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Dynamic supramolecular self-assembly of
platinum(i) complexes perturbs an autophagy-
lysosomal system and triggers cancer cell death

*ab

Ka-Chung Tong,? Pui-Ki Wan,?® Chun-Nam Lok {22 and Chi-Ming Che

Self-assembly of platinum(i) complexes to form supramolecular structures/nanostructures due to
intermolecular ligand m—m stacking and metal-ligand dispersive interactions is widely used to develop
functional molecular materials, but the application of such non-covalent molecular interactions has
scarcely been explored in medical science. Herein is described the unprecedented biological properties of
platinum(i) complexes relevant to induction of cancer cell death via manifesting such intermolecular
interactions. With conjugation of a glucose moiety to the planar platinum(u) terpyridyl scaffold, the water-
soluble complex [Pt(tpy(C=CArOGIu)l(CFsSOs) (1a, tpy = 2,2":6',2"-terpyridine, Glu = glucose) is able to
self-assemble into about 100 nm nanoparticles in physiological medium, be taken up by lung cancer cells
via energy-dependent endocytosis, and eventually transform into other superstructures distributed in
endosomal/lysosomal and mitochondrial compartments apparently following cleavage of the glycosidic
linkage. Accompanying the formation of platinum-containing superstructures are increased autophagic
vacuole formation, lysosomal membrane permeabilization, and mitochondrial membrane depolarization, as
well as anti-tumor activity of 1a in a mouse xenograft model. These findings highlight the dynamic, multi-
stage extracellular and intracellular supramolecular self-assembly of planar platinum(i) complexes driven by

rsc.li/chemical-science

Introduction

The [Pt(terpy)Cl]" complex has a unique position in coordina-
tion chemistry. It is the first metallointercalator manifesting an
intercalative binding interaction between the base pairs of
DNA.*? This complex has a low aqueous solubility, undergoes
hydrolysis of the chloride ligand and reacts with thiolate to give
[Pt(tpy)(SR)]" which was reported to exhibit inhibitory activity
on thioredoxin reductase’® and anti-leukemia activity.* The
underlying anti-cancer mechanisms of action of Pt" terpyridine
complexes, however, remain to be explored.

For decades, the platinum(u) terpyridine scaffold has been
extensively used in the design of functional materials through
supramolecular self-assembly processes.*® The ordered molec-
ular architectures formed from Pt" terpyridine complexes are
orchestrated by intermolecular dispersive Pt"--ligand and
ligand---ligand -7 stacking interactions.'®** By manipulating
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modular intermolecular interactions with potential anti-cancer application.

the dynamic assembly/disassembly processes under cellular
conditions,”™® pincer platinum(u) complexes have been re-
ported as bio-imaging probes for organelle-specific labeling.
Nonetheless, the therapeutic potential of such intermolecular
self-assembly reactions and the as-assembled superstructures in
cellulo are scarcely studied. On the other hand, there are
examples of organic-based self-assembled peptides”* and
aromatic carbohydrate amphiphiles* found to induce cancer
cell death upon enzyme-triggered self-
assembly.

Coordination of the o-donating acetylide ligand confers
a good stability to the platinum(u) terpyridine complex against
ligand substitution reactions.*»** Taking advantage of the
biocompatibility and hydrophilicity of the glucose unit, func-
tionalization of the platinum(u) terpyridine complex with a gly-
cosylated arylacetylide ligand could lead to a stable amphiphilic
Pt"" complex for molecular assembly and at the same time
enable the biological activity of the Pt"" complex to be activated
through enzymatic deglycosylation.”® Herein is described the
supramolecular assembly of platinum(u) terpyridyl acetylide
complexes [Pt(tpy)(C=CAr)]" (tpy = 2,2":6',2"-terpyridine or
4,4’ A"-tri-tert-butyl-2,2':6/,2"-terpyridine, Ar = C¢H,-R; Fig. 1)
with one of these complexes, 1a, found to induce autophagic
vacuole formation and lysosomal cell death. Complex 1a was
found to undergo self-assembly to form nanoparticles, display
transformable superstructures upon enzymatic action in cellulo

supramolecular
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Fig. 1 Chemical structures of the platinum(i) terpyridyl acetylide
complexes.
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and exhibit selective cytotoxicity towards cancer cells relative to
normal fibroblasts. The accumulation of platinum-containing
superstructures in endosomes/lysosomes and mitochondria
consequently leads to disruption of lysosomal integrity,
perturbation of autophagy and cancer cell death.

Results
Synthesis, characterization and binding studies

The platinum(u) complexes (1a-1d and 2; Fig. 1) were synthe-
sized by reacting [Pt(tpy)Cl]|(CF;SO;) (where tpy = terpyridine or
tert-butyl substituted terpyridine (‘Bustpy)) with the corre-
sponding HC=CAr arylacetylide ligands through a ligand
exchange reaction.” Experimental procedures and character-
ization data (NMR spectroscopic data, high-resolution ESI-MS
and elemental analyses) of the complexes are detailed in the
ESI (Fig. S1-S107). All of the Pt" complexes are air-stable in the
solid state under ambient conditions over a month. Complex 1a
bearing a glucose moiety is water-soluble with solubility of 8.6 g
L~ It is stable in aqueous buffer solution containing gluta-
thione, against hydrolysis in physiological buffer and in RPMI
1640 culture medium for 24 h, as revealed by UPLC/MS analysis
(Fig. S11-S13%).

