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Most cancer chemotherapy regimens rely on the use of two or more chemotherapeutic agents. However,
achieving the best possible dosing of the individual drugs can be challenging due to differences in
metabolism, uptake, and clearance among other factors. Here we describe a supramolecular strategy for
achieving drug delivery in which the loading ratio of two active components is easily defined.
Specifically, we report the formation of aggregates comprised of self-assembled amphiphiles between
carboxylatopillar[6larene (CP6A) and an oxaliplatin (OX)-type Pt(v) prodrug (PtCip). The association
constant (K,) for the underlying host—guest interaction at pH 7.4 ((1.16 + 0.03) x 10* M%) is an order of
magnitude higher than at pH 5.0 ((1.73 + 0.15) x 10° M™Y. A second chemotherapeutic, doxorubicin
(DOX), may be encapsulated in the resulting vesicles (PtC;oCCP6A) to give a supramolecular
combination chemotherapeutic system DOX@PtC,o C CP6A. Drug release studies served to confirm that
PtCio and DOX are released in acidic environments. Support for a synergistic antiproliferative effect
relative to PtCyp + DOX came from cellular studies of DOX@PtCioCCP6A using the human liver
hepatocellular carcinoma (HepG-2) cell line. In vivo studies revealed that DOX@PtCyo C CP6A is not only
able to retard tumor growth efficiently but also reduce drug-related toxic side effects in BALB/c nude
mice bearing HepG-2 subcutaneous tumor xenografts. These favorable findings are attributed to the
formation of a ternary complex that benefits from an enhanced permeability and retention (EPR) effect in
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pharmacokinetics of each drug within a given treatment
cocktail, it is often difficult to control the constituent drug

Introduction

Clinical management of malignant tumors typically relies on
the use of more than one chemotherapeutic agent. This is
because single-agent chemotherapy can induce tumor
proliferation and or trigger hard-to-overcome resistance
mechanisms. This can lead to multidrug resistance and
tumor recurrence."” Thus, combination chemotherapeutic
protocols are the norm.* However, on account of the different
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distribution and tumor-specific concentrations in vivo.
Moreover, different drug ratios can lead to either synergistic,
additive, or antagonistic effects, resulting in uncertain clin-
ical outcomes.*® Advanced drug delivery systems (DDSs) with
an ability to encapsulate multiple agents simultaneously and
deliver them concurrently to tumors may overcome these
recognized limitations.”®

DDS currently being used for combination chemotherapy
include liposomes,”™ polymeric nanoparticles,””** organic—
inorganic hybrid materials,’>” among other approaches.'>° As
detailed below, we propose a novel supramolecular combina-
tion chemotherapy system that permits the co-delivery of two
recognized chemotherapeutics, namely oxaliplatin (OX) (in the
form of a Pt(iv) prodrug) and doxorubicin (DOX). The present
strategy is attractive in that drug release is triggered efficiently
as the result of pH responsive host-guest interactions.”***

0OX, a diaminocyclohexane analogue of cisplatin, constitutes
the third platinum drug approved by the US FDA.””"* In spite of
its better tolerability compared to other Pt(n) compounds,
including cisplatin and carboplatin, OX still suffers from low
selectivity and dose-limiting side effects.**** Nevertheless, OX
in combination with fluorouracil,*®?** capecitabine,*¢
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Scheme 1 Chemical structures of CP6A and PtCyp, schematic illustration of the preparation of DOX@PtC;o C CP6A, and the proposed mech-

anism for drug release.

doxorubicin®+** and other agents,*** is either used clinically or
the subject of ongoing clinical studies. For example, OX and
DOX are used in combination for the management of patients
suffering from hepatocellular carcinoma.*** Although not yet
benefiting from FDA approval, Pt(iv) complexes have attracted
attention recently as potential Pt(u) prodrugs. As a generally
rule, Pt(wv) species are less reactive (labile) than the corre-
sponding Pt(u) congeners, which reduces concerns involving
systemic toxicity. These prodrugs are thought to undergo
reduction to release an active platinum(u) species that then
mediates an antitumor cytotoxic effect through inter alia
binding to DNA.**

In the present study, a supramolecular amphiphilic complex
derived from carboxylatopillar[6]arene (CP6A) and an OX-based
Pt(1v) prodrug (PtC,,) were used to construct nano-scale aggre-
gates that encapsulate DOX effectively. The resulting supra-
molecular combination chemotherapy system
(DOX@PtC1oCCP6A) was found to target tumor tissues
passively through an enhanced permeability and retention
(EPR) effect. However, they were then seen to collapse in the
lower pH lysosomal environment after cellular uptake to release
the two drugs, PtC,, and DOX (Scheme 1). Evidence for
a synergistic antitumor effect was then seen. This work thus
serves to highlight the inherent promise of smart supramolec-
ular self-assembled amphiphiles as DDS for combination
chemotherapy.
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Results and discussion
Host-guest complexation studies

