblies have
the capacity to deliver mixed dyes with different aqu-
eous solubility and properties for dual bioimaging
in vitro.

Delivery of Anticancer Drug by Pillararene-Based Assemblies.
Furthermore, a real anticancer drug, Dox,*°~32 which
can be dissolved in H,0 with the maximum concentra-
tion of 10 mg mL~", was delivered by these amphi-
philic pillararene-based assemblies. As demonstrated
by the MTT assay (Figure S37 in the SI), Dox-loaded
pillararene assemblies showed decreasing cell viability
at relatively high concentration above 50 uM, indicat-
ing that more Dox was delivered into cells by pillarar-
ene assemblies3*3? In comparison with individual
Dox, the cytotoxicity of Dox-loaded pillararene assem-
blies was not increased a lot, suggesting that the
encapsulation by pillararene-based assemblies delays
the release of Dox in vitro. CLSM was then employed to
monitor the delivery of Dox by the pillararene assem-
blies. As shown in Figure S38 of the S, the pillararene
assemblies carried Dox into cells and stained the cells
clearly with red color, not only in cytoplasm but also
in nucleus, proving that Dox was released into the
nuclei 332

MATERIALS AND METHODS

Characterization. 'H nuclear magnetic resonance ("H NMR)
spectra were recorded at room temperature on Bruker Avance
3007400 with working frequencies of 300/400 MHz for "H and
75 MHz for "3C nuclei. All "*C NMR spectra were recorded with
the simultaneous decoupling of "H nuclei. The following ab-
breviations were used to explain the multiplicities: s, singlet; d,
doublet; t, triplet; b, broad peaks; m, multiplet or overlapping
peaks. The high-resolution time-of-flight mass spectrometry
(TOF MS) was performed on a Waters Q-tof Premier MS spectro-
meter. Elemental analysis was performed on a EuroVector Euro
EA elemental analyzer.

Procedures for Synthesis of DMpillar,>® DBpillar,>® and Compounds
5—7*"*2, Corresponding monomer as the starting material re-
acted with an equivalent amount of paraformaldehyde and
boron trifluoride diethyl etherate in refluxing 1,2-dichloroethane
under a nitrogen atmosphere (Scheme S1). The crude product
obtained was directly subjected to column chromatography
(SiO,, gradient elution from 40 to 90% CH,Cl, in n-hexane) to
afford target product.

DMpillar:. 19% yield, white powder. "HNMR (300 MHz, CDCly):
0 =6.76 (s, 10.0H), 3.77 (s, 9.7H), 3.64 (s, 28.6H). ESI-MS: 751.23
M+ HI™

DBpillar:. 20% yield, white powder. The DBpillar was synthe-
sized by using compound S2 (Scheme S1) as the starting
material according to the reported method.' 'H NMR
(300 MHz, Me,CO-dg): 0 = 6.91 (s, 10.0H), 3.88 (t, 19.0H), 3.74
(s,9.47H), 1.89—1.79 (m, 19.4H), 1.64—1.56 (m, 19.7H), 1.03 (t, J =
6 Hz, 28.7H). >C NMR (75 MHz, Me,CO-dy): 6 = 149.6, 1283,
114.3, 67.8, 31.9, 19.3, 13.5. HR-MS (ESI): C75H;1104¢ calcd for
m/z=1171.8177, found m/z = 1171.8027 [M + H] ™.

Compound 5:. 8.6% average yield, white powder. "H NMR (300
MHz, Me,CO-dg): 6 =6.96 (t,J = 3 Hz, 5.0H), 6.87 (d, J = 9 Hz, 4.9),
4.66 (t,J=3Hz,10.6H),3.77—3.75 (m, 26.5H), 2.97—2.94 (m, 5.0H).
13C NMR (75 MHz, Me,CO-dg): & = 150.9, 148.6, 128.3, 114.7,
113.3, 79.6, 75.5, 56.1, 55.0, 54.0, 40.5. HR-MS (ESI): Cs5Hs5:040
calcd for m/z = 871.3482, found m/z = 871.3514 [M + H] ™.
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CONCLUSIONS

