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Theranostics, the integration of therapy and diagnostics into a single entity for the purpose of
monitoring disease progression and treatment response. Diagnostics involves identifying specific
characteristics of a disease, while therapeutics refers to the treatment of the disease based on this
identification. Advancements in medicinal chemistry and technology have led to the development of
drug modalities that provide targeted therapeutic effects while also providing real-time updates on
disease progression and treatment. The inclusion of imaging in therapy has significantly improved
the prognosis of devastating diseases such as cancer and neurodegeneration. Currently, theranostic
treatment approaches are based on nuclear medicine, while nanomedicine and a wide diversity of
macromolecular systems such as gels, polymers, aptamers, and dendrimer-based agents are being
developed for the purpose. Theranostic agents have significant roles to play in both early-stage drug
development and clinical-stage therapeutic-containing drug candidates. This review will briefly outline
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the pros and cons of existing and evolving theranostic approaches before comprehensively discussing

rsc.li/rsc-chembio the role of small molecules and their conjugates.

disease progression and treatment response.’ Diagnostics involves
identifying specific characteristics of a disease, while therapeutics
refers to the treatment that follows to cure the disease. The term
“theranostics” was coined in 2002 by Funkhouser to describe the
combination of therapeutic and diagnostic modalities in one
entity.! However, the concept has existed since 1964 when isotope
of iodine (**'I) was used in the treatment and diagnosis of thyroid
cancer.” The advantages of combining therapy and imaging include
providing a clear picture of the lesion, etiological cause in disease,
and spatiotemporal distribution of a drug in the patient’s body.

Introduction

Theranostics is a biomedical approach that combines therapy and
diagnostics into one entity. This allows for the monitoring of
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It also allows for monitoring the therapeutic effect of the drug in a
dose-dependent manner. The inclusion of imaging in therapy has
greatly improved the prognosis of diseases such as cancer and
neurodegeneration. Theranostic-based treatment approaches are
currently achieved using nuclear medicine, nanomedicine, and a
wide diversity of macromolecular systems such as gels,® polymers,*
aptamers,” and dendrimer-based agents.® These different theranos-
tic approaches have been covered in a number of reviews and
extensively discussed in numerous reviews and readers are encour-
aged to refer to these sources for further information. This review
will briefly outline the advantages and disadvantages of existing
and emerging theranostic approaches. It will then exclusively focus
the discussion on the role of small molecules and their conjugates
in advancing precision medicine. Most of the case studies
discussed in this review include cancer, neurodegeneration such
as Alzheimer’s disease, and pathogenic infections.

The ultimate goal of theranostics is to enable the imaging and
monitoring of disease tissue, drug delivery kinetics, and drug
efficacy. This information can provide unprecedented control over
therapy and dosage, leading to personalized medicine. This review
presents a brief overview of therapeutic and diagnostic strategies
that can be integrated into the concept of theranostics. This will
help readers understand the advantages and drawbacks asso-
ciated with the evolution and development of these strategies in
general (Fig. 1). While therapeutic approaches are relatively
limited (i.e., chemical, photochemical, or radiation-based), diag-
nostic approaches are diverse and continue to evolve with
advances in science and technology.

Imaging techniques in medicine

A critical evaluation of the various diagnostic techniques is
necessary to understand and implement the most suitable
approach in designing a strategy for a specific disease.
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Fig. 1 Illustration of the strategies used in small molecule and conjugate

based theranostics. Created using https://BioRender.com.

Radiolabelling involves identifying distinct radio-emissions
detected from diseased tissues, with minimal signal from normal
tissues. Alternatively, the electronic spectroscopy properties or
energy response to light are desirable properties in molecular
design for diagnostic utility. The key to superior diagnostic
strategies lies in tapping and modulating energy dissipation
pathways of small molecules. The interaction of molecules with
light provides a wealth of diagnostic insights into diseases. The
emission property of a molecule has immense value and includes
fluorescence in visible and NIR range, phosphorescence, lumines-
cence, and afterglow luminescence among others.”® A desirable
diagnostic modality must be a synergy of sensitivity, spatiotem-
poral resolution, penetration depth, and field of view.

Positron emission tomography (PET) is a technique that
maps the distribution of positron (B+)-emitting radionuclides
from radiolabelled organic or inorganic theranostic agents.’
However, the use of radioactive elements and exposure to
radiation pose potential hazards. Optical imaging, on the other
hand, relies on light emitted from molecules and materials
upon excitation at a suitable wavelength. PET is commonly
used in cancer imaging to detect and locate tumors, assess
disease severity, and monitor treatment response.'® In neuro-
degenerative diseases, PET can detect changes in brain meta-
bolism or neurotransmitter systems, providing a means to
diagnose and monitor disease progression. Despite its useful-
ness, PET has limitations such as high cost and limited avail-
ability, as well as potential risks associated with radiation
exposure.

Magnetic resonance imaging (MRI) is a powerful medical
imaging technique that utilizes a magnetic field and radio
waves to produce detailed images of internal body structures.
It is a non-invasive and painless procedure that can provide
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valuable information about the presence, location, and extent
of cancer or neurodegenerative disease.'” In cancer cases, MRI
can identify and locate tumors, determine their size and shape,
and assess their involvement with nearby tissues and organs.
It can also monitor treatment response and detect disease
recurrence. In neurodegenerative diseases such as Alzheimer’s
or Parkinson’s disease, MRI can provide detailed brain images
to aid in diagnosis and monitoring disease progression. It can
also identify changes in brain structure or function associated
with the disease. However, MRI has limitations in cancer and
neurodegenerative disease diagnosis, such as high cost, the
need for specialized equipment and trained personnel, and
unsuitability for patients with pacemakers or metallic implants.

Ultrasound imaging, also known as sonography, employs
high-frequency sound waves to generate images of the body.'>**
It is frequently used in cancer imaging to detect and diagnose
tumors and guide biopsies or other procedures. In neurodegen-
erative diseases, ultrasound can visualize changes in brain struc-
ture or blood flow, providing a non-invasive means of assessing
disease progression. However, its usefulness in cancer imaging
can be limited by factors such as tumor size and location, while
its ability to visualize changes in neurodegenerative diseases may
be constrained by brain tissue depth and resolution of the
equipment.

Diverse molecular probes have been designed to emit in the
visible range (380-700 nm) to accurately report the location and
progression of disease. However, the potential of fluorescence-
based imaging in the visible range is hindered by autofluores-
cence from biological milieu and poor penetration depth.
Utilizing longer wavelengths in the near-infrared regions has
helped to avoid cellular autofluorescence and improve tissue
penetration depth in diagnosis.'? Significant improvements in
NIR emissive probes through systematic molecular engineering
have resulted in a paradigm shift in diagnostic sensitivity.
Although optical imaging has high sensitivity, its low penetra-
tion depth of a few millimeters in fluorescence and a few
centimeters in NIR imaging requires further improvement.
Photoacoustic imaging (PAI) involves exciting organic molecules
with light pulses, which release heat upon relaxation, creating
ultrasound waves detected by an acoustic transducer.”"> PAI
offers improved sensitivity (picomolar range), high spatial
resolution (sub-millimolar), and deep tissue imaging (several
centimeters). Often, organic PAI agents are also compatible
with NIR optical imaging.

Therapeutic approaches in theranostic medicine

Chemotherapy involves chemical interactions with DNA, pro-
teins, enzymes, or specific cellular pathways. The development
of photochemical techniques, which induce chemical changes
in cells or tissues upon irradiation with specific light, and
photothermal techniques have ushered in a new era of drug
discovery.

Photodynamic therapy (PDT) involves the use of chemical
agents with photosensitizing properties upon exposure to
light of a suitable wavelength, typically in the presence of
oxygen.'® Common organic photosensitizer (PS) scaffolds include
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phenothiazine, methylene blue, porphyrin analogues, and their
transition metal complexes. Light irradiation excites an electron
in the PS to a singlet state. Subsequent intersystem crossing leads
to a triplet state where energy transfer from the PS to triplet
oxygen converts it to reactive singlet oxygen, capable of triggering
a cascade of cell damage responses leading to apoptosis and
necrosis. Targeting and preferential localization of PS agents in
disease-associated tissues is leveraged to achieve desired thera-
peutic outcomes in cancer and neurodegeneration.'” There has
been growing interest in increasing efficiency and incorporating
two-photon (TP)-based strategies for improved therapeutic efficacy
and biocompatibility. Current limitations of PDT include limited
stability of photosensitizing molecules, high oxygen dependence,
and limited NIR absorption.

Photothermal therapy (PTT), primarily used in cancer treat-
ment, involves the excitation of NIR-absorbing molecules to
generate heat, which aids in the thermal ablation of tumors."”
An ideal PTT agent would have absorption in the NIR window,
low toxicity, biocompatibility, and the potential for easy func-
tionalization. The deep tissue penetration ability of NIR light in
this non-invasive approach, coupled with minimal side effects
on surrounding healthy tissue, makes it a useful therapeutic
approach, often used in combination with chemotherapy.

Nuclear medicine as theranostic agents

Nuclear medicine is a well-established multidisciplinary field
that uses radioactive nuclides for both diagnostic and thera-
peutic purposes.'® Radiopharmaceuticals fall into two main
categories: metal-based and organic molecules. Metal-based
tracers rely on coordination chemistry, while radiopharmaceu-
ticals based on organic compounds incorporate nonmetal
radionuclides such as '°F, ''C, *N, 0, and '**I through
covalent bond formation. Radiopharmaceuticals consist of
two components: a radionuclide that transmits its mechanism
of action through decay and a targeting biomolecule or organic
ligand that dictates the localization of the radiopharmaceutical."®
They can be used as therapies to deliver a toxic payload to a tumor
location or as diagnostics for non-invasive imaging of disease.”®
The most common imaging modalities for diagnostic purposes
are single-photon emission computed tomography (SPECT) and
PET. Therapeutic radiometals exert their cytotoxic effect by irre-
parably damaging DNA, causing chromosomal abnormalities, cell
death, and deletions. DNA damage can be caused by the release of
B-particles, a-particles, or low-energy electrons. Radiotherapy as
theranostic approach includes both imaging and therapy. These
two objectives require radionuclides with different decay rates.>*
Both imaging and therapy require radionuclides to transfer their
energy in the target tissue, typically in a malignant tumor.
Imaging relies on radionuclides that emit high energy photons,
either rays (**™Tc) or the annihilation photons produced by
positron (+) decay (*°Co), with minimal interaction with interven-
ing tissue. Some radiometals such as *’Sc and '”’Lu are naturally
theranostic due to therapeutic nuclides that have an y-emission
for imaging as well as therapy.

