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mes by design: novel N-acridine
thiosemicarbazones that enable direct detection of
intracellular drug localization and overcome P-
glycoprotein (Pgp)-mediated resistance†

Busra Kaya,a Henry Smith,a Yanbing Chen,a Mahan Gholam Azad,ab Tiffany M. Russell,a

Vera Richardson,ab Paul V. Bernhardt, c Mahendiran Dharmasivam*ab

and Des R. Richardson *abd

Innovative N-acridine thiosemicarbazones (NATs) were designed along with their iron(III), copper(II), and

zinc(II) complexes. Lysosomal targeting was promoted by specifically incorporating the lysosomotropic

Pgp substrate, acridine, into the thiosemicarbazone scaffold to maintain the tridentate N, N, S-donor

system. The acridine moiety enables a significant advance in thiosemicarbazone design, since: (1) it

enables tracking of the drugs by confocal microscopy using its inherent fluorescence; (2) it is

lysosomotropic enabling lysosomal targeting; and (3) as acridine is a P-glycoprotein (Pgp) substrate, it

facilitates lysosomal targeting, resulting in the drug overcoming Pgp-mediated resistance. These new N-

acridine analogues are novel, and this is the first time that acridine has been specifically added to the

thiosemicarbazone framework to achieve the three important properties above. These new agents

displayed markedly greater anti-proliferative activity against resistant Pgp-expressing cells than very low

Pgp-expressing cells. The anti-proliferative activity of NATs against multiple Pgp-positive cancer cell-

types (colon, lung, and cervical carcinoma) was abrogated by the third generation Pgp inhibitor,

Elacridar, and also Pgp siRNA that down-regulated Pgp. Confocal microscopy demonstrated that low

Pgp in KB31 (–Pgp) cells resulted in acridine's proclivity for DNA intercalation promoting NAT nuclear-

targeting. In contrast, high Pgp in KBV1 (+Pgp) cells led to NAT lysosomal sequestration, preventing its

nuclear localisation. High Pgp expression in KBV1 (+Pgp) cells resulted in co-localization of NATs with

the lysosomal marker, LysoTracker™, that was significantly (p < 0.001) greater than the positive control,

the di-2-pyridylketone-4-cyclohexyl-4-methyl-3-thiosemicarbazone (DpC) Zn(II) complex, [Zn(DpC)2].

Incorporation of acridine into the thiosemicarbazone scaffold led to Pgp-mediated transport into

lysosomes to overcome Pgp-resistance.
Introduction

Thiosemicarbazones of the di-2-pyridylketone thio-
semicarbazone (DpT) class have been demonstrated to possess
potent anti-cancer efficacy in vitro and in vivo in a range of
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276, [Zn(AOAPZ)2]$CH3OH$C2H5OH:
277. For ESI and crystallographic data
: https://doi.org/10.1039/d4sc04339a
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tumor models.1–25 The rst generation DpT agent, di-2-
pyridylketone-4,4-dimethyl-3-thiosemicarbazone (Dp44mT;
Fig. 1A(I)), potently and selectively inhibited the growth of
a variety of tumor xenogras1,6,12,18 and also prevented tumor
spread.15

Unfortunately, Dp44mT caused cardiac brosis in mice at
high, non-optimal doses.6 This led to the second-generation
DpT analogue, di-2-pyridylketone-4-cyclohexyl-4-methyl-3-
thiosemicarbazone (DpC) (Fig. 1A(II)), that markedly sup-
pressed tumor xenogra growth and metastasis, showed good
tolerability, potent anti-cancer activity, and no
cardiotoxicity.9–14,16,17 Other related thiosemicarbazones were
also prepared and characterized by our laboratory, including
those of the 2-benzoylpyridine thiosemicarbazone (BpT) series
(Fig. 1A(III)), and 2-acetylpyridine thiosemicarbazone (ApT)
series (Fig. 1A(IV)).1,5,19
Chem. Sci., 2024, 15, 15109–15124 | 15109
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Fig. 1 (A) Line drawings of the structures of: (I) Dp44mT; (II) DpC; (III) BpT; and (IV) ApT; (B) line drawings of the structures of the N-acridine
thiosemicarbazones (NATs): (I) AOBP; (II) AODP; (III) AOAP; and (IV) AOAPZ. (C) Scheme for the synthesis of NATs and their metal ion complexes.
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Despite their ability to bind iron, at the low doses used,
Dp44mT or DpC had no appreciable effect on whole animal
hematology.6,12,16,18 Other laboratories subsequently conrmed
15110 | Chem. Sci., 2024, 15, 15109–15124
the marked anti-tumor activity of these agents in vitro and in
vivo in terms of their selective inhibition of tumor growth and
spread.15,20,23,25 Another important aspect of the activity of these
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) Schematic demonstrating that P-glycoprotein (Pgp) is found
in cells at the plasma membrane and also intracellularly in endosomes
and lysosomes after endocytosis.2,28–34 Schematic demonstrating that
Pgp induces resistance to Doxorubicin (DOX) through two mecha-
nisms: (i) as an efflux pump at the plasma membrane that induces the
release of DOX from tumor cells;28 and (ii) through the ability of
lysosomal Pgp to sequester DOX in the lysosomal lumen, preventing
its access to a key pharmacological target, the nucleus.5,28 The
sequestration of DOX in lysosomes leads to resistance as it does not
induce lysosomal membrane permeabilization.5,28 (B) Schematic
showing that: (i) Pgp at the plasma membrane effluxes DpT thio-
semicarbazones such as Dp44mT and DpC from cells;1 and (ii) lyso-
somal Pgp results in thiosemicarbazone sequestration in lysosomes
that results in lysosomal membrane permeabilization1–4,35,36 due to the
potent redox activity of their Cu(II) complexes. Lysosomal membrane
permeabilization is a catastrophic process leading to apoptosis.18,36
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thiosemicarbazones was their ability to broadly and effectively
synergize with a variety of standard chemotherapies.9,22 Due to
its excellent safety, anti-tumor activity,10–14,16,17 and pharmaco-
kinetics,24 DpC entered multi-centre clinical trials in 2016.7,21

Multidrug resistance is a critical challenge for cancer
patients and is dened as the resistance of cancer cells to
multiple chemotherapeutic drugs with different structures and
mechanisms of action.26 One of the best characterized and
common resistance mechanisms in cancer involves the cellular
efflux of chemotherapeutic drugs through drug “pumps” such
as ATP-dependent translocase, ABCB1, which is also commonly
known as P-glycoprotein (Pgp).1,27 The presence of Pgp on the
plasma membrane leads to the efflux of a range of anti-cancer
chemotherapeutics (e.g., Doxorubicin; DOX) that are Pgp
substrates out of the cell, effectively decreasing their intracel-
lular concentration and preventing their cytotoxicity (Fig. 2A).37

More recently, investigations by our laboratory1,28 and
others29–34 demonstrated that Pgp is not only expressed on the
plasma membrane, but is also found intracellularly and is
functional in lysosomes28 (Fig. 2A and B). In fact, Pgp acts to not
only efflux drugs out of cells via its localization on the plasma
membrane, but is also involved in sequestering anti-cancer
drugs such as DOX and thiosemicarbazones into lysosomes
(Fig. 2A and B).1–4,28 The quarantining of DOX into lysosomes
prevents its access to sensitive targets (e.g., in the nucleus),
leading to resistance (Fig. 2A).2,3,5,28 As such, the lysosome acts
as a “waste bag” to segregate DOX, preventing its access to the
nucleus.28

Previous studies have comprehensively demonstrated that
the localization of Pgp in lysosomes occurs via endocytosis from
the plasma membrane, leading to Pgp-containing endosomes
and lysosomes (Fig. 2A and B).1,5,28–34 Notably, the Pgp trans-
porter on the plasmamembrane pumps drugs out of cells, while
its internalization into endosomes and lysosomes leads to Pgp
transporting drugs into the endosomal and lysosomal
lumen1–5,28

Our laboratory showed that Dp44mT and DpC could over-
come Pgp-mediated resistance in multiple tumor cell-
types,1,2,4,5,19 with Dp44mT being signicantly more effective
against Pgp-expressing tumors in vivo than their non-Pgp-
expressing counterparts.1 Further, our studies showed these
agents are Pgp substrates and are pumped out of cells, while
Pgp in the lysosomal membrane transports Dp44mT and DpC
into lysosomes (Fig. 2B).1,2,4,5,19

In contrast to the anthracycline, DOX (Fig. 2A), transport of
Dp44mT or DpC by Pgp into lysosomes results in a marked
increase in lysosomal membrane permeabilization and cyto-
toxicity (Fig. 2B), selectively killing Pgp-expressing tumor
cells.1,2,5,19 This effect is mediated, in part, by the lysosomotropic
character of the thiosemicarbazones,36 with these compounds
becoming positively charged and trapped in the organelle aer
transport into the lysosomal lumen by Pgp.1

Once in the lysosomal lumen, the thiosemicarbazones bind
intra-lysosomal Cu released by the degradation of proteins,
resulting in redox-active Cu(II) complexes, which generate
reactive oxygen species (ROS) that induce lysosomal membrane
permeabilization (Fig. 2B).1,4,35,36,38 Thus, Dp44mT and DpC use
© 2024 The Author(s). Published by the Royal Society of Chemistry
an innovative mechanism to overcome Pgp-resistance in cancer
cells.1,2,5,19 In contrast, while DOX is a Pgp substrate that is also
transported into lysosomes, it does not generate potently cyto-
toxic Cu complexes, and does not induce lysosomal membrane
permeabilization5,28 (Fig. 2A).