The UV-vis absorption data and spectra of the
[Pt(tpy)(C=CAr)](CF3SO;) complexes are summarized in Fig. S14
and Table S1.f In DMSO, complexes 1a-1d and 2 show intense
absorption bands at 260-360 nm (¢ = 34.8-46.6 x 10° mol™"
dm® em™") and a broad absorption band at A > 370 nm (¢ = 2.9~
4.9 x 10° mol ' dm?® em ™). The lowest-energy absorption band
for 1d (Anax = 488 nm) with a hydroxyl substituent, and those of
the glycosylated complexes 1a (Anax = 457 nm; glucose) and 1b
(Amax = 458 nm,; peracetylated glucose) all display a marked red-
shift of 20-50 nm relative to 1¢ (Ana = 438 nm).>®

The binding of the Pt" complexes with DNA was studied by
UV-vis absorption spectroscopy. The absorption spectrum of 1a
displays significant hypochromism (16.8%) and a bath-
ochromic shift of the lowest-energy absorption band (Aj.x = 445
nm) by 42 nm upon the addition of calf thymus DNA (ctDNA)
(Fig. 2a). The “Bustpy Pt" analogue 2 exhibits minor hypo-
chromism (6.4%) with a red shift of only 8 nm at A, of 426 nm
(Fig. 2b). In the case of the telomeric G-quadruplex (HTelo) DNA
(Fig. S151), 1a exhibits similar hypochromism (19.6%) at Aax Of
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Fig. 2 Plots of the UV-vis absorption titrations of complex (a) 1a or (b)
2 with increasing concentration of ctDNA. ITC trace and binding curve
of the binding of (c) 1a and (d) 2 to ctDNA. Fits were obtained using
a one-site binding model.

345 nm with red-shifted absorption bands (400-600 nm). These
spectral changes together with the isosbestic points for 1a can
be attributed to the intercalation of the unsubstituted Pt" ter-
pyridyl motif between the DNA base pairs or guanine tetrad.

The DNA-binding affinity of the Pt" terpyridyl complexes was
determined by isothermal titration calorimetry (ITC). From the
binding studies with ctDNA, glycosylated 1a with an unsub-
stituted tpy ligand (Kp: 0.48 uM) displays a 27.5-fold lower
equilibrium dissociation constant (Kp) than 2 (Kp: 13.2 uM)
coordinating with bulky ‘Bustpy (Fig. 2¢ and d). Intriguingly, 1a
demonstrates 4.3-fold higher binding affinity (Kp: 19.6 puM)
toward the DNA duplex bearing cytosine-cytosine (CC) mis-
matched base pairs compared with 2 (Kp: 83.3 uM) (Fig. S167).
Complex 1d containing hydroxyl-substituted arylacetylide
shows 3.7- and 2.5-fold lower dissociation constants for calf
thymus (Kp: 0.13 uM) and guanine-cytosine (GC)-rich (Kp: 29.3
uM) DNAs compared with 1a (GC-rich DNA, Kp: 74.1 uM;
Fig. S17%). Collectively, these findings reveal that the planar
scaffold of platinum(u) terpyridyl arylacetylide with less steric
hindrance contributes to the stronger DNA binding affinity.
Fluorescence quenching titration of human serum albumin
(HSA) with increasing concentrations of the Pt" complexes 1a or
1d revealed the decrease in fluorescence of tryptophan residues
with the binding constants determined to be 23.4 and 18.3 pM
(Fig. S187), respectively.

Self-assembly properties and conversion of superstructures
induced by B-glucosidase in aqueous buffer

The morphologies of the Pt" complexes in aqueous solutions
containing 1% DMSO were examined by transmission electron

© 2021 The Author(s). Published by the Royal Society of Chemistry
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microscopy (TEM) (Fig. 3a). Complex 1a displayed spherical-
shaped nanoparticles with an average hydrodynamic diameter
of 139.6 + 2.5 nm (Fig. 3c(i)). In stark contrast, irregular
networks of fibrous structures with diameters of 10-60 nm and
length spanning over 10 pm were formed for 1b. Complex 1c,
without a para-substituent on the arylacetylide ligand, displayed
regular-shaped microwires with diameters of approximately
140-170 nm. For 1d, wire-like structures with branched and
curved morphologies (with a length of approximately 8-30 pm
and a width of 150-200 nm) were observed. A selected area
electron diffraction pattern of the wire-like structure showed
a d spacing of 3.32 A (Fig. S191), suggesting the presence of
intermolecular Pt---Pt interaction between the platinum(u)
complex molecules.’® Compared to 1a, 2 with a bulky ‘Bustpy
ligand showed non-uniform microparticle-like aggregates. "H
NMR studies of 1a revealed that the proton peaks of 1a in
deuterated DMSO are sharp and well-resolved (Fig. 3b). Upon
increasing the D,O content, the aromatic proton peaks are
broadened accompanied by a decrease in intensity and upfield
shift, all of which are suggestive of the aggregation of the Pt"
complex driven by intermolecular interactions. The peak shape
and intensity of protons on the glucose moiety (6: 3.17-5.41
ppm), however, remained unaffected and the proton signals
were slightly downfield shifted (Aé 0.17-0.2 ppm). Nanoparticle
tracking analysis showed that 1a formed nanoparticles with

