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Theranostic systems are receiving ever-increasing attention due to their potential therapeutic utility,
imaging enhancement capability, and promise for advancing the field of personalized medicine,
particularly as it relates to the diagnosis, staging, and treatment of cancer. In this Tutorial Review, we
provide an introduction to the concepts of theranostic drug delivery effected via use of conjugates that
are able to target cancer cells selectively, provide cytotoxic chemotherapeutics, and produce readily
monitored imaging signals in vitro and in vivo. The underlying design concepts, requiring the synthesis
of conjugates composed of imaging reporters, masked chemotherapeutic drugs, cleavable linkers, and
cancer targeting ligands, are discussed. Particular emphasis is placed on highlighting the potential
benefits of fluorogenic reaction-based targeted systems that are activated for both imaging and therapy
by cellular entities, e.g., thiols, reactive oxygen species and enzymes, which are present at relatively
elevated levels in tumour environments, physiological characteristics of cancer, e.g., hypoxia and acidic
pH. Also discussed are systems activated by an external stimulus, such as light. The work summarized in
this Tutorial Review will help define the role fluorogenic reaction-based, cancer-targeting theranostics
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may have in advancing drug discovery efforts, as well as improving our understanding of cellular uptake

rsc.li/chem-soc-rev and drug release mechanisms.

Key learning points

(1) Concept of theranostic drug delivery as achieved using fluorogenic reaction-based prodrug conjugates.

(2) Physiological factors that distinguish cancer cells from normal cells that may be exploited for drug delivery.
(3) Characteristics of fluorogenic reactions and cleavable linkers that are attractive for drug delivery and imaging.
(4) Summary of anticancer drug agents being explored in the context of theranostic prodrug delivery systems.

(5) Strategies for targeting cancer cells.

- L o

the creation of targeted drug delivery conjugates able to target
cancer cells selectively, provide cytotoxic chemotherapeutics,

Introduction

Theranostic agents are dual function systems that offer both
therapeutic promise and potential for concurrent diagnosis.
They are particularly attractive in the context of personalized
cancer therapy, as well as in high precision cancer imaging.">
One important approach to theranostic development involves
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and allow facile monitoring of the location and efficacy of
anticancer agents in vitro and in vivo."* ™ A desire to attain these
objectives is animating research efforts devoted to preparing con-
jugates composed of imaging reporters, masked chemotherapeutic
drugs, cleavable linkers, and cancer targeting ligands. Ideally, the
active therapeutic agents should be masked by conjugating with a
cleavable linker, allowing reconversion to the active drug form
under physiological conditions. Such multifunctional systems must
also operate intracellularly and should be activated by cellular
components that are associated with cancer states or expressed at
higher levels in cancer cells relative to normal cells. Among the
drug delivery conjugates currently being explored, fluorogenic
reaction-based targeted prodrug conjugates are of particular
interest since they are stable in the blood plasma. However, they

This journal is © The Royal Society of Chemistry 2018
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may be activated efficiently by various cellular constituents, such
as thiols, reactive oxygen species (ROS), and enzymes that are
overexpressed in tumours.® Physiological characteristics of
cancer cells, e.g., hypoxia and acidic pH, can also be exploited

to achieve activation, as can external stimuli, such as light.”
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In cases where the reactions are used to generate a fluorogenic
response, as well as release an active drug form, the conjugates
are effectively self-contained theranostic drug delivery agents.
Introducing a tumour-targeting component to the construct
allows an even greater degree of control.®
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In this Tutorial Review, we will summarize a variety of fluoro-
genic reaction-based prodrug strategies being pursued in an effort
to achieve targeted theranostic drug delivery. The systems in
question, all of which are at the research stage of development,
will be organized on the basis of the trigger used to achieve drug
activation, namely thiols, reactive oxygen species (ROS), acidic pH,
hypoxia, reduction of platinum(w) centres, enzymes, and light.
Emphasis will be placed on the design, synthesis, spectroscopic
characterization, and preliminary in vitro or in vivo biological
evaluation of various theranostic conjugates produced in the
author’s laboratories and elsewhere.

