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ABSTRACT: Nuclear delivery and accumulation are very
important for many anticancer drugs that interact with
DNA or its associated enzymes in the nucleus. However, it
is very difficult for neutrally and negatively charged
anticancer drugs such as 10-hydroxycamptothecine
(HCPT). Here we report a simple strategy to construct
supramolecular nanomedicines for nuclear delivery of dual
synergistic anticancer drugs. Our strategy utilizes the
coassembly of a negatively charged HCPT-peptide
amphiphile and the positively charged cisplatin. The
resulting nanomaterials behave as the “Trojan Horse”
that transported soldiers (anticancer drugs) across the
walls of the castle (cell and nucleus membranes).
Therefore, they show improved inhibition capacity to
cancer cells including the drug resistant cancer cell and
promote the synergistic tumor suppression property in
vivo. We envision that our strategy of constructing
nanomaterials by metal chelation would offer new
opportunities to develop nanomedicines for combination

chemotherapy.
T raditional chemotherapy is often associated with severe
side effects from the systemic toxicity of anticancer drugs
and undesired drug resistance of cancer cells." To address these
problems, nanomedicines have been extensively explored to
reduce the systemic toxicity of anticancer drugs by targeting
delivery of them to tumors.””> Besides, combinatorial drug
therapy has also been widely applied to provide a synergistic
therapeutic effect to overcome drug resistance.” Therefore,
nanomedicine capable of simultaneously delivering multiple
therapeutic molecules attracts significant research interests
recently, because of its lower toxicity and improved efficacy.” "
However, most of the nanocarriers developed to date can only
deliver multiple drugs into cells rather than subcellular
organells. Many first-line anticancer drugs interact with DNA
or its associated enzymes within the nucleus. For instance,
doxorubicin and cisplatin chelate with DNA molecules and
camptothecin inhibitst DNA enzyme topoisomerase L''~"
Thus, it is very important to develop nanomedicines with
nuclear delivery and the accumulation effects of multiple
anticancer drugs.'*~"”
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Recently, a novel kind of drug delivery system based on
supramolecular self-assembly of drug amphiphiles has been
reported.'®™** The drug amphiphiles spontaneously self-
assemble into nanomaterials that serve as both carriers and
cargos. Compared with other drug delivery systems with
physically encapsulated therapeutics, such nanomaterials exhibit
much higher drug loadings and constant drug release
capacities.””>> Moreover, the drug loading in this system can
be controlled by the variation of weight ratio of drug molecule.
Up to now, self-assembling drug amghiphiles based on
anticancer”” > and anti-inflammatory”® therapeutics have
been reported, and nanomedicines utilizing them show
improved efficacy or reduced side effects. However, to the
best of our knowledge, none of these drug delivery systems
shows efficient nuclear delivery capacity. In this study, we
report supramolecular nanomedicines with an efficient nuclear
accumulation effect for dual anticancer drugs (Figure 1A).

We choose 10-hydroxycamptothecine (HCPT) and cisplatin
to construct the dual anticancer drugs assemblies because (i)
HCPT was the DNA-topoisomerase I inhibitor and cisplatin
inhibited the DNA synthesis by interacting with DNA, and
synergistic effects were observed when topoisomerase I
inhibitors were combined with cisplatin in several tumor
cells;””** (ii) they had no overlapping toxicity profiles;”'® and
(iii) HCPT encountered difficulty entering the nucleus, while
cisplatin might assist the dual-drug assemblies entering into the
nucleus because of its positive charge, just like the nuclear
localizing properties of cationic polymers.”” We designed an
HCPT-peptide (HP) amphiphile of HCPT-FFERGD (Figure
1B). The cisplatin and other platinum(II)-based drugs had been
widely reported to be able to form complexes with biopolymers
and peptides containing carboxylic acid groups.’”’' We and
other groups had also demonstrated that dipeptide FF, and its
derivatives possessed excellent self-assembling proper-
ties.””** ™" We therefore imagined that HP might chelate
with cisplatin and self-assemble into certain kinds of
nanostructures.

The HP was synthesized by first reacting HCPT with glutaric
anhydride, and then conjugating to the peptide FFERGD in
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Figure 1. (A) Schematic illustration for preparation of dual-drug
assemblies and the nuclear drug delivery. (B) Chemical structures of
HCPT and HP.