In conclusion, the current research has provided
a successful example of using biocompatible pillarar-
ene-based assemblies to deliver mixed dyes for dual
bioimaging in vitro. Interestingly, different types of
amphiphilic pillararenes have exhibited different per-
formance on the delivery of hydrophobic and hydro-
philic dyes. All pillararene-based assemblies can deliver
water-soluble RhB to cells, while only tadpole-like
amphiphilic pillararene assemblies perform well on
delivering hydrophobic FITC for bioimaging. Pillararenes
1, 3, and 4 could complex with fluorescent electron
acceptor guest 12 to further form stable assemblies for
bioimaging. During the investigations of delivering
mixed dyes for dual bioimaging, tadpole-like amphiphi-
lic assembly 1 presents the best performance. Finally,
anticancer drug, Dox, has been successfully delivered
into cells by pillararene-based assemblies. The current
research has demonstrated the capacities of pillararene-
based assemblies on delivering different types of dyes
in vitro and has paved the way for employing these
biocompatible carriers to deliver mixed drugs toward
combined and enhanced cancer therapy.

Compound 6:. 8.8% average yield, white powder. "HNMR (300
MHz, Me,CO-dg): 6 = 6.96 (s, 4.4H), 6.87 (s, 4.3H) 4.68 (t, 10.1H),
3.98—-3.88 (m, 11.2H), 3.76 (d, J = 9 Hz, 10.0H), 2.99—-2.94 (m,
4.4H), 1.84 (s, 11.3H), 1.62 (t, J = 6 Hz, 11.3H), 1.03 (t, J = 6 Hz,
15.0H). *C NMR (75 MHz, Me,CO-de): 6 = 150.3, 148.5, 128.6,
128.1, 1144, 1143, 80.2, 75.1, 67.8, 56.1, 55.9, 31.9, 19.4, 13.5.
HR-MS (ESI): C79Hg1 01 calcd for m/z = 1081.5830, found m/z =
1081.5966 [M + H]*.

Compound 7:. 12% vyield, white powder. "H NMR (300 MHz,
Me,CO-dg): 6 =7.01 (s, 10.0H), 4.71 (s, 19.8H), 3.78 (s, 10.0H), 3.01
(t,J =3 Hz, 9.3H). *CNMR (75 MHz, Me,CO-de): d = 149.1, 128.4,
114.5, 79.4, 75.7, 56.1. HR-MS (ESI): CgsH5,04¢ calcd for m/z =
991.3482, found m/z = 991.3438 [M + H]*.

Procedures for Synthesis of Compounds 1—4. Corresponding alky-
nyl pillararenes (5—7) as the starting materials were mixed with
an equivalent amount of azido-modified ethylene glycol deriva-
tives (S7 and S9, Scheme S1), tris[(1-benzyl-1H-1,2,3-triazol-4-yl)-
methyllamine (TBTA), and tetrakis(acetonitrile) copper(l) hexa-
fluorophosphate in refluxing Me,CO under nitrogen atmosphere.
The mixture solution was stirred under reflux for 2 days. The crude
solution was then poured into H,O. The aqueous phase was
extracted (3 x 200 mL) with CH,Cl,. The combined organic layers
were dried (Mg,SO,), and the solvent was removed in vacuum.
The mixture was subjected to column chromatography (SiO,,
gradient elution from 5 to 10% MeOH in CH,Cl,) to afford target
product.

Compound 1:. 80% yield, light yellow oil. "H NMR (300 MHz,
Me,CO-dg): 0 =8.08 (d, /= 9 Hz, 5.0H), 7.09—6.86 (m, 11.5H), 5.14
(s,5.8H),4.90 (d, /=9 Hz,4.4H),4.57—4.50 (m, 10.9H), 3.82—3.21
(m, 94.1H). > C NMR (75 MHz, Me,SO-de): 6 = 162.8, 150.7, 149.0,
143.7,127.8,124.8, 1149, 113.5,72.8,70.2,69.1, 62.4, 60.7, 55.8,
50.5,49.9, 36.2, 31.2, 29.2. HR-MS (ESI): CosH136N;5030 calcd for
m/z = 1966.9578, found m/z = 1966.9583 [M + H]". Anal. Calcd
for CosH135N15030: C, 58.00; H, 6.92; N, 10.68. Found: C, 57.58; H,
7.02; N, 10.30.