Neither Dp44mT nor DpC were specically designed to
become trapped in the lysosome and to take advantage of the
lysosomal Pgp transport process (Fig. 2B). The authors only
deciphered this mechanism aer extensive investigation of the
medicinal chemistry and pharmacology of the DpT class of
thiosemicarbazones.1,6,19,36,38 To improve their efficacy, one
specic design strategy could be to incorporate well-
Chem. Sci., 2024, 15, 15109–15124 | 15111
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characterized lysosomotropic moieties such as the acridine into
the thiosemicarbazone framework to maintain the
tridentate N, N, S donor system. The acridine moiety enables
a signicant advance in thiosemicarbazone design, because
acridine: (1) is a Pgp substrate,39–43 it facilitates lysosomal tar-
geting, resulting in the drug overcoming Pgp-mediated resis-
tance; (2) it is lysosomotropic44–46 enabling effective targeting
and trapping in lysosomes;47–51 and (3) another advantage is that
acridine can be directly imaged due to its inherent uorescence,
enabling tracking of its intracellular location.52,53 These new N-
acridine analogues are novel, with this being the rst time that
acridine has been added to the thiosemicarbazone framework
to achieve the three important properties above.

Considering the many interesting properties of the acridine
moiety, we report herein the synthesis and characterization of
four novel N-acridine thiosemicarbazones (NATs) and their
Cu(II), Fe(III), and Zn(II) complexes. These include ligands with
acridine at the N4 position and a variety of aromatic substitu-
ents at the N1 position, including: 2-benzoyl ((E)-N-(acridin-9-
yl)-2-(phenyl(pyridin-2-yl)methylene)hydrazine-1-
carbothioamide; AOBP; Fig. 1B(I)); 2-dipyridyl ((E)-N-(acridin-9-
yl)-2-(di(pyridin-2-yl)methylene)hydrazine-1-carbothioamide;
AODP; Fig. 1B(II)); 2-acetylpyridine ((2E)-N-(acridin-9-yl)-2-[1-
(pyridin-2-yl)ethylidene]hydrazine-1-carbothioamide; AOAP;
Fig. 1B(III)); and 2-acetylpyrazine ((2E)-N-(acridin-9-yl)-2-[1-
(pyrazin-2-yl)ethylidene]hydrazine-1-carbothioamide; AOAPZ;
Fig. 1B(IV)).

Since acridine is a Pgp substrate,39–43 these novel NAT ligands
demonstrate selectivity for cancer cells with high Pgp expres-
sion (KBV1; +Pgp) relative to their counterpart cells with very
low Pgp levels (KB31; −Pgp). This effect was not only observed
with these latter cell-types, but also in other tumor cells with
substantially lower Pgp expression. Confocal microscopy
demonstrated lysosomal targeting of the NATs, especially AOBP,
that was markedly enhanced by Pgp expression. These results
indicated our targeting strategy of including the lysosomotropic
Pgp substrate, acridine, into the thiosemicarbazone structural
framework was successful, leading to their ability to overcome
Pgp-mediated resistance.

Results and discussion

Synthesis of the NATs was accomplished by adding aryl and
diaryl hydrazones to isothiocyanatoacridine (Fig. 1C). Benzoyl-
pyridine, pyridyl, and di-2-pyridyl systems were selected
because they resulted in potent anti-cancer activity when
incorporated into the thiosemicarbazones of the DpT, BpT, and
ApT series (Fig. 1A(I–IV)), which are known Pgp substrates.1,5,9,19

Substitution with nitrogen heterocycles like pyridine and pyr-
azine was also critical for preserving the tridentate N, N, S donor
atom ligand system employed by a-N-heterocyclic thio-
semicarbazones.54 Analogues bearing aryl substituents other
than benzoylpyridine and di-2-pyridyl were synthesized to
dissect structure–activity relationships of the NATs and their
Fe(III), Cu(II), and Zn(II) complexes.

The X-ray crystallography of NAT ligands AOBP, AODP,
AOAPZ and the [Zn(AOAPZ)2] complex, along with their analysis,
15112 | Chem. Sci., 2024, 15, 15109–15124
are provided in ESI (see ESI Results and discussion; Fig. S1†).
Packing diagrams are presented in Fig. S2.† The purication of
the AOAPZ Fe(III) complex resulted in an unstable product due
to frequent desulfurization and cyclization. A similar outcome
was observed during the crystallization of [Fe(AOBP)2]

+, leading
to an unusual bicyclic structure in its perchlorate salt form, with
H2S being eliminated from the thiosemicarbazone (Fig. S3†).
The exact mechanistic details of this conversion remain unclear
and were not the focus of this investigation. However, the
synthesized Fe(III) complexes are stable prior to
recrystallization.
The NAT ligands demonstrate selective anti-proliferative
activity against Pgp-expressing KBV1 (+Pgp) cells versus KB31
(−Pgp) cells

Our previous investigations implemented a range of Pgp-
expressing cell-types to demonstrate that Dp44mT and DpC
overcome Pgp-mediated drug resistance.1,2,4,5,19 As such, studies
were designed to assess whether the inclusion of a well-known
Pgp substrate (acridine)39–41,43 into the thiosemicarbazone
framework conferred selective anti-proliferative activity against
Pgp-expressing tumor cells. In initial experiments, the novel
NAT ligands and their Fe(III), Cu(II), and Zn(II) complexes were
assayed against a well-characterized pair of cell lines: KBV1
(+Pgp) cells that express very high levels of functional Pgp, and
KB31 (−Pgp) cells, which do not express signicant Pgp
levels.1,19,28

The expression of Pgp in these cell-types was conrmed by
western analysis prior to use, with KBV1 (+Pgp) cells expressing
markedly and signicantly (p < 0.0001) greater Pgp protein
levels than KB31 (−Pgp) cells, where expression was extremely
low (Fig. 3A). The anti-proliferative efficacy (i.e., IC50) of the
novel NATs over incubations of 24, 48, and 72 h was compared
to the positive control ligands, Dp44mT and DpC (Table 1),
which are known Pgp substrates and selectively target Pgp-
expressing cells.1,2,4,5,19

Assessing Dp44mT and DpC aer all incubation times (Table
1) demonstrated they showed signicantly (p < 0.001–0.05)
greater anti-proliferative activity (i.e., lower IC50) against KBV1
(+Pgp) cells than KB31 (−Pgp) cells, with a 1.53 to 10.68-fold
decrease of the IC50 being evident in KBV1 (+Pgp) cells versus
KB31 (−Pgp) cells. The greatest differential in anti-proliferative
activity between KBV1 (+Pgp) and KB31 (−Pgp) cells was
observed for Dp44mT aer incubation periods of 48 and 72 h
(10.54 to 10.68-fold), while for DpC the greatest differential
occurred at 24 and 48 h (7.82 and 6.71-fold, respectively; Table
1). The mean differential anti-proliferative activity between
KBV1 (+Pgp) and KB31 (−Pgp) cells over 24, 48, and 72 h for
Dp44mT (3.42, 10.54, and 10.68-fold, respectively; mean: 8.21-
fold) was on average greater than that observed for DpC (7.82,
6.71, and 1.53-fold, respectively; mean: 5.35-fold).