CP6A, a readily accessible water-soluble derivative of pillararene
(PA),*® is an effective host for oxaliplatin (OX).*” As reported
previously, CP6A has a diameter of ca. 6.7 A.*® It thus matches
well the cyclohexyl moiety of OX in terms of both size and shape.
Pt(iv) complexes typically carry two additional ligands as
compared to the corresponding Pt(u) species. These ancillary
ligands can be used to introduce hydrophobic groups that can
facilitate the construction of PA-based self-assembled amphi-
philes.*® With such thinking in mind, we prepared PtC,y,
a prodrug of OX analogous to one first reported by Ammar, et al.
(Fig. S11).* PtCy, is less water soluble than OX, presumably due
to the presence of the hydrophobic alkyl chain. Because of this
reduced water solubility, the host-guest complexation interac-
tions between CP6A and PtC;, could not be investigated directly
by NMR spectroscopy in D,0. As a consequence, the host-guest
association constants were determined at lower concentration
by means of fluorescence titration experiments carried out in
aqueous phosphate buffered saline (PBS) at both pH 7.4 and
5.0. Continuous variation method (Job's plot method) results
proved consistent with a 1: 1 binding stoichiometry between
the host and guest (Fig. S6 and S77). As shown in Fig. 1, CP6A
binds PtC,, strongly at pH 7.4, with a K, value of (1.2 £ 0.03) x
10* M ! being determined via standard curve fitting protocols.
This K, value is an order of magnitude higher than what is seen

This journal is © The Royal Society of Chemistry 2020
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Fig.1 Fluorescence spectra of CP6A (1.0 x 10> M) in aqueous PBS (a)
pH 7.4 and (c) pH 5.0 recorded in the presence of different concen-
trations of PtCyg at 298 K. (b) and (d) nonlinear least-squares analyses
used to calculate the K value.

at pH 5.0 (K, = (1.7 £ 0.2) x 10°> M~ ). The substrate-induced
spectral changes were also less clean in this latter pH regime.
This pH dependence is ascribed to the structure of CP6A, which
bears 12 weakly basic carboxylate moieties that are expected to
exist largely in their anionic (deprotonated) forms at pH 7.4.
This allows for stabilizing electrostatic interactions with the
positively charged PtC;, guest. Under acidic conditions, these
carboxylate moieties are partially protonated, reducing the
binding affinity. The pH values 7.4 and 5.0 reflect those of
normal physiological environment and lysosomes, respectively.
We thus postulated that the host-guest complex, PtC;,C CP6A,
produced via self-assembly would most likely show pH
responsive behavior and disassociate within lysosomes or in
acidic tumor microenvironments.

Supramolecular vesicle assembly

When the solutions produced by mixing CP6A and PtC,, in
double-distilled water (pH = 6.8) were allowed to sit for 0.5 h,
a red opalescence was observed, the intensity of which varied
with the [CP6A]/[PtC;,] ratio. This was taken as evidence of
aggregate formation. Pyrene was used as a fluorescent probe to
study these relative concentration effects. Pyrene is expected to
be bound by the micelle-like species produced via aggregation
and display minimal emission intensity in such a bound state.
Based on experiments where the relative ratio of CP6A and PtCy,
were varied, the lowest intensity was seen at [CP6A]/[PtCy,] =
1:2 (Fig. S9a and bt). This finding leads us to infer that this
ratio best favors formation of PtC,;,CCP6A aggregates. With
[CP6A]/[PtCy] = 1:2, the critical aggregation concentration
(CAC) for PtC,,CCP6A was determined to be 12.5 uM (for
PtC,,), while free PtC,, or CP6A did not tend to form aggregates
even at 200 uM (Fig. S10a and b¥).

Aqueous mixtures of PtC;,C CP6A produced using [CP6A]/
[PtC;0] = 1 : 2 per the above, exhibited a notable Tyndall effect
(Fig. 2a). Such a finding provides support for the existence of
nanoparticles. Transmission electron microscopy (TEM) images
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Fig. 2 (a) Tyndall effect seen for PtC,o C CP6A aggregates prepared in
aqueous solutions of different pH. (b) DLS data for PtC,o C CP6A and
DOX@PtC;oCCP6A (298 K, scattering angle = 90°). TEM images:
vesicles self-assembled from (c) PtCiocCP6A and (d)
DOX@PtCyoC CP6A ([CP6A] = 0.05 mM and [PtCyo] = 0.10 mM).

proved consistent with the formation of hollow supramolecular
vesicles with diameters ranging from 50 nm to 90 nm (Fig. 2¢
and S11at). Results obtained from dynamic laser scattering
(DLS) measurements were consistent with an average particle
size of 91.3 nm (Fig. 2b). The thickness of the outer wall of the
PtC;,C CP6A nanoparticle was about 6 nm, as inferred from
TEM studies (Fig. 2c). This value is consistent with the bilayer
molecular length of PtC,;,CCP6A simulated by Chem3D
(Fig. S12t). The resulting supramolecular vesicles were pre-
dicted to possess a bilayer structure with two hydrophilic
carboxylate shell layers, as well as a core layer containing the
hydrophobic alkyl chains. This prediction reflects an apprecia-
tion that the cyclohexyl group present in PtC;, would be bound
within the cavity of the CP6A receptor as the result of sol-
vatophobic interactions. The CP6A moiety would then serve as
a hydrophilic head group, while the ancillary alkyl ligands
would serve as hydrophobic tails. The net result is a set of
tadpole-like self-assembled amphiphiles (Scheme 1). The zeta
potential of PtC,;,CCP6A was determined to be —30.6 mV
(Fig. S131), leading us to suggest that electrostatic repulsion
could facilitate the stabilization of supramolecular vesicles
when CP6A is combined with PtC;, at pH = 7.4.