Design of targeted fluorescent prodrug
conjugates

Ideally, fluorogenic reaction-based theranostic conjugates provide
both targeted therapeutic release and fluorescence imaging.
Such systems typically require the following components to
be combined in one drug candidate: fluorescent reporters,
masked chemotherapeutic agents, cleavable linkers, and cancer
targeting ligands. To date, particular effort has been devoted to
developing systems that undergo cleavage under physiological
conditions, including inter alia via the hydrolysis of esters,
amides, and hydrazone linkers, disulfide exchange-based scission,
hypoxia-induced activation, enzymatic reactions, photolysis, and
thermolysis.*” When the cleavable linkers serve to tether a
fluorophore to a prodrug in such a way that the fluorescence
signal is modulated upon cleavage, it becomes possible to create
systems that operate as both therapeutics and diagnostics
(Fig. 1). Classic strategies to achieve signal modulation, including
cleavage-induced increases in fluorescence intensity (so-called
turn-on systems), will be used to illustrate the core concepts.
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Most of the results obtained to date can be readily explained in
terms of classical mechanisms, such as internal charge transfer
(ICT), photo-induced electron transfer (PET), aggregation-
induced fluorescence enhancement (AIE), etc.®'° Fluorophores
in common use, including naphthalimide, coumarin, BODIPY,
rhodol, and Cy7, have been exploited in the generation of
conjugates that rely on doxorubicin, camptothecin, paclitaxel,
gemcitabine, and cisplatin as the active payload. In addition,
tumour targeting of the conjugates has been achieved via the
use of specific site-localizing entities (‘“ligands” in biological
parlance), such as folate, biotin, galactose, and RGD (Arg-Gly-Asp)
peptide sequences. The key attributes associated with targeted
fluorescent prodrug development are illustrated schematically
in Fig. 1.

1. Cellular thiol-activatable theranostic prodrugs

In cancer cells, several endogenous thiols, including glutathione
(GSH), thioredoxin (Trx), cysteine (Cys), hydrogen sulfide (H,S), etc.,
are overexpressed. The associated increase in local concentrations
provides a means to distinguish cancer cells from normal cells
and is attractive in terms of producing anticancer drug delivery
systems (DDS). Distinctions between endogenous thiols can
also be exploited for targeting. For instance, it is known that the
concentration of intracellular GSH is in the millimolar range,
while GSH is typically present only at micromolar levels in
common fluids, e.g., blood plasma. This allows thiol-activatable
DDS to deliver anticancer agents preferentially into the targeted
cancer cells rather than blood vessels. Disulfide bonds are
relatively stable in the bloodstream, while in the cancer cells
they readily undergo cleavage mediated by intracellular thiols
via disulfide-thiol exchange reactions. Not surprisingly, there-
fore, disulfide bonds have been explored extensively in an effort
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Fig. 1 Design principle for achieving fluorogenic reaction-based prodrug conjugates that are able to target cancer cells selectively, provide cytotoxic
chemotherapeutics, and produce readily monitored imaging signals in vitro and in vivo.
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to generate theranostic DDS that release an anticancer agent
and produce a fluorescence change in cancer cells.