Examining the four new NAT ligands, AOBP resulted in on
average themost pronounced selective anti-proliferative efficacy
against Pgp-expressing cells (Table 1). In fact, AOBP demon-
strated signicantly (p < 0.01) greater activity (1.60–6.19-fold;
average: 4.30-fold) against KBV1 (+Pgp) cells than KB31 (−Pgp)
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) Pgp is expressed at high levels in KBV1 (+Pgp) cells, while KB31 (−Pgp) cells do not express significant Pgp levels. Results are relative to
the protein loading control, b-actin. The western blot shown is typical of 3 experiments, while the densitometry represents the mean ± SD (3
experiments). ****p < 0.0001 vs. KBV1 (+Pgp) cells. (B) Incubation of KB31 (−Pgp) cells with the Pgp inhibitor, Elacridar (Ela), has no significant (p >
0.05) effect on the anti-proliferative activity (IC50) of Dp44mT, DpC, and the NATs and their Fe(III), Cu(II), and Zn(II) complexes. (C) Incubation of
KBV1 (+Pgp) cells with the Pgp inhibitor, Ela, significantly inhibits the anti-proliferative activity (IC50) of the positive controls, Dp44mT, DpC, and
also AOBP, [Cu(AOBP)2], [Zn(AOBP)2], AODP, AOAPZ, [Zn(AOAPZ)2], and AOAP. In (B) and (C), KB31 (−Pgp) and KBV1 (+Pgp) cells were pre-
incubated in the presence and absence of Ela (0.2 mM) for 1 h/37 °C. The cells were then incubated for 24 h/37 °C with the ligands and their
complexes in the presence and absence of Ela (0.2 mM). Cellular proliferation was then examined to calculate the IC50. Results are mean ± SD (3
experiments). *p < 0.05; **p < 0.01; ***p < 0.001 as shown on the graph.
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cells over all incubation times (Table 1). Similar, although less
pronounced efficacy was observed for AODP. In this case, AODP
demonstrated greater 1.13–4.61-fold (average 3.28-fold) activity
against KBV1 (+Pgp) cells versus KB31 (−Pgp) cells aer all
incubation times, with it having signicantly (p < 0.01) greater
efficacy aer 48 and 72 h (Table 1). AOAPZ, and particularly
AOAP, demonstrated the least anti-proliferative efficacy of the
NAT series (Table 1). In fact, the mean differential anti-
proliferative activity between KBV1 (+Pgp) and KB31 (−Pgp)
cells over 24, 48, and 72 h for AOAPZ (0.95, 3.36, and 2.49-fold,
respectively; mean: 2.27-fold) was greater than AOAP (1.21, 2.01,
and 1.25-fold, respectively; mean: 1.49-fold).
© 2024 The Author(s). Published by the Royal Society of Chemistry
In summary, all NAT ligands demonstrate selective anti-
proliferative activity against KBV1 (+Pgp) cells vs. KB31 (−Pgp)
cells, with AOBP and AODP demonstrating the greatest efficacy
and AOAP the least.
Effect of complexation on selective anti-proliferative activity
against KBV1 (+Pgp) cells: identication of pronounced
selectivity upon complexation of AOBP with Cu(II)

Complexation of the NAT ligands with Fe(III), Cu(II), and Zn(II)
was then examined in terms of their selective anti-proliferative
activity against KBV1 (+Pgp) cells versus their KB31 (−Pgp)
counterparts (Table 1). This was done to assess the potential
Chem. Sci., 2024, 15, 15109–15124 | 15113
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Table 1 The differential efficacy of NAT ligands and their Fe(III), Cu(II), and Zn(II) complexes relative to Dp44mT and DpC to inhibit proliferation
(IC50; mM) of KBV1 (+Pgp) and KB31 (−Pgp) cells after incubations of 24, 48, or 72 h/37 °C. The results are mean ± SD (3 experiments)

Compounds

IC50 values (mM)

24 h

Fold dif.

48 h

Fold dif.

72 h

Fold dif.KBV1 KB31 KBV1 KB31 KBV1 KB31

Dp44mT 2.39 � 0.12 8.16 � 0.88 3.42 0.23 � 0.01 2.45 � 0.24 10.54 0.01 � 0.002 0.13 � 0.02 10.68
DpC 1.31 � 0.09 10.23 � 0.7 7.82 0.16 � 0.01 1.0 � 0.05 6.71 0.19 � 0.02 0.29 � 0.07 1.53
AOBP 2.12 � 0.30 11.16 � 1.04 5.12 0.74 � 0.02 4.56 � 0.32 6.19 0.61 � 0.06 0.97 � 0.22 1.60
[Fe(AOBP)2]

+ 10.93 � 0.98 14.75 � 1.98 1.35 0.40 � 0.02 3.78 � 0.75 9.42 0.25 � 0.02 1.94 � 0.24 7.68
[Cu(AOBP)2] 2.13 � 0.37 8.39 � 0.98 3.95 0.26 � 0.03 10.39 � 0.52 39.72 0.14 � 0.02 1.63 � 0.34 11.66
[Zn(AOBP)2] 3.25 � 0.42 >25 >7.7 0.59 � 0.01 4.74 � 0.54 7.96 0.37 � 0.08 2.78 � 0.16 7.43
AODP 5.75 � 0.42 6.49 � 0.86 1.13 0.55 � 0.01 2.27 � 0.31 4.09 0.46 � 0.04 2.13 � 0.22 4.61
[Fe(AODP)2]

+ 15.78 � 1.97 17.66 � 0.96 1.12 0.22 � 0.03 5.23 � 0.41 23.59 0.30 � 0.010 2.40 � 0.41 7.95
AOAPZ 5.43 � 0.33 5.14 � 0.86 0.95 1.32 � 0.06 4.43 � 0.39 3.36 1.42 � 0.26 3.55 � 0.51 2.49
[Cu(AOAPZ)2] 3.89 � 0.18 3.73 � 0.32 0.96 2.49 � 0.05 3.64 � 0.13 1.46 1.50 � 0.19 2.84 � 0.71 1.89
[Zn(AOAPZ)2] 12.13 � 1.84 18.17 � 2.46 1.49 0.63 � 0.04 4.33 � 0.45 6.85 0.69 � 0.12 1.72 � 0.18 2.47
AOAP 6.56 � 0.74 7.95 � 0.99 1.21 2.29 � 0.18 4.62 � 0.31 2.01 1.69 � 0.33 2.12 � 0.38 1.25
[Fe(AOAP)2]

+ >25 >25 — 1.21 � 0.22 19.58 � 2.03 7.96 2.09 � 0.39 >5 >2.38
[Cu(AOAP)2] 2.96 � 0.38 4.21 � 0.68 1.42 2.46 � 0.06 3.23 � 0.26 1.31 0.87 � 0.161 2.56 � 0.61 2.97
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roles of these complexes in the selective anti-proliferative
activity of the ligands against Pgp-expressing cells. Generally,
the Cu(II) complexes demonstrated the greatest anti-
proliferative activity versus the other complexes in both cell-
types (Table 1). This observation correlated strongly with
previous studies on other thiosemicarbazones and the known
role of their Cu(II) complexes in redox activity and lysosomal
membrane permeabilization.4,36,55,56

Of all the agents examined in Table 1, [Cu(AOBP)2] demon-
strated the greatest mean differential in anti-proliferative
activity between KBV1 (+Pgp) cells and KB31 (−Pgp) cells over
24 h, 48 h, and 72 h (i.e., 3.95, 39.72, and 11.66-fold, respec-
tively; mean: 18.44-fold; Table 1). Both the Zn(II) and Fe(III)
complexes of AOBP demonstrated less, but still pronounced
differential activity between KBV1 (+Pgp) and KB31 (−Pgp) cells
over 24, 48, and 72 h. That is, for [Zn(AOBP)2] >7.70, 7.96, and
7.43-fold, respectively (mean: 7.70-fold), and for [Fe(AOBP)2]

+,
1.35, 9.42, and 7.68-fold, respectively (mean: 6.15-fold; Table 1).
Considering the known lability of Zn(II) thiosemicarbazone
complexes,57 it cannot be excluded that transchelation of the
NAT Zn(II) could occur with other cytosolic ligands. There are
a plethora of labilizing ligands in cells that the Zn(II) complexes
can be exposed to under physiological conditions. These
ligands can potentially include glutathione (GSH) and cysteine,
etc.58,59 and also 3000 proteins that bind Zn(II), which include
10% of the human proteome, such as the metallothioneins.60,61

