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A Pillararene-Based Ternary Drug-Delivery System with
Photocontrolled Anticancer Drug Release

Guocan Yu, Wei Yu, Zhengwei Mao, Changyou Gao, and Feihe Huang*

In recent years, drug delivery systems (DDSs) have drawn
strong attention from the chemistry and pharmacology
fields.'! Compared with conventional anticancer medica-
tions, the crucial advantage of sophisticated DDSs is that
they release the toxic drugs only when they enter the tar-
geted tumor cells.”! Generally, a DDS is composed of a
prodrug and a targeting unit connected by a spacer linker
that can be cleaved by external stimuli, such as intracellular
thiols, enzymes, light, or changes in pH.P*l Although DDSs
have undergone tremendous development to overcome the
hurdles of traditional diagnosis and therapy, there still exist
several issues which need to be resolved. First, the water sol-
ubility and stability of cancer drugs should be enhanced to
prolong their circulation in blood compartments and target
cancerous tissues, because most anticancer drugs have poor
water solubility, rapid blood clearance, low tumor selec-
tivity, and severe side effects for healthy tissues.*! Second,
controlled release should be achieved by introducing cleav-
able spacer linkers, allowing the conversion of the targeted
prodrug to the active drug form in the cells accurately.!
Third, the ability to track the process of translocation, drug
release, and excretion of nanomedicine should be built into
the DDSs since most of the anticancer drugs are intrinsically
non-fluorescent or weakly fluorescent,l% such as gemcitabine
and paclitaxel.

Herein, we report a supramolecular system that meets
these design criteria. Specifically, a photodegradable anti-
cancer prodrug (Py-Cbl) containing the anticancer drug
chlorambucil and fluorophore pyrene was designed and syn-
thesized (Figure 1). The photo-cleavable group here performs
two important functions: (i) providing photoresponsive con-
trol over the drug release and (ii) serving as a linker between
the fluorophore and the drug. Upon UV irradiation, Py-Cbl
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is cleaved into two parts, the anticancer drug chlorambucil
and 1-pyrenemethanol (PyOH), accompanied by significant
changes in fluorescence, allowing an accurate and quantita-
tive measurement of the drug release process. On the other
hand, a water soluble pillar[6]arene (WP6)I modified by
carboxylate anionic groups on both rims first reported by our
group was utilized as a supramolecular container to enhance
the solubility of Py-Cbl mainly driven by hydrophobic inter-
actions due to the existence of a hydrophobic cavity in the
pillar structure. Moreover, a hydrophilic diblock copolymer
methoxy-poly(ethylene glycol),;4-block-poly(L-lysine hydro-
chloride),,, (PEG-b-PLKC) was introduced into our system
to enhance the membrane permeability by PEGylation of the
host—guest inclusion complex WP65Py-Cbl. WP6oPy-Cbl
acted as an anionic supramolecular cross-linker to neutralize
the positively charged polylysine block through electrostatic
interactions, forming stable ternary polyion complex (PIC)
micelles with WP6>Py-Cbl and the PLKC block as the core,
and the PEG block as the shell of the ternary PIC micelles.[®]
Among various external-stimuli mentioned before, light is of
special interest because it can work rapidly, remotely, cleanly,
and noninvasively.l] As discussed in detail below, this ternary
supramolecular system shows off-on fluorescence changes
that coincide with drug release inside the cells. It allows
real-time visualization of the therapeutic response and pro-
vides useful information for dose adjustment, prognosis, and
toxicity.