The concept of theranostics combines the use of an imaging
radionuclide (°**Cu) to identify disease sites and a therapeutic

© 2023 The Author(s). Published by the Royal Society of Chemistry
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radionuclide (*’Cu) to treat the disease, which can also be
achieved by single radionuclide (**®*Re).>* Although SPECT is
significantly less expensive than PET due to lower equipment
costs and greater radionuclide availability, PET offers superior
sensitivity and resolution. Both PET and SPECT provide high-
quality morphological data but lack anatomical clarity. Radio-
labeled nanomaterials have better labeling efficiency and enhanced
blood circulation compared to radiolabeled small molecule
probes.”” Radiolabeling can be achieved through various tech-
niques such as surface labeling, encapsulation, and radioche-
mical doping.” Conventional cancer therapies include radiation
therapy and radiopharmaceutical therapy (RPT), where radio-
nuclides are systematically delivered as therapeutic formulations
to the tumor site. These mainly include a and B-particle-emitting
radionuclides as radiation-delivering agents to induce cytotoxicity.
Radionuclides can be administered alone or in conjugation with
peptides, small molecules, antibodies, or nano constructs."® One
traditional method for detecting and characterizing tumors and
etiological protein aggregates of neurodegenerative disorders such
as Alzheimer’s disease is SPECT/PET imaging of organs or tissues
using radiotracers administered to the patient’s body in the form
of labeled small molecules or labeled nanomaterials.>®> However,
this method has drawbacks such as poor in vivo stability of labeled
nanomaterials, leading to shedding of the diagnostic agent and
false-positive detection of tumors. Chronic radiation exposure
risk, high diagnosis cost, and toxicity of radiolabeled agents are
among the other disadvantages.

Nanoformulations as theranostic agents

Recently, there has been a surge of interest in the utilization
of nanomaterials due to their numerous physical imaging
modalities and potential biomedical utility, particularly for
early and accurate biosensing and efficient therapy of various
diseases.?® Theranostic nanomedicine is a promising option as
it can quickly and non-invasively identify specific cancer bio-
markers while simultaneously destroying cancer cells.>> Nano-
medicine, a treatment based on nanoparticles, employ a variety
of organic or inorganic nanomaterials to treat, diagnose, moni-
tor, and regulate biological systems. These nanomaterials
possess inherent anticancer therapeutic properties or can be
loaded with various medication modalities. Additionally, they
can be loaded with multimodal imaging contrast agents and
target surface-bound compounds on cancer cells.>® The ability
to produce nanoparticles with customizable size, shape, and
surface chemistry, as well as their high surface-to-volume ratio
and high surface-loading capacity has attracted researchers to
develop cancer nanomedicines. Nanoparticles also possess
desirable physicochemical characteristics such as electrical,
optical, and magnetic properties. Nanotheranostics holds signi-
ficant promise for the prevention, detection, monitoring, and
treatment of illnesses including malignancies. Active sub-
disciplines within nanomedicine include drug delivery, bioima-
ging, diagnostic agents and biosensors. The functionalization
of nanoparticles with a range of biomolecules renders them
effective agents for imaging, treatment, and medication
administration.>”*® Despite several nanomedicines have received

© 2023 The Author(s). Published by the Royal Society of Chemistry
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FDA-approval, there remains significant room for advancement
in the pursuit of intelligent nanotherapeutics. Over the years,
several nanoparticle formulations have been developed for
cancer diagnostics and therapeutics. These are primarily
categorized as inorganic nanoparticles, organic nanoparticles,
and nanocomposites.>* Examples include quantum dots, nano
emulsions, micelles, and proteins.?>*° However, there are
challenges associated with nanomedicines such as the inter-
action of the nanoparticle formulation with systemic circula-
tory components that may result in charge and size variability,
off-target binding of cells and receptors, among others.

Polymer and dendrimer-based theranostic agents

Polymer-drug conjugates are pharmacologically active macro-
molecular constructs that consist of one or more therapeutic
drugs such as small molecules, peptides, proteins, and apta-
mers are covalently attached to a polymeric carrier.*!
In polymer-based theranostics, four different types of thera-
peutic treatments are investigated: drug delivery, gene delivery,
photodynamic therapy, and hyperthermia treatment. These are
used in conjunction with various imaging agents such as
magnetic resonance imaging agents, fluorescent agents, and
microbubbles for ultrasound imaging.’> Adagen, the first
approved polymer—protein conjugate, is an enzyme replace-
ment medication for adenosine deaminase deficiency in
individuals.*® A polymer-based theranostic typically comprises
a therapeutic modality, an imaging modality, and a biocompa-
tible polymer. In some cases, the same chemical group or
portion of the polymer conjugate can provide both imaging
and therapeutic components.**> Theranostic probes are con-
structed from various classes of polymeric materials including
micelles, liposomes, and dendrimers. Polymeric micelle
candidates have certain drawbacks related to their critical
micelle concentrations (CMC). Below their CMC, the micelles
tend to disaggregate and cause systemic toxicity. As a result,
conventional micelles are being replaced by unimolecular
micelles.®® Liposomes are vesicular lipid bilayers with an
aqueous core compartment for enclosing therapeutic and diag-
nostic modalities.®>® Dendrimers are synthetic macromolecules
with a highly branched spherical structure. They typically have
repeated branches of a dendron around a central core forming
a three-dimensional geometrical shape. Dendrimers offer
several benefits including improved bioavailability, reduced
premature release, tissue-specific accumulation, high payload,
and enhanced pharmacodynamic and pharmacokinetic char-
acteristics of diagnostic, therapeutic, and targeted agents.®
Numerous studies have been conducted on polymer-based
platforms for cancer treatment and have demonstrated several
advantages. In the body, biopolymers gradually degrade into
harmless substances. Polymers such as polyethylene glycol
(PEG) and poly(-caprolactone) have received approval for use
in therapeutic macroformulations.*® Recently, polymer nano-
composites based on aggregation-induced emission luminogens
(AIEgens) have shown potential in imaging-guided photothermal
therapy (PTT) for cancer theranostics.®”

RSC Chem. Biol., 2023, 4, 826-849 | 829
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Antibody therapy

Targeted antibody therapy emerged as an alternative approach
to address the non-specificity of chemotherapeutic drugs.
Several monoclonal antibodies (mAbs) have been developed
to inhibit tumor invasion by blocking the growth factors of
cancer cells.*® Subsequently, efforts were made to develop
antibody-based drugs that target specific cell surface receptors.
For instance, most breast cancers are known to overexpress the
HER2 gene and its receptor, which promotes cellular prolifera-
tion. Herceptin is an FDA-approved mAb that targets the HER2
receptor in breast cancers and halts the cell cycle in the
G-phase.?® Avastin is another antibody-based drug candidate
that functions by blocking the VEGF receptor on cancer cells,
thereby inhibiting angiogenesis.

Targeted gene therapy based theranostic agents

A significant challenge in the use of macromolecular systems is
achieving efficient delivery to cells or disease areas within a
patient’s body. Nucleic acid-based theranostics are particul-
arly relevant for genetic diseases, where specific nucleic acid
sequences are administered to silence or enhance gene expres-
sion for a specific therapeutic outcome. Several classes of
delivery vectors have been explored to achieve and enhance
efficient and targeted delivery of nucleic acids. However, their
delivery remains a limiting factor for nucleic acid-based
theranostics.*® The classical form of nucleic acid-based thera-
peutics involves short antisense oligonucleotide (AO) sequences
that bind to disease-associated mRNA and alter downstream
protein expressions. In addition to AO, other approaches include
small interfering RNA (siRNA), DNAzymes, and ribozymes. RNAi
technology is most commonly used for sequence-specific gene
silencing by the administration of short stretches of dsRNA
which forms RISC (RNA induced silencing complex) which
contains ribonuclease enzymes that cleaves the dsRNA to gen-
erate a single strand RNA that sequence specifically binds to a
target mRNA to either cleave or silence its expression. RNAi
therapy has been successfully used to silence antiapoptotic
genes such a Bcl-2. Aptamers are short oligonucleotides with
defined conformation in three dimensions and serve as high
fidelity ligands to biomolecules, proteins, or cells. Inception of
Systematic Evolution of Ligands by EXponential enrichment
(SELEX) in 1990s have dramatically accelerated the development
of aptamers with required selectivity and affinity.” Rapid clear-
ance and short halflife in biological milieu are the major
limitations of aptamer-based approach.

The success of macromolecules and nanoparticles has
largely been limited to proof-of-concept studies due to two
primary factors: (1) the lengthy journey from bench to bedside,
and (2) non-adherence to the Lipinski rule and deviation from
drug-like properties.*! In light of these disadvantages, there has
been a resurgence in the field of theranostics where small
molecules and their conjugates are the lead players. Theranos-
tic entities involve the structural integration of therapeutic
and diagnostic entities in a minimalistic fashion, often appended
to a suitable targeting or localizing group. The concept of
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theranostics is gaining importance as it paves the way for
precision medicine. In subsequent sections, we will discuss
the disease conditions, existing clinical solutions/approaches,
and recent progress in small molecule and conjugate-based
theranostic strategies for cancer, Alzheimer’s disease, and patho-
genic infections.

Cancer

Cancer is the second leading cause of death after heart dis-
eases. The number of cases has been steadily increasing due
to factors such as genetics, environmental pollutants, and
lifestyle. Despite this, only 2% of drugs are recommended
for further development each year.”” The primary challenge
in using anticancer drugs in clinical settings is their toxicity
to healthy cells, which can result in acute, chronic, or life-
threatening side effects.*® Cytotoxic chemotherapeutic agents
delivered systemically are unable to differentiate between can-
cerous and healthy cells, leading to severe side effects that often
limit their clinical use.

Chemotherapeutic agents are categorized into several
classes, including DNA alkylating agents, topoisomerase inhibitors,
mitosis inhibitors/microtubule stabilizers, and antimetabolites.**
Cancer cells exhibit rapid DNA synthesis, enabling malignant
behaviors such as invasion and metastasis. These cells also
proliferate rapidly and wuncontrollably. Chemotherapeutic
agents interfere with DNA synthesis and target mitosis and
DNA replication in cells to inhibit the growth and spread of
tumors.”® Cisplatin, a clinically approved drug, forms DNA
adducts at the N7 position of purine residues that block cell
division and subsequently leading to apoptosis.’® DOX inter-
calates nucleic acids and inhibits topoisomerase II activity to
prevent DNA and RNA synthesis. Daunorubicin inhibits topoi-
somerase II activity leading to single and double stranded DNA
breaks. Etoposide, too works in a similar fashion resulting in
mitotic inhibition, leading to cell death. Paclitaxel disrupts
mitotic spindles by binding to microtubules and preventing
their normal dissolution during cell division, ultimately leading
to cellular apoptosis. However, most chemotherapeutic drugs
exhibit toxicity to normal tissues and lack selectivity,*” causing
severe toxicity to skin, hair, gastrointestinal cells, among other
organs.*®

This review briefly discusses small molecule-prodrug based
conjugates developed as theranostics for various cancers. PTT
and PDT have emerged as promising alternatives to minimize
toxicity and ensure precise tumor targeting.*® Hyperthermia-
based cancer treatment, which involves heating the tumor area,
has gained interest as an alternative or complement to current
chemotherapies.”® Hyperthermia (41-45 °C) damages localised
intracellular proteins related to cellular survival and prolifera-
tion, resulting in minimal to no damage to normal tissues.
Thermoablation (46-56 °C) destroys tumors through direct cell
necrosis. PDT utilizes ROS, often singlet oxygen species (10,),
generated by photosensitizer molecules upon laser irradiation
at specific wavelengths. PDT using ROS has attracted interest as

© 2023 The Author(s). Published by the Royal Society of Chemistry
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a complementary, non-invasive cancer treatment with few side
effects.”’ Excessive ROS damages DNA, RNA, and protein,
destroying cancer cells and causing tumor regression. Near-
infrared (NIR) light is preferred over UV or visible light for its
enhanced light penetration depth, making the therapy mini-
mally invasive.