4.6 nm
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Fig. 3 (a) TEM images of complexes la—1d and 2 at 1 x 107 M in
DMSO/H,O (1:99 v/v). (b) *H NMR spectra of 1a (2 x 107* M) in
DMSO-dg with increasing D,O content. (c) Particle size distribution of
nanoparticles formed by 1a in (i) aqueous solution containing 1%
DMSO or (ii) RPMI 1640 culture medium containing 10% fetal bovine
serum as determined by nanoparticle tracking analysis.
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average hydrodynamic diameters of 105.6 &+ 7.1 nm and 87.3 &+
4.6 nm in phosphate-buffered saline (Fig. S207) and RPMI 1640
cell culture medium containing 10% fetal bovine serum
(Fig. 3c(ii)), respectively.

The self-assembly behavior of the platinum(u) terpyridyl ace-
tylide complexes at different pH and upon enzymatic cleavage of
the glycosidic linkage by B-glucosidase (B-glu) was studied. TEM
images revealed that 1a formed nanoparticles with diameters of
150-180 nm in phosphate-buffered saline (PBS; pH 7.4) (Fig. 4a),
the morphology of which was disrupted to give irregular-shaped
aggregates under acidic conditions (pH 5.8). Following the
incubation with B-glu (0.5 UmL ") at 37 °C for 24 h, nanorod-like
structures with a diameter of 0.2-0.5 um were observed. Under
the same experimental conditions, UPLC/MS analysis indicated
that more than 70% of 1a (¢ = 2.48 min; m/z 707.143) was con-
verted into 1d (¢ = 2.90 min; m/z 545.091) after incubation with f-
glu for 24 h (Fig. 4b(iv) and c) compared with only ca. 2%
conversion in the buffer control (Fig. 4b(iii)). These findings are
indicative of the cleavage of the glycoside unit of 1a to give 1d by
B-glu and which may result in different assembled molecular
structures. A schematic illustration of the B-glu-mediated
cleavage of the glucose from 1a is shown in Fig. 4d.

In vitro anti-cancer properties and cellular uptake

The anti-proliferation activity (half-maximal inhibitory

concentration, ICs, values) of the platinum(u) complexes

(b)
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= 2
© ) ®
£.,10 L 3 40
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1d

Fig. 4 Study of the glycosidic bond cleavage from the glycosylated
platinum(i) complex. (a) TEM images of the as-assembled structures of
1a at different pH and/or with B-glu (0.5 U mL™Y) after 24 h. (b) UPLC/
MS analysis of 1a in different media for 24 h. (i) 1a in PBS (pH 7.4), (i) 1d
in PBS (pH 7.4), (iii) 1a in PBS (pH 5.8) and (iv) 1a with B-glu (0.5 U mL™?)
in PBS (pH 5.8). (c) Time-dependent release of 1d in the absence or
presence of B-glu. (d) Schematic illustration of the B-glucosidase-
mediated cleavage of glucose in 1la.
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against various human cancerous and normal cell lines was
examined by naphthol blue black (NBB) assay, with cisplatin as
a reference. After 72 h treatment (Table 1), complexes 1la-1d
displayed higher anti-proliferative activities (ICso: 1.5-48.4 pM)
towards different cancer cell lines compared to normal lung
fibroblast (CCD-19Lu; ICsp: 36.8 to >100 pM). The anti-
proliferative activity of complex 1a bearing the glucose moiety
was slightly higher than that of 1b having peracetylated glucose
by 1.4- to 2.4-fold in most of the cancer cell lines. Complex 1d,
the aglycone of 1a, showed comparable inhibition of cancer cell
growth to that of 1a and a moderate anti-proliferation effect on
CCD-19Lu cells. The time-dependent cell growth inhibition of
complexes 1a and 1b was evaluated (Fig. 5a and Table S27). Both
complexes were relatively inactive (ICso: >100 pM) toward
different cell lines (NCI-H460 lung, PLC liver and HCT116
colorectal carcinomas) 24 h post-treatment. 1a (ICso: 54.6-74.5
uM) exhibited a slightly more inhibitory effect than 1b (ICsy:
90.7-97.4 uM) after 48 h.