Despite many attempts, the Cu(II) and Zn(II) complexes of
AODP, as well as the Zn(II) complex of AOAP, always led to
desulfurization and cyclization of the ligand during purication
and/or recrystallization, similar to the Fe(III) complex of AOAPZ
(see X-ray Crystallography section – ESI data†). However, relative
to [Fe(AOBP)2]

+, the AODP Fe(III) complex displayed greater
mean differential activity between KBV1 (+Pgp) and KB31
(−Pgp) cells over 24, 48, and 72 h (1.12, 23.59, and 7.95-fold,
respectively; mean: 10.89-fold; Table 1).
15114 | Chem. Sci., 2024, 15, 15109–15124
The Cu(II) and Zn(II) complexes of AOAPZ, and the Fe(III) and
Cu(II) complexes of AOAP demonstrated lower mean differential
activity between KBV1 (+Pgp) and KB31 (−Pgp) cells over 24, 48,
and 72 h than the respective AOBP and AODP complexes (Table
1). It can be speculated this observation may relate to the
differential ability of these complexes to act as Pgp substrates.
However, further studies are required to validate this sugges-
tion. The most active of the AOAPZ and AOAP complexes were
[Zn(AOAPZ)2] and [Fe(AOAP)2]

+ aer a 48 h incubation, where
the differential anti-proliferative activity between KBV1 (+Pgp)
and KB31 (−Pgp) cells was 6.85-fold and 7.96-fold, respectively
(Table 1).

Overall, of all the agents assessed herein, [Cu(AOBP)2]
demonstrated the greatest mean differential activity against
KBV1 (+Pgp) cells versus KB31 (−Pgp) cells. The Fe(III) and Zn(II)
complexes of AOBP and the AODP Fe(III) complex also demon-
strated marked efficacy against KBV1 (+Pgp) cells.
Pgp inhibition with Ela inhibits anti-proliferative activity
against KBV1 (+Pgp) cells for multiple NATs including the
potent complex, [Cu(AOBP)2]

Considering the results in Table 1, where Dp44mT, DpC, and
several NAT ligands and their complexes demonstrated selective
anti-proliferative activity against KBV1 (+Pgp) cells, studies then
examined the ability of the well-characterized, third-generation
Pgp inhibitor, Ela,1,19,28,62 to prevent this effect (Fig. 3B and C). In
these studies, KBV1 (+Pgp) and KB31 (−Pgp) cells were pre-
incubated in the presence or absence of Ela (0.2 mM) for 1 h/
37 °C prior to treatment for 24 h/37 °C with the ligands or their
complexes (0.012–25 mM) in the presence and absence of Ela
(0.2 mM). The IC50 values were then calculated.

First, as a relevant negative control, the anti-proliferative
activity of the ligands and complexes was examined using
KB31 (−Pgp) cells (Fig. 3B), where no signicant (p > 0.05)
difference in anti-proliferative activity was observed for all
© 2024 The Author(s). Published by the Royal Society of Chemistry
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agents in the presence or absence of Ela. These results
demonstrate that Ela has no non-specic effect on the anti-
proliferative activity of these compounds in the absence of
Pgp expression, as we showed previously for Dp44mT, DpC, and
other thiosemicarbazones.19 These data validate the high spec-
icity of Ela as a third-generation Pgp inhibitor.1,19,28,62

As a positive control using KBV1 (+Pgp) cells, inhibition of
Pgp with Ela resulted in a marked and signicant (p < 0.001)
decrease in the anti-proliferative efficacy of Dp44mT and DpC
(Fig. 3C), which our laboratory has previously demonstrated.1,19

Similarly, signicant (p < 0.001–0.05) inhibition of anti-
proliferative activity by Ela in KBV1 (+Pgp) cells was observed
for all four NAT ligands (i.e., AOBP, AODP, AOAPZ and AOAP),
and also [Cu(AOBP)2], [Zn(AOBP)2], and [Zn(AOAPZ)2] (Fig. 3C).
In contrast, Ela had no signicant (p > 0.05) effect on the anti-
proliferative activity of [Fe(AOBP)2]

+, [Fe(AODP)2]
+,

[Cu(AOAPZ)2], [Fe(AOAP)2]
+, or [Cu(AOAP)2] in KBV1 (+Pgp) cells

(Fig. 3C). This observation suggested the anti-proliferative
activity of these latter complexes in KBV1 (+Pgp) cells was
Pgp-independent.

In summary, the specic Pgp inhibitor, Ela, suppressed the
anti-proliferative activity of multiple NATs and their complexes
in KBV1 (+Pgp) cells, including AOBP and [Cu(AOBP)2] that
displayed a marked differential in anti-proliferative efficacy
between KBV1 (+Pgp) and KB31 (−Pgp) cells.
Inhibition of Pgp activity by Ela or Pgp silencing inhibits the
anti-proliferative efficacy of AOBP in multiple Pgp-expressing
tumor cell-types, but not KB31 (−Pgp) cells that express very
low Pgp levels

The studies above demonstrated that of the NAT ligands, AOBP
demonstrated the greatest differential anti-proliferative activity
between KBV1 (+Pgp) and KB31 (−Pgp) cells (Table 1).
Furthermore, Ela was demonstrated to inhibit the efficacy of
AOBP in KBV1 (+Pgp) cells, but not KB31 (−Pgp) cells (Fig. 3B
and C), with these results being consistent with Pgp playing
a role in enhancing the anti-proliferative activity of this agent.
Considering this, investigations then examined the anti-
proliferative activity of AOBP using multiple Pgp-expressing
cancer cell-types, namely KBV1 (+Pgp) cells, DMS-53 small cell
lung carcinoma cells, and HCT-15 colon adenocarcinoma cells
(Table 2(A and B)). The study also assessed the ability of either
Ela (using the protocol above in Fig. 3), or Pgp siRNA versus
a non-targeting negative control siRNA (NC siRNA), to inhibit
the anti-proliferative efficacy of the thiosemicarbazones. The
KB31 (−Pgp) cells were used as a relative negative control for the
Pgp-expressing cell-types and were treated using the same
protocol. In these silencing studies, Pgp siRNA or NC siRNA was
incubated with the cells for 72 h/37 °C and then incubated for
24 h/37 °C in the presence or absence of DOX, Dp44mT, DpC, or
AOBP (Table 2(B)).

The DMS-53 and HCT-15 cell-types demonstrated signi-
cantly (p < 0.001) lower Pgp levels than those in KBV1 (+Pgp)
cells, and markedly and signicantly (p < 0.001) greater
expression than KB31 (−Pgp) cells, where Pgp levels were
exceptionally low (Fig. S4A†). As a relevant control, the effect of
© 2024 The Author(s). Published by the Royal Society of Chemistry
Pgp siRNA was examined on Pgp protein levels and was
demonstrated to markedly and signicantly (p < 0.0001)
decrease its expression in KBV1 (+Pgp), DMS-53, and HCT-15
cells versus the NC siRNA (Fig. S4B†).

In these studies with Ela or Pgp siRNA (Table 2(A and B)), the
activity of AOBP was compared to several well-characterized
controls, namely: (1) DOX, the efficacy of which is promoted
by inhibition of Pgp activity or Pgp silencing;28 or (2) Dp44mT or
DpC whose anti-proliferative activity is known to be abrogated
by Pgp inhibition or silencing.1,19 DOX is a classical Pgp
substrate and is effectively effluxed by Pgp from cancer cells,28,63

or transported into lysosomes by Pgp where it is sequestered,
without inducing lysosomal membrane permeabilization
(Fig. 2A), leading to resistance.5,28 In all cell-types expressing
Pgp (KBV1, DMS-53, and HCT-15; Fig. S4A†), incubation with
Ela or Pgp siRNA resulted in a pronounced and/or signicant (p
< 0.0001–0.01) increase in anti-proliferative activity (i.e.,
decrease of the IC50) of DOX (Table 2(A and B)). As a pertinent
example, Ela markedly enhanced the anti-proliferative activity
of DOX in the three Pgp-expressing cell-types, but had no
signicant (p > 0.05) effect on the IC50 of DOX in KB31 (−Pgp)
cells in the presence or absence of Ela (Table 2(A)). These data
using KB31 (−Pgp) cells again conrmed the selectivity of Ela
against Pgp-expressing cell-types observed above in Fig. 3B.