Small molecule theranostics for cancer

Small molecule theranostic agents are organic molecules without
appended moieties for targeting or imaging. Few chemotherapeu-
tic anticancer drugs, such as DOX, have detectable emission but
with poor quantum yield. Molecules that specifically interact with
oncogenic nucleic acid sequences to inhibit transcription and
display turn-on fluorescence are promising for cancer theranostic
strategies. DNA can adopt several secondary conformations
besides the well-known double helical B form, with
G-quadruplex (GQ) and i-motif being the most established
noncanonical conformations.’” Targeting the binding pockets
of these GQ or i-motif structures, located at the promoter region
of oncogenes, forms a unique therapeutic strategy. GQ is a
noncanonical DNA conformation where guanine-rich DNA
sequences interact via hydrogen bonding to form four-
stranded architecture. GQ sequences are abundant in the
promoter regions of oncogenes, making them attractive targets
for cancer treatment. The binding pockets in GQ are sequence
and topology-dependent and form unique interaction sites for
fluorogenic and therapeutic small molecules.’>>* While many
fluorogenic small molecules are designed to recognize GQ
sequences based on their topology and/or sequence, and
another class of molecules stabilizes GQ, the amalgamation
of the two to achieve both therapeutic and diagnostic properties
has been rare in literature. Careful and systematic assessment
is required in the choice of molecular scaffolds to merge the
stabilizing (therapeutic) scaffolds while making their electronic-
structure to extract required electronic-delocalization and desired
emission property.

Small molecules based on benzothiazole motifs exhibit
promising fluorescence selectivity for a wide range of DNA
secondary conformations. Molecules-based on the carbazole
scaffold demonstrate remarkable pharmacological activity.>*
The large aromatic scaffold favors strong n-stacking interaction
with the G-quartet plane of the GQ due to its considerable
n-interactions. A GQ-targeting theranostic molecule, 3,6-bis(1-
methyl-4-vinylpyridinium) carbazole diiodide (BMVC) based on
carbazole moiety showed promising anticancer activity in
human cancer cell lines (Fig. 2A).>> BMVC stabilizes telomeric
GQ and lights up GQ DNA in vitro. Long-term treatment with
BMVC uncaps telomeric ends, shortens telomeres, and induces
DNA damage foci leading to senescence and apoptosis. BMVC
treatment represses tumor progression in a mouse xenograft
model through inhibitory pathways, both telomere-dependent
and independent. Although BMVC selectively images GQ in
cellulo, its green emission limits deep tissue imaging. We have
developed a small molecule-based theranostic approach for
lung cancer that combines GQ-targeted detection of cancer tissue
in the far-red window and transcription inhibition-mediated

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Chemical Biology

anti-cancer activity.>® The theranostic molecule TGP18 has a
methylated neocuproine-based aromatic core conjugated to a
coumarin unit bearing a diethylamine donor group (Fig. 2A).
The fluorogenic molecule TGP18 selectively recognizes the
oncogenic BCL2 GQ DNA sequence through a hybrid binding
mode where the molecule stacks on the G-quartet and engages
in specific interactions with loop nucleotides (Fig. 2B). For the
first time, we have rationally exploited and executed the hybrid
loop stacking and groove binding mode to achieve selectivity
among the myriad of GQ conformational architectures and
a number of other conventional and non-conventional DNA
conformations. Although the G-quartet plane in GQ forms a
suitable site for m-stacking interaction with small molecules
with planar aromatic core, the nucleotide (nt) composition and
unique three-dimensional orientation of the loops, and the
grooves play a deciding role to impart binding specificity.
Interestingly, BCL-2 GQ adopts a distinct mixed hybrid topology
consisting of a single nucleotide double chain reversal loop,
and two lateral loops of length 3 and 7 nt respectively. Compu-
tational studies revealed a significant contribution of 7 nt loop
to ensure high affinity and selective binding of TGP18 to BCL-2
GQ. The dual effect of stabilization and selective far-red
fluorescence light-up forms the basis of the small molecule-
based theranostic approach. Among a set of cancer cell lines
MCF-7, HeLa, A549, and MDA-MB-231 and non-cancerous cell
line (HEK293T), TGP18 demonstrated remarkable antiprolifera-
tive activity for breast (MDA-MB-231) and lung (MCF-7) cancer
cell lines. Interestingly, TGP18 was efficient in penetration and
retarding the growth of A549 tumor 3D spheroid. The stabiliz-
ing interaction of TGP18 with BCL2 GQ reduces mRNA expres-
sion levels in the A549 cell line. The anti-tumor efficacy of
TGP18 was further evaluated in mouse xenograft models of
human breast cancer cell line MDA-MB-231 and lung carci-
noma line A549 (Fig. 2C). Administration with maximum
tolerated dosage (MTD) of 0.5 mg kg™ * of body weight showed
marginal inhibitory effect in breast cancer model, while excel-
lent antiproliferative activity after 14 days treatment, at a 200-
fold lesser dose than gemcitabine (reference drug, Fig. 2D). The
far-red emission of TGP18 enabled deep tissue imaging of
tumor tissue sections of A549 xenografts (Fig. 2E). This mini-
malistic design strategy combines therapeutic and diagnostic
modalities without the need for additional conjugates. Treat-
ment of the A549 lung cancer cell line reduced BCL-2 protein
expression, with associated cellular/replication stress responses
evident from S-phase arrest, DNA damage response, nucleolar
and oxidative stress. TGP18-mediated cellular stress response
upregulated VEGF expression. Analysis of TGP18-treated cellu-
lar lysate for Caspase 3 activity indicated an apoptotic pathway.
The probe’s commendable far-red fluorescence (680 nm) was
evident from fluorescence studies, gel electrophoresis, and
lifetime measurement with BCL-2 GQ. With minimal auto-
fluorescence in the far-red region enabled preferential imaging
of tumor tissues in xenograft tumor mice, TGP18 forms the
first example of GQ targeting small molecule-based theranostic
drug candidate for lung cancer. In the same direction, a set
of monocyanine ligands consisting of carbazole moiety
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Fig. 2 (A) Molecular structures of the donor—acceptor (D-A) based noncanonical nucleic acids targeted theranostic agents for cancer. (B) Hybrid mode

of interaction of TGP18 with BCL-2 GQ involving loop stacking and groove binding. (C) mRNA expression profiles of BCL-2, CMYC, KRAS and GAPDH
upon treatment with increasing concentration of TGP-18 (1, 5 and 10 uM, and relative mRNA expression relative to GAPDH. (D) Reduction in tumor
weight in BALB/c mice upon treatment of TGP 18, compared to anticancer drug gemcitabine, and (E) images of tissue sections of A549 tumor with and
without treatment with TGP 18, imaged in blue channel (DAPI) for nuclei and red channel for TGP 18. (B)—(E) are reproduced from ref. 53, with permission
from IVYSPRING international publisher, copyright 2020. (F) Schematic representation of the c-MYC promoter harbouring the GQ-forming sequence in
the NHE Il11 region. (G) ChIP experiment validates the occupancy of NM23-H2-, and Spl- at the c-MYC promoter in MDAMB-231 cells upon treatment
with 1 uM TCZ for 24 h. (H) Selective staining of cellular GQ using theranostic agents TCZ and TCA, and colocalized with GQ specific BG4 antibody.
Reproduced from ref. 56, with permission from American Chemical Society copyright 2021. Illustrative image in (E) was created using https://BioRender.com.

conjugated to electron withdrawing benzothiazole were ration-
ally designed to impart selective stabilization and turn on
fluorescence with oncogenic GQ DNA sequences.’® Judicious
tuning of the structure activity relationship resulted in two
small molecules TCZ (Fig. 2A) and TCA (Fig. 2A) which selec-
tively stabilized c-MYC and BCL-2 promoter GQ sequences
respectively and supressed the relative mRNA and protein
expression evaluated in human breast cancer cell line (MDA-
MB-231). Molecular dynamics (MD) simulation revealed a pre-
ference for stacking interaction between BCL-2 and TCA, while
TCZ binds to the groves of c-MYC GQ. Further they impede the
recruitment of relevant transcription factors at the promoter
region of the oncogenes supressing downstream processes.
Fluorescence emission of the ligands confirm nucleolar uptake
and nucleolar stress. TCZ supressed the abundance of Sp1 and
NM23-H2 at the ¢c-MYC-NHE III1, evident from Chip assay
(Fig. 2F and G). The colocalization of the molecules with GQ
specific antibody BG4 supported the GQ-small molecular inter-
action as the deciding factor for in celllulo anti-cancer activity
(Fig. 2H). This study provides a useful roadmap for structural
tuning to achieve binding selectivity among a set of structurally

832 | RSC Chem. Biol., 2023, 4, 826-849

similar oncogenic GQs. Assessment of ribosomal biogenesis
inhibition revealed competence of both TCA and TCZ in
disrupting the interaction of rDNA GQs with nucleolin protein,
although better efficiency was observed for TCZ. Small mole-
cular drug candidates regulating/interrupting the translation,
transcription, or ribosomal RNA biogenesis, compared to the
mode of action of conventional chemotherapeutic agents,
leading to reduced cancer cell viability surely opens promising
avenue for cancer treatment (Fig. 3A).