The effect of Pt" terpyridyl acetylide complexes on the cell
cycle progression of NCI-H460 lung cancer cells was examined
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by using flow cytometry. Treatment of cells with 1a or 1d for
24 h induced a slight increase in Go/G; populations by 9.3%
and 10.2%, respectively (Fig. 5b). In contrast, cisplatin-treated
cells exhibited a 53.7% increase in G,/M populations
(Fig. S21+). Prolonging the treatment time with 1a or 1d to 48 h
caused no significant increase in cell populations compared
with those at 24 h (Fig. S22+). The DNA damage response as the
double-strand breaks was examined by immunofluorescence
staining of phosphorylated histone protein (y-H2AX)
(Fig. S23t1). In the DMSO vehicle group, y-H2AX immunofluo-
rescence was undetectable. Notably, the nuclei of 1a- or 1d-
treated cells displayed some significant fluorescent y-H2AX
foci at 24 h post-treatment. The number and intensity of y-
H2AX foci were even more markedly increased in cells exposed
to cisplatin, which was reported to activate the DNA damage
response.”® Cell death examination by flow cytometry using
annexin V/propidium iodide (PI) double staining indicated
that a majority of 1a-treated NCI-H460 lung cancer cells dis-
played necrotic cell death (91%; annexin V-negative and PI-
positive) after a 72 h treatment (Fig. 5¢). However, cell death

Table 1 In vitro anti-proliferative activity (ICso, pM; 72 h) of the platinum complexes against different cancerous and normal cell lines®
IC50 (1M)

Complex NCI-H460 A2780 PLC HCT116 MDA-MB-231 CCD-19Lu
la 7.1+ 0.3 8.7 £ 0.2 17.2 £ 1.2 7.5+ 0.6 23.8 + 5.8 >100

1b 17.0 £ 1.2 3.66 £ 0.3 24.2 +£2.1 16.2 £ 1.3 48.4 + 3.6 >100

1c 1.5+ 0.1 4.6 £ 0.1 2.6 £0.2 3.3+0.2 1.7 £ 0.3 36.8 + 4.6
1d 7.8 £0.1 8.9 £ 0.6 28.1 + 3.3 10.1 £ 1.5 44.9 + 6.2 65.9 + 7.0
Cisplatin 6.9 + 0.5 8.9+ 0.7 9.1+ 1.2 5.1+0.4 19.7 £ 1.6 30.8 + 4.9

% The anti-proliferative activity of the complexes was determined by NBB assay. NCI-H460 = non-small cell lung carcinoma; A2780 = ovarian
carcinoma; PLC = primary liver carcinoma; HCT116 = colorectal carcinoma; MDA-MB-231 = triple-negative breast cancer carcinoma; CCD-19Lu

= normal lung fibroblast.
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Fig. 5 (a) Time-dependent anti-proliferative activity of 1a on human |

ung (NCI-H460), breast (MDA-MB-231) and colorectal (HCT116) cancer

cells for 24, 48 and 72 h. Flow cytometric analyses of the (b) cell cycle progression (24 h) and (c) cell death (72 h) of NCI-H460 cells treated with
la or 1d. (d) Time-dependent uptake of different platinum(i) complexes in NCI-H460 cells. (e) Energy- or endocytosis-dependence of the uptake
and (f) subcellular distribution of platinum content of 1a and 1d in NCI-H460 cells. (g) Cellular platinum content in 1a- and 1d-treated NCI-H460
lung cancer and CCD-19Lu normal lung fibroblast cells.
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of 1d-treated NCI-H460 cells mainly present as late apoptosis
(68.3%; annexin V-positive and PI-positive). A similar stage in
late apoptosis (87.2%; annexin V-positive and PI-positive) was
also found in cisplatin-treated cells under the same experi-
mental conditions (Fig. S247).

Cellular uptake and distribution of the platinum complexes
in NCI-H460 cells were examined through determining the
platinum content by using ICP-MS. As shown in Fig. 5d and
S25,7 the time-dependent uptake profile of different complexes
revealed that the cellular Pt content increased progressively and
became steady after 15 h. Notably, 1a treatment resulted in the
highest intracellular Pt level after 24 h, exhibiting ca. 3.2-, 8- and
1.6-fold higher Pt levels than 1b, 1c and 1d (Fig. S251). Among
the compounds tested, 1a showed the lowest lipophilicity (log P)
of —0.88 (Fig. S267). A significant decrease in Pt levels in cells
was observed upon incubation at 4 °C (77.1%) or upon inhibi-
tion of endocytosis by hypertonic sucrose (27.4%) or microtu-
bule disrupting agent nocodazole (41.9%) (Fig. 5e), suggesting
the involvement of energy-dependent endocytosis in the cellular
uptake of glycosylated 1a. In the subcellular distribution study,
most of the Pt content in 1la-treated cells was found in the
cytosolic fraction (55%), and less in the mitochondrial (37%)
and nuclear (9%) fractions (Fig. 5f). Meanwhile, for 1d treat-
ment, the Pt content was found mostly in the mitochondrial
fraction (58%), followed by the cytosolic (29%) and nuclear
(14%) fractions. By comparing the uptake difference between
cancer and normal cells, Pt accumulation in 1a- and 1d-treated
NCI-H460 cancer cells was, respectively, 1.9- and 1.3-fold higher
than that in CCD-19Lu normal fibroblast cells (Fig. 52).