In terms of the effect of Pgp siRNA on anti-proliferative
activity, assessing KBV1 (+Pgp) cells, the IC50 of DOX was
55.01 ± 2.96 mM for the NC siRNA-treated cells, while it was
signicantly (p < 0.0001) lower aer incubation with the Pgp
siRNA (2.43 ± 0.15 mM; Table 2(B)). It is notable that incubation
of KB31 (−Pgp) cells with Pgp siRNA resulted in no signicant (p
> 0.05) change in the IC50 relative to NC siRNA (Table 2(A and
B)), demonstrating this treatment did not non-specically alter
proliferation. Collectively, these results in Table 2(A and B)
using Ela or Pgp siRNA are consistent with the role of Pgp in
preventing the anti-proliferative activity of DOX, inducing
resistance.

Opposite to their effect on enhancing the anti-proliferative
efficacy of DOX, either Ela or Pgp siRNA decreased and/or
signicantly (p < 0.0001–0.05) decreased the anti-proliferative
activity (i.e., increased the IC50) of Dp44mT, DpC, and AOBP
in all three Pgp-expressing tumor cell-types versus control media
alone or the NC siRNA, respectively (Table 2(A and B)). For
example, examining KBV1 (+Pgp) cells aer treatment with
AOBP, an IC50 of 2.79 ± 0.34 mM was observed aer incubation
with NC siRNA, with this being signicantly (p < 0.01) increased
by Pgp siRNA to 18.98 ± 5.62 mM (Table 2(B)). Thus, these
results suggested that Pgp plays a role in promoting the anti-
proliferative efficacy of these thiosemicarbazones.

These results above assessing KBV1 (+Pgp) cells were in
contrast to those obtained for KB31 (−Pgp) cells that demon-
strated greater resistance to Dp44mT, DpC, and AOBP, having
IC50 values of 8.16 to >25 mM in the presence or absence of Ela or
Pgp siRNA (Table 2(A and B)). This resistance to the anti-
proliferative activity of these thiosemicarbazones is consistent
with KB31 (−Pgp) cells not expressing substantial Pgp (Fig. 3A
and S4A†). In fact, incubation of KB31 (−Pgp) cells with Ela had
no signicant (p > 0.05) effect on the IC50 of AOBP (>25 mM)
Chem. Sci., 2024, 15, 15109–15124 | 15115
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Table 2 (A) and (B) Incubation of Pgp-expressing KBV1 (+Pgp) cells, DMS-53 cells, or HCT-15 cells with Ela or Pgp siRNA increases the anti-
proliferative activity of Doxorubicin (DOX), or inhibits the activity of Dp44mT, DpC, or AOBP. (A) Cells were preincubated in the presence or
absence of Ela (0.2 mM) for 1 h/37 °C, and the incubation then continued for 24 h/37 °C in the presence of the agents. (B) Cells were incubated
with Pgp siRNA or NC siRNA for 72 h/37 °C and then incubated with or agents. Results are mean± SD (3 experiments). * p < 0.05; ** p < 0.01; ***
p < 0.001; **** p < 0.0001

(A)

Agents

IC50 (mM)

KBV1 KBV1 + Ela KB31 KB31 + Ela DMS-53 DMS-53 + Ela HCT-15 HCT-15 + Ela

DOX >100 1.37 � 0.10 1.36 � 0.48 1.16 � 0.24 17.96 � 5.94 2.08 � 0.89** 33.15 � 5.42 10.35 � 2.54**
Dp44mT 2.39 � 0.12 10.70 � 0.34*** 8.16 � 0.88 12.06 � 1.34 1.49 � 0.12 2.96 � 0.16*** 0.69 � 0.08 5.88 � 0.19****
DpC 1.31 � 0.09 12.93 � 0.95*** 10.23 � 0.66 11.04 � 0.76 0.66 � 0.03 3.51 � 0.98** 0.28 � 0.11 2.01 � 0.29**
AOBP 2.12 � 0.30 18.21 � 1.38*** 11.16 � 1.04 13.94 � 1.04 1.95 � 0.53 4.07 � 1.63* 1.52 � 0.05 9.95 � 0.74****

(B)

Agents

IC50 (mM)

KBV1 +
NC siRNA

KBV1 + Pgp
siRNA

KB31 + NC
siRNA

KB31 + Pgp
siRNA

DMS-53 + NC
siRNA

DMS-53 + Pgp
siRNA

HCT-15 + NC
siRNA

HCT-15 + Pgp
siRNA

DOX 55.01 � 2.96 2.43 � 0.15**** 5.75 � 0.66 5.48 � 0.95 38.47 � 5.30 2.57 � 0.32*** 58.29 � 6.50 31.25 � 4.15**
Dp44mT 1.57 � 0.66 8.34 � 2.04** >25 >25 5.44 � 0.80 19.37 � 0.59**** 5.49 � 2.33 14.83 � 2.44**
DpC 2.45 � 0.68 19.01 � 5.69** >25 >25 5.57 � 0.28 8.99 � 0.88** 4.90 � 0.29 9.14 � 0.27***
AOBP 2.79 � 0.34 18.98 � 5.62** >25 >25 22.87 � 1.05 >25 12.56 � 1.17 21.42 � 2.41**
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versus control media alone (Table 2(A and B)). Further, for all
three thiosemicarbazones, treatment of KB31 (−Pgp) cells with
Pgp siRNA had no signicant (p > 0.05) effect on the IC50 (>25
mM) versus the NC siRNA.

In summary, the results in Table 2(A and B) using Ela and
Pgp siRNA in multiple cell-types indicate that Pgp activity and
expression play a role in enhancing the anti-proliferative activity
of AOBP, Dp44mT, and DpC, while inhibiting the efficacy of
DOX.
Cellular Pgp expression is increased by DOX, but decreased by
Dp44mT, DpC, and the NAT ligands

The investigations above in Fig. 3 and Tables 1 and 2 indicate
Pgp plays a key role in the anti-proliferative activity of the NAT
ligands. To further investigate the role of Pgp in their activity,
experiments investigated the effects of the agents on Pgp
expression in cells (Fig. S5†). Our previous studies demon-
strated a marked differential between the activity of DOX that
increased Pgp protein expression in KBV1 (+Pgp) cells, while
DpC and Dp44mT decreased its levels.5 These effects were
rationalized by DOX selectively killing non-Pgp-expressing
KBV1 (+Pgp) cells, leading to cultures enriched in Pgp-
expressing cells.5 In contrast, DpC and Dp44mT were selec-
tively cytotoxic to Pgp-expressing KBV1 (+Pgp) cells, effectively
decreasing Pgp protein levels.5

In these studies, KBV1 (+Pgp) cells (Fig. S5A†) or KB31
(−Pgp) cells (Fig. S5B†) were incubated for 48 h/37 °C with DOX
(100–400 mM), Dp44mT (10–40 mM), DpC (1–20 mM), AOBP (10–
40 mM), and AODP (10–40 mM). Our previous studies5 guided
preliminary experiments to optimize the concentrations to
15116 | Chem. Sci., 2024, 15, 15109–15124
ensure cellular selection without extreme toxicity that would
prevent harvesting sufficient protein. As demonstrated previ-
ously,5 incubation of KBV1 (+Pgp) cells with increasing DOX
concentrations caused a marked and signicant (p < 0.0001)
increase in Pgp expression versus the control. In contrast,
Dp44mT, DpC, AOBP, and AODP all signicantly (p < 0.0001–
0.001) decreased Pgp expression, with this effect being more
pronounced as the concentration increased (Fig. S5A†). Parallel
control studies with KB31 (−Pgp) cells demonstrated no impact
of DOX or these thiosemicarbazones on Pgp expression, which
was at very low levels in these cells (Fig. S5B†).