Recent advancements in the field of small molecule-based
anticancer agents have primarily focused on PDT and PTT
(Fig. 3B). These therapies target overexpressed proteins or
oncogenes. A common characteristic of such molecules is that
they exhibit a fluorescence response only upon aggregation.’”
While aggregation of fluorogenic molecules can pose chal-
lenges in theranostic applications, careful tuning of the aggre-
gation process can result in enhanced photophysical properties
that are advantageous for biomedical imaging. The modulation
of photophysical properties in the aggregated state has altered
molecular motion, energy gaps, the nature of the excited
state, and modes of de-excitation. These changes provide

© 2023 The Author(s). Published by the Royal Society of Chemistry
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opportunities for tuning fluorescence, phosphorescence, photo-
acoustic imaging, PDT, and PTT. Porfimer sodium (Photoftrin),
a PDT-based anticancer agent, has proven to be a successful
treatment strategy for cancer and has received approval from
the U.S. Food and Drug Administration (FDA).>® However, there
is a continuous search for small molecule-based PDT drugs that
offer better biocompatibility, reduced toxicity, and the ability to
treat a wider variety of cancers.

A series of photosensitizers based on aggregation-induced
emission (AIE) (TBD-1C to 3C) with cationic pendant groups
have been reported for use in light-activated cancer cell abla-
tion through pyroptosis.”® These photosensitizers, known as
1,1,2,2-tetraphenylethene-benzo|[c][1,2,5]thiadiazole-2-(diphenyl
methylene)malononitrile (TBD-R) photosensitizers, were pro-
duced by conjugating TBD and phenyl rings with cationic
chains. This allowed for dual functionality: fluorescence turn-
on imaging at 650 nm (a weak red emission upon excitation
in the range of 300-500 nm) and photosensitization for PDT.

© 2023 The Author(s). Published by the Royal Society of Chemistry

The cationic chains also enabled the probes to anchor onto cell
membranes. The membrane anchoring capacity increased with
the number of cationic chains and TBD-3C (Fig. 3C) with three
cationic chains had the strongest membrane anchoring capa-
city when compared to TBD-1C and TBD-2C, which had one and
two cationic chains, respectively. When exposed to white light
at an intensity of 40 mW cm™ %, membrane-anchored small
molecules produce ROS, which trigger the release of lactate
dehydrogenase and activate inflammatory pathways in tumor
cells, ultimately leading to cell death. In another study utilizing
an AlE-based approach, a pyridinium-functionalized donor-
acceptor AIE luminogen (TPE-OM) (Fig. 3D) is developed as a
theranostic candidate for colon cancer.®® TPE-OM displayed a
strong emission at 590 nm in the aggregated state, upon
excitation at 350 nm. TPE-OM was found to localize in the
mitochondria and proved cytotoxic to HCT116 colorectal cancer
cells by inhibiting cell-cycle regulatory genes. This effect could
be traced in vivo with a high signal-to-noise ratio in mice tumor
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xenograft models. Further, RNA sequencing of control and
treated mice revealed upregulation of genes that negatively
regulate the cell cycle, while cell-cycle promoting genes were
suppressed.

The development of small molecule photosensitizers that
specifically target organelles has been reported.®” These photo-
sensitizers can induce ROS-mediated damage to subcellular
organelles, leading to membrane rupture, inflammatory
responses, and pyroptosis. ROS-mediated damage to subcellular
organelles can activate specific caspases, such as caspase 1,
triggering a cascade of events that ultimately leads to the rupture
of the plasma membrane and the release of intracellular contents.
This process, known as pyroptosis, is characterized by the release
of pro-inflammatory molecules that can promote an immune
response. Based on the cyanine core, three molecules were
developed to target mitochondria (Mito-ZS), endoplasmic reticu-
lum (ER-ZS), and lysosomes (Lyso-ZS) (Fig. 3E). These molecules
were designed with variable groups and different heavy atom
counter ions to achieve organelle specificity and enhanced
ROS production. The localization modules for mitochondria,
lysosomes, and endoplasmic reticulum were indolyl cation,
morpholine group, and methylbenzenesulfonamide moieties,
respectively. When the treated tissue was exposed to light at a
wavelength of 580 nm, it emitted light in the range of 600-
750 nm, with the highest intensity at around 620 nm. This
finding suggests that these emissions have promising applica-
tions in self-tracking and theranostic uses. Pyroptosis was
induced in HeLa and 4T1 cells through organelle-targeting
PDT by irradiation at 580 nm (24 J em ™). This effect was also
observed in an in vivo 4T1 triple-negative breast cancer mouse
model and validated through substantial RNA-seq analysis.

An NIR photosensitizer with mitochondrial localization for
synchronous PDT and PTT has been developed.®® A library of
27 heptamethine cyanine dyes with different N-alkyl side
chains was synthesized for mitochondrial localization,
achieved due to the cationic heptamethine cyanine core. The
lead compound 7 (Fig. 3F) raised the temperature of the tumor
to over 50 °C in 2 min, resulting in tumor tissue damage.
As mitochondria are essential energy-producing cellular orga-
nelles that are vulnerable to both hyperthermia and excessive
ROS, compound 7 demonstrated synchronous PDT/PTT effects,
significantly increasing phototherapeutic efficacy (Fig. 3L).
Near-infrared fluorescence (NIRF) imaging 24 h post-injection
showed preferential accumulation of compound 7 in the tumor
both in vivo and ex vivo (Fig. 3K). A mitochondria-targeting
NIR-II AlEgen (emission at 1052 nm) named TDTN+ has been
reported (Fig. 3G).> The AlEgen was equipped with a benzo-
bisthiadiazole and a triphenylamine moiety as acceptor and
donor units, respectively, with long alkyl chains that hamper
n-7 interactions. It also included a cationic trimethylamonium
unit for mitochondrial localization. The designed molecule was
amphiphilic and could self-assemble to form TDTN+ nano-
particles displaying excellent PDT/PTT effects upon 808 nm
laser irradiation (0.6 W cm™?) with a photothermal conversion
efficiency of 66.7% (Fig. 3M). A library of small molecules was
developed in which the lactone of the coumarin moiety was
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replaced with a cyano(4-pyridine/pyrimidine) methylene moiety
(COUPYs).** These N-alkylated COUPY coumarins (Fig. 3H)
selectively accumulate in mitochondria and produce singlet
oxygen upon irradiation, leading to PDT. COUPY coumarins,
which combine imaging and therapy in a single compound,
offer tremendous promise for the creation of novel theranostic
agents.

An oxygen-independent photosensitizer has been developed
that generates carbon radicals through an iridium(m)-
anthraquinone complex (Ir4), which targets the mitochondria
of hypoxic tumors (Fig. 31).®® This metal complex has a unique
TP excitation property (Aex = 730 nm, L, = 585 nm) that can be
used for imaging mitochondrial dynamics. It exerts its thera-
peutic action by producing carbon radicals that induce loss of
mitochondrial membrane potential, proving cytotoxic to cells.
In hypoxic conditions, the reductase enzyme can reduce the
anthracene group of Ir4 to anthracene diol (Ir4-red), activating
the complex’s TP emissive characteristics. This reduction does
not occur in normoxia. Subsequent irradiation of Ir4 produces
a carbon radical, allowing the agent to perform both imaging
and therapeutic tasks. The agent shows a significant decrease
in tumor volume in A549 xenograft mice upon irradiation with
TP excitation at 730 nm.

A heptamethine cyanine dye-based pH-responsive photo-
sensitizer for cancer theranostics is reported.®® This probe,
12-IR783-Mpip (Fig. 3J]), consists of an N-methylpiperazine
moiety on the cyanine backbone. This probe showed an absorp-
tion maximum at 860 nm in pH 6-7, which was blue-shifted in
basic pH 8-12 and red-shifted in acidic pH 3-5. Under acidic
conditions, as is prevalent in tumor microenvironments,
this probe exhibits excellent NIR absorption and efficiently
generates singlet oxygen for tumor ablation. In the molecular
design, the PDT effect is enhanced by the introduction of two
iodine substituents on the 5-position of the indole rings. The
N-methylpiperazine moiety is pH-responsive and exhibits
fluorescence quenching under neutral pH conditions due to
photoinduced electron transfer (PeT) from the lone pair of
electrons on nitrogen. Under acidic conditions, protonation
of the nitrogen atom stops PeT and results in NIR fluorescence
in the HepG2 cell line. The PDT drug shows intrinsic tumor
binding and can eliminate specific tumors in an acidic environ-
ment when irradiated by an 850 nm NIR light (30 mW cm~?) for
30 min.

Small molecule conjugates for cancer

Conventional therapeutic agents often lack diagnostic proper-
ties, making it necessary to conjugate them with suitable
imaging modalities for theranostic applications. Additionally,
most chemotherapeutic agents are toxic to healthy tissues and
have poor biodistribution.®” It is therefore imperative to design
theranostic agents that can specifically target cancer cells,
release the drug in the tumor microenvironment, or activate
the fluorogenic moiety in the tumor microenvironment.
To achieve this, various small molecular (prodrug) conjugates
have been designed that leverage the specific differences
between cancer and normal cells and their microenvironments.®®

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Cancer cells possess distinct physiochemical properties that can
be preferentially targeted. Stimuli such as pH, ROS, hypoxic condi-
tions, and increased nitroreductase concentration can be leveraged
to uncage and activate prodrugs or active molecular probes or
diagnostic modules.”® In the presence of appropriate environ-
mental stimuli, the triggering component of the theranostic agent
is released. Among the receptors overexpressed in cancer cells,
B-galactosidase forms a unique identification moiety. Aberrant
proliferation of cancer cells is associated with increased ROS
production and low oxygen availability. These factors can be
targeted by designing theranostic candidates that include a
targeting moiety, drug, diagnostic agent, and stimuli-responsive
masking agent. Combination therapy, where multiple modes of
cell death are integrated to synergistically enhance antitumor
activity, has inspired the development of smart theranostic
conjugates. First, we will discuss conjugates of conventional
chemotherapeutic agents before delving into PDT and PTT
based conjugates.

Traditional drug-based conjugates

One notable characteristic of cancer cells is the overexpression
of glutathione. To leverage this factor, a multifunctional
gemcitabine-coumarin-biotin conjugate 5 was developed as a
theranostic anticancer prodrug (Fig. 4A).°° In this conjugate,
the nucleoside analogue anticancer drug gemcitabine is linked
to coumarin as a fluorescence reporter via a disulfide linkage
that is susceptible to cleavage by intracellular thiols (GSH). The
biotin moiety facilitates receptor-mediated preferential uptake
in the lung cancer cell line A549, compared to fibroblast cells
WI38, where the biotin receptor is absent. The analogue lacking
the biotin moiety showed lower anticancer effects than the
biotin-bearing conjugate. TP excitation of coumarin at 750 nm
and an emission range of 420-600 nm was utilized for fluores-
cence imaging while minimizing cellular damage. A prodrug
based on topoisomerase I inhibitor SN-38 was linked to biotin
for cancer localization and piperazine rhodol for fluorescence
monitoring to obtain a theranostic agent 4a (Fig. 4B).”° The
stimuli for releasing the prodrug were designed to vary, with
one option being self-immolative cleavage in response to
cellular glutathione (GSH). The agent 4a showed antitumor
activity compared to the biotin-excluded analogue in HeLa
tumor in mice (Fig. 4I). The fluorescence of both SN-38 and
piperazine rhodol were imaged ex vivo (Fig. 4]). Using a similar
approach, gemcitabine and other anticancer drugs have been
tested in cellular and in vivo models. On similar lines, an
imidazolyl-naphthalene-diimide  conjugate-based topoiso-
merase inhibitor has been reported with promising anticancer
activity (Fig. 4C).”' The chemotherapeutic drug SN-38 was
attached to an endogenous H,S-responsive azide moiety linked
to rhodol to evaluate its anticancer effect in colon and lung
cancer cell lines via apoptosis.”> An activatable folate-
doxorubicin conjugate connected by a disulfide bond (Doxo-S-
S-Fol) masks both fluorescence and cytotoxicity (Fig. 4D).”* The
activation of this conjugate by glutathione specifically in
tumors induces its transformation into an active state, leading
to both cytotoxic effects and the fluorescence of doxorubicin

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(Aex = 497 nm, Jer, = 594 nm). This probe can selectively inter-
nalize into folate receptor-expressing cancer cells and can be
visualized by the action of glutathione on the conjugate inside
the cells. The conjugate becomes fluorescent upon cleavage of
the disulfide bond, along with concomitant cytotoxic effects
exerted by doxorubicin, as demonstrated in A549 cells.