Compound 2:. 81% yield, dark yellow oil. "H NMR (300 MHz,
Me,CO-dg): 6 = 8.11—-8.06 (m, 4.6H), 7.10—6.84 (m, 10.0H),
5.13 (s, 4.7H), 4.87 (s, 4.1H), 4.58—4.50 (m, 8.0H), 3.90—3.38
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(m, 92.8H), 1.85—1.77 (m, 11.2H), 1.61 (s, 11.6H), 1.07—0.98
(m, 17.2H). >C NMR (75 MHz, Me,SO-de): & = 162.6, 149.6,
148.8, 143.8, 128.7, 124.6, 114.8, 114.1, 72.8, 69.9, 67.7, 61.9,
60.6, 50.4, 49.8, 36.3, 31.7, 31.2, 28.9, 19.4, 14.3. HR-MS (ESI):
Cqq0H166N15030 caled for m/z = 2177.1925, found m/z =
2177.1885 [M + HI™*. Anal. Calcd for Cy;0H165N15030: C, 60.67;
H, 7.64; N, 9.65. Found: C, 60.40; H, 7.72; N, 9.29.

Compound 3:. 85% yield, light yellow oil. "H NMR (300 MHz,
Me,CO-dg): 6 = 8.13 (s, 10.0H), 7.07 (s, 9.7H), 5.02 (s, 10.0H), 4.89
(s, 10.3H), 4.46 (s, 21.1H), 3.78 (s, 32.4H), 3.41—3.30 (m, 42.0H),
3.20 (s, 34.6H). 3C NMR (75 MHz, Me,SO-dg): 6 = 149.3, 128.3,
114.9, 789, 714, 69.7, 69.0, 61.6, 584, 49.9. HR-MS (ESI):
Cy15H161N30039 calcd for m/z = 2442.1995, found m/z =
2442.1917 [M + HI*. Anal. Calcd for Cyq5H160N30030: C, 56.55;
H, 6.60; N, 17.20. Found: C, 56.23; H, 6.69; N, 16.79.

Compound 4:. 81% yield, light yellow oil. "H NMR (300 MHz,
Me,CO-de): 6 = 8.16 (s, 10.5H), 7.06 (s, 10.0H), 4.99 (d, J = 8 Hz,
8.2H), 4.85 (d, J = 8 Hz, 9.0H), 4.56 (s, 22.2H), 3.80 (s, 37.6H),
3.60—3.46 (m, 102.6H), 3.33—3.28 (m, 25.4H). ">C NMR (75 MHz,
D,0): 6 = 146.8, 141.9, 126.8, 122.8, 113.3, 69.5, 67.3, 66.7,
59.1, 58.1, 47.8. HR-MS (ESI): Cy45H221N300so calcd for m/z =
3182.5673, found m/z = 3182.5679 [M + H]". Anal. Calcd for
Ci45H220N30050: C, 54.71; H, 6.97; N, 13.20. Found: C, 54.35; H,
7.06; N, 12.73.

Procedures for Synthesis of Compounds 8—11. Corresponding
alkynyl benzene derivatives (S§3—S5, Scheme S1) as the starting
materials were mixed with equivalent amount of azido-
modified ethylene glycol derivatives (7 and S9, Scheme S1),
tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyllamine (TBTA), and
tetrakis(acetonitrile) copper(l) hexafluorophosphate in refluxing
Me,CO under nitrogen atmosphere. The obtained crude pro-
duct was subjected to column chromatography (SiO,, gradient
elution from 2 to 9% MeOH in CH,Cl,) to afford target product.