We reported a RGD peptide-appended naphthalimide pro-
camptothecin (CPT) agent 1, which is composed of a cyclic RGD
peptide as the tumour targeting ligand, a naphthalimide as a
fluorescent reporter, a CPT (an inhibitor of topoisomerase I) as
the antitumor payload, and a disulfide bond that was readily
cleaved in the presence of certain endogenous thiols (Fig. 2)."*
The resulting prodrug conjugate was internalized into the targeted
cancer cells by endocytosis mediated by an o,3; integrin receptor.
The disulfide bond was cleaved by cellular thiols to provide a
cytotoxic CPT drug, along with a fluorescence response. The
U87 and C6 cell lines were used for the biological evaluation
of 1. A strong increase in fluorescence was observed in the U87
cells, which have higher levels of the o, ; integrin receptor than
the C6 cells. In addition, pre-treatment of the U89 cells with the
endocytosis inhibitor, okadaic acid, led to reduced uptake of 1,
as inferred from the lower levels of fluorescence intensity
observed relative to the inhibitor-free control. Moreover, MTT
assays and fluorescence co-localization experiments performed
using 1 and various organelle tracking dyes revealed that after
cellular uptake, cleavage of the disulfide bond occurs and is
actively mediated by cellular thiols mainly in the endoplasmic
reticulum (ER) of the cells. The net result is that CPT is released
from 1 and then readily diffuses into the nucleus, leading to
cancer cell death. These results led to the suggestion that 1
could serve as a theranostic drug delivery agent that provides a
cytotoxic chemotherapeutic response while facilitating fluores-
cence imaging of cancer cells.
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We recently reported the theranostic agent 2, which is
capable of providing both magnetic resonance imaging (MRI)
and fluorescence-based imaging for monitoring cellular uptake
and prodrug activation processes.'? In this case, a widely used
therapeutic agent, doxorubicin (Dox), was conjugated to a
gadolinium (Gd*") texaphyrin via a disulfide bond resulting in
theranostic 2. The core gadolinium texaphyrin complex acts
as a MR imaging agent that is capable of generating reactive
oxygen species (ROS). Conjugation to Dox was expected to
enhance the overall potency. To improve the solubility and
the tumour targeting ability in vivo, theranostic 2 was loaded
into folate-receptor-targeted liposomes producing FL-2 (Fig. 3).
As controls, FL-3 (a folate receptor-targeting liposome loaded with
analogue 3 but lacking a disulfide bond) and L-2 (a liposome
loaded with 2 but without the folate ligand) were also prepared.
Theranostic FL-2 was almost non-fluorescent on its own. However,
in the presence of thiols, a strong fluorescence signal with a
maximum at 592 nm was observed along with the concomitant
release of Dox. Evidence for folate receptor-mediated endocytosis
in the case of FL-2 came from studies involving the use of both
folate receptor positive cell lines (KB and CT26 cells) and folate
receptor negative cell lines (HepG2 and NIH3T3 cells). After
incubation with FL-2, a strong fluorescence increase was seen in
the KB and CT26 cells, whereas a weak fluorescence was observed
in the HepG2 and NIH3T3 cells. The therapeutic efficacy of FL-2
was evaluated using both xenograft nude mice and metastatic
liver cancer models produced using the KB and CT26 cell lines,
respectively. It was found that FL-2 accumulates in the tumour
site, as inferred from the build-up of a strong fluorescent signal
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Fig. 2 GSH-induced disulfide bond cleavage of theranostic agent 1. Ex;/Em; and Ex,/Em, represent, respectively, the excitation and emission

wavelengths before and after therapeutic activation.
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ascribable to the free Dox released from FL-2. As importantly,
this system was found capable of reducing the tumour burden
in vivo (Fig. 4A-D). Conjugate FL-2 also produced an enhanced
MR signal and could be used to distinguish effectively the
tumour area from surrounding normal tissue. In the case of
the metastatic liver cancer model, it was found that the mice
treated with FL-2 enjoyed a higher survival rate than control
animals treated with saline or the non-cleavable conjugate FL-3
(Fig. 4E and F).

We also developed theranostic agent 4 which incorporates a
rhodol subunit as a fluorescent reporter, biotin as a cancer-
targeting ligand, SN-38 as an anticancer drug, and a disulfide
linkage to permit cancer cell-based cleavage (Fig. 5)."> The
therapeutic efficacy and diagnostic fluorescence changes of 4
were demonstrated by performing both MTT assays in vitro and
animal experiments ex vivo. In human derived cancer cells,
agent 4 underwent a disulfide cleavage reaction giving rise to
an increase in the fluorescence intensity with a concomitant
release of SN-38. Ex vivo experimental studies revealed that
among various organ tissues, only the tumours produced a
strong fluorescence image. These same studies revealed that
the tumour volume was significantly diminished compared to
the control (an analogue of 4 lacking biotin). On the basis of
these results, it was suggested that theranostic 4 could prove
useful as a drug delivery system that (1) can selectively enter
into tumour tissues via a biotin ligand-related cellular uptake

32 | Chem. Soc. Rev., 2018, 47, 28-52
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process and (2) provide a source of cytotoxic SN-38 both in vitro
and in vivo.