A Pt(v) prodrug TPS-DEVD-Pt-cRGD (Fig. 4E) with an axially
functionalized cyclic arginine-glycine-aspartic acid tripeptide
specific to o, 83 membrane integrins overexpressed in cancers is
reported.”* The prodrug also includes an AIE fluorophore
tetraphenylsilole (TPS), with a caspase-3 enzyme-specific DEVD
peptide (Aex = 365 nm, Aey, = 480 nm). The TPS fluorophore acts
as a marker for apoptosis caused by the Pt(rv) drug, which
activates caspase-3 activity, leading to cleavage of DEVD and
releasing the AIE fluorophore that can be traced by fluores-
cence light-up due to aggregation. Selective uptake was evident
in o,z membrane integrin-positive U87-MG cells compared to
MCF-7 as a negative control.

A novel, carrier-free amphiphilic prodrug Palmitic-DEVD-
DOX conjugate (Fig. 4F) has been designed composed of a
hydrophobic palmitic moiety (n-hexadecane chain), a hydro-
philic group, a caspase-3-specific cleavable peptide (Asp-Glu-
Val-Asp, DEVD), and a cytotoxic drug to address issues with
nanocarriers and conventional cytotoxic drugs (DOX).”> The
DEVD peptide is apoptosis-specific, leading to cleavage and
release of doxorubicin at the tumor site. In its prodrug form,
doxorubicin eliminates the chances of cytotoxicity to healthy
tissues. The palmitic moiety facilitates self-assembly, which has
been shown to enhance antitumor activity (Fig. 4K). This
prodrug was superior to its earlier counterpart that lacked the
palmitic moiety and required a carrier while lacking tumor
specificity. The NIR Cy5.5 tag attached to the conjugate allowed
the visualization of the tumor in CT26 tumor-bearing
mice. Treated mice showed a drastic reduction in excised tumor
tissue size, proving the therapeutic efficacy of the novel
conjugate.

Histone deacetylase (HDAC) is an enzyme that removes
acetyl groups from histone proteins, causing DNA to become
more tightly packed and leading to gene repression.”® HDAC
inhibitors have shown potential in cancer therapy as they can
reverse the repressive effects of HDAC activity on gene expres-
sion, leading to tumor cell death and/or differentiation. A self-
immolative conjugate for NIRF or photoacoustic (PA) dual
imaging and HDAC-responsive prodrug release has been devel-
oped, bearing a tunable ester bond that allows for efficient
release of caged fluorophores or drugs upon deacetylation
(Fig. 4G). A xanthene-based fluorophore with ring-opening
ability served for PA imaging, while HDAC-dependent prodrug
release facilitated tumor therapy in a mice model of HDAC-
overexpressed triple-negative breast cancer (Fig. 4L). Further-
more, the probe exhibited excellent specificity to HDAC against
common carboxylesterases.

Kinase inhibitors (KIs) are a widely used class of anticancer
drugs. However, they can suffer from off-target effects and
reduction of platelet count, among other disadvantages such as
immediate efflux from cells. A novel KI (dasatinib)-heptamethine
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cyanine dye conjugate 1 (Fig. 4H) was developed for cancer
theranostics (ex = 796 NM, /ey = 815 nm).”” The cyanine dye
addresses the issue of off-target effects due to its well-reported
tumor specificity and enables optical imaging of mitochondria in
cancer cells for up to 24 h. The dasatinib conjugate was proved to
be much more efficient at inducing cytotoxicity in HepG2 tumor
cells compared to dasatinib alone.

Phototherapeutic approaches

Overexpressed receptors on cancer cells, such as biotin and
folate receptors, can serve as suitable targets for tumor-specific
delivery. In this vein, a biotin-attached cyclocyanine bearing an
aza installation acts as a TP photosensitizer (ACC-B) (Fig. 5A)
for spatiotemporal NIR cancer therapy for colorectal/colon
cancer (Fig. 5G).”® This molecule’s robust ROS generation
ability upon 770 nm TP treatment (emission range: 590-
640 nm), spatial selectivity, low dark toxicity, and appreciable
selectivity towards cancer cells make it a promising candidate
for TP-induced phototoxicity towards HeLa and A549 cancer
cells. It can also distinguish human colon cancer tissue from
normal colon tissue with appreciable accuracy.

Overexpression of the folate receptor (FR) is a characteristic
of a broad spectrum of cancer cells. Conjugation of FR with
anticancer agents such as taxol has been explored for targeted
delivery of anticancer drugs to minimize collateral damage to
normal cells. Strategies involving conjugation of folic acid with
prodrugs and imaging modalities have shown promising anti-
cancer activity. You and colleagues designed an aminoacrylate
bond as a singlet oxygen-sensitive cleavable moiety.”® A prodrug
4 (Fig. 5B) bearing combretastatin A-4 propiolate was designed
with a photodynamic-responsive moiety activated by singlet
oxygen. The folate receptor enhances the bioaccumulation of
the moiety in folate receptor-positive colon 26 cancer cells. The
molecule effectively reduced tumor volume in colon 26 tumors
in BALB/c mice as a combined effect of PDT and chemotherapy,
while the core-modified porphyrin and phthalocyanine moiety
allowed for live imaging of biopsy samples upon irradiation at
690 nm.

Fluorescence resonance energy transfer (FRET) is an effec-
tive way to keep a fluorogenic probe or PDT agent in a latent
state. Linking FRET-compatible multiple chromophores or
probe-PDT agent pairs using cleavable linkages has been
exploited as a useful strategy to conditionally activate PDT in
tumors. Fan and colleagues incorporated a novel and innova-
tive FRET-based strategy into the development of structure-
inherent-targeting (SIT) phototheranostics for cancer.®® Conven-
tional PSs are hydrophobic and can easily aggregate in physiolo-
gical environments, leading to limited membrane permeability
and cell uptake, which can limit their effectiveness as photosen-
sitizers for PDT. They also have issues with singlet-to-triplet
intersystem crossing (ISC), which is necessary for efficient gen-
eration of singlet oxygen. This can be due to improper triplet state
energy levels or short triplet lifetimes, hindering their ability to
generate singlet oxygen and limiting their effectiveness as photo-
sensitizers for PDT. In the context of PDT, FRET can be used to
enhance the efficiency of singlet oxygen generation by transferring

© 2023 The Author(s). Published by the Royal Society of Chemistry
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excitation energy from a donor chromophore to an acceptor
chromophore with a higher triplet state energy level. This leads
to increased photon utilization and more efficient singlet oxygen
generation. In this case, the FRET process was induced by pairing
a typical cationic rhodamine moiety (RDM) with a known photo-
sensitizer, diiododistyrylbodipy (BDP), and providing an energy
donor. The resulting SIT theranostic (RDM-BDP) (Fig. 5C) showed
strong tumor-targeting ability, exhibiting rapid mitochondrial
localization compared to BDP alone, with a high NIR signal-to-
background ratio (Fig. 5I). Notably, the RDM-BDP conjugate
achieved significantly broader absorption and enhanced singlet
oxygen generation due to the FRET effect upon irradiation with a
660 nm light (12 J em™?) in 4T1 cells (Fig. 5]). Similar outstanding
results were obtained in BALB/c mice bearing 4T1 tumors,
demonstrating the theranostic efficiency of the FRET probe
RDM-BDP.

A multifunctional theranostic probe, RhoSSCy (Fig. 5D)
conjugated by 5’-carboxyrhodamine (Rho) and heptamethine
cyanine IR765 (Cy) interconnected by a disulphide linker and
an amino group was designed for cancer PDT and NIRF/PA
imaging (Fig. 5H).®' This probe was designed to show thiol/pH
dual sensing property specific to tumor microenvironments.
When stimulated at 480 nm, RhoSSCy exhibits two emission
peaks at 580 nm and 765 nm. Due to good spectral overlap of
the emission spectrum of the Rho dye (550-630 nm) with
absorption spectrum of the Cy (580-700 nm), there is the
occurrence of FRET from the excited state of Rho to Cy. When
left in its natural state, RhoSSCy can react with thiols (RSH) to
generate RhoSSR and HSCyH or with H' to form RhoSSCyH".
It could potentially react simultaneously with H" and thiols to
produce RhoSSR and HSCyH,". As the concentration of thiols
in the solution grew in response to RhoSSCy, the fluorescence
emission intensity of the probe at 580 nm (ex = 480 nm)
increased. This occurred because the disulfide bond of
RhoSSCy could be cleaved by decreased GSH, and as a result,
the FRET effect vanished. RhoSSCy showed excellent tumor
visualizing properties in ex vivo NIRF imaging of tumor tissue
and non-invasive PA imaging of tumor-bearing mice. The
photosensitizing ability of RhoSSCy robustly increased the
survival rate of mice irradiated for PDT, from 10% to 80%.
The authors claim that this is the first report of a four-in-one
theranostic probe for sensing, targeting, multi-modal imaging
and therapy of cancers.