Compound 8:. 86% yield, yellow oil. "H NMR (400 MHz, Me,SO-
de):0=8.17(s,1.0H),6.98 (t, /=4 Hz, 2.0H), 6.87 (t,J = 4 Hz, 2.0H),
5.08 (s, 2.0H), 4.59—4.53 (m, 2.9H), 3.83 (t,J = 4 Hz, 2.0H), 3.71 (s,
3.1H), 3.55-3.47 (m, 10.9H), 3.41 (t, J = 4 Hz, 2.0H). *C NMR
(75 MHz, Me,SO-dg): 6 = 154.0, 152.4, 143.4,125.2,116.1, 115.0,
72.8, 70.0, 69.1, 62.0, 60.7, 55.8, 49.9. HR-MS (ESI): C,5H2sN304
calcd for m/z =382.1978, found m/z = 382.2007 [M + H] ™. Anal.
Calcd for C1gH57N306: C, 56.68; H, 7.13; N, 11.02. Found: C, 56.42;
H, 7.19; N, 10.82.

Compound 9:. 87% yield, yellow oil."H NMR (400 MHz, Me,SO-
de):0=8.17 (s, 1.0H),6.95 (t, /=4 Hz, 2.0H), 6.86 (t, ) =4 Hz, 2.3H),
5.07 (s, 2.0H), 4.59—4.53 (m, 3.0H), 3.90 (t, J = 4 Hz, 2.3H), 3.83
(s, 2.0H), 3.54—3.47 (m, 10.7H), 3.41 (t, J = 4 Hz, 2.1H), 1.69—1.64
(m, 2.3H), 1.46—1.41 (m, 2.3H), 0.94 (t, J = 4 Hz, 3.5H). '*C NMR
(75 MHz, Me,SO-dg): 6 = 153.5,152.5,143.3,125.2,116.1, 115.7,
72.8,70.1,69.2,68.0,62.1,60.7,49.9,31.3, 19.2, 14.2. HR-MS (ESI):
Cy1H34N30¢ calcd for m/z = 424.2448, found m/z = 424.2423
[M + HI". Anal. Calcd for C5;1H33N306: C, 59.56; H, 7.85; N, 9.92.
Found: C, 59.42; H, 7.89; N, 9.69.

Compound 10:. 84% yield, light yellow powder. "H NMR (300
MHz, Me,CO-de): 6 = 8.04 (s, 2.0H), 6.97 (s, 4.2H), 5.11 (s, 4.1H),
4,57 (t,J=6Hz,4.1H),3.89 (t,J=3 Hz4.2H),3.58 (t, /=6 Hz,4.1H),
3.45 (t, J = 6 Hz, 4.1H), 3.26 (s, 6.0H). "*C NMR (75 MHz, Me,CO-
de): 0=153.0,115.7,71.6,70.0,69.2,62.1,57.9, 49.9. HR-MS (ESI):
CyH33N6Og caled for m/z = 477.2462, found m/z = 477.2477
[M -+ HI". Anal. Calcd for C5,H3,NgOg: C, 55.45; H, 6.77; N, 17.64.
Found: C, 55.32; H, 6.81; N, 17.40.

Compound 11:. 82% yield, yellow oil. "H NMR (300 MHz, D,0):
0 =7.97 (s, 2.0H), 6.86 (s, 3.9H), 5.04 (s, 3.9H), 4.49 (t, J = 3 Hz,
4.3H),3.82(t,J=6Hz,4.3H),3.62—3.54 (m, 8.0H), 3.45 (d, J=9 Hz,
18.0H). 3C NMR (75 MHz, D,0): 6 = 164.9, 152.1, 143.3, 125.5,
116.3, 71.7, 69.5, 68.7, 61.7, 60.3, 50.0, 36.9, 31.4. HR-MS (ESI):
CygH45N6O4 caled for m/z = 625.3197, found m/z = 625.3193
[M + HI*. Anal. Calcd for CogH44NgO10: C, 53.84; H, 7.10; N, 13.45.
Found: C, 53.59; H, 7.17; N, 13.08.

Procedures for Synthesis of DHpillar and Compound 12. DHpillar was
synthesized by using DMpillar as the starting material according
to the reported method.? "H NMR (400 MHz, Me,CO-dg): 6 = 6.67
(s, 10.0H), 3.59 (s, 10.7H). ESI-MS: 610.84 [M].