In another study, the conjugated biotin-coumarin-gemcita-
bine system 5 was prepared and tested as a tumour specific
theranostic anticancer prodrug (Fig. 5)."* Gemcitabine (GMC) is
an excellent anticancer drug but it has several limitations,
including a short plasma half-life and an unfavourable toxicity
profile. By endowing GMC with a cancer targeting capability
it might be possible to improve its chemotherapeutic effect
by protecting it from renal clearance, thereby prolonging its
circulation half-life. Unfortunately, GMC is essentially non-
fluorescent. This makes it difficult to monitor the drug delivery
process in vitro and in vivo. The design strategy underlying 5
includes a fluorescent coumarin reporter subunit that is tethered
via a disulfide linker. In the presence of GSH, the disulfide
linkage is cleaved, giving rise to a readily detectable fluorescence
feature at 478 nm and releasing GMC in its cytotoxic free form.
The presence of the biotin subunit was designed to allow 5 to
target tumours effectively. This expected targeting was demon-
strated by confocal microscopic imaging using A549 (biotin
receptor positive) and WI38 cell lines (biotin receptor negative).
These studies revealed that 5 could be selectively internalized
into the lysosome of A549 (human lung cancer) cells through
a biotin-associated cellular uptake. When compared to control
(a conjugate without biotin), prodrug 5 was found to be a more
potent anticancer agent in A549 cells.

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Bioimaging and therapeutic effects of theranostic FL-2 and controls L-2 and FL-3 in (A-D) xenograft tumour nude mice and (E and F) metastatic
liver cancer mice. (A—F) are reproduced with permission from ref. 12. Copyright 2016 American Chemical Society.

The delivery of peptides that can act as antitumor agents is a
very active area of research within the DDS field. Peptide-based
antitumor agents commonly contain local cationic and anionic
charge sites resulting in poor penetration into cancer cells
and low therapeutic efficiency. To overcome these perceived
bottlenecks, we developed the theranostic agent 6 as a peptide
drug delivery system (PDDS). Conjugate 6 contains the Holliday
junction inhibitor peptide 2 (KWWCRW) linked to a biotin-
naphthalimide moiety via a disulfide linker (Fig. 5)."*> Holliday
junction (HJ) inhibitor peptide 2 was used as a model peptide
drug that shows promise as an antimicrobial and anticancer agent.
To investigate the role of the biotin within the conjugate, both
biotin-receptor-positive HepG2 cells and biotin-receptor-negative

This journal is © The Royal Society of Chemistry 2018

W138 cells were treated with 6. It was found that conjugate 6
gave rise to an enhanced fluorescence emission response in
the HepG2 cells. Presumably, this is the result of cell-specific
disulfide cleavage. In contrast, no appreciable fluorescence was
seen in the case of the W138 cells. In addition, on a per mole
basis the anticancer effects of the HJ inhibitor peptide 2 were
found to be enhanced when HepG2 cells were incubated with
conjugate 6 (cell viability, around 55% at 300 pM) rather than
the parent HJ inhibitor peptide 2 (cell viability, around 90% at
300 uM), as confirmed by MTT assays.

Disulfide-based naphthalimide scaffolds have also been used
to construct promising theranostic agents. For example, Zhao
et al. developed the disulfide-based naphthalimide conjugate 7.

Chem. Soc. Rev., 2018, 47, 28-52 | 33


https://doi.org/10.1039/c7cs00557a

Published on 23 2560. Downloaded on 15/7/2567 22:21:39.

Chem Soc Rev

L
N N

7
o] s =

0
SN
oﬁ,o\/\s,s\/\o)ko m
o 0_0 o

View Article Online

Tutorial Review

NH,

HN_O
H HN
o, N\n,o\/\gs WA

§ J
F NN o o

OHF e}

\\Q\ HNeHN 2O

Q J/ NH \

B N 1\ H NJH/\/\/NHQ
N = o g N Ho NH,

Ex4/Em; =510 nm/No emission
Ex,/Em, = 510/544 nm

HO oH
Hg&&ow@{,_o

[¢]

p
o (¢}
\©\/\)Lo/\/sl
7

Ex,/Em; = 430/482 nm
Ex,/Em, = 430/540 nm

8

Fig. 5 Thiol-activatable theranostic agents 4-9.