Collectively, these results indicate that AOBP and AODP act
similarly to Dp44mT and DpC and selectively target Pgp-
expressing cells, demonstrating a distinct advantage over
DOX, which promotes the selection of KBV1 (+Pgp) cells
expressing high Pgp levels.
Pgp expression in KBV1 (+Pgp) cells prevents nuclear
accumulation of AOBP and AOAP and their localization in
a cytoplasmic compartment

The studies above in Tables 1 and 2 and Fig. 4 and S4†
demonstrate that multiple NATs act analogously to Dp44mT
and DpC and possess selective anti-proliferative efficacy against
Pgp expressing cells, with this activity being mediated by Pgp.
As our previous studies indicated that lysosomal Pgp was
important for overcoming Pgp-mediated resistance by Dp44mT
and DpC,1–3 investigations then examined intracellular locali-
zation of several NATs (Fig. 5). To assess if the inherent uo-
rescence of NATs and their Fe(III), Cu(II), and Zn(II) complexes
were suitable for cellular imaging, uorescence spectroscopy
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Confocal microscopy demonstrates AOBP and AOAP co-localize with the nuclear probe, HCS NuclearMask™ Deep Red, in KB31 (−Pgp)
cells, while only cytosolic localization of AOBP and AOAP is observed in KBV1 (+Pgp) cells. (A) The KB31(−Pgp) and (B) KBV1 (+Pgp) cell-types
were incubated with [Zn(DpC)2], AOBP, and AOAP (25 mM) for 2 h/37 °C and then examined using confocal microscopy. The images are typical
from 3 experiments. (C) Quantification of the pixel intensity of [Zn(DpC)2], AOBP, and AOAP at 405 nm was performed with ImageJ. (D)
Quantitation of the co-localization of HCS NuclearMask™ Deep Red (638 nm) with [Zn(DpC)2], AOBP, and AOAP (405 nm) was performed with
ImageJ. Studies were performed using a 40× objective using a constant acquisition setting with Olympus Fluoview FV3000 software. Images
were digitallymagnified (5×) for demonstration of the co-localization. Results aremean± SD (3 experiments). *p < 0.05; **p < 0.01; ***p < 0.001;
****p < 0.0001 as shown on the graph. Scale bar: 10 mm.

© 2024 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2024, 15, 15109–15124 | 15117
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Fig. 5 (A and B) Confocal microscopy demonstrates that AOBP and AOAP co-localize to a significantly greater extent with LysoTracker™ than
[Zn(DpC)2] in (A) KB31 (−Pgp) cells and especially (B) KBV1 (+Pgp) cells. Both cell-types were incubated with inherently fluorescent, [Zn(DpC)2],
AOBP, and AOAP (25 mM) for 2 h/37 °C resulting in a green (405 nm), punctate pattern. Incubation with LysoTracker™ (red) resulted in a typical,
punctated pattern of red (647 nm) fluorescence. (C) Quantification of the pixel intensity of [Zn(DpC)2], AOBP, and AOAP at 405 nm was per-
formed with ImageJ. (D) Quantification of the co-localization of [Zn(DpC)2], AOBP, and AOAP (405 nm) with LysoTracker™ (647 nm) was
estimated with ImageJ. Co-localization of AOBP and LysoTracker™ was confirmed by the Pearson's correlation coefficients. The images are
typical from three experiments. Studies were performed using a 40× objective using a constant acquisition setting with Olympus Fluoview
FV3000 software. Images were digitally magnified (5×) for demonstration of the co-localization. Results are mean ± SD (3 experiments). *p <
0.05; **p < 0.01; ***p < 0.001 as shown on the graph. Scale bar = 10 mm.

15118 | Chem. Sci., 2024, 15, 15109–15124 © 2024 The Author(s). Published by the Royal Society of Chemistry
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was initially performed to calculate quantum yield (F; Table
S2†). Studies were performed using the compounds (10 mM)
dissolved in DMSO implementing an excitation at 400 nm and
a 10 nm slit width (Fig. S6†). The quantum yield of the agents
was 0.15–0.92 × 10−3 (Table S2†), which was similar to, or
greater, than uorescent [Zn(DpC)2] (0.36 × 10−3), which
targets lysosomes, and that we previously used in confocal
microscopy studies.4,55,57 As such, the NATs were considered
suitable for confocal microscopy analysis.

The observed lower quantum yield of the NATs free ligands
(Table S2†) may be due to the occurrence of a photo-induced
electron transfer (PET) process, which is caused by the pres-
ence of a lone pair of electrons on the nitrogen atoms. This PET
process is prevented aer complexation, resulting in an
increase in uorescence intensity.64–66 Interestingly, only the
[Cu(AOAP)2] complex demonstrated markedly enhanced uo-
rescence intensity compared to the other complexes and their
free ligands (Fig. S6†). This can be attributed to the separation
of the excited states of the ligand and Cu(II) caused by the
distortion in the geometry of the [Cu(AOAP)2] complex in the
excited state.67,68 Similar observations have been noted in other
thiosemicarbazone Cu(II) complexes as well.67–69 Unexpectedly,
the paramagnetic NAT Fe(III) complexes slightly increased the
uorescence intensity relative to their free ligand, this may be
due to the chelation-enhanced uorescence and suppression of
PET.70 As expected, enhancement of uorescence intensity and
quantum yield of the Zn(II) complexes (Table S2†) is probably
due to the chelation of the ligand to the Zn(II) centre. Chelation
enhances the rigidity of the ligand, thereby reducing the loss of
energy by non-radiative decay of the intra-ligand emission
excited state.71,72

Of the NAT ligands and complexes, AOBP and AOAP, were
initially utilized in confocal microscopy studies as they
demonstrated the strongest and weakest mean differential anti-
proliferative activity, respectively, against KBV1 (+Pgp) versus
KB31 (−Pgp) cells (Table 1). Furthermore, Pgp was involved in
their anti-proliferative activity, as the Pgp inhibitor, Ela, was
shown to signicantly (p < 0.001–0.05) inhibit the anti-
proliferative activity of AOBP and AOAP against KBV1 (+Pgp)
cells, but not KB31 (−Pgp) cells (Fig. 3B, C and Table 2).

As part of our dissection of the intracellular localization of
AOBP and AOAP, we rst examined using confocal microscopy if
AOBP and AOAP demonstrated nuclear co-localization (Fig. 4A
and B). This assessment was performed considering the re-
ported proclivity of acridine-substituted compounds to inter-
calate into DNA47,73,74 and accumulate in the nucleus.41,73,75–77 To
demonstrate the nucleus, KB31 (−Pgp) and KBV1 (+Pgp) cells
were probed with the well-established nuclear probe, HCS
NuclearMask™ Deep Red.78,79 This latter probe was used for
confocal microscopy rather than Hoechst 33342 to prevent
interference with the uorescence spectra of AOBP, AOAP, and
[Zn(DpC)2]. Further, the inherently uorescent, [Zn(DpC)2],4,55,57

was implemented as a relative control, as our laboratory
demonstrated it did not localize to the nucleus, but was mainly
co-localized in the cytoplasm with the classical lysosomal
marker, LysoTracker™.4,55,57
© 2024 The Author(s). Published by the Royal Society of Chemistry
Aer a 2 h/37 °C incubation with KB31 (−Pgp) cells (Fig. 4A)
and KBV1 (+Pgp) cells (Fig. 4B), [Zn(DpC)2], AOBP, and AOAP (25
mM) exhibited a punctate distribution at 405 nm due to their
own inherent uorescence (Fig. 4A). The distribution of
[Zn(DpC)2] was conned mainly to the outer (extra-nuclear)
cytosol of KB31 (−Pgp) cells, while in contrast, AOBP and
AOAP resulted in near homogeneous staining of the entire cell
(Fig. 4A). Quantitation of compound uorescence demonstrated
signicantly (p < 0.01) higher cellular levels of AOBP and to
a lesser extent AOAP versus [Zn(DpC)2] (Fig. 4C). The HCS
NuclearMask™ Deep Red probe assessed at 638 nm produced
well-dened staining of the nucleus.

Following co-localization analysis of HCS NuclearMask™
(red channel) with [Zn(DpC)2] (green channel), no signicant
merge (yellow uorescence) was apparent indicating the two
probes were in different cellular compartments (Fig. 4A). In
contrast, for both AOBP and AOAP, the green uorescence of
AOBP and AOAP substantially merged with red uorescence of
HCS NuclearMask™, leading to a pronounced and signicant
(p < 0.0001–0.001) increase in the intensity of yellow uores-
cence and the Pearson's correlation coefficient (r = 0.36 ± 0.05
(3) and r = 0.35 ± 0.07 (3) for AOBP and AOAP, respectively)
versus the control (r = 0.00 ± 0.02). These results indicated
AOBP and AOAP co-localized with HCS NuclearMask™ in KB31
(−Pgp) cells, and this occurred to a signicantly (p < 0.01)
greater extent than that observed for [Zn(DpC)2], where the
Pearson's correlation coefficient was r= 0.14± 0.06 (3) (Fig. 4A).