DMSO, followed by purification via reversed-phase high
performance liquid chromatography. The HP formed stable
clear solutions in water at the concentration 1 mg/mL (pH =
7.4, Figure S10A) in the absence or in the presence of 1.0 or 1.5
equiv of cisplatin (Figure S10B and S10C). However, it formed
precipitates in the presence of 2 and S equiv of cisplatin (Figure
S10D and SIO0E). The transmission electron microscopy
(TEM) images in Figure 2A revealed that HP formed short
nanofibers with a diameter of 6—9 nm and a length of less than

;;‘g:g . ; A’:‘g’;g

3
3

. HP
* Complox 1
& Complex 2

&
S

»
hd

o

8 12 16 20 24
Time (h)

Figure 2. TEM image of solution containing 100 uM of (A) HP, (B)
Complex 1, and (C) Complex 2, and (D) accumulative release profile
from solution containing 1 mg/mL of different compounds.

1 um. In the presence of 1 equiv of cisplatin, HP interacted
with cisplatin to form Complex 1, which self-assembled into
long nanofibers with a width of 10—15 nm (Figure 2B).
Complex 2 with 1.5 equiv of cisplatin formed nanoparticles with
a diameter of 20—25 nm (Figures 2C and S12). 'H NMR
spectra (Figure S11) confirmed that cisplatin in both complexes
chelated with carboxylic acids on HP. The critical micelle
concentration (CMC) of Complex 1 and Complex 2 was 22.8
and 29.3 uM, respectively, which was about four times lower
than that of HP (85.5 uM, Figure S13). These observations
clearly indicated that cisplatin could chelate with the drug—
peptide amphiphile, thus increasing its self-assembly property.
Both analogues of HP (HCPT-FFARGD and HCPT-
FFERGA) with more hydrophobic amino acids instantly
aggregated into precipitates in the presence of 1 equiv of
cisplatin (Figure S9), suggesting the importance of balance
between hydrophobicity and -philicity in the formation of
stable nanostructures.

The release profiles of HCPT from nanomaterials were then
assessed at 37 °C by LC-MS (Figure 2D). The results clearly
showed that, in the first 4 h, only less than 15% of HCPT got
released from both complexes, while 64% of HCPT in HP was
already released. The slower releasing speed from the
complexes than that from HP was probably due to the
enhanced self-assembling properties of the complexes. It was
worth noting that the release of HCPT raised rapidly from 4 to
16 h. The latter burst release of HCPT from both complexes
was due the release of cisplatin. There were less than 10% of
cisplatin got released from both complexes in the first 4 h, and
about 90% of cisplatin got released in the following 12 h. After
losing more and more amounts of cisplatin, the nanostructures
of both complexes dissociated, thus making the release of
HCPT faster.

In order to see whether the internalization of drugs will be
improved by the formation of nanomaterials, we used a
cisplatin-resistant cell line, A549/DDP, to perform the cellular
uptake experiments. The results in Figure 3A and 3B indicated
that, at each time point, the intracellular concentration of
HCPT in cells treated with both complexes was higher than
that treated with free HCPT and HP. The amount of Pt in
AS49/DDP cells was also evaluated by ICP-AES (Figure 3B).
Because of the resistance to cisplatin, the accumulation of Pt in
cisplatin treated cells increased very little from 1 to 4 h (<2 (ng
Pt)/(mg protein)). However, the amounts of Pt in cells treated
with both complexes continued to increase over 4 h. At the 4 h
time point, Complex 1 and Complex 2 had about 232 and 242
times higher Pt accumulation in cells compared to those treated
with cisplatin, reaching 464 and 484 (ng Pt)/(mg protein),
respectively. These observations clearly indicated that the
cellular uptake of both HCPT and cisplatin was significantly
improved by nanostructure formation.

A much lower cellular uptake of Complex 1 and Complex 2
was observed at 4 °C than that at 37 °C, but for HP there was
no such difference (Figure S15), suggesting that the uptake of
nanostructures formed by Complex 1 and 2 was due to
endocytosis, because all endocytic pathways were energy-
dependent processes that would slow down at low temper-
atures. To determine the possible pathways of endocytotic
process, we used several endocytotic inhibitors (chlorproma-
zine (CPZ), 5-(N-ethyl-N-isopropyl)-amiloride (EIPA), and
Filipin III for clathrin, micropinocytosis, and caveolae-mediated
endocytosis, respectively) with Complexes 1 and 2 to treat
AS549 cells. As shown in Figure S16, addition of CPZ or EIPA
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Figure 3. Intracellular concentration of (A) HCPT and (B) Pt in AS49
cells (SEM + mean, n = 3), CLSM images of AS49 cells treated with
(C) HCPT, (D) HP, (E) Complex 1, and (F) Complex 2 (100 uM)
for 2 h, and then stained with 1X Red dot 1. Scale bar represent 25 and
10 ym at low and high magnification images, respectively.

hardly affected the uptake of both complexes, while the
addition of Filipin III significantly reduced the uptake of
Complex 1 and 2 for about 94% and 93%, respectively. These
results suggested that the internalization of nanostructures
mainly underwent caveolae-mediated endocytosis.