Aggregation of the platinum(u) complexes in cellulo

Given the self-assembling properties of platinum(u) terpyridyl
complexes, we investigated whether these complexes could self-
assemble into superstructures in live cells. With bio-TEM
imaging, la-treated cancer cells (NCI-H460 lung and MDA-
MB-231 breast cancer; Fig. 6a and S27f) showed electron-
dense structures with the majority present as irregular-shaped
nanofibrils in cytosolic vesicle-like structures, presumably the
endosomes and/or lysosomes.*® A small portion of aggregates
with size of 70-500 nm was also observed in the mitochondria-
like structures (Fig. S287). The presence of elemental platinum
in these superstructures was confirmed by energy-dispersive X-
ray (EDX) analysis (Fig. 6b, S27b and S28ct). Under the same
incubation conditions, 1d-treated cells showed only platinum-
containing aggregates in the mitochondria (Fig. 6¢ and d). It
is worth noting that these superstructures, however, were hardly
observed in 1a- or 1d-treated CCD-19Lu normal lung fibroblast
cells (Fig. 6e). Based on UPLC/MS analysis of la-treated NCI-
H460 lung cancer cells, 1d was the predominant species over
1la (20:1 in peak area; Fig. S297), apparently derived from
deglycosylation of 1a.

Lysosomal membrane permeabilization, autophagy
perturbation and mitochondrial dysfunction

We hypothesized that accumulation of nanostructures in the
late endosomes or lysosomes may perturb the lysosomal

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Bio-TEM images of (a and c) NCI-H460 lung cancer cells or (e)
CCD-19Lu normal lung fibroblasts after incubation with 1a or 1d (10
uM) for 24 h. The yellow arrows in the magnified yellow box region
highlight the electron-dense nanostructures inside the cell. (b and d)
EDX spectra of the electron-dense superstructures in la- or 1d-
treated cells (platinum signals are highlighted in yellow).

structure and function. The integrity of the lysosomes in 1a-
treated cells was examined by acridine orange (AO), LysoTracker
and pepstatin A-BODIPY FL staining using confocal micros-
copy. AO is a lysosomotropic dye which emits red fluorescence
inside the normal acidic compartment of lysosomes but shows
green fluorescence when bound to DNA or in the cytosol. As
depicted in Fig. 7a, distinct red fluorescent dots representing
lysosomes were observed in vehicle- and 1d-treated cells.
However, the red fluorescence of AO was markedly reduced in
la-treated cells, indicative of the loss of acidic lysosomes.
Staining of vehicle-treated cells with LysoTracker Deep Red,
another pH-sensitive fluorescent probe, revealed a punctate red
fluorescence pattern in the perinuclear region (Fig. 7b).
However, 1a-treated cells showed significant diminishment of
the red fluorescent puncta. In contrast, the mitochondrial mass
and pattern revealed by MitoTracker Green staining were
negligibly affected (Fig. 7b). These findings indicated that 1a
treatment specifically resulted in disruption of lysosomes.
Different from 1a, 1d-treated cells still showed lysosomal and
mitochondrial fluorescence (Fig. 7a and b). When cells were co-
stained with LysoTracker Deep Red and pepstatin A-BODIPY
FL, a green fluorescent probe specific to the lysosomal proteases
(cathepsins D and E), 1a treatment resulted in diffused green
fluorescence in the cytosol with diminished red fluorescence in
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acridine orange (10 uM), (b) LysoTracker Deep Red and MitoTracker Green (50 nM), and (c) pepstatin A-BODIPY FL conjugate (1 pM) and
LysoTracker Deep Red staining using confocal imaging microscopy. Scale bar = 20 um. (d) Immunoblotting analysis of autophagy protein
markers (LC3) in cells after 1a treatment in a time- (left) and dose- (right) dependent manner. (e) Confocal images of NCI-H460 cells stably
expressing mRFP-GFP-LC3 following treatment with 1a for 24 h. Scale bar = 20 um. (f) Bio-TEM images of the accumulation of autophagosomes
in la-treated NCI-H460 cells at 24 h. (g) Magnified view of the yellow box region showing the formation of double-membraned autophago-

somes (M: mitochondria; N: nucleus).

contrast with the clear vesicular (lysosomal), colocalized red
and green fluorescent staining in vehicle- or 1d-treated cells
(Fig. 7c). This result further indicates the disruption of lyso-
somes upon 1a treatment with leakage of lysosomal contents
into the cytoplasm, a typical scenario linked to “lysosomal cell
death”.** However, NCI-H460 cells treated with cisplatin showed
negligible damage to the cellular lysosomes as revealed by the
comparable staining pattern of acridine orange, LysoTracker
deep red and pepstatin A-BODIPY FL to the saline vehicle
(Fig. S30%).