Compound 12 was synthesized by using 4,4’-dipyridyl and
1-bromobutane as the starting materials according to the pre-
vious repor'(s:w'43 91% yield, yellow powder. "H NMR (300 MHz,
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D,0): 6 = 9.05 (d, J = 6 Hz, 4.0H), 8.48 (s, 3.9H), 2.16 (s, 2.5H),
2.00 (s, 4.1H), 1.34 (d, J = 6 Hz, 4.1H), 0.91 (d, J = 6 Hz, 5.9H). '*C
NMR (75 MHz, D,0): 6 = 147.3, 142.7, 124.2, 59.3, 29.9, 16.0, 9.9.
HR-MS (ESI): CygH,6NBr calcd for m/z = 349.1279, found m/z =
349.1250 [M]*.

Preparation and Characterization of Sample Solutions. The stock
solutions (1 x 107" mol L™" and 1 x 10~ mol L™") of pillararenes
and their complexes were prepared with HPLC-grade DMSO and
deionized (DI) water. DI water was triply distilled. All the sample
solutions for detecting complex constants (K) and variable con-
centration investigations were freshly prepared by diluting the
stock solutions according to literature procedures.’ UV—vis
spectra were recorded with Shimadzu UV-3600 UV—vis—NIR
spectrophotometer at 298 K. The emission spectra were recorded
on a Varian Cary Eclipse fluorescence spectrophotometer.

Characterization of Morphology and Sizes. Negative-stained TEM
images was recorded on a JEM 1400 electron microscope
(120 kV) equipped with slow scan CCD and using cold cathode
field emission as the gun. The samples for negative-stained TEM
were prepared by dropping a droplet of the orange sample
solution onto a TEM grid (copper grid, 300 meshes, coated with
carbon film), immediately followed by staining with 1% sodium
phosphotungstate in H,O (about 2 ulL) and allowing to air-dry.
The fluorescence microscopic images were taken by a confocal
fluorescence microscope (Nikon, Eclipse TE2000-E, 60x oil
objective). DLS measurements were carried out with a Zetasizer
Nano ZS instrument from Malvern Instruments Ltd. at 298 K
using a 633 nm “red” laser. The mean hydrodynamic size was
calculated with Zetasizer software.

Cell Culture. Hela (human cervical cancer) cells were cultured
in DMEM medium containing 10% fetal bovine serum (FBS)
and 2% antibiotics in a humidified atmosphere with 5% CO, at
37 oC.30732,39

MTT Cytotoxicity Assay. The cytotoxicity of pillararenes and
their complexes with dyes was evaluated by employing the
MTT assay.>°~323 Hel a cells were seeded into a 96-well plate
at a density of 1 x 10* cells/well in DMEM medium. After 24 h
exposure, the medium in the wells was replaced with fresh
medium (100 uL) containing determination substrates, that is,
pillararenes and their complexes with dyes, with gradually
diluted concentrations according to standard procedure 3%
After incubation for another 24 h, the medium was removed
and medium (100 xL) containing MTT (0.5 mg mL™") was added.
After further incubation for 4 h, the medium was replaced with
DMSO (100 uL). The plate was gently shaked for 30 min. Then,
the absorbance at 560 nm was recorded using a microplate
reader (infinite 200 PRO, Tecan). The cell viability related to
the control wells that only contain cell culture medium was
calculated by [Altest/[Alcontrol Where [Aliest and [Alcontrol are the
average absorption intensities of the test and control samples,
respectively.

Fluorescence Microscopic Images. Hela cells were seeded in
plastic bottomed u-dishes (35 mm) and grown in the DMEM
medium for 24 h. After HeLa cells were exposed to the detecting
substrates (pillararenes and their complexes with dyes) for 24 h,
the medium was removed and dishes were washed three
times with phosphate buffered saline (PBS) buffer and fixed
with 4.0% paraformaldehyde at room temperature for 15 min.
After washing with PBS, the cells were observed and taken
images by a confocal fluorescence microscope (Nikon, Eclipse
TE2000-E, 60x oil objective).
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