Examining KBV1 (+Pgp) cells, the uorescence of [Zn(DpC)2]
was similar although more dened and punctate relative to that
observed in KB31 (−Pgp) cells (cf. Fig. 4A and B), being mainly
conned to the extranuclear region (Fig. 4B). However, in
contrast to the near homogenous cellular distribution
(including nucleus) of AOBP and AOAP in KB31 (−Pgp) cells
(Fig. 4A), in KBV1 (+Pgp) cells, the distribution of both ligands
was intensively punctate and conned predominantly to the
cytosolic extra-nuclear region (Fig. 4B). Quantitation of uo-
rescence at 405 nm demonstrated signicantly (p < 0.001–0.05)
higher levels of all 3 compounds in KBV1 (+Pgp) cells versus
KB31 (−Pgp) cells, with AOAP and especially AOBP demon-
strating signicantly (p < 0.01–0.05) higher levels than
[Zn(DpC)2] in KBV1 (+Pgp) cells (Fig. 4C). In fact, for [Zn(DpC)2],
AOBP and AOAP, upon co-localization, there was no appreciable
merge of their inherent uorescence (green) with the red uo-
rescence of the HCS NuclearMask™ in KBV1 (+Pgp) cells
(Pearson's correlation coefficients of r = 0.12 ± 0.09 (3) for
[Zn(DpC)2]; r = 0.19 ± 0.06 (3) for AOBP; and r = 0.14 ± 0.09 (3)
for AOAP; Fig. 4B). In fact, assessing quantitation, co-
localization of AOBP and AOAP with HCS NuclearMask™ was
markedly and signicantly (p < 0.001) greater in KB31 (−Pgp)
cells than KBV1 (+Pgp) cells (Fig. 4D).

Together, these data above demonstrate that Pgp expression
in KBV1 (+Pgp) cells prevents nuclear accumulation of AOBP
and AOAP (Fig. 4B), which was pronounced in KB31 (−Pgp) cells
(Fig. 4A), probably due to the proclivity of acridine to intercalate
into DNA.47,73,74 Instead, in KBV1 (+Pgp) cells, AOBP and AOAP
(as well as [Zn(DpC)2]), accumulated in a cytoplasmic
compartment, which considering our previous data examining
Chem. Sci., 2024, 15, 15109–15124 | 15119
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Dp44mT, DpC, [Zn(DpC)2], and DOX,1,2,4,5,19,28 was hypothesized
to be lysosomes. In fact, we previously reported analogous
results with the uorescent Pgp substrate, DOX, where in KBV1
(+Pgp) cells this drug was observed in the lysosomal compart-
ment.5 In contrast, in KB31 (−Pgp) cells, DOX co-localized with
the nucleus.5 This difference in drug localization between the
two cell-types indicated the functional role of Pgp in KBV1
(+Pgp) cells to sequester DOX into lysosomes, preventing its
entrance into the nucleus.5

In conclusion, Pgp expression in KBV1 (+Pgp) cells (Fig. 4B)
prevented the strong nuclear co-localization of AOBP and AOAP
observed in KB31 (−Pgp) cells (Fig. 4A), and instead resulted in
their accumulation in an extranuclear cytoplasmic
compartment.
Fig. 6 Schematic illustrating the mechanism of action of AOBP in
overcoming Pgp-mediated drug resistance by targeting lysosomes. (A)
In Pgp-expressing cells, Pgp on the plasma membrane becomes
endocytosed into endosomes,1,28 with a proportion of endosomes
maturing into lysosomes. The acridine moiety is lysosomotropic, and
acts as a Pgp substrate, conferring these properties on AOBP. The
AOBP can be transported by Pgp into the lysosomal lumen, where it
becomes positively charged and trapped at lysosomal pH. This lyso-
somal sequestration prevents AOBP from entering the nucleus where
it can target DNA. Once in the lysosome, AOBP then binds Cu liberated
after lysosomal degradation of proteins to form potent, redox-active
Cu complexes that generate ROS and causes lysosomal membrane
permeabilization and apoptosis. In addition to entrance of AOBP into
the lysosome via lysosomal Pgp, AOBP can theoretically also be
effluxed out of the cell by Pgp at the plasma membrane. (B) In cells
with very low Pgp expression, the acridine moiety of AOBP can result
in strong nuclear association. This latter effect is presumably due to the
known ability of acridine to intercalate into DNA,47,73,74 but Pgp over-
expression prevents this effect due to lysosomal sequestration of the
drug (see (A)).
AOBP and AOAP avidly co-localize with LysoTracker™-stained
lysosomes in KB31 (−Pgp) and particularly KBV1 (+Pgp) cells
to a greater extent than [Zn(DpC)2]

Previous studies from our laboratory indicated that Dp44mT,
DpC, and [Zn(DpC)2] targeted the lysosome,1,4,5,19,36 and further,
were markedly sequestered in lysosomes of cells with high Pgp
levels.1,3–5 To directly visualize if AOBP and AOAP in KB31
(−Pgp) cells and KBV1 (+Pgp) were localized in lysosomes, live
cell confocal microscopy imaging was performed using the well-
characterized LysoTracker™ Deep Red (LysoTracker™) probe
that resulted in the classical punctate cytoplasmic distribution
of these organelles (Fig. 5A–D).80,81 In both cell-types, incubation
with the inherently uorescent, [Zn(DpC)2],4,55,57 AOBP, and
AOAP, resulted in a punctate pattern of green uorescence at
405 nm (Fig. 5A and B).

As observed in Fig. 4A, in contrast to the extranuclear cyto-
plasmic distribution of [Zn(DpC)2], a distinctly different pattern
of AOBP and AOAP uorescence was observed in KB31 (−Pgp)
cells, where almost homogenous cellular distribution was
observed (Fig. 5A). Indeed, signicantly (p < 0.001–0.05) higher
levels of AOBP and AOAP relative to [Zn(DpC)2] were observed in
KB31 (−Pgp) cells (Fig. 5C). Examining KB31 (−Pgp) cells, upon
the merge of the inherent uorescence of [Zn(DpC)2], AOBP, or
AOAP with LysoTracker™, there was a signicant (p < 0.001)
increase in co-localization (yellow uorescence) versus the
control (Fig. 5D). Relative to [Zn(DpC)2], the co-localization
intensity was signicantly (p < 0.01) greater for AOAP and
especially AOBP in KB31 (−Pgp) cells (Fig. 5D). This co-
localization in KB31 (−Pgp) cells for AOBP and AOAP led to
Pearson's correlation coefficients of r = 0.71 ± 0.06 (3) and r =
0.53 ± 0.08 (3), respectively. Notably, the AOBP correlation
coefficient was signicantly greater (p < 0.05) than that of
[Zn(DpC)2] = 0.47 ± 0.09 (3) (Fig. 5A). These results indicated
increased lysosomal targeting of AOAP and especially AOBP in
KB31 (−Pgp) cells, indicating our targeting strategy of incor-
porating the lysosomotropic agent, acridine,44–46 into the thio-
semicarbazone framework was successful.

Examining KBV1 (+Pgp) cells, the cellular distribution of the
uorescence of [Zn(DpC)2], AOBP, and AOAP was extranuclear
in puncta and similar to the distribution of LysoTracker™
(Fig. 5B). In fact, the appearance of the puncta for [Zn(DpC)2],
15120 | Chem. Sci., 2024, 15, 15109–15124
AOBP, and AOAP in KBV1 (+Pgp) cells was “tighter” and more
punctate in KBV1 (+Pgp) cells than KB31 (−Pgp) cells (cf. Fig. 5A
and B). In particular, the distribution of AOBP and AOAP was
distinctly particulate and extranuclear in KBV1 (+Pgp) cells
(Fig. 5B), which was clearly different to their homogenous
cellular distribution that included the nucleus in KB31 (−Pgp)
cells (Fig. 5A). Furthermore, signicantly (p < 0.001–0.01)
© 2024 The Author(s). Published by the Royal Society of Chemistry
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greater intracellular levels of all 3 compounds were observed in
KBV1 (+Pgp) versus KB31 (−Pgp) cells, with the levels of AOBP
and AOAP being signicantly (p < 0.001–0.05) greater than
[Zn(DpC)2] in both cell-types (Fig. 5C).