As noted above, lowering the pH from 7.4 to 5.0 served to
decrease the interaction between PtC;, and CP6A. To probe
whether the resulting PtC,;, C CP6A vesicles also displayed pH
responsiveness, the solution pH was adjusted to 5.0. This led to
a loss of the Tyndall effect, which reappeared when the pH was
readjusted back to 7.4 (Fig. 2a). This switching is taken as
evidence that mixing PtC,, and CP6A at a pH of 7.4 followed by
time-dependent aggregation leads to formation of pH-
responsive supramolecular vesicles.

Chem. Sci., 2020, M, 6275-6282 | 6277
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Fig. 3 Time dependent release of (a) DOX and (b) PtCyo from
DOX@PtCyoCCP6A in PBS at different pH (mean + SD, n = 3).
Concentrations at any given time point were determined by HPLC. See
the ESI for details.t

Encapsulation of DOX and in vitro drug release

As supported by the TEM and light scattering studies, the
PtC,0CCP6A supramolecular vesicles prepared in double
distilled water are expected to possess hydrophilic interiors. To
the extent this supposition is correct, we envisioned that
PtC;0C CP6A could be used as a nano-scale carrier capable of
encapsulating another hydrophilic anti-tumor drug, thus
allowing co-delivery. In clinical practice, OX is often used in
combination with DOX as noted above.**** Therefore, DOX was
used to test whether PtC,;,C CP6A would form a supramolecular
construct that could be used as a dual agent DDS.

Adding DOX to an aqueous solution of PtC;,C CP6A led to
a change from colorless to light red (Fig. S147). This was taken
as a preliminary indication that DOX was successfully encap-
sulated into PtC;, C CP6A vesicles to form a two-drug construct
DOX@PtC,, C CP6A. Incorporation of DOX into vesicles was
accompanied by changes in the zeta potential. Specifically, after
loading, the zeta potential decreased from —30.6 to —27.3 mV,
an effect ascribed to uptake of the positively charged DOX
(Fig. S157). Changes in the morphology and size distribution of
the presumed DOX@PtC;,CCP6A DDS were observed, as
inferred from TEM and DLS measurements. As shown in
Fig. 2b, d and S10b,T upon treatment with DOX the hollow
vesicles ascribed to PtC;,C CP6A were replaced by ca. 100 nm
diameter nanoparticles with dark interiors. DLS studies gave an
average diameter of 122 nm for the presumed DOX@PtC;,C *
CP6A constructs. Importantly, no change in the size of the
DOX@PtC;oCCP6A ensembles was seen when they were
allowed to stand in double-distilled water for 3 days (Fig. S167);
this was taken as evidence of their high stability, at least under
these conditions.

The size range for DOX@PtC;,C CP6A was considered to
augur well for potential biological use. Previous studies have
shown that particles in the range of tens to hundreds nano-
meters often display favorable pharmacokinetic characteristics.
For instance, they typically accumulate within tumor tissues as
the result of an EPR effect; this, in turn, can increase the ther-
apeutic efficiency and reduce the toxic side effects of
nanoparticle-based treatment protocols.”™* Accordingly, efforts
were made to explore further whether DOX@PtC,,C CP6A could
be used to effect the co-delivery of the two bound drugs (DOX
and PtC,,) to cancer cells in vitro and to tumor targets in vivo.
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High-performance liquid chromatography (HPLC) was used
to determine accurately the concentration of the two drug
components present in DOX@PtC,,C CP6A. First, appropriate
calibration curves were derived (Fig. S17a and b¥). Using these
curves and the peak area obtained from diluted samples, the
encapsulation efficiency of PtC,, and DOX was calculated to be
83.8% and 25.8%, respectively. This corresponds to a molar
ratio of 3.25. Fortuitously, this matches well the relative dosages
in clinical use, namely OX = 130 mg m" > and DOX = 60 mg m >
or a molar ratio of 3.17. Synergy effects matching those seen for
OX + DOX were thus expected for DOX@PtC,,C CP6A.

Prior to carrying out biological tests with DOX@PtC;oC *
CP6A, we sought to test whether OX and DOX would be released
as the pH was lowered. As noted above, the carboxylate moieties
of CP6A are partially protonated under acidic conditions. This
leads to a weakening of the interaction between CP6A and PtCy,,
and effective release of the two components (DOX and PtCy).

It is well known that lysosomes are acidic organelles, typi-
cally characterized by a pH of 5.0 or lower.>*** The drug release
behavior of DOX@PtC,,C CP6A was thus investigated at pH 5.0.
As shown in Fig. 3a, approximately 7% of the bound DOX was
released from DOX@PtC,,C CP6A over the course of 24 h when
this construct was placed in a dialysis bag at pH 7.4 and allowed
to equilibrate. In contrast, a cumulative release of about 80%
within 24 h was seen at pH 5.0. Similar release behavior was
seen for PtC,y; at pH 7.4 the cumulative release of PtC;, was
only about 6% over the course of 24 h but about 70% at a pH of
5.0 under otherwise identical conditions (Fig. 3b).

Fluorescence spectroscopy was used to investigate further
the release behavior (Fig. S187). No fluorescence signal could be
observed for aqueous pH 7.4 mixtures of PtC,,C CP6A over the
spectral range corresponding to the DOX-based emission. A
weak fluorescence signal was seen for DOX@PtC,,C CP6A,
a finding ascribed to the encapsulation of DOX. Upon adjusting
the solution pH to 5.0, the fluorescence intensity of DOX was
enhanced. This increase 1is taken as evidence that
DOX@PtC;,C CP6A undergoes pH-dependent vesicle collapse
with concomitant release of DOX. In control studies,
DOX@PtC,,C CP6A was treated with Triton X-100 so as to
achieve the complete release of DOX thus allowing comparisons
with the release thought to be triggered by lowering the pH.
Taken together, these results lead us to suggest that
DOX@PtC;,C CP6A may have a role to play as a pH-responsive
co-delivery system.