The lysosome is central to cellular degradative activities via
autophagy,® and its impairment perturbs the autophagic
process which is particularly active in cancer cells having a high
rate of protein turnover for cell survival.*® Western blotting
analysis of la-treated cells displayed increased levels of the
lipidated form of autophagic vacuole protein marker LC3 (LC3-
II) in a time- and dose-dependent manner (Fig. 7d). The 1a-
treated cells also showed an increase in immunofluorescence
staining of LC3 puncta (Fig. S317), both of which are indicative
of increased formation of autophagic vacuoles. Similarly, NCI-
H460 cells treated with cisplatin also showed a dose-
dependent increase in the level of LC3-II (Fig. S32%). The
effect of 1a treatment on autophagy was monitored using NCI-
H460 lung cancer cells stably transfected with mRFP-GFP
tandem fluorescent protein tagged LC3 (tfLC3) as the auto-
phagic vacuole localization marker.** Cells exposed to 1a for
24 h resulted in increased green and red puncta representing
LC3-labelled autophagic vacuoles (Fig. 7e). The increased
number of colocalized green and red puncta (yellow puncta;
Pearson's colocalization coefficient of 0.64) suggests the
induced formation of the intermediate autophagic vacuoles
(autophagosomes) without maturation into acidified autolyso-
somes. TEM examination of the ultrastructure and morphology
of 1a-treated cells revealed a marked increase in the number of
double-membraned cytosolic vesicles (Fig. 7f, g and S337),
consistent with the typical morphology of autophagosomes.*

15234 | Chem. Sci., 2021, 12, 15229-15238

An unbiased thermal proteome profiling experiment***” showed
that in NCI-H460 lung cancer cells, a number of proteins
directly involved in endosomal/lysosomal functions (e.g. Ras-
related protein Rap-1b (RAP1B), palmitoyl-protein thioesterase
1 (PPT1), transferrin receptor protein 1 (TFRC) and protein
numb homolog (NUMB)) were stabilized (AT,, = +1 °C) upon
treatment with 1a compared with the vehicle control (Table
S31), the results of which are in line with the findings of cellular
uptake of 1a via endocytosis (Fig. 5e), and perturbation of the
endosomal-lysosomal and autophagy system by 1a treatment
(Fig. 7).

In addition, the cellular mitochondria of 1a- and 1d-treated
cells were found with partial swelling, distorted membrane and
disordered cristae compared to those having an intact
morphology in the vehicle control from TEM imaging (Fig. S28
and S347). The changes in mitochondrial membrane potential
(MMP) were determined using JC-1 staining.*® As revealed by
flow cytometric analysis (Fig. S3571), cells treated with the
vehicle control displayed red fluorescence with a majority of
cells (90.4%) in the JC-1 aggregate form, indicating a normal
mitochondrial polarization state. In contrast, both 1a- and 1d-
treated cells displayed a moderate decrease in red fluorescence
by ca. 21% indicating mitochondrial depolarization after 24 h.
For cisplatin treatment, an only 8.3% decrease in red fluores-
cence of JC-1 relative to the saline vehicle was observed
(Fig. S35%). Measurement of intracellular oxidant levels using
a fluorogenic probe, DCFH-DA, revealed that compared with the
vehicle control, 1a- and 1d-treated cells showed only minor
increments (almost 1.2-fold) in DCF fluorescence intensity
(Fig. S367).

In vivo inhibition of tumor growth and increased autophagic
vacuole formation in tumor xenografts

The in vivo anti-tumor efficacy of 1a was examined on a nude
mouse model bearing NCI-H460 lung cancer xenografts. Owing

© 2021 The Author(s). Published by the Royal Society of Chemistry
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to the limited aqueous solubility of 1d, only 1a was studied. The
tumor-bearing mice were randomly divided into two groups (n
= 6) and administered with 1a (25 mg kg™ ") or PBS vehicle via
intravenous (i.v.) injection for 14 days. As shown in Fig. 8a, ¢
and d, the tumor volume and tumor weight of 1a-treated mice
were reduced by 66% and 53% compared with those of the
vehicle control group, respectively, after 14 days. Tumor-bearing
mice receiving cisplatin (1.5 mg kg™ ', iv.) under a similar
administration regimen were used as a positive control for