Co-localization of [Zn(DpC)2], AOBP, and AOAP (green) with
LysoTracker™ (red) in KBV1 (+Pgp) cells resulted in a punctate
pattern of yellow uorescence that appeared more intense and
distinct than that in KB31 (−Pgp) cells (cf. Fig. 5A and B). The
co-localization intensity of [Zn(DpC)2], AOAP, and particularly
AOBP with LysoTracker™, was signicantly (p < 0.001) higher in
KBV1 (+Pgp) cells than KB31 (−Pgp) cells (Fig. 5D).

This co-localization in KBV1 (+Pgp) cells was signicantly (p
< 0.001) increased for AOAP and especially AOBP relative to
[Zn(DpC)2], again suggesting the greater lysosomal targeting of
both NAT's (Fig. 5A and D). Hence, AOBP and AOAP demon-
strated greater lysosomal targeting than the positive control,
[Zn(DpC)2], in cells highly expressing Pgp. The Pearson's
correlation coefficients of r= 0.82 ± 0.07 (3) and r= 0.73± 0.06
(3) for AOBP and AOAP, respectively, relative to r = 0.65 ± 0.04
(3) for [Zn(DpC)2] in KBV1 (+Pgp) cells (Fig. 5B), additionally
supported lysosomal localization for all these compounds.
Further, the more marked and signicant (p < 0.01) lysosomal
co-localization of AOBP compared to AOAP in KBV1 (+Pgp) cells
(Fig. 5D) correlates with the greater Pgp-dependent anti-
proliferative activity of AOBP versus AOAP (Table 1, Fig. 3B
and C).

Collectively, the observations in Fig. 5A–D demonstrate our
specic design strategy of including the acridine moiety that is
lysosomotropic,44–46 but also a Pgp substrate,39–43 has success-
fully led to pronounced lysosomal targeting of AOAP and
especially AOBP.

Conclusions

Dp44mT and DpC are well-characterized substrates of the drug
transporter, Pgp, and are actively transported into lysosomes by
utilizing Pgp on the lysosomal membrane (Fig. 2B).1–4,35

However, neither of these ligands were ever specically
designed to be Pgp substrates or to have lysosomotropic prop-
erties. Only aer dissection of the mechanism of their anti-
proliferative activity was the role of lysosomal targeting1,36 and
Pgp1,2 realized as critical determinants of their efficacy and
ability to overcome drug resistance.6

Furthermore, precise determination of the subcellular
distribution of Dp44mT and DpC were limited by the lack of
inherent uorescence exhibited by the ligands themselves. To
overcome these limitations, we designed, synthesized, and
characterized for the rst time a new series of NAT ligands and
their Fe(III), Cu(II), and Zn(II) complexes. An important aspect of
their design was the incorporation of the uorescent acridine
moiety that imparts both lysosomotropic character and is a Pgp
substrate.44–46,82

The NATs and their Fe(III), Cu(II), and Zn(II) complexes
demonstrated higher anti-proliferative activity against KBV1
(+Pgp) versus KB31 (−Pgp) cells (Table 1). Noteworthy was the
marked anti-proliferative selectivity of [Cu(AOBP)2] in KBV1
(+Pgp) versus KB31 (−Pgp) cells (Table 1). The potent anti-
© 2024 The Author(s). Published by the Royal Society of Chemistry
proliferative activity of AOBP against KBV1 (+Pgp) cells and
Pgp-expressing DMS-53 lung cancer and HCT-15 colon carci-
noma cells was abrogated by the specic Pgp inhibitor, Ela, or
Pgp silencing (Fig. 3C, Table 2(A and B)). These observations
further substantiated the role of Pgp transport activity in the
selectivity of these agents (Fig. 6A). In marked contrast, the anti-
proliferative efficacy of the anthracycline, DOX, was increased
by Ela and Pgp silencing, which agrees with the well-known role
of Pgp in decreasing the activity of this drug.28

Confocal microscopy demonstrated that inherently uores-
cent AOBP and AOAP co-localized with the nucleus in KB31
(−Pgp) cells, but not KBV1 (+Pgp) cells (Fig. 4A and B). These
results suggested Pgp expression prevented nuclear accumula-
tion of AOBP and AOAP, leading to cytosolic accumulation in
the lysosomal compartment of KBV1 (+Pgp) cells as demon-
strated by the well-characterized LysoTracker™ probe (Fig. 5B
and D). The nuclear accumulation of AOBP and AOAP in KB31
(−Pgp) cells was probably mediated by the acridine moiety that
has proclivity for the nucleus due to its ability to intercalate into
DNA (Fig. 5A and 6B).47,73,74 In KBV1 (+Pgp) cells expressing high
Pgp levels, nuclear localization of the acridine-substituted thi-
osemicarbazones was prevented due to their sequestration into
lysosomes by Pgp (Fig. 6A). Our laboratory reported similar
observations with DOX,28 which like the DNA intercalating
agent, acridine,47,73,74 associates with the nucleus in KB31
(−Pgp) cells, but instead is sequestered by Pgp into lysosomes
in KBV1 (+Pgp) cells.

Examining co-localization of AOBP and AOAP with lyso-
somes, it was demonstrated this was greater than the lysosomal
targeting agent, [Zn(DpC)2],4,55,57 particularly in KBV1 (+Pgp)
cells (Fig. 5B and D). These results indicate the specic design
strategy of adding acridine to promote both lysosomotropic
character and lysosomal Pgp transport has been successful.
These results agree with the pronounced Pgp-dependent anti-
proliferative activity of AOBP and AOAP in KBV1 (+Pgp) versus
KB31 (−Pgp) cells (Table 1).

The signicantly greater co-localization in lysosomes of
AOBP relative to AOAP (Fig. 5A, B and D) was also consistent
with the markedly greater anti-proliferative activity of AOBP
relative to AOAP against KBV1 (+Pgp) cells (Table 1). Acridine is
a well-known lysosomotropic agent44–46 with a pKa of 5.6 (ref. 83)
with an assessment of its ionization as a function of pH (Marvin
Sketch, ChemAxon soware)84 indicating that ∼89% is charged
at lysosomal pH (pH 5), while 93% is neutral at physiological pH
(pH 7.4). Similar analysis of the four NATs demonstrated that
94% of the agent is charged at pH 5, while 93% is neutral. These
properties would facilitate the entrance of the neutral NAT
ligand from the extracellular milieu (pH 7.4) across the plasma
membrane and into the cell. The neutral ligand would then
transverse the cytosol and enter lysosomes and become charged
and trapped in these organelles. This analysis demonstrates
a marked improvement of the NATs relative to Dp44mT or DpC,
where only ∼16% of the ligand was charged at lysosomal pH,36

and explains the pronounced lysosomal accumulation of the
NATs (Fig. 5A–D).

The addition of the lipophilic acridine moiety to the thio-
semicarbazone structure denitely has marked effects on their
Chem. Sci., 2024, 15, 15109–15124 | 15121
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biological activity, as described above. While an optimum lip-
ophilicity is an important consideration for effective anti-
proliferative activity of thiosemicarbazone ligands,16 the
current study did not determine its inuence on the cellular
uptake or efflux of the NATs or their ability to overcome Pgp-
mediated resistance. Further investigation is required with
a broader range of NATs to examine specic structure–activity
relationships with regards to the role of varying lipophilicity on
their uptake and ability to overcome Pgp resistance.

In conclusion, the addition of the acridine moiety into the
thiosemicarbazone scaffold increases its lysosomotropic char-
acter and the targeting of Pgp in lysosomes that could be useful
in overcoming deadly Pgp-mediated resistance, which is
a major killer in advanced and resistant cancer. As such, this
article substantially advances our understanding of targeting
lysosomes by specically designed anti-cancer therapeutics to
overcome Pgp-mediated resistance.

Data availability

All data are available from the corresponding authors by
request. The electronic ESI† contains detailed descriptions of
the following general materials andmethods: materials; general
methods; X-ray crystallography; cell culture; a cellular prolifer-
ation assay; confocal microscopy analysis; western blot analysis;
and statistical methods. The 1H NMR and 13C NMR spectra for
the ligands are presented in Fig. S7–S14,† with the Zn(II)
complexes of AOBP and AOAPZ being shown in Fig. S15–S18.†
The HR-MS spectra of AOBP, AODP, AOAPZ, and AOAP are
demonstrated in Fig. S19–S2.†
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