This system contains chlorambucil (an anticancer drug) as the
active agent and a p-mannose subunit as a tumour targeting group
(Fig. 5)."° Because the two parts differ in polarity (i.e., a water-
soluble p-mannose group and a water-insoluble chlorambucil unit),
prodrug 7 could be used to create self-assembled vesicles. The
formation of these vesicles was supported by transmission
electron microscopy (TEM) imaging. Their anticancer effects
and targeting ability were then assessed in HeLa cells and
MCF-7 cells. MCF-7 cells, in contrast to HeLa cells, overexpress
a mannose receptor. In accord with design expectations, the
vesicles made up of 7 exhibited a higher cytotoxicity in the
MCF-7 cells than in the HeLa cells. Support for this enhance-
ment and the underlying localization came from confocal
microscopy and flow cytometry studies.

In a separate work, Zeng et al. developed a fluorescence
resonance energy transfer (FRET)-based theranostic prodrug 8.
This conjugate consists of a disulfide-based naphthalimide
as the FRET energy acceptor, a CPT moiety as the anticancer
prodrug and FRET energy donor (Fig. 5)."” The design reflects
the fact that the emission band of CPT overlaps well with the
absorption profile of the naphthalimide unit. As a result, a
change in the FRET-based fluorescence features of 8 was expected
upon cleavage of the disulfide bond. As with other disulphide-
containing theranostics, cleavage should be enhanced in the
presence of GSH. Without GSH, prodrug 8 exhibited an emission
centred at 544 nm, which is ascribed to the naphthalimide
subunit; no fluorescence signal associated with the CPT was
observed, presumably due to the FRET-On effect. In contrast,
exposure to GSH led to a concentration dependent increase in a
new fluorescence feature centred at 448 nm ascribable to free
CPT, while a concordant decrease in emission intensity at 544 nm
was observed (FRET-Off state). Similar changes were seen in vitro
in the HeLa cell line, lending support to the suggestion that

34 | Chem. Soc. Rev., 2018, 47, 28-52
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system 8 allows for the cellular uptake and GSH-mediated
release of CPT. The anticancer effect of 8 was also demon-
strated in human cervical cancer cells (HeLa cell line) and
normal cells (L292 cell line).

Similar FRET-based theranostic agents have been developed by
others. For instance, Xie et al. developed a CPT prodrug 9 linked
to a fluorescent BODIPY through a disulfide bond (Fig. 5)."* Upon
excitation of this conjugate at 360 nm, a wavelength corres-
ponding to the absorption maximum of CPT, a fluorescence
emission feature at 522 nm, ascribable to the BODIPY moiety,
was observed. In the presence of thiols, increases in the fluores-
cence features at 510 and 433 nm, corresponding to the isolated
BODIPY and CPT moieties, respectively, were observed. Such a
finding is consistent with the individual species being released
from the conjugate upon S-S bond scission. Because two emissive
species are produced through this bond breaking process, it was
suggested that 9 could prove useful as a ratiometric probe system
and allow monitoring of both cellular uptake and CPT drug
release. The therapeutic efficacy of agent 9 was demonstrated
in HeLa cells where an IC5, of 1.27 uM was observed.

To date, the majority of the fluorescent theranostic drug
delivery conjugates developed with the goal of achieving both
therapy and diagnosis have proved effective in vitro and ex vivo.
The development of systems suitable for use in vivo has proved
much more challenging. A major bottleneck has been the lack
of fluorophores that permit excitation and emission in the
far-red visible or near-IR (NIR) spectral regions where tissues
are most transparent. This has led to efforts to create theranostic
prodrug delivery systems containing near-infrared (NIR) fluor-
escent dyes. Such systems are attractive because they might (1)
allow deep tissue penetration for imaging in vivo, (2) induce
minimal tissue damage by virtue of NIR illumination, (3) be
subject to lower interference arising from the auto-fluorescence

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Thiol-activatable NIR dye-based theranostic agents 10—-15. Also shown is a NIR dye used for in vivo imaging, ICG.

of tissues, and (4) permit real time in vivo monitoring of
drug delivery.