View Article Online
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comparison, and significant suppression of tumor growth with
90% and 88% reduction in the tumor volume and tumor weight,
respectively, was found. None of the mice died or displayed any
sign of weight loss throughout the treatment period (Fig. 8b).
No obvious histopathological lesion was observed in the major
organs (heart, liver, spleen, lungs and kidneys) of 1a- and PBS
vehicle-treated mice after 14 days (Fig. 8e). Additionally, blood
biochemistry analysis showed that the plasma levels of alanine
aminotransferase (ALT) and creatinine (CREA) in 1la-treated
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Fig. 8 In vivo anti-tumor effect of complex 1a (25 mg kg™) and cisplatin (1.5 mg kg™ in a nude mouse model bearing NCI-H460 lung cancer
xenografts. (a) Tumor volume and (b) body weight of mice (n = 6). (c) Weight and (d) photograph of the dissected tumors harvested from mice
after 14 days of treatment. Data are expressed as the mean =+ standard error; **p < 0.01. (e) H&E stained images of major organs harvested from
mice after 14 days of treatment; scale bar = 50 pm. (f) Blood biochemistry analysis of alanine aminotransferase (ALT; upper) and creatinine (lower)
in different groups of mice after 14 days of treatment. (g) H&E (left) and Ki-67 antigen (right) stained images of tumor tissues from mice after 14
days of treatment; scale bar = 50 pm. The yellow arrows indicate the nuclear fragmentation as shown in the enlarged area. (h) Representative
TEM images of the ultrastructure of NCI-H460 tumors harvested from la-treated mice.
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mice were comparable to those in the vehicle control (Fig. 8f), in
which ALT and CREA are liver and kidney damage biomarkers,
respectively. All these results reveal the low systemic toxicity of
1a. Hematoxylin and eosin (H&E) stained tumor tissue sections
from 1a-treated mice revealed a marked decrease in the
nucleus-to-cytoplasm ratios and noticeable nuclear fragmenta-
tion (Fig. 8g). A significant reduction of immunohistochemical
staining for the cell proliferation marker protein Ki-67 was also
observed in the same group of tumor specimens. In addition,
compared with the vehicle control (Fig. S371), TEM analysis of 1a-
treated tumors revealed a number of double- and multi-membrane
bound vesicles containing nanofibril-like materials (Fig. 8h and
S387). These are attributable to the increased autophagic vacuole
formation in tumor xenografts.

Discussion

Supramolecular self-assembly of amphiphiles into superstruc-
tures has generated considerable interest in biomedical
science. Such molecular amphiphiles, as exemplified by the
amphiphilic peptides or aromatic carbohydrates that assemble
into fibrous superstructures upon biological triggers (e.g., pH
variation or enzymatic action), impair the organelle-specific
functions and hence impede the cancer cell prolifera-
tion.>***>* In the literature, nanostructures/particles made of
iron oxide, gold, quantum dots or titanium dioxide have been
exploited as potential therapeutics in modulating the auto-
phagic process by impairing the functional pH gradient and
membrane permeability of lysosomes through an endocytosis-
mediated uptake mechanism.** In this work, we demonstrated
the use of supramolecular self-assembly of a platinum(n)
complex, as exemplified by a glucose-appended platinum(i)
terpyridyl arylacetylide, as an anti-cancer strategy to perturb the
autophagy-lysosomal system and trigger cancer cell death
(Fig. 9).

The planar Pt" terpyridyl motif suggests an intercalative DNA
binding interaction, in line with the pronounced hypo- and
bathochromic spectral changes of 1a with respect to 2 that
contains a ‘Bustpy ligand in the UV-vis absorption titration with
ctDNA (Fig. 2a and b). The stable structural scaffold of the
platinum(u) terpyridyl complex governed by the strong c-coor-
dination of the alkynyl ligand could endow the complex to have
a non-covalent intercalative interaction with DNA. Nonetheless,
the majority of cellular Pt contents in the 1a (55%)- and 1d
(58%)-treated NCI-H460 lung cancer cells was found to
distribute in the cytosol and mitochondria, respectively, rather
than in the nucleus (Fig. 5f). At the same molar concentrations,
1a and 1d elicited a much lower degree of DNA damage response
(i.e. lower number of fluorescent YH2AX foci) compared with
those treated with cisplatin (Fig. S231) that can form a covalent
platinum-DNA adduct.”® The fragmented nuclei observed in the
tumor tissue of la-treated mice (Fig. 8g) could be attributed to
apoptosis-associated DNA fragmentation*” that might contribute
to the in vivo anti-tumor action of 1a, although the possibility of
ligand dissociation of 1a and the canonical Pt(n) DNA-directed
anti-cancer effect occurring in vivo for the mice treated with
this platinum complex for 14 days cannot be excluded.
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Fig. 9 Schematic drawing of the proposed anti-cancer mechanisms
of action of 1la.