In vitro cytotoxicity and cellular uptake

To examine the effect of DOX@PtC,,C CP6A on cell viability,
the cytotoxicity of CP6A in the human liver hepatocellular
carcinoma (HepG-2) and human normal liver (LO2) cell lines
was assessed using a Cell Counting Kit-8 (CCK-8) assay. On the
basis of these studies and prior work,*® we conclude that even at
relatively high concentrations CP6A is relatively nontoxic
(Fig. S191). These same HepG-2 and LO2 cell lines were then
used to test the in wvitro cell inhibitory effect of
DOX@PtC1oCCP6A in conjunction with various positive
controls (Fig. 4a and b). Concentration-dependent cell death

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Cytotoxicity seen in the (a) HepG-2 and (b) LO2 cell lines
incubated with the indicated agents for 72 h. Cell death was measured
using CCK-8 assays (mean + SD, n = 5). (c) Cellular uptake and
intracellular location studies using HepG-2 cells incubated with
DOX@PtCyo CCP6A (containing 10 uM DOX) for approximately 2, 4, 8
and 16 h, respectively. Cell nuclei were stained by DAPI (scale bar: 20
um). BF = bright field. DIPA = 4/,6-diamidino-2-phenylindole. Cell
uptake was determined by confocal laser scanning microscopy. (d)
Effect of different inhibitors on the internalization of DOX@PtC,oC *
CP6A (containing 10 uM DOX) into HepG-2 cells after a 4 h incubation
period at 37 °C unless otherwise indicated, as determined by flow
cytometry (mean + SD, n = 3). EIPA = 5-(N-ethyl-N-isopropyl) ami-
loride, CP = chlorpromazine, and AC = ammonium chloride. The
significance of the differences seen in (d) were assessed using one-
way ANOVA tests and multiple comparisons; ns = not significant;
**kED < 0.0001.

was observed for all formulations and the half-maximum
inhibitory concentration (ICs,) values for a 72 h incubation
period were then determined and the combination index (CI)
calculated (Table S1t). Two drugs are considered to be syner-
gistic when the CI value is less than 1.00. The cytotoxicity of
PtCy proved to be slightly lower than that of OX both in the
HepG-2 and LO2 cell lines. The ICs, of DOX for HepG-2 cell line
(0.34 uM) matched that recorded in the literature.”>** The CI
value of OX + DOX in the HepG-2 cell line was 0.62, indicating
that in our hands the combination of OX and DOX exhibits
a synergistic effect at the cellular level. The CI value of
DOX@PtC;, CCP6A (0.61) was found to match that of OX +
DOX, leading us to infer that this self-assembled DDS system
promotes a synergistic effect in vitro. Similar findings were
found using the LO2 cell line.

The cellular uptake and intracellular drug release features of
DOX@PtC;oC CP6A were then investigated using confocal laser
scanning microscopy (CLSM) and the HepG-2 cell line. 4/,6-
Diamidino-2-phenylindole (DAPI) was used to stain the cell
nucleus blue. Upon incubation with DOX@PtC,,C CP6A for 2 h,
a weak red fluorescence ascribed to DOX was observed in HepG-
2 cells (Fig. 4c). These red dots were largely colocalized with
DAPI. Moreover, the fluorescence intensity increased as the
incubation time increased. This is as expected for a DDS system
that releases DOX in a time-dependent manner. The presumed

This journal is © The Royal Society of Chemistry 2020
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cellular internalization was further studied using flow cytom-
etry (Fig. 4d and S207). The uptake of DOX@PtC,,C CP6A in
HepG-2 cells was reduced to less than 35% upon incubation at
4 °C, as measured by flow cytometry. This finding lends
credence to the conclusion that the observed internalization is
mediated primarily by an energy-dependent endocytosis
process. Negligible uptake inhibition was seen upon co-
incubation with 5-(N-ethyl-N-isopropyl) amiloride (EIPA),
a macropinocytosis inhibitor. This leads us to suggest that there
is minimal involvement of this potential uptake pathway.

We also investigated the effect of sucrose and chlorproma-
zine (CP). Both agents act as inhibitors of clathrin-coated vesicle
formation. Previous studies have served to confirm that nano-
particles between 100 and 200 nm in diameter, the size of
DOX@PtC;oC CP6A, are subject to clathrin-mediated endocy-
tosis.*»* It was found that the cellular uptake of
DOX@PtC,oCCP6A as inferred from flow cytometry was
reduced in a statistically meaningful way in the presence of
sucrose or CP. The effect of the lysosome function inhibitor,
ammonium chloride (AC), was also tested. It was found that the
uptake of DOX@PtC;,C CP6A into HepG-2 cells was inhibited
by about 50% in the presence of AC. This result was taken as
evidence that DOX@PtC,, C CP6A enters HepG-2 cells in part
through the lysosomes.