A new chemical compound called azo-PDT (Fig. 5E) was
created by combining a photosensitizer and a NIR fluorophore
with an azo group as a trigger for hypoxia.®* This compound
demonstrated the ability to specifically target hypoxic tumor
cells for ablation and detect solid tumors through its hypoxia-
activated fluorescent response. Azo-PDT is composed of pyro-
pheophorbide o (Pyro) as the PS and SiR-665 as the NIR
fluorophore, connected by an azo group. In hypoxic conditions,
the azo group is reduced, releasing and activating both the
fluorophore for imaging and the photosensitizer for PDT upon
laser irradiation at 670 nm to produce 'O,. The azo group
also quenches the fluorescence of the conjugate, while FRET
between Pyro and SiR-665 prevents PDT under normoxic conditions.
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Fig. 5 Chemical structures of (A) ACC-B, (B) conjugate 4, (C) mechanism of dual response of RhoSSCy to pH and thiols, (D) hypoxia triggered activation
of FRET-quenched azo-PDT, releasing active PS for PDT and NIR fluorophore for imaging, (E) chemical structure of FRET-based theranostic RDM-BDP,
(F) GSH-responsive multimodal PDT and chemotherapeutic activity of FRET theranostic Xan-SS-Cou-Cbl, (G) 3D fluorescence imaging of colon cancer
tissue stained with ACC-B. Reproduced from ref. 78 with permission from American Chemical Society, copyright 2021. (H) PA imaging of tumor-bearing
mice administered with RhoSSCy. Reproduced from ref. 81 with permission from IVYSPRING Insternational Publisher, copyright 2023. (I) Tumor
preferential accumulation of RDM-BDP compared to BDP alone in 4T1 tumor-bearing mice visualized by in vivo fluorescence imaging. (J) Changes in
tumor volume in RDM-BDP injected mice, upon irradiation. (I) and (J) Are reproduced from ref. 80 with permission from American Chemical Society,
copyright 2018.

This makes azo-PDT a highly effective pro-PS that is non-toxic ~FRET based prodrug conjugate, Xan-SS-Cou-Cbl (Fig. 5F) has
to normal tissues. been designed. The FRET donor-acceptor pair is composed of a

A new approach to cancer treatment has been developed that = 7-hydroxy-(4-methyl) coumarin-xanthene derivative. The pro-
combines chemotherapy and PDT in a single probe activated by drug is “locked” and unable to exhibit therapeutic action when
specific stimuli.*® In this context, GSH-responsive activatable ~FRET occurs successfully between the coumarin donor and the
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xanthene acceptor, connected by a disulfide linker. When the
prodrug encounters GSH, it “unlocks” and releases the coumarin-
chlorambucil conjugate and the xanthene dye, leading to simul-
taneous PDT and photoinduced drug delivery.

Tumour microenvironment-responsive theranostics

The targeted delivery and spatiotemporal mapping of chemo-
therapeutic agents is often a challenging task and a major
concern that limits the success of anticancer drugs. To ensure
the targeted accumulation of drugs, ligands corresponding to
overexpressed receptors are appended to the drug molecule.®*
Alternatively, the drugs are masked as prodrugs, where the
active drug molecule is released in the cancer micro-
environment. The acidity and increased ROS in the cancer
microenvironment have also been leveraged to incorporate
diagnostic modalities. Boronate ester has been demonstrated

View Article Online
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and extensively used as a sensor for H,O, for stimuli responsive
imaging of tumors. A quinone-cyanine based dye (QCy-BA)
(Fig. 6A) has been developed, functionalized with a cleavable
phenyl boronic acid linker that opens up in response to H,0,
and specifically stains the nuclear AT-rich DNA in live cells
(Aex = 400 nm, Jey = 565 nm).*® A bifunctional probe for
fluorescence and photoacoustic imaging of cancer has been
reported.®® The probe (JW41) (Fig. 6B) bears a boronate ester
group for sensing H,0, while the 2-deoxyglucose moiety assists
in preferential accumulation in cancer cells.

The overexpression of glutathione (GSH) in cancer cells has
been exploited to develop an AIE fluorophore-chlorambucil
prodrug conjugate 1 (Fig. 6C) with mitochondria targeting
properties.®” GSH cleaves the disulfide bond to release chlor-
ambucil and simultaneously trigger the fluorescence of the AIE
counterpart. This conjugate showed excellent cytotoxicity to
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(G) SORgenTAM, (H) hCES2 responsive Benz-AP which exhibits PDT in its amide form under low hCES2 conditions while PDT is quenched in amine form
due to high hCES2 concentrations, (I) structure of compound 2, (J) PA imaging of 4T1-tumor xenograft with PTO-Biotin Nps. (K) IR thermal images of 4T1
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GSH overexpressing colon and cervical cancer cells, with
traceable mitochondrial localization. A small molecule with
photo-redox activity to delineate a new approach, namely
conditionally activatable photoredox catalysis (ConAPC) has
been reported.®® Unlike conventional metal complexes-based
photo-redox catalysts, which suffer from poor cellular tolerability
or deployability, an organic molecule has been used. The
approach relies on the oxygen-deprived tumor microenviron-
ment for uncaging and activation of the metal-free photocata-
lyst Se-NO, (Fig. 6D). In the quest to design a biologically
benign photoredox catalyst, they substituted the central oxygen
atom of Nile red with selenium, enabling photocatalytic oxida-
tion of coenzyme NADH triggering the reductive transforma-
tion of cytochrome c. A photoredox-catalysis-induced collapse
of NADH and cyt ¢ (Fe*") states elicit and facilitate cell death.
A nitroreductase selective trigger was deployed in the PC which
releases under hypoxic tumor microenvironment resulting in a
165-fold fluorescence increment in the NIR region in cellular
imaging (lex = 660 nm, Ae, = 710 nm). Intratumoral (i.t.)
administration of Se-NH, in a xenograft mice model resulted
in 95% tumor growth inhibition (TGI) compared to continued
tumor growth in the non-treated group. As a successful realiza-
tion of ConAPC, administration of Se-NO, followed by irradia-
tion enabled precise visualization of the tumor and resulted
in significantly decreased tumor volume after 28 days of
treatment.

A oxazine-based conjugate has been developed with activa-
table intrinsic fluorescence upon protonation in the lysosomes
while triggering ferroptosis via lysosomal dysfunction in
tumors.® The judicious molecular engineering design ensures
spatiotemporal control over the intracellular Fenton reaction.
The molecular conjugate self-assembles into a vesicle impart-
ing lysosomotropism. The molecular conjugate phenothiazine-
fused oxazine biotinylation nanoparticles, abbreviated as
PTO-Biotin Nps (Fig. 6E), localizes in the lysosomes possibly
via protonation and imparts a NIR photothermal effect upon
irradiation with 808 nm, triggering lysosomal dysfunction and
leakage of protons and irons into the cytoplasm promoting the
Fenton reaction and evoking ferroptosis (Fig. 6K). The photo-
thermal effect upon light irradiation using 808 nm triggers the
Fenton reaction. The model has impressive therapeutic efficacy
in cellulo (HeLa and 4T1 cell line) and in vivo 4T1-tumor
models with minimal off-target effect. Incorporation of the
biotin ligand imparts significant cancer cell selectivity. The cell
death was proved to be independent of apoptosis or necropto-
sis. Lysosome membrane potential (LMP) is disturbed only
upon irradiation. PA imaging (PA755 and PA680) enabled deep
tissue imaging (lem = 848 nm) proved substantial enrichment
and prolonged retention of the PTO-Biotin Nps in the tumor,
providing an effective theranostic strategy (Fig. 6]).

The inherent hypoxic environment of many solid tumors
forces cancer cells to adopt self-protective mechanisms for
survival and growth. Conventional oxygen-dependent PDT is
ineffective in these conditions. To overcome this limitation,
a theranostic conjugate (ENBS-B) (Fig. 6F) based on a benzo-
phenothiazine core capable of generating ROS upon irradiation
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with infrared light has been developed.’® The appended biotin
moiety enhances uptake in cancer cells by 87-fold in vitro.
Irradiation with far-red light (660 nm) results in enhanced
NIR fluorescence in the range 680-720 nm (®¢ = 0.21), making
it suitable for non-invasive imaging and guiding PDT. Injection
of tumor-bearing BALB/c mice with the biocompatible probe
ENBS-B enabled visualization of the tumor with a high signal-
to-noise ratio of 7 £ 0.54. The antitumor activity arises from
abundant O, * generation and subsequent transformation to
toxic *OH via superoxide dismutase (SOD)-mediated pathway,
disrupting lysosomal and nuclear integrity leading to apopto-
sis. To combat hypoxia resistance, the same group designed a
small molecule conjugate SORgenTAM (Fig. 6G) consisting of a
Nile Blue analogue (SORgen) appended to tamoxifen (TAM), an
antiestrogenic drug via “click” reaction (/ex = 660 NM, Aepy, =
694 nm).”" This design strategy aims to economize physio-
logical oxygen levels by blocking cellular respiration, oxygen
consumption, and decreasing HIF-1a. expression. The TAM
subunit effectively disrupts the electron transport chain in
mitochondria, translating well in both in vitro and in vivo
experiments.

An enzymatically deactivating PS, named (6-Aminophenal-
enone) Benz-AP (Fig. 6H) was developed, that is selective to
cancer cells expressing low levels of human carboxylesterase
2 (hCSE2).”*> This PS functions as a ratiometric fluorescent
chemosensor for low hCSE2 environments and generates
singlet oxygen to activate PDT to ablate cancer cells. Benz-AP
is structurally based on a singlet oxygen-generating moiety,
phenalone. Its amine derivative, AP, is red-fluorescent and
unable to generate singlet oxygen or reactive oxygen species
(ROS), while its amide derivative, Benz-AP, simultaneously
emits singlet oxygen and displays yellow fluorescence when
exposed to radiation. Low hCSE2 levels in cancer cells maintain
the photosensitizer in its amide form, thus activating PDT.
Benz-AP demonstrated excellent phototoxicity to tumor cells
within 1 h of injection into tumor spheroids and proved to be
an efficient photosensitizer for combating resistance of con-
ventional prodrug-based therapies for low-hCSE2 tumors.
A fluorescein derivative inspired theranostic probe 2 (Fig. 6I)
displaying thermally activated delayed fluorescence (TADF) has
been designed with nitroreductase (NTR) activatable moiety.”?
NTR in mild hypoxic tumor microenvironments could activate
the probe to the fluorescent emitting parent fluorescein deri-
vative (lex = 488 nm, Aey, = 640 nm), which efficiently produces
singlet oxygen due to its long triplet state lifetime. Additionally,
this smart photosensitizer selectively localized in lysosomes,
making the photodynamic therapy (PDT) process even more
efficient. In vivo imaging using a 590 nm LED (16 mW cm ™ ?)
demonstrated preferential visualization of HeLa tumor in SCID/
BALB/c-nude mice (Fig. 6L).