The absorption and emission spectra of Py-Cbl were
first investigated by using UV and fluorescence spectros-
copy. As shown in Figure 2a and b, the broad absorption
band at 340 nm corresponding to Py-Cbl was similar to
that of PyOH in water. However, the maximum emission
band of Py-Cbl occurred at 500 nm, which was quite dif-
ferent from that of PyOH (400 nm). Upon irradiation with
UV light for 10 min with an 8 W medium-pressure Hg lamp
using a UV filter, almost no change was observed in the
emission spectrum of PyOH. However, a distinct blue shift
from 500 to 400 nm was observed in the emission spec-
trum for Py-Cbl, which became similar to that of PyOH,
indicating the successful photodegradation of Py-Cbl into
PyOH and chlorambucil. Furthermore, the cleavage of Py-
Cbl led to a colour change of the solution from light blue
to cyan (inset in Figure 2a). From the spectroscopic studies
mentioned above, we conjectured that Py-Cbl could be
used as a cell imaging agent to monitor the release of the
anticancer drug upon UV light irradiation due to the sig-
nificant changes in fluorescence.
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Cl Moreover, we chose 'H NMR spectros-

a) c bH a " ol copy to monitor the gradual degradation
i /cl)l\/f\i@N\/\CI i1/ h1OH b1 H a2 process of Py-Cbl. As shown in Figure 3a,
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H and H"9) corresponding to the protons on
(JH/ ‘*200 Py-Cbl, confirming the occurrence of the
CMs iy, i photodegradation behaviour. The '"H NMR

ll spectra confirmed that Py-Cbl cleaved
into PyOH and chlorambucil completely
after irradiation with UV light (8 W) for
10 min (Figure 3a). It should be noted that
the photodegradation process could not
b) WP6 PEG-b-PLKC be achieved when Py-Cbl was dissolved in
acetone, because water was essential for
the photodegradation reaction (Figure S6).
Sophisticated methods that can effec-
tively improve the solubilities of poorly
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o soluble drug candidates have attracted a
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Hydrophobic of new drug candidates can not be for-
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mulated on their own arising from their
poor solubilities in water.*! The solu-
bility of Py-Cbl in water is very poor
(<0.5 ug/mL). The diameter of the internal
cavity of pillar[6]arenes is ~6.7 A, which
Figure 1. a) Chemical structures of Py-Cbl, PyOH, chlorambucil, WP6é and PEG-b-PLKC. is large enough to wrap up the anti-
b) Cartoon representation of the self-assembly process of a ternary complex micelle. cancer prodrug Py_Cb].[‘)d,lO] As shown
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y micelles

Next, we utilized transmission elec-
tron microscopy (TEM) to elucidate the Emission before UV irradiation "~ Emission before UV irradiation
morphology changes of the nanostructure a) —/!E\bmsIZSIm:ﬁer vV imadiation b) _ Emission after UV irradiation

us Absorption

before and after UV irradiation. Globular !
nanoparticles with an average diameter of
about 25 nm were observed in the TEM
image (Figure 2c) of a sample prepared
by slow addition of 10 pL of a dimethyl
sulfoxide solution of Py-Cbl (3 mM) into
water (20 mL) at room temperature with
controlled stirring. Intriguingly, the size S N
of the nanoparticles decreased to about T = T T —== T T T e
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10 nm upon irradiation of the solution for Wavelength/nm Wavelength/nm
10 min (Figure 2d), which was similar to the
nanoparticles formed by PyOH prepared
under the same conditions (Figure 2e),
further confirming the photodegradation
of Py-Cbl. Dynamic light scattering (DLS)
experiments provided convincing insight
into the size change of the nanoparticles
formed by Py-Cbl before and after UV
irradiation. The average diameter of the
nanostructures decreased from 25.7 nm to
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. L. . Figure 2. Normalized absorption and emission spectra of aqueous solutions: a) Py-Cbl, inset:
11.6 nm upon UV irradiation for 10 min ¢4 6yr change of the solution after irradiation with UV light for 10 min; b) 1-(hydroxymethyl)
(Figure S4 and S5), in agreement with the  pyrene (PyOH). TEM images: c) Py-Cbl nanoparticles obtained before photolysis; d) Py-Cbl
results obtained from TEM. nanoparticles obtained after photolysis; €) PyOH nanoparticles.
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soluble Py-Cbl. From fluorescent titra-