In vivo tumor inhibition studies

HepG-2 derived subcutaneous tumor xenograft mouse models
were used to test the anti-tumor efficacy of DOX@PtC,;,C CP6A
in vivo. OX, DOX, OX + DOX, and 5% glucose were tested as
controls. Note: OX, rather than free PtC,,, was used for these
control studies owing to the poor water solubility of the latter
Pt(1v) complex. An n = 6 was used for each group. The tumor
volumes of mice administrated a 5% glucose solution (negative
control) were found to increase by more than five-fold over the
course of 10 days, while various degrees of tumor growth inhi-
bition was seen for the other groups (Fig. 5a and d). Compared
to the glucose control group, OX and DOX resulted in a 52% and
53% inhibition of tumor growth, respectively. Treatment with
OX + DOX and DOX@PtC,,C CP6A led to more effective tumor
growth inhibition (i.e., 78% and 85%, respectively), consistent
with the synergistic effects inferred from the in vitro studies.
The normalized tumor weight was assessed for the various
groups (Fig. 5¢). The average tumor weight of the glucose control
group (0.51 + 0.08 g) was 55% higher than that of the OX group
(0.32 £ 0.07 g) or DOX group (0.32 % 0.05 g). The tumor weight of
the OX + DOX and DOX@PtC,,C CP6A groups were 0.20 & 0.05 g
and 0.15 = 0.09 g, respectively. Thus, a large and statistically
significant reduction in tumor regrown was seen for these two
group relative to the control or OX and DOX alone.
Immunohistochemical analyses, including hematoxylin and
eosin (H&E) staining and terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) assays, were used to assess the
anti-tumor efficiency of the various groups (Fig. 5e). Imaging of
H&E-stained tumor tissue from the control group revealed
spindle shapes and unbroken nuclei, features that are charac-
teristic of rapid tumor growth. As compared to the control

Chem. Sci., 2020, 11, 6275-6282 | 6279


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0sc01756f

Open Access Article. Published on 03 2020. Downloaded on 05/12/25 17:12:25.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

_—
D
L=

=&~ Control

View Article Online

Edge Article

—~
o
~

- OX
«'E 16001 . pox 24
£ — OX+DOX 2 5 ]
@ 12007 o poxgpic,ccrea £ ] - Kb
E 2 16] = como oo
© 8004 v s = OX | ’
> >
] g qzf 00X
E 4004 ‘-~l-" [} ~¥— OX+DOX
= Ins
= 8- —+— DOX@PIC,,cCPEA

v8 1‘0 1‘2 1‘4 1’6 1‘8 2‘0 2‘2 é 1‘0 1‘2 1‘4 1‘6 1‘8 2‘0 2‘2

Time (days) Time (days)

(c) (d)

0.8+ Control | @@ & 9 & . '
B 6] o R
2 o8 2 x®e & © ¢ @ @
iy ° n
] ° N
3 04y ° = —_— pox @& @ @ o @ w
E o

0.24 L] xe¥Y %o
F ¥ e ox+Dox @ @ @ L] ® °

ool +

& & o o+ &  DOX@PIC,cCPeA @ @ - . e .
00
S

(e)
H&E

TUNEL -

Fig. 5

In vivo antitumor experiments. (a) Tumor growth curves for HepG-2 xenograft BALB/c nude mice treated with 5% glucose solution

(control), OX, DOX, OX + DOX, and DOX@PtCyo, € CP6A (mean + SD, n = 6). (b) Body weight changes observed for HepG-2 xenograft nude mice
(mean + SD, n = 6). (c) Average tumor weight determined 10 days after treatment with 5% glucose solution (control), OX, DOX, OX + DOX, or
DOX@PtCyo CCP6A (mean + SD, n = 6). (d) Images of tumors excised from HepG-2 xenograft nude mice treated with 5% glucose solution
(control), OX, DOX, OX + DOX, or DOX@PtCyo C CP6A. (e) HGE and TUNEL analyses of tumor tissue excised after the indicated treatments (scale
bar: 100 pm). Significant differences were assessed in (a), (b), and (c) using the two-way ANOVA with multiple comparisons. ns, not significant. *P

< 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

group, images from both the OX + DOX and DOX@PtC;,C CP6A
groups revealed a loss of nuclei. Furthermore, treatment with
either OX + DOX or DOX@PtC;,C CP6A was found to induce
a greater level of TUNEL-positive cells. These results were taken
as further evidence that both free OX + DOX or
DOX@PtC,, CCP6A were effective at mediating an antitumor
response.

In clinical use, both OX and DOX can induce a number of
toxicity-related side reactions, including nausea, vomiting,
thrombocytopenia, leukopenia, and in the case of DOX, car-
diotoxicity. In the present study, the change in body weight of
tumor-bearing mice after administration was taken as a surro-
gate for acute systematic toxicity. As shown in Fig. 5b, mice
treated with free OX suffered a barely significant body weight
loss from 21.7 + 1.2 to 18.0 £ 1.2 g. The body weight of the DOX
group decreased from 20.3 + 0.8 to 15.6 + 1.0 g. Mice admin-
istrated OX + DOX suffered a body weight loss from 20.7 & 1.2 to
12.8 £ 1.4 g. In contrast, almost no body weight changes were
observed for the mice treated with DOX@PtC;,C CP6A (non-
statistically significant decrease from 20.8 + 1.6 to 20.1 £ 1.6
g). These favorable findings were taken as support for the
proposition that DOX@PtC;, C CP6A acts as a supramolecular
DDS system and enhances the free drug concentration at the

6280 | Chem. Sci, 2020, 1, 6275-6282

tumor tissue as the result of an EPR effect and site specific
release of OX and DOX. In normal biological environments
a large K, is expected to favor PtC;, CCP6A formation and
preclude substantial drug loss or leakage. However, in the acidic
environment of lysosomes and solid tumors, dissociation of
PtC,;, C CP6A and release of DOX and PtC,, is expected to occur.
The above whole animal studies are fully consistent with this
design expectation.