Covalent conjugation

Covalent conjugation strategy is adopted in theranostics for
improved antitumor activity and prolonged retention. Many
current small molecular probes used in cancer diagnosis and
therapy have limitations such as poor specificity for tumors,

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cb00073g

Open Access Article. Published on 02 Fuulbana 2023. Downloaded on 09/11/2025 2:06:25 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

insufficient accumulation at targeted sites, and rapid excretion
by the kidneys, limiting their effectiveness in clinical applica-
tions. To overcome these challenges, new strategies are needed
to efficiently immobilize conventional probes at targeted sites,
leading to enhanced accumulation and prolonged retention in
tumors. A red light-initiated probe-RNA cross-linking (RLIPRC)
method has been described for development of a theranostic
probe, f-CR (Fig. 7A).>* This NIR fluorescent probe comprises a
cyclic-(arginine-glycine-aspartic acid) (cCRGD) peptide targeting
o, P33 integrin receptor overexpressed on cancer cell membrane,
a singlet oxygen-sensitive furan moiety for RNA cross-linking,
and an NIR dye (Cy7) as a signal reporter. This probe was
capable of both passive and active tumor targeting and pro-
duced strong NIR/photoacoustic signals, enabling sensitive and
accurate dual-modality tumor imaging in vivo. The cycloaddi-
tion reaction between furan and nucleobases such as adenine,
cytosine, or guanine under the oxidation of singlet oxygen
generated in situ by irradiation of methylene blue (MB) using
660 nm laser light allowed the probe f-CR to cross-link to
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cytoplasmic RNAs specifically and covalently (Fig. 7B). This
effectively blocked the probes’ exocytosis, resulting in improved
tumor accumulation and retention, eventually leading to apop-
totic death of 4T1 tumor cells (Fig. 7C). The system achieved
70% tumor suppression. Covalent linking with cytoplasmic
RNA interferes with normal functions and results in abnormal
protein expression, leading to apoptotic cell death. The same
group further developed the concept by creating a smart con-
jugate called ALARM. They attached an ALP responsive moiety
to an NIR probe (f-RCP) capable of generating singlet oxygen
(Fig. 7A).°> The overexpressed ALP on the cancer cell membrane
cleaves the phosphate group, stimulating NIR fluorescence and
PA response for tumor imaging. Irradiation of the NIR probe at
660 nm induces ring opening in furan and covalently labels
nucleobases of cytoplasmic RNAs for prolonged localization.
Transcriptomic analysis revealed downregulation of several
genes linked to signalling pathways such as p53, carcinoma,
TNF, MAPK, and TNF in HepG cells (Fig. 7D). Upregulation of
several apoptosis-inducing genes supports the mode of tumor
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Fig. 7 Small molecule conjugates with covalent conjugation strategies. (A) Molecular structures of conjugates fCR and fRCP (B) Mechanism of chemical
conjugation of the furan moiety in fRCP with cellular RNA, and (C) mechanism of anticancer activity of the fRCP. (D) Transcriptomic analysis of HepG cells
upon treatment with fRCP and with control conjugate. (E) Schematic representation of protocol for PDT and reduction in HepG2 tumor in mice injected
with fRCP. (B)—(E) Are reproduced from ref. 95 with permission from American Chemical Society. (F) Molecular structure of EABPS possessing ethacrynic
acid (EA) for Michael addition. (G) Mechanism of action of the theranostic conjuagate in inducing apoptosis mediated cell death. (H) Western blots
showing decreased protein expression of GST-pi upon treatment with EA-BPS. (G) and (H) Are reproduced from ref. 97 with permission from Wiley-VCH,
copyright 2020. () Molecular structure of DACF, with aziridine moiety for covalent conjugation with biomolecules.

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Chem. Biol., 2023, 4, 826-849 | 841


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cb00073g

Open Access Article. Published on 02 Fuulbana 2023. Downloaded on 09/11/2025 2:06:25 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Chemical Biology

cell death by ALARM. A control probe RCP, without the furan
moiety, failed to induce changes in apoptosis-inducing genes.
For in vivo evaluation of the antitumor effect, HepG cells
injected into BALB/c mice were administered with f-RCP and
control RCP via iv. injection followed by irradiation with
a 660 nm laser (0.1 W cm™?) for 3 minutes, 4 hours post-
injection. The mice group treated with f-RCP + 600 nm irradia-
tion showed up to a 70% reduction in tumor volume with low
systemic toxicity (Fig. 7E). This small molecule conjugate-based
system provides promising insight towards precision medicine,
a primary objective of theranostics.

A novel BODIPY (boron-dipyrromethene) based agent
with ROS-independent photothermal (PTT) activity for cancer
treatment has been reported.’® The probe exhibits an excellent
phototoxicity index (PI) value of 360 000 under oxygen-deprived
conditions, indicating oxygen-independent activity. Its far-red
emission makes it a promising agent for in vivo imaging
applications. Upon irradiation at 630 nm, the molecule causes
photocytotoxicity and cellular toxicity via disruption of MMP in
HeLa cells, resulting in apoptosis or necrosis. With the exten-
sive exploration of BODIPY’s excellent emissive properties, a
large library of molecules can be assessed for their photother-
mal and therapeutic efficacy. A molecular scaffold (EABPS)
(Fig. 7F) combining brominated BODIPY and ethacrynic acid
(EA) as a PS and glutathione S-transferase-pi (GST-pi) inhibitor
respectively was successfully used to overcome hypoxia-induced
resistance in PDT (Fig. 7G and H).”” EA undergoes covalent
conjugation with reduced glutathione via Michael addition.

A small molecule conjugate named DACF (Fig. 7I) using
diaziridine chemistry has been reported.’® It consists of three
motifs: an NIR dye cypate for in vivo NIR/PA dual imaging, a
folic acid unit for tumor targeting, and a diazirine group for
crosslinking with available biomolecules upon irradiation. One
of the most notable features of this probe is its ability to
undergo a photo-crosslinking reaction with surrounding bio-
molecules through an insertion reaction upon illumination
with a 405 nm laser (1 W ecm™?). This reaction results in the
covalent immobilization of the probe within tumor cells, lead-
ing to enhanced tumor accumulation and prolonged retention.
This significantly improves the imaging and PTT efficacy of the
tumor in vivo. Localization by folic acid-mediated anchoring
followed by photo-initiated in situ immobilization of the ther-
anostic conjugate in tumors proved excellent for image-guided
PTT to ablate tumor tissue in vivo. DACF proved to be an
excellent contrast agent for tumor PA imaging in 4T1 tumor-
bearing mice. For PTT, irradiation with an 808 nm laser
significantly raised the temperature by ~17.2 °C.

Antibody-drug conjugate theranostics

Targeting specific disease antigens is an emerging strategy for
achieving target specificity in therapeutic intervention. The
conjugation of an antibody with a drug molecule, known as
an antibody-drug conjugate (ADC), is of great importance in
the realization of precision medicine. While antibodies provide
highly specific targeting of cancer cells, small molecules have
the advantage of targeting specific cellular pathways to slow

842 | RSC Chem. Biol., 2023, 4, 826-849

View Article Online

Review

cancer progression. The combination of precise targeting and
effective therapeutic action makes ADCs a promising tool for
precision medicine. The use of FDA-approved molecules in the
design of ADCs can reduce the lengthy approval process for
drug candidates. An ADC design strategy incorporates three
components: a disease antigen-specific antibody, a linker, and
a drug candidate (payload). The chosen antibody should be
highly specific, efficiently internalized and retained, and exhi-
bit high specificity towards tumor antigens while minimizing
immunogenicity. The early success of this strategy is evident
from the approval of 14 ADCs, mostly for the treatment of
different types of cancer, with around 60 ADCs currently in
clinical trials. A comprehensive summary of the design and
application of ADCs has been covered elsewhere.”® Current
developments in ADCs have considered the incorporation of
theranostic modalities into the design strategy.

A recent strategy has employed the use of a cathepsin
B-sensitive 7-amino-3-hydroxyethyl-coumarin (7-AHC) self-
elimination and turn-on fluorescence (at 471 nm).'°® The
7-AHC, attached to a valine-alanine dipeptide, serves as a linker
connecting the anti-Her2 antibody and the payload mono-
methyl auristatin E (MMAE), an antimitotic anticancer drug.
The Her-2 receptors facilitate selective targeting and internali-
zation of the ADC into tumor cells, where CTSB induces
cleavage of the dipeptide bond in Mil40-E-15C, releasing MMAE
and 7-AHC. The ADC Mil40-E-15C (Fig. 8A) had a long half-life
of 5-7 days in mice and showed an effective and sustained
tumor inhibition rate of 54.3% wupon administration of
5 mg kg~' ADC in SKOV3 xenograft mice (Fig. 8B). Selective
accumulation of the ADC in the tumor was evident from ex vivo
imaging of the tumor and organs collected from treated mice
(Fig. 8C). A photocaging strategy was incorporated for the ADC,
where irradiation with IR light initiated a cascade of chemical
reactions resulting in the uncaging of the drug molecule.’*!
Combretastatin A4 (CA4), a microtubule-binding antiangiogenic
drug, was conjugated to an anti-EGFR mAb Panitumumab (Pan)
and a cyanine photocage using IR-783. CY-Pan-CA4 (Fig. 8D)
showed excellent tumor accumulation in an A431 (EGFR+)
xenograft tumor model with emission at 800 nm. Irradiation
with a 690 nm laser (500 mW cm ™ ?) resulted in reduced tumor
volume, while no therapeutic effect was observed in the
absence of light (Fig. 8E).

In order to improve stability and in vivo efficacy, syste-
matic modifications were introduced to the linker domain
and heterocyclic moieties in the cyanine dye, refining the
structure-function relationship of the ADC.'°* The optimized
conjugate CyEt-Pan-Duo (Fig. 8F) showed selective binding and
internalization in MDA-MB-468 (EGFR+) cells, while no inter-
nalization was observed in MCF-7 (EGFR—) cells. Treatment
with CyEt-Pan-Duo for 24 h followed by irradiation using a
690 nm light (20 J cm™?) resulted in reduced cell viability
comparable to duocarmycin DM after 72 h. The increased
absorption coefficient and red-shifted absorbance band
allowed irradiation at longer wavelength (780 nm) with lower
energy (5 J cm™ %), making CyEt-Pan-Duo an attractive tool for
in vivo applications.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Although ADC-based theranostics is still in its infancy,
rigorous and systematic optimization of various ADC compo-
nents, such as antigen/antibody combinations, linkers, and
payloads, could bring about a revolution in the field of preci-
sion medicine.