The different superstructures for 1a and 1d formed under
cellular conditions can be attributed to the different uptake
mechanism(s) and cellular localization of these two platinum(u)
complexes as well as the cleavage of the glycosidic linkage of 1a
under acidic and hydrolase-containing conditions. Glucose
conjugation of the platinum(u) terpyridyl arylacetylide complex
not only improves the inherent aqueous solubility but also
renders the conjugate amphiphilic for supramolecular self-
assembly. Presumably driven by the intermolecular interac-
tions of the platinum(u) terpyridyl arylacetylide moiety and
hydrogen bonding of the glucose unit in aqueous medium,
complex 1a assembles into nanoparticles with a size of about
100 nm in serum-containing PBS and culture medium
(Fig. S20t1 and 3c(ii)). These as-assembled nanostructures
facilitate the uptake of 1a into NCI-H460 cells through energy-
dependent endocytosis, as evidenced by the significant reduc-
tion in the cellular Pt level (up to 80%) upon incubation at low
temperature (4 °C) or inhibition of endocytosis (Fig. 5e). The
lower extent of reduction by endocytic blockade of up to 31% for
1d treatment suggests that the uptake is primarily through
passive diffusion. Endocytosis governs the cellular uptake of
nanoparticles and involves vesicular trafficking along the
endosomal and lysosomal compartments.*” Compared to
normal cells, such multi-step processes are enhanced and dys-
regulated in cancer cells.** As supported by the bio-TEM images,
accumulated platinum-containing nanofibrils were observed in
the deformed endosomal and/or lysosomal vesicles of 1a-
treated NCI-H460 lung and MDA-MB-231 breast cancer cells
(Fig. 6a and S277). The associated impairment of lysosomal
structures was supported by a significant reduction in lyso-
somal staining with the fluorescent probes acridine orange and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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LysoTracker, and leakage of lysosomal probe pepstatin A-
BODIPY FL into the cytosol (Fig. 7a—c). These findings are
distinct from 1d treatment showing a comparable lysosomal
staining pattern to that of the vehicle control (Fig. 7a-c) and
formation of only platinum-containing aggregates in the mito-
chondria (Fig. 6¢). Lysosomes are acidic (pH 4.5-6.5) and rich in
hydrolytic enzymes such as glucosidase.®* In vitro, 1a
undergoes enzymatic cleavage of the glycosidic linkage by B-
glucosidase to afford 1d in acidic medium as revealed by UPLC/
MS analysis. Under the same conditions, 1a forms nano-
particles at pH 7.4 while 1d itself (i.e., deglycosylated 1a) forms
nanorod structures at pH 5.8 (Fig. 4). These findings are in line
with the in cellulo observation that 1a forms extracellular
nanoparticles in the cell culture medium at physiological pH
(Fig. 3c(ii)), and 1a-treated cells show nanofibrils in the endo-
somal and/or lysosomal vesicles of cancer cells (Fig. 6a and
S27t), presumably via disassembly of particle structures fol-
lowed by deglycosylation of 1a and reassembly in the acidic
vesicles (Fig. 9). These superstructures were hardly observed in
the 1a-treated normal fibroblasts (Fig. 6e), possibly attributed to
the lower endocytic efficiency** and/or B-glucosidase activity*®
found in normal cells compared with lung cancer cells.

Emerging evidence suggests the modulation of autophagy by
self-assembled nanomaterials.*” Indeed, aside from the lyso-
somal impairment, 1a treatment induces autophagic vacuole
formation in NCI-H460 lung cancer cells in vitro and tumor
tissues in vivo, as evidenced by the increased levels of the lipi-
dated form of the LC3 (LC3-1I) protein and formation of char-
acteristic autophagosomes (Fig. 7d-g, 8h, S31, S33 and S387),
which presumably functions to encapsulate the foreign nano-
materials formed in situ. The majority of la-treated cells
underwent necrotic cell death (Fig. 5¢), which may be linked to
the significant lysosomal rupture and leakage of degradative
enzymes into the cytosol.* In contrast, treatment of cells with
1d, the aglycone of 1a, resulted in depolarization of mitochon-
drial membrane potential (Fig. S351), negligible lysosomal
impairment and autophagic vacuolization (Fig. 7a-c and S347),
which in turn resulted in apoptotic cancer cell death (Fig. 5c).
These biological observations delineate the role of the glucose
unit in directing the assembling of the platinum(u) terpyridyl
complex into superstructures in physiological medium (Fig. 3¢
and 4a), endosomal/lysosomal targeting in cellulo (Fig. 6a and
S277), lysosomal membrane permeabilization (Fig. 7a-c) and
subsequent cancer cell death (Fig. 5¢). Our results exemplify the
supramolecular assembly of the planar platinum(u) complex in
relation to cancer cell killing.

Conclusions

We present the supramolecular self-assembly properties of
a planar alkynylplatinum(u) terpyridine complex with anti-
cancer action via perturbing the autophagy-lysosomal system.
Conjugation of a hydrophilic glucose moiety to the platinum(i)
terpyridyl complex affords a water-soluble compound which
self-assembles into nanoparticles in the cell culture medium
and enters the cancer cells through endocytosis. Further intra-
cellular transformation of the superstructures results in

© 2021 The Author(s). Published by the Royal Society of Chemistry
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lysosomal disruption and is accompanied by cancer cell death.
Importantly, the amphiphilic conjugate exhibits effective in vivo
anti-tumor activity. Our study highlights the exploitation of
supramolecular assemblies of platinum(n) complexes in an
interdisciplinary area of platinum chemistry yet to be developed
and sheds new light on developing a new class of metal-based
anti-cancer agents by harnessing the intrinsic self-assembly
properties.
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