With the above putative benefits in mind, we reported a Cy7
NIR dye-based drug delivery agent 10 that contains gemcitabine
(GMC) as the active anticancer drug and a folate subunit as a
cancer localizing group (Fig. 6)."° The KB and A549 cell lines,
which are folate receptor positive and negative, respectively,
were used to test the theranostic potential of 10. It was found
that conjugate 10 selectively enters KB cells, as evidenced
by a strong fluorescence enhancement at 735 nm, as well as
cytotoxicity as ascribable to the release of GMC. Evidence for
the selective uptake of theranostic 10 into tumour tissues came
from NIR fluorescence imaging studies.

We also prepared the GMC-BODIPY-biotin conjugate 11 as a
theranostic anticancer drug delivery system that contains an
appended BODIPY as a NIR fluorescence reporter and GMC in a
prodrug form (Fig. 6).° This conjugate undergoes disulfide
cleavage mediated by thiols. This bond scission gives rise to a
significant increase in the intensity of the fluorescence feature
centred at 720 nm ascribed to isolated BODIPY. It also releases
free GMC. Conjugate 11 was found to be taken up well by A549
cells. Disulfide cleavage then occurs predominantly in the ER of
these cells. This releases GMC in its free form, which then
diffuses into the nucleus where it mediates its cytotoxic effect.

In a separate work, Brown et al. reported the theranostic
prodrug 12, which contains a dicyanomethylene-4H-pyran as
a NIR-fluorescence reporter, a disulfide bond as a cleavable
linker, and combretastatin A-4 (CA-4) as a tumour-targeting
therapeutic agent (Fig. 6).>' CA-4 binds to tubulin thus targeting
tumour vasculature. It inhibits angiogenesis and promotes
cancer cell death. When the disulphide bond present in 12 is
cleaved by thiols, free CA-4 is released from the conjugate and a

This journal is © The Royal Society of Chemistry 2018

concomitant increase in the NIR fluorescence intensity at
650 nm is observed. To test the potential utility of 12, a triple
negative breast cancer (TNBC) cell line was chosen that lacks
three major receptors, the estrogen receptor, the progesterone
receptor, and the human epidermal growth factor receptor-2. In
the case of such TNBC cells, conjugate 12 gave rise to a distinct
NIR fluorescence image and considerable therapeutic efficacy
was observed. This was not true in the case of normal breast cells
(MCF10A). It was thus suggested that 12 could eventually be used
as a targeted prodrug delivery agent for cancers, such as TNBC,
that are characterized by the absence of currently targetable
hormone receptors.

Recently, Tang et al. developed the theranostic prodrug 13. It
was obtained via the conjugation of merocyanine as a NIR
fluorophore to CPT via a disulfide bond (Fig. 6).>* Prodrug 13
exhibited a significant fluorescence turn-on upon GSH-mediated
disulfide bond cleavage in cancer cells. To demonstrate the
therapeutic potential of 13, cancer HepG2 and normal HL-7702
cell lines were used. Greater cytotoxicity was seen in the HepG2
cells than in the normal HL-7702 cells. Animal experiments using
tumour-bearing nude mice revealed that 13 was predominantly
accumulated into tumour tissue where it produced a fluorescence
turn-on response. On the basis of these in vivo studies, it was
suggested that prodrug 13 shows promise as a tumour-activatable
theranostic drug delivery system.