a)i1-q1 h1 tion experiments, a substantial increase

thll- F l } ) in the intensity of the emission band at

i1-a1 500 nm was observed upon addition of

9 J al, b1 g WP6 into an aqueous solution of Py-Cbl,

E A which indicated that the solubility of Py-

Cbl was enhanced by complexation with

WP6 driven by hydrophobic interactions

(Figure S7). The solubility of Py-Cbl

increased gradually upon addition of WP6,

| P J\ 'YW, Y and reached 58.3 pg/mL when the concen-

{ e tration of WP6 was 5 mM (by factors of

| o of >110 relative to the solubility of Py-Cbl),

B - - j‘/ LA demonstrating that WP6 is an excel-

lent supramolecular container to greatly

°,1 dl1 a1lb1 el g1h_f1 enhance the solubility of the poorly sol-
uble anticancer prodrug (Figure S9).

With the host-guest inclusion com-
plex in hand, we studied the photodegra-
dation rate of Py-Cbl in the presence of
the pillar[6]arene host. Figure 3c shows
the fluorescence changes of a Py-Cbl
solution with different irradiation times.
A gradual decrease in the emission band
at 500 nm for Py-Cbl and a concomitant
increase in the emission band at 400 nm
0 50 550 oso  With an isosbestic point at 440 nm were
Wavelength/nm observed in the emission spectrum by

increasing irradiation time, indicating
Figure 3. a) H NMR spectra (500 MHz, D,0/acetone-dg = 2:1, room temperature): A. gradual cleavage of Py-Cbl. We also
chlorambucil; B. Py-Cbl; C. Py-Cbl after UV irradiation at 365 nm for 1 min; D. Py-Cbl after employed fluorescence intensity changes
UV irradiation at 365 nm for 2 min; E. Py-Cbl after UV irradiation at 365 nm for 10 min; F.

PyOH. b) Top and side views of the energy-minimized structure of WP6>Py-Cbl. ¢) Changes
in fluorescence intensity related to WP6>Py-Cbl as a function of irradiation time (8 W).
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to calculate the percentage of drug
release upon gradual irradiation of UV
light (Figure 4a and Figures S10-S14). As
shown in Figure 4a, the photodegrada-
in the energy-minimized structure of the host—guest com- tion rate of Py-Cbl decreased significantly upon addition of
plex (Figure 3b), the size of chlorambucil is suitable for the ~WP6. The time required for the complete photodegradation
cavity of WP6 and the benzene ring on Py-Cbl can penetrate  of Py-Cbl into PyOH and chlorambucil increased from 5 to
into the cavity of WP6 to form a stable inclusion complex. 10 min (A and B in Figure 4a) with an 8 W medium-pressure
In order to enhance the solubility of this anticancer prodrug, Hg lamp, and from 13 to 18 min (C and D in Figure 4a) with
WP6 possessing excellent solubility in water was utilized a 5 W medium-pressure Hg lamp. The reason was that the
as a supramolecular container to encapsulate the poorly ester group of Py-Cbl was located in the hydrophobic cavity
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Figure 4. a) Progress of the release of chlorambucil under UV lightirradiation: A. Py-Cbl (8 W); B. WP6Py-Cbl (8 W); C. Py-Cbl (5 W); D. WP65Py-Cbl
(5 W). The concentration of Py-Cbl was 2.00 x 10~> M. b) The progress of chlorambucil release after different periods of exposure to UV light and
dark conditions (denoted “ON” and “OFF”, respectively).
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of WP6 upon the formation of the host-guest complex as
confirmed by the energy-minimized structure (Figure 3b),
preventing the ester group from being hydrolyzed under UV
light, resulting in the reduction of the photodegradation rate
effectively. Furthermore, the precise control of the photore-
sponsive release of the anticancer drug was demonstrated by
monitoring the fluorescence changes after different periods
of exposure to UV light and dark conditions (Figure 4b),
which showed that the anticancer drug release proceeded
only under illumination.