We also investigated the subcellular localization of HCPT in
AS49 cells via confocal laser scanning microscopy (CLSM). As
shown in Figure S17, weak green fluorescence from HCPT was
observed from the cytoplasm of cells treated with HCPT and
HP at the 2 h time point. However, cells treated with both
complexes showed much stronger green fluorescence which
overlapped well with the red fluorescence from lysotacker,
further indicating that nanostructures of both complexes
entered the cells via endocytosis. We surprisingly observed
obvious green fluorescence in the nucleus of cells treated with
both complexes (Figure 3E and 3F) but not in those treated
with HCPT and HP (Figure 3C ad 3D), which was
demonstrated by the results that the green fluorescence from
HCPT was not only in the cytoplasm but also in nucleus
overlapping with the red fluorescence of Red dot 1. The (-
potential of nanostructures formed by HP, Complex 1, and
Complex 2 was —38.0, 9.8, and 14.4 mV, respectively (Figure
S14). We therefore concluded that the nuclear accumulation of
HCPT in cells treated with both complexes was due to the
formation of positively charged nanomaterials. These observa-
tions suggested that the role of nanostructures of both
complexes was analogous to that of the “Trojan Horse”
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which hid and transported soldiers (anticancer drugs) across
the walls of the castle (cell and nucleus membranes). The
nuclear accumulation of HCPT would be crucial to the
anticancer property of nanomedicines.

Our supramolecular “Trojan Horse” formed by either
complex had a higher cytotoxic effect than free HCPT or
cisplatin (Figure 4A) to cancer cells. Especially for A549/DDP
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Figure 4. (A) ICy, value, (B) in vivo anticancer efficacy, and (C)
bioluminescent imaging of tumors at 22 d in mice with the treatment
of different drugs.

cells, Complex 1 and Complex 2 had a 69.4 and 75.4 times
higher cytotoxicity than free cisplatin, respectively. The ICs,
value of both complexes to cancer cells was below 5 uM, which
was much lower than their CMC value. The results of
isothermal titration calorimetry (ITC) indicated that HP still
could bind to cisplatin at the concentration of 2 M (Figure
S19), suggesting that the two anticancer drugs could be
simultaneously taken up by cells. We also observed some green
fluorescent dots at the surface of cells (Figure $20) treated with
2 uM of the complex, which probably formed by surface-
induced self-assembly. Surface-induced self-assembly has been
demonstrated to be a powerful strategy to form nanomaterials
at desired surfaces at a much lower concentration than the
critical self-assembly concentration.”>*® A combination index
(CI) value smaller than 1.0 indicated the synergistic effect, and
one bigger than 1.0 indicated an antagonistic or additive effect
of two drugs. The CI value of Complex 1 was 0.44, 0.42, 0.52,
and 0.17 and that of Complex 2 was 0.42, 0.41, 0.48, and 0.16 to
PC-3, MCF-7, A549, and AS549/DDP cell, respectively. The
results clearly indicated the synergistic effect of dual drugs to
inhibit cancer cells. In contrast, we only observed antagonistic,
additive, or little synergistic effect of HCPT and cisplatin when
they were used simultaneously (Figure S21).

The tumor inhibition capacity of different drugs in vivo was
also evaluated (4T1-luciferase breast tumors in mice; the ICs,
value against 4T1 cells was shown in Figure $22). As shown in
Figures 4B and S23, all drugs exhibited good antitumor efficacy
compared with the saline control, and both complexes showed
the best efficacy among all drugs. The final volume of tumors at
day 21 was S136%, 4148%, 4251%, 4188%, 982%, and 1005%
for the saline control group, cisplatin, HCPT, HP, Complex 1,
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and Complex 2, respectively. The body weight loss of mice was
observed in groups receiving drugs containing platinum (Figure
S24), resulting from the toxicity of cisplatin. After drug
withdrawal, the body weight of mice rebounded. The in vivo
images of tumors (Figure 4C) indicated that mice that received
both complexes showed the smallest size of light spots, which
correlated well with the results of tumor volumes obtained in
Figure 4B. These results clearly indicated that our “Trojan
Horse” had excellent capacity to synergistically inhibit tumor
growth.

In summary, we prepared supramolecular nanostructures of
dual anticancer drugs with synergistic effects. The resulting
supramolecular “Trojan Horse” could deliver the two drugs
more efficiently to cells, especially to the targeted organelle of
the cell nucleus. Thus, our “Trojan Horse” efficiently inhibited
cancer cells including a drug resistant one both in vitro and in
vivo. We envision that our strategy may be applied to construct
other nanomedicines with metal-based anticancer drugs, which
will provide opportunities to develop nucleus localized
nanomaterials for combination chemotherapy.
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