Further support for the low toxicity inferred for
DOX@PtC;oC CP6A came from histological analyses of major
organ slices, including those of the heart, liver, spleen, lung and
kidney of the mice used in the above studies (Fig. S217).
Compared with the control group, severe splenic toxicity and
notable cardiotoxicity was observed in the OX + DOX group.
Evidence of characteristic inflammation and necrosis in sple-
nocytes and cytoplasmic relaxation in cardiomyocytes was also
seen. In contrast, treatment with DOX@PtC;,C CP6A induced
much lower organ toxicity as inferred from the corresponding
histological analyses. On this basis, we propose that the
supramolecular DDS combination chemotherapy strategy
embodied in DOX@PtC;,CCP6A can be used decrease the
undesirable side effects of OX and DOX while maintaining good
antitumor efficacy. To the extent this favorable augury

This journal is © The Royal Society of Chemistry 2020
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translates into the clinic, it is expected to provide a significant
and salutary benefit for patients.

Conclusions

In summary, we have successfully prepared a pH-responsive co-
delivery system that provides for combination chemotherapy.
This system consists of supramolecular amphiphilic complex
PtC;, C CP6A and DOX. PtC;,C CP6A itself is prepared from PtC;,
and CP6A. Once formed, PtC,,C CP6A self-assembles in neutral
aqueous media to produce hollow vesicles with an average diam-
eter of ~90 nm. These vesicles possess a hydrophilic cavity that can
encapsulate DOX to produce a pH-responsive co-delivery system
containing two drug components. Drug release experiments
provided support for the expectation that both the PtC,, and DOX
species are released efficiently at pH 5.0. It was also found that
DOX@PtC,,CCP6A could enter HepG-2 cells, predominantly
through endocytosis, and that the DOX presumably released in
vitro from DOX@PtC,,CCP6A would mark the cell nucleus.
DOX@PtC,;,CCP6A provided for a synergistic cell killing effect
compared to either PtC;, or DOX as determined using the HepG-2
and LO2 cell lines in vitro. In vivo anti-tumor experiments
demonstrated that DOX@PtC,oCCP6A exhibited higher thera-
peutic efficiency and engendered less body weight loss in HepG-2
tumor xenograft bearing nude mice as compared to various
controls. This work thus serves to highlight what may emerge as an
effective and readily generalizable strategy for improving combi-
nation chemotherapy. To the extent this proves true, it could lead
in due course to potential clinical treatment benefits.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

All experimental procedures were conducted in accordance with
the Guide for the Care and Use of Laboratory Animals of the
AAALAC, and were approved by the Animal Care and Use
Committee of the National Beijing Center for Drug Safety
Evaluation and Research. Q. M. and C. L. acknowledge the
National Natural Science Foundation of China (81573354,
21772118, 21971192), the Shanghai Pujiang Program
(16PJD024), and the Shanghai Shuguang Program for support.
The authors thank Mr Sa Zhang in national center of biomed-
ical analysis for TEM photos. The authors also thank Mr Chao
Sun of the Beijing Institute of Pharmacology and Toxicology for
the cell culture studies. The work in Shanghai was supported in
part by Shanghai University.

Notes and references

1 C. Holohan, S. V. Schaeybroeck, D. B. Longley and
P. G. Johnston, Nat. Rev. Cancer, 2013, 13, 714-726.

2 D. Hanahan and R. A. Weinberg, Cell, 2011, 144, 646-674.

3 J. Wood, J. P. Griffin and R. E. Behrman, N. Engl. J. Med.,
2011, 364, 985-987.

This journal is © The Royal Society of Chemistry 2020

View Article Online

Chemical Science

4 A. Goldman, A. Kulkarni, M. Kohandel, P. Pandey, P. Rao,
S. K. Natarajan, V. Sabbisetti and S. Sengupta, ACS Nano,
2016, 10, 5823-5834.

5 W. Wang, H. Song, J. Zhang, P. Li, C. Li, C. Wang, D. Kong
and Q. Zhao, J. Controlled Release, 2015, 203, 57-66.

6 Q. Hu, W. Sun, C. Wang and Z. Gu, Adv. Drug Deliv. Rev.,
2016, 98, 19-34.

7 P. Nowak-Sliwinska, A. Weiss, X. Ding, P. ]J. Dyson,
H. V. D. Bergh, A. W. Griffioen and C. Ho, Nat. Protoc.,
2016, 11, 302-315.

8 S. Kummar, H. X. Chen, J. Wright, S. Holbeck, M. D. Millin,
J. Tomaszewski, J. Zweibel, J. Collins and ]J. H. Doroshow,
Nat. Rev. Drug Discovery, 2010, 9, 843-856.

9 F. C. Lam, S. W. Morton, J. Wyckoff, T. V. Han, M. K. Hwang,
A. Maffa, E. Balkanska-Sinclair, M. B. Yaffe, S. R. Floyd and
P. T. Hammond, Nat. Commun., 2018, 9, 1991-2002.

10 F.Li, X. Zhao, H. Wang, R. Zhao, T. Ji, H. Ren, G. J. Anderson,
G. Nie and J. Hao, Adv. Funct. Mater., 2015, 25, 788-798.