The solubility problem of Py-Cbl was solved as demon-
strated above. However, there still existed another issue to
overcome before this supramolecular system could be applied
as a drug delivery system. The membrane permeability of the
complex containing the anticancer drug should be improved,
because the anionic host-guest complex was hardly able to
penetrate the cell membrane mainly comprised of a phospho-
lipid bilayer. Poly(ethylene glycol) (PEG), one of the most
common non-ionic bioacceptable and nontoxic hydrophilic
polymers, has been used in a wide variety of established
and emerging applications in pharmaceutics.''! Nanostruc-
tures coated with PEG can form “brushlike” structures, pre-
venting proteins from penetrating the substrate surface and
shielding secondary adsorption onto the outer surface.['!"]
Moreover, it decreases the aggregation tendency of particles
through steric stabilization and is often used to improve the
biocompatibility of various systems to prolong blood circula-
tion times, increasing the probability that the drug reaches its
site of action before being recognized as foreign and cleared
from the body.

PEG-b-PLKC was chosen to PEGylate the anionic inclu-
sion complex WP6>Py-Cbl, which could serve as an anionic
supramolecular cross-linker to connect the positively charged
polylysine segments driven by electrostatic interactions,
forming a polymeric supramolecular amphiphile in aqueous
solution.[?l Stable ternary PIC micelles were obtained with
WP6oPy-Cbl and the PLKC block as the core and the
PEG block as the shell.I?®] In this ternary system, the ratio
r between positive and negative charges played a significant
role in the formation and stability of the aggregates. DLS
was utilized to monitor the self-assembly of the solution with
different r values. As shown in Figure S15a, the DLS count
rate depended strongly on the r at constant concentration of
PEG-b-PLKC. The count rate of the sample increased gradu-
ally as the r value changed from 1:10 to 1:1, indicating the
effective formation of the ternary complex.['?"] Further addi-
tion of anionic WP6oPy-Cbl resulted in a slight decrease of
the count rate as the neutral state of the core changed into
the hydrophilic negatively charged state upon addition of
excess anionic component, resulting in disturbing the self-
assembly of PEG-b-PLKC and WP6>Py-Cbl to some extent.
The optimal r value of the ternary system was obtained to be
1:1, demonstrating that complete complexation was achieved
when the core of the complex was in the neutral state.

TEM and fluorescence microscopy were employed to
reveal the morphology of the ternary complex (r = 1:1). As
shown in Figure S15b, spherical aggregates were observed
with the diameters ranging from 80 to 160 nm. Notably, no
sharp color contrast between the periphery and central parts
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was found, suggesting that the spherical nanostructures were
micelles. On the other hand, fluorescence microscopy was
used to verify the structure of the ternary complex due to the
existence of the fluorescent chromophore in Py-Cbl. As indi-
cated by the fluorescence microscopic image (Figure S15c),
spherical nanostructures were observed, confirming the
result obtained by TEM. Furthermore, the average size of
the aggregates was 127 nm indicated by DLS in Figure S15d,
in good agreement with the results obtained from TEM and
fluorescence microscopy. It should be noted that the PIC
micelles formed from PEG-b-PLKC and WP6>Py-Cbl were
quite stable in buffer for several weeks without structural
changes. The stability of the PEGylated ternary PIC micelles
containing the anticancer prodrug was improved effectively,
accompanied by improvement of the membrane permeability
of this ternary supramolecular system.

Nanosized vehicles including peptides, liposomes, den-
drimers, vesicles, polymer nanoparticles, and some inorganic
materials have been utilized as the nanocarriers of the drugs
to effectively enhance their water solubility and stability, thus
prolonging their circulation in blood compartments, target
cancerous tissues through the enhanced permeation and
retention (EPR) effect.l'¥ However, it is hard to visualize
these drug delivery processes because most of the anticancer
drugs, such as gemcitabine, paclitaxel, are intrinsically non-
fluorescent or weakly fluorescent. Therefore, tracking the
process of drug release and nanomedicine excretion is of crit-
ical importance. By introducing a fluorophore into the DDSs,
an accurate and quantitative measurement of drug release
process can be achieved.