Combating pathogens

The emergence of new pathogens and their rapid spread across
the world poses a major challenge to global health infrastruc-
ture. Targeting specific pathogens by nucleic acid or protein
recognition is an attractive approach for tackling pathogen
infections. Malaria is a life-threatening disease caused by
the parasite called Plasmodium falciparum and transmitted by
anopheles’ mosquito. Often associated with life threatening
complications, early diagnosis and effective treatment of
malaria is of utmost importance. Plasmodium falciparum is
the etiological agent for malaria. Interestingly, ~80% of its
genome is composed of AT-rich DNA, which forms character-
istic narrow binding pockets at the minor grooves. A crescent-
shaped NIR probe recognizing AT-rich dsDNA with high fidelity
was developed (Fig. 8A), exploiting the abundance of AT
nucleobases in the parasite genome.’®® The probe consists of
two methylated benzothiazole groups as acceptor and donor
phenol moiety designed to undergo internal charge transfer,
transforming it into a turn-on NIR-probe for AT-rich DNA
(Fig. 9A). Quinone cyanine-dithiazole (QCy-DT) binds specifically
with the minor grooves of AT-rich DNA, eliciting ~200-fold

© 2023 The Author(s). Published by the Royal Society of Chemistry

fluorescence enhancement at 650 nm (Fig. 9B and C). A striking
sequence specificity was observed among AT-rich DNA, with the
highest emission for the 5-AAATTT-3’ sequence compared to
other variations in DNA sequences (Fig. 9D). The QCy-DT probe
could unambiguously stain the malarial parasite genome and
effectively arrest it while exhibiting minimal toxicity in human
cells lines (Fig. 9E).

Notably, QCy-DT is the first of its kind NIR-probe to recog-
nize minor groove of AT-rich DNA with sequence selectivity and
sensitivity. The malarial parasite at the trophozoite stage can be
arrested by QCy-DT in the trophozoite stage with an ICs, value
of <4 puM and failed to form rings in subsequent cycle at
increased concentration of the theranostic probe, possibly via
abrogation of DNA replication (Fig. 9F). Further, structure-
activity relationship (SAR) on QCy-DT can be undertaken to
develop potential drug candidate for malaria.

Noncanonical conformations like GQ have been attractive
targets for identifying pathogens. Molecular probes targeting
the GQ conformation in pathogens such as HCV and SARS-
CoV-2 have been reported. A small molecule probe with speci-
ficity to GQ conformations has been developed for detecting
hepatitis C virus (HCV) in living cells by fluorescence light up of
viral RNA."** We have recently reported GQ targeted reliable
conformational polymorphism (GQ-RCP) platform based
for selective and sensitive detection of SARS-CoV-2.'%%10°
These highly selective and sensitive designer probes based on
benzothiazole and benzobisthiazole scaffolds detect specific
nucleic acid sequences of SARS-CoV-2 that adapt GQ conforma-
tion. Further, exploiting the therapeutic efficacy of these probes

RSC Chem. Biol., 2023, 4, 826-849 | 843
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in their present form and through structural fine-tuning would
open avenues for more precise treatment of viral infections.

Alzheimer's disease

Alzheimer’s disease (AD) is a severe neurological disorder with
no early diagnosis or effective therapeutic tools.*>'®” The
accumulation of protein aggregation of Af and tau forms the
major hallmarks of AD and are attractive targets for diagnosis
and treatment.'*'°® Development of tools for early detection
and effective drug candidates to cure AD is a challenging task.
Existing treatments for AD target N-methyl-p-aspartate (NMDA)
receptor agonists like memantine and AChE inhibitors such
as rivastigmine, galantamine, and donepezil, which provide
temporary relief from certain symptoms of AD. Monoclonal
antibody-based therapy has been designed to solubilize and
clear AP aggregates, but the high cost and need for multiple
dosages serve as a bottleneck, in addition to severe side effects.
Small molecules have been found to be effective in preventing
and sensing AP and tau aggregates (Fig. 10A), considering
protein aggregation as the major hallmark of AD.***''° Highly
sensitive and specific molecular probes have been developed to
image protein aggregation species in vivo. Reliable theranostic
strategies for AD are imperative for early detection and treat-
ment. However, the discovery of suitable probes is impeded by
the inability to cross the blood-brain-barrier (BBB) and selec-
tivity in binding and recognition of protein aggregates. Thio-
flavin T (ThT) (Fig. 8B) is a green-emitting probe that shows
enhanced emission with protein aggregates and GQ DNA
without any selectivity. Further, probes that can differentiate

844 | RSC Chem. Biol., 2023, 4, 826-849

the different protein aggregates are rare.' Our group has
developed highly sensitive far-red emissive molecular probes,
TC"? and CQ'*® (Fig. 10B), for selective and sensitive detection
of AP aggregates with nanomolar affinity. The CQ probe has a
unique characteristic in that it can detect Alzheimer’s disease
and also differentiate it from other neurodegenerative diseases.
This is especially useful in cases of mixed dementia. We have
also developed a far-red fluorescent probe, Mito-TG, to track
changes in mitochondrial dynamics during mitophagy and
AB-induced mitochondrial changes, which has theranostic
implications."** Molecular probes for detecting tau neurofibrillary
tangles (NFTs) have also been developed (Fig. 10B)."*>"'® However,
theranostic agents for tau and A are limited.

A curcumin-based small molecular theranostic agent has
been designed where the diketo group was derivatized with
difluoroboron for NIR imaging of AP deposits."*® Subsequent
exploration of structure-activity led to the development of
probes with increased sensitivity in fluorescent imaging of AP
aggregates and attenuation of A crosslinking induced
by copper. CRANAD-58 (Fig. 10C) was successfully used to
differentiate transgenic and wild-type mice (4 months old) via
in vivo NIR imaging (Fig. 10D). CRANAD-17 (Fig. 10C), bearing
imidazole groups, competitively coordinates with copper and
prevents AP crosslinking via histidine 13 and 14. Owing to
curcumin’s ability to penetrate the BBB, the natural product
holds great promise as a theranostic candidate for AD. Curcu-
min exhibits therapeutic potential against the multifaceted
toxicity of AD such as amyloid accumulation, oxidative stress,
inflammation, B-secretase, and even has a role in alleviating
neurodegeneration-induced cognitive deficits. The retina and optic
nerves share many commonalities with the brain. The presence of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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AP and tau has been established in retinal cells. A small molecule
probe has been developed as a theranostic candidate for AD to
visualize AP plaques in the brain by NIRF imaging and simulta-
neously dissolve and disaggregate the formed fibrils and inhibit its
fibrillation."*® This phenothiazine-based theranostic probe, 4al
(Fig. 10C), showed excellent binding affinity towards AP plaques in
the nanomolar range (Kg = 7.5 nM). It was used to selectively
visualize plaques in the brain slices as well as retinal tissue of
double transgenic mice model (Fig. 10E). The probe displayed
remarkable in vitro aggregation inhibition and dissolution com-
pared to curcumin, a known therapeutic candidate for AD. To
improve the probe characteristics, they designed 5al and 6a with
NIR emission and improved affinity towards A plaques.’*" These
molecules showed strong inhibitory effects on AP aggregation,
promoted disaggregation, and reduced cytotoxicity brought on by
AP in human neuroblastoma cells (SH-SY5Y), demonstrating their
high theranostic potential for AD.

A multifunctional small molecule called DNTPH (Fig. 10C)
has been designed with moieties to balance lipophilicity and
hydrophilicity, resulting in a clog P value of 1.21."*> DNTPH
showed around an 18-fold enhancement in fluorescence with
AP fibrils. Its emission in the NIR region upon aggregation
allowed for in vivo imaging of AP fibrils with good penetration
depth (Fig. 10F). The theranostic agent exhibited a K4 value of
143 nM, which is 6 times higher than ThT. The agent also
showed remarkable disaggregation of A fibrils at sub-
micromolar concentration (0.19 uM), resulting in the rescue
of PC12 cells. Its BBB permeability allowed for in vivo imaging
of fibrils in APP/PS1 transgenic mice. Administration of DNTPH
resulted in a promising decline in AP plaques and improved
memory impairments (Fig. 10G). Our group has reported small
molecule TGR63 with excellent therapeutic effects and improve-
ment in memory and behavioral deficits."*® TGR 63 shows remark-
able dissolution of oligomers and fully formed fibrils. Improvising
molecular structures to accommodate therapeutic and imaging
modalities would be an exciting avenue for precise diagnosis and
treatment. Besides imaging the aggregates, other reliable bio-
markers for AD may complement or provide leads for early
diagnosis of AD. In this direction, the spatiotemporal localiza-
tion/deposition of specific metal ions or reactive intermediate
species (RIS) may provide useful insight into AD progression. We
recently discovered the localization of HOCI (an RIS) near AP
deposits in APP/PSN mice."* Changes in the morphological
and chemical features of cells and organelles (mitochondria and
lysosome) might prove to be reliable indicators of AD.

Conclusions and outlook

Theranostic agents based on small molecules and conjugates offer
several advantages, including seamless delivery, precise targeting,
imaging capabilities, and the ability to easily monitor drug action
and treatment. These agents can also be easily tuned to enhance
their therapeutic or diagnostic properties. Compared to other
theranostic agents such as nuclear medicine, nanomaterials,
polymers, and macromolecules, small molecule-based theranostic
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agents are preferred due to their small size and excellent phar-
macological properties in terms of delivery and therapeutic
effects. This review has discussed the emerging field of small
molecules and conjugates as theranostic agents, which has the
potential to pave the way for personalized medicine.

Last decade has witnessed tremendous advancements in
terms of innovation and improvisation in the theranostic
approaches to combat deadly diseases like cancer, pathogenic
infections, and neurodegeneration. Although a large volume of
work has been done yielding diverse classes of theranostic
agents, the majority of modalities are limited to proof
of concept. The sensitivity, specificity, and quantifiability of
imaging/diagnosis with existing theranostics platforms need
careful evaluation and refinement. System-specific challenges
in translation to clinical setup need to be considered in the
design strategy. Exploring the therapeutic potential of currently
explored molecular probes and the diagnostic potential of
approved drugs would accelerate the identification of thera-
nostic agents. Similarly, minimalistic blending of chemical
moieties modulating cellular processes into emissive scaffolds
would lead the way forward to purely small molecular thera-
nostic agents. As understanding of various cellular degradation
(autophagy) and programmed cell death pathways (apoptosis,
necroptosis, pyroptosis, ferroptosis, cuproptosis, etc.) unfolds,
tapping into such mechanisms using small molecular tools
would be a powerful tool in theranostics. Another aspect that
would significantly revolutionize the field of theranostics would
be state-of-the-art technologies used for diagnosis. A synergy of
advancements in synthetic organic chemistry, biology, and
biomedical engineering would lead to the development of small
molecular theranostics in light of precision medicine.

The discovery and validation of accessible markers for
specific cancer types, and new reliable triggers for drug release
and activation of imaging modalities would greatly enhance the
development of theranostic tools. To realize and utilize the
versatility of theranostics, careful trade-offs between molecular
complexity/molecular weight and optimal efficiency and devel-
oping synergy between dose response and diagnostic require-
ments needs utmost attention. Along with the development of
new chemical approaches to theranostics, extensive rigorous
interrogation of the effect of drugs in a dose and time-
dependent way on the level of various genes and proteins needs
to be studied to achieve tangible progress in the number of
theranostic candidates transitioning from bench to bedside.
Synthetic organic chemistry and biorthogonal chemistry have
much to offer in the realization of precision medicine.
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