11 C. E. Ashley, E. C. Carnes, G. K. Phillips, D. Padilla,
P. N. Durfee, P. A. Brown, T. N. Hanna, J. Liu, B. Phillips,
M. B. Carter, N. J. Carroll, X. Jiang, D. R. Dunphy,
C. L. Willmam, D. N. Petsev, D. G. Evans, A. N. Parikh,
B. Chackerian, W. Wharton, D. S. Peabody and
C. ]J. Brinker, Nat. Mater., 2011, 10, 389-397.

12 M. Wang, Y. Zhai, H. Ye, Q. Lv, B. Sun, C. Luo, Q. Jiang,
H. Zhang, Y. Xu, Y. Jing, L. Huang, J. Sun and Z. He, ACS
Nano, 2019, 13, 7010-7023.

13 Y. Cong, H. Xiao, H. Xiong, Z. Wang, J. Ding, C. Li, X. Chen,
X. Liang, D. Zhou and Y. Huang, Adv. Mater., 2018, 30, 1706220.

14 L. Miao, S. Guo, J. Zhang, W. Y. Kim and L. Huang, Adv.
Funct. Mater., 2014, 24, 6601-6611.

15 X. Chen, T. Chen, L. Ren, G. Chen, X. Gao, G. Li and X. Zhu,
ACS Nano, 2019, 13, 7333-7344.

16 S. Wang, X. Liu, S. Chen, Z. Liu, X. Zhang, X. Liang and L. Li,
ACS Nano, 2019, 13, 274-283.

17 H. Liu, X. Luan, H. Feng, X. Dong, S. Yang, Z. Chen, Q. Cali,
Q. Lu, Y. Zhang, P. Sun, M. Zhao, H. Chen, J. F. Lovell and
C. Fang, Adv. Funct. Mater., 2018, 28, 1801118.

18 M. Zhao, E. Bozzato, N. Joudiou, S. Ghiassinejad, F. Danhier,
B. Gallez and V. Préat, J. Controlled Release, 2019, 309, 72-81.

19 X. Liang, C. Gao, L. Cui, S. Wang, J. Wang and Z. Dai, Adv.
Mater., 2017, 29, 1703135.

20 G. Tian, X. Zhang, Z. Gu and Y. Zhao, Adv. Mater., 2015, 27,
7692-7712.

21 Q. Hu, G. Tang and P. K. Chu, Acc. Chem. Res., 2014, 47,
2017-2025.

22 R. Namgung, Y. M. Lee, J. Kim, H. Jang, B. H. Lee, L. S. Kim,
P. Sokkar, Y. M. Rhee, A. S. Holffman and W. J. Kim, Nat.
Commun., 2014, 5, 3702-3714.

23 P. Xing and Y. Zhao, Adv. Mater., 2016, 28, 7304-7339.

24 H. Zhu, H. Wang, B. Shi, L. Shuangguan, W. Tong, G. Yu,
Z. Mao and F. Huang, Nat. Commun., 2019, 10, 2412-2422.

25 H. Zhang, Z. Liu and Y. Zhao, Chem. Soc. Rev., 2018, 47,
5491-5528.

26 V. Venkatesh, N. K. Mishra, I. Romero-Canelon,
R. R. Vernooij, H. Shi, J. P. C. Coverdale, A. Habtemariam,

Chem. Sci., 2020, 1, 6275-6282 | 6281


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0sc01756f

Open Access Article. Published on 03 2020. Downloaded on 05/12/25 17:12:25.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

S. Verma and P. J. Sadler, J. Am. Chem. Soc., 2017, 139, 5656—
5659.

27 L. Kelland, Nat. Rev. Cancer, 2007, 7, 573-584.

28 D. Wang and S. J. Lippard, Nat. Rev. Drug Discovery, 2005, 4,
307-320.

29 E. Wong and C. M. Giandomenico, Chem. Rev., 1999, 99,
2451-2466.

30 N. P. Staff, A. Grisold, W. Grisold and A. J. Windebank, Ann.
Neurol., 2017, 81, 772-781.

31 R. Oun, Y. E. Moussa and N. J. Wheate, Dalton Trans., 2018,
47, 6645-6653.

32 R. D. Francia, R. S. Siesto, D. Valente, A. D. Buono,
S. Pugliese, S. Cecere, C. Cavaliere, G. Nasti, G. Facchini
and M. Berretta, Anticancer Drugs, 2013, 24, 1069-1078.

33 A. Grothey, D. Sargent, R. M. Goldberg and H. Schmoll, J.
Clin. Oncol., 2004, 22, 1209-1214.

34 T. André, C. Boni, L. Mounedji-Boudiaf, M. Navarro,
J. Tabernero, T. Hickish, C. Topham, M. Zaninelli,
P. Clingan, J. Bridgewater, I. Tabah-Fisch and A. Gramont,
N. Engl. J. Med., 2004, 350, 2343-2351.

35 D. Cunningham, N. Starling, S. Rao, T. Iveson, M. Nicolson,
F. Coxon, G. Middleton, F. Daniel, J. Oates and
A. R. Norman, N. Engl. J. Med., 2008, 358, 36-46.

36 S. H. Noh, S. R. Park, H.-K. Yang, H. C. Chung, L.-J. Chung,
S-W. Kim, H.-H. Kim, J.-H. Choi, H.-K. Kim, W. Yu,
J. L. Lee, D. B. Shin, J. Ji, J. Chen, Y. Lim, S. Ha and
Y.-J. Bang, Oncology, 2014, 15, 1389-1396.