To demonstrate that this ternary complex could be
employed as a versatile DDS, initial cell imaging studies
were carried out using an A549 cell line. A cellular uptake
study after 24 h incubation of A549 cells with the ternary
PIC micelles revealed that the PIC micelles were internal-
ized by the cell membrane, leading to a uniform distribution
in cytoplasm (Figure 5a and b). As discussed above, notable
changes in spectroscopic behavior and colour were moni-
tored upon irradiation of UV light due to the photodegrada-
tion of Py-Cbl, accompanied by the release of chlorambucil.
This was employed to monitor the drug release in the cell
in real time using the fluorescence imaging technique. The
colour of the cells changed from bright blue (Figure 5b)
to dark blue (Figure 5d) due to the photodegradation of
Py-Cbl into PyOH and chlorambucil, consistent with the
results mentioned in Figure 2a.

Controllable release of anticancer drug in vitro was
verified by using the MTT [MTT = 3-(4’,5’-dimethylthiazol-
2’-yl)-2,5-diphenyltetrazolium bromide] assay on the
A549 cell line. The cytotoxic effect of each treatment
was expressed as the percentage of cell viability rela-
tive to the untreated control cells. MTT assays were per-
formed by exposing the cells to Py-Cbl, WP6>Py-Cbl,
the ternary PIC micelles, and chlorambucil, respectively,
with concentrations ranging from 10 to 50 uM. As shown
in Figure Se, relative cell viability of A549 cells cultured
with Py-Cbl, WP6oPy-Cbl and the ternary PIC micelles
showed minimal influence on cell viability and prolifera-
tion in a concentration range of up to 50 uM, indicating
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Figure 5. Real-time drug release studies using fluorescence microscopy: a) bright field image of A549 cells incubated with Py-Cbl before UV light
irradiation; b) fluorescence image of a); ¢) bright field image of A549 cells incubated with Py-Cbl after UV light irradiation for 10 min; d) fluorescence
image of c). e) Cell viability tests of Py-Cbl (black column), WP6>Py-Cbl (red column), ternary complex (blue column), and chlorambucil (cyan
column) against A549 cells. f) Cell viability tests of A549 cell line in the presence of different concentrations of Py-Cbl (black column), WP6>Py-
Cbl (red column) and ternary complex (blue column) after UV irradiation for 10 min. g) Cell viability tests of A549 cell line in the presence of the
ternary complex after UV irradiation for different times. The concentration of Py-Cbl was 5 x 10> M. h) Schematic illustration of the preparation of
ternary PIC micelles and possible cellular pathways. The ternary PIC micelles are endocytosed by cancer cells and chlorambucil is released upon
UV irradiation.

low toxicity. On the contrary, the relative cell viability of from MTT experiments demonstrated that the toxicity was
the cells incubated with chlorambucil decreased gradually decreased significantly by introducing the photoresponsive
from 86.7% to 27.8% from 10 to 50 uM, confirming high fluorophore onto the drug to form the prodrug, effectively
cytotoxicity of this anticancer drug. The results obtained reducing side effects to healthy tissue.
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More importantly, the photodegradation of Py-Cbl can
be regulated easily upon irradiation of UV light, resulting
in the achievement of controllable anticancer drug release.
Irradiation for 10 min under UV light (365 nm) resulted in
the release of chlorambucil for the cells cultured with Py-
Cbl, WP6oPy-Cbl and the ternary PIC micelles that all con-
tained photodegradable Py-Cbl, thereby causing cytotoxicity
to the cancerous A549 cell lines, as verified by the MTT tox-
icity data shown in Figure 5f. The toxicity here could be used
to determine the cellular uptake amount of Py-Cbl, because
the more drug the cells uptook, the higher the toxicity exhib-
ited due to complete release of chlorambucil upon UV light
irradiation for enough time (10 min as proved in Figure 3).
Among these three systems, the ternary PIC micelles showed
the highest cytotoxicity, followed by Py-Cbl, with WP6>Py-
Cbl showing the lowest cytotoxicity (Figure 5f), indicating
that the cellular uptake amount of these three systems was
that: ternary PIC micelles >Py-Cbl >WP6>Py-Cbl. The cel-
lular uptake of Py-Cbl was also validated by UV-vis spec-
troscopy (Figure S16). Notably, the cellular absorption
intensity of solutions of ternary PIC micelles was higher
than that of Py-Cbl, and the cellular absorption intensity
of WP6oPy-Cbl solution was the lowest among these three
groups under the same conditions, in accord with the results
obtained from the MTT data. The membrane permeability
of Py-Cbl was better than that of WP6oPy-Cbl, because the
anionic host-guest inclusion complex WP6>5Py-Cbl could
not easily penetrate the cell membrane. Compared with
WP65Py-Cbl, Py-Cbl self-assembled into nanoparticles with
diameter about 25 nm displayed better biocompatibility and
cellular uptake, resulting in the exhibition of higher toxicity
after complete release of chlorambucil by UV irradiation.
Upon formation of ternary PIC micelles by supramolecular
modification, the membrane permeability of the micelles
was enhanced significantly. In comparison with Py-Cbl and
WP6oPy-Cbl at the same concentration, more PIC micelles
containing the anticancer prodrug were taken up by the cells,
thus attaining the highest level of toxicity (about 59.7% in
comparison to the control).