Zhu et al. developed a different CPT-based NIR fluorescent
theranostic, namely prodrug 14 that exploits a dicyanomethylene-
4H-pyran subunit as a NIR fluorescence reporter, CPT as the
anticancer drug, and a GSH-cleavable disulfide bond (Fig. 7).>*
Prodrug 14 showed a higher photostability than ICG, a commer-
cially available NIR dye that is often used for in vivo tracking.
To investigate whether disulfide cleavage would produce a
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cytotoxic effect, presumably induced by CPT release, a control
system 15, lacking the disulfide linker, was prepared. In an
effort to maximize its therapeutic efficacy, prodrug 14 was
combined with polyethylene glycol-polylactic acid (PEG-PLA);
this resulted in the formation of nanoparticles (NPs) containing
14. Similar loadings were carried out with 15. In cell viability
tests performed in cancerous BCap-37 cells, nanoparticle 14
produced a cytotoxic response similar to that of free CPT. In
contrast, the nanoparticles made up of 15 were less cytotoxic,
presumably because CPT release was not occurring. Animal
experiments were carried out using a BCap-37 tumour xeno-
graft mice model. The tumour volume and weight were found
to be significantly decreased in the case of treatment with
either CPT or 14 relative to what was seen for pure PBS or 15.
In addition, a stronger NIR fluorescence signal was seen for 14
compared to 15 following administration to tumour-bearing
mice. Such a finding is consistent with the lack of release
expected in the case of 15.

In another study, Zhu et al. reported a CPT prodrug 16
formally obtained via the conjugation of CPT with a cyanine
dye through a disulfide bond (Fig. 7A).>* Prodrug 16 exhibits a
NIR fluorescence emission feature at 825 nm. However, upon
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the GSH-induced disulfide cleavage, a new fluorescence feature
is observed at 650 nm with a concomitant colour change from
green to purple-red. Thus, the biodistribution and drug activation
of 16 could be monitored by comparing the relative intensity of
the two fluorescent signals (i.e., at 825 and 650 nm, respectively).
As shown in Fig. 7B-D, when the PEG-PLA nanoparticles loaded
with 16 were used to treat tumour-bearing mice, the initial
disperse green fluorescence seen throughout most of the animal
gradually changed to a red fluorescence, from which it was
inferred that drug activation occurs via a disulfide cleavage
in vivo (Fig. 7B). In contrast, PEG-PLA nanoparticles loaded
with 17, a control lacking a disulfide bond, did not produce an
appreciable fluorescence change (Fig. 7C). As a control experi-
ment, a CyA-K dye, corresponding to the isolated NIR fluorescent
dye in 16, was also used to treat the mice (Fig. 7D). Similar
fluorescence changes were also observed in ex vivo studies
(Fig. 7E-]). The cytotoxic effect of 16 was monitored in cancer
cell BCap-37; the ICs, value of 16 was 1.7 uM that was slightly
higher than a parent CPT drug. In vivo, the antitumor activity of
PEG-PLA NPs loaded with 16 was evaluated by using BCap-37
tumour xenograft mice. In these studies, the inhibition rate
of tumour growth was 94.0%, which proved superior to the
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55.8% inhibition rate seen for the clinical anticancer agent
(CPT-11). On this basis, it was suggested that 16 could be used as
a NIR fluorescence probe to monitor the uptake and distribution
of a prodrug that would be released in a cancer specific manner.

Aggregation induced emission (AIE)-based fluorescent reporters
have also been exploited for the creation of theranostic prodrug
conjugates. Fluorescent reporters, known as AlEgens, display
remarkably enhanced fluorescence intensity in their aggregated
states as a result of restricted intramolecular rotation.'® This is in
contrast to the conventional fluorophores, such as rhodamine,
naphthalimide, cyanine, etc., which display self-quenching effects
in their aggregated forms. Thus, linking AIEgens to a cancer
targeting ligand and an anticancer drug agent via a disulfide
bond, an AIE-based fluorescence change would be expected
upon thiol-induced disulfide cleavage. To the extent this
occurs, it would allow for the real-time monitoring of cellular
uptake and drug activation.

To test the potential of this approach, we prepared the
mitochondria-targeted AIE-based prodrug 18. In this conjugate,
a tetraphenylethene scaffold serves as the AlEgen, a lipophilic
cationic triphenylphosphonium is used to target the mitochondria
of cancer cells, and a DNA cross-linking agent, chlorambucil, was
used as a therapeutic agent (Fig. 8).>° A control system, 19, which
lacks the triphenylphosphonium targeting moiety was also
synthesized. It was found that prodrug 18 is non-fluorescent
in the absence of thiols. However, in the presence of a thiol,
disulfide cleavage occurs to give a strong fluorescence signal
around 490 nm that is attributed to the AIE and concomitant
release of the therapeutic 