37 L. Mascarenhas, M. Malogolowkin, S. H. Armenian,
R. Sposto and R. Venkatramani, Pediatr. Blood Canc., 2013,
60, 1103-1107.

38 R. Venkatramani and L. Mascarenhas, J. Pediatr. Hematol.
Oncol., 2014, 36, e307-e309.

39 G. Louvet, R. Labianca, P. Hammel, G. Lledo,
M. G. Zampino, T. André, A. Zaniboni, M. Ducreux,
E. Aitini, J. Taieb, C. Lepere and A. Gramont, J. Clin.
Oncol., 2005, 23, 3509-3516.

40 L. Saltz, S. Clarke, E. Diaz-Rubio, W. Scheithauer, A. Figer,
R. Wong, S. Koski, M. Lichinitser, T. Yang, F. Rivera,
F. Couture, F. Sirzén and ]. Cassidy, J. Clin. Oncol., 2008,
26, 2013-2019.

6282 | Chem. Sci, 2020, N, 6275-6282

View Article Online

Edge Article

41 J. E. Uhm, J. O. Park, J. Lee, Y. S. Park, S. H. Park, B. C. Yoo,
S. W. Paik, K. C. Koh, W. K. Kang and H. Y. Lim, Canc.
Chemother. Pharmacol., 2009, 63, 929-935.

42 A. Kotsakis, C. Kouroussis, N. Androulakis, S. Agelaki,
K. Kalbakis, L. Vamvakas, N. Vardaksi, A. Kalykaki,
A. Polyzos, V. Georgoulias and D. Mavroudis, Oncology,
2006, 71, 190-196.

43 J. J. Wilson and S. Lippard, J. Chem. Rev., 2014, 114, 4470-
4495.

44 S. G. Awuah, Y. Zheng, P. M. Bruno, M. T. Hemann and
S. J. Lippard, J. Am. Chem. Soc., 2015, 137, 14854-14857.

45 J. Mayr, P. Heffeter, D. Groza, L. Galve, G. Koellensperger,
A. Roller, B. Alte, M. Haider, W. Berger, C. R. Kowol and
B. K. Keppler, Chem. Sci., 2017, 8, 2241-2250.

46 Pillararenes have been recognized as a significant class of
macrocyclic hosts in supramolecular chemistry, T. Ogoshi,
S. Kanai, S. Fujinami, T. Yamagishi and Y. Nakamoto, J.
Am. Chem. Soc., 2008, 130, 5022-5023.

47 B. Li, Z. Meng, Q. Li, X. Huang, Z. Kang, H. Dong, J. Chen,
J. Sun, Y. Dong, J. Li, X. Jia, J. L. Sessler, Q. Meng and
C. Li, Chem. Sci., 2017, 8, 4458-4464.

48 M. Xue, Y. Yang, X. Chi, Z. Zhang and F. Huang, Acc. Chem.
Res., 2012, 45, 1294-1308.

49 A. A. Ammar, R. Raveendran, D. Gibson, T. Nassar and
S. Benita, J. Med. Chem., 2016, 59, 9035-9046.

50 S. Daum, M. S. V. Reshetnikov, M. Sisa, T. Dumych,
M. D. Lootsik, R. Bilyy, E. Bila, C. Janjo, C. Alexiou,
M. Herrmann, L. Sellner and A. Mokhir, Angew. Chem., Int.
Ed., 2017, 56, 15545-15549.

51 G. M. Griffiths, Cell, 2007, 131, 647-649.

52 P. Huang, H. Song, W. Wang, Y. Sun, J. Zhou, X. Wang, J. Liu,
J. Liu, D. Kong and A. Dong, Biomacromolecules, 2014, 15,
3128-3138.

53 R. Wang, J. Bai, J. Deng, C. Fang and X. Chen, ACS Appl.
Mater. Interfaces, 2017, 9, 5828-5837.

54 R. A. Petros and J. M. DeSimone, Nat. Rev. Drug Discovery,
2010, 9, 615-627.

55 S. D. Conner and S. L. Schmid, Nature, 2003, 422, 37-44.

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0sc01756f

	Supramolecular combination chemotherapy: a pH-responsive co-encapsulation drug delivery systemElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc01756f
	Supramolecular combination chemotherapy: a pH-responsive co-encapsulation drug delivery systemElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc01756f
	Supramolecular combination chemotherapy: a pH-responsive co-encapsulation drug delivery systemElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc01756f
	Supramolecular combination chemotherapy: a pH-responsive co-encapsulation drug delivery systemElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc01756f
	Supramolecular combination chemotherapy: a pH-responsive co-encapsulation drug delivery systemElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc01756f
	Supramolecular combination chemotherapy: a pH-responsive co-encapsulation drug delivery systemElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc01756f
	Supramolecular combination chemotherapy: a pH-responsive co-encapsulation drug delivery systemElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc01756f
	Supramolecular combination chemotherapy: a pH-responsive co-encapsulation drug delivery systemElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc01756f

	Supramolecular combination chemotherapy: a pH-responsive co-encapsulation drug delivery systemElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc01756f
	Supramolecular combination chemotherapy: a pH-responsive co-encapsulation drug delivery systemElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc01756f
	Supramolecular combination chemotherapy: a pH-responsive co-encapsulation drug delivery systemElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc01756f