As demonstrated above, drug loading was enhanced
strongly by using WP6 as a supramolecular container mainly
driven by hydrophobic interactions. On the other hand, the
biocompatibility and membrane permeability of the host—
guest inclusion complexes were improved by forming ternary
PIC micelles with PEG as the shell. Furthermore, in order
to verify the ability of ternary PIC micelles containing anti-
cancer prodrugs to be used for externally regulated drug
release, A549 cells cultured with the ternary PIC micelles
were exposed to UV light for different time intervals. As
shown in Figure 5g, the cytotoxicity toward A549 cells clearly
increased by increasing irradiation time, indicating that the
amount of the drug released from the ternary PIC micelles
can be adjusted by controlling the irradiation time. Possible
cellular pathways were illustrated in Figure Sh. The ternary
PIC micelles entered the cytoplasm through endocytosis.
Upon UV irradiation, the anticancer drug was released
from the micelles inside the cells via photodegradation of
Py-Cbl into PyOH and chlorambucil, accompanied by a
colour change of the cells. In our system, we could irradiate
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the tumor tissue by UV light, allowing the conversion of
the anticancer prodrug Py-Cbl into the active drug form in
the tumor cells accurately, which endowed the ternary PIC
micelles with targeting anticancer capability.

In summary, a novel photodegradable anticancer prodrug
(Py-Cbl) containing chlorambucil and a fluorophore pyrene
moiety was designed and synthesized. In order to enhance
the solubility of Py-Cbl, a water soluble pillar[6]arene (WP6)
was utilized as a supramolecular container to wrap up the
anticancer drug via hydrophobic interactions. Due to the
formation of a stable host—guest inclusion complex between
WP6 and Py-Cbl, the photodegradation rate of the drug was
slowed. On the other hand, the release of chlorambucil could
be controlled easily by UV irradiation. To improve the mem-
brane permeability of WP6oPy-Cbl, the diblock polymer
PEG-b-PLKC was employed to form stable ternary polyion
complex (PIC) micelles with WP6>Py-Cbl and the polyly-
sine segment as the core and the PEG block as the shell. By
introducing the non-ionic, bioacceptable and nontoxic hydro-
philic PEG into this supramolecular system, the biocompatib-
lity and membrane permeability of the ternary PIC micelles
were enhanced siginificantly. Compared with chlorambucil,
the cytotoxicity of Py-Cbl was decreased effctively by intro-
ducing the fluorescent chromophore pyrene as confirmed by
MTT assays. Furthermore, the changes in the fluorescence
were utilized to indicate loading and unloading of the drug
upon photodegradation of Py-Cbl into PyOH and chloram-
bucil. This system successfully addressed three key issues:
1) enhancement of the water solubility of the anticancer
prodrug; 2) controlled release of the anticancer drug; 3) accu-
rate and quantitative measurement of the drug release. Such
ternary supramolecualr system may open up new perspec-
tives for designing a new class of promising stimuli-respon-
sive nanocarriers for drug delivery.
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