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Cyanine is a meritorious fluorogenic core for the construction of fluorescent probes and its phototherapeutic
potential has been enthusiastically explored as well. Alternatively, the covalent conjugation of cyanine with
other potent therapeutic agents not only boosts its therapeutic efficacy but also broadens its therapeutic mod-
ality. Herein, we summarize miscellaneous cyanine-therapeutic agent conjugates in cancer theranostics from
literature published between 2014 and 2020. The application scenarios of such theranostic cyanine conjugates

covered common cancer therapeutic modalities, including chemotherapy, phototherapy and targeted therapy.
Besides, cyanine conjugates that serve as nanocarriers for drug delivery are introduced as well. In an additional
section, we analyze the potential of these conjugates for clinical translation. Overall, this review is aimed to
stimulate research interest in exploring unattempted therapeutic agents and novel conjugation strategies and
hopefully, accelerate clinical translation in this field.

1. Introduction

Cancer is a major public health problem and has become a leading
cause of mortality worldwide. Unfortunately, tumor heterogeneity,
metastasis and therapy resistance collectively make cancer a formidable
disease and ultimately lead to therapeutic failures. The combination of
diagnostic imaging and therapeutic intervention is a newly emerging
modality developed to address these challenges, known as cancer
theranostics. With its concept first introduced by John Funkhouser in
1998, theranostic agent features a single integrated system with si-
multaneous therapeutic and diagnostic competencies [1]. Generally, it
is comprised of therapeutic agent and contrast agent that give rise to
therapeutic output and diagnostic readout, respectively; sometimes a
targeting warhead is also integrated to enhance its tumor targeting
effect. Beyond the basic therapeutic effect, it is the capability to extract
real-time diagnostic information from complex biological systems that
makes theranostic agent a promising platform, which can be broadly
divided into two aspects: disease-related information comprising the
expression profile of drug target and localization of primary or even
metastasized tumor sites; therapeutic process—associated information
including pharmacokinetics, drug activation and therapeutic efficacy
[2].

Cyanine is a subcategory of polymethine dye family, the structure of
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which is characterized by two nitrogen centers linked by a st-conjugated
polymethine chain [3]; generally, its two nitrogen atoms are in-
dependently embedded in heterocycles such as pyrrole, pyridine, in-
dole, thiazole, benzothiazole, etc. (Fig. 1) [4]. As one of the most in-
vestigated fluorogenic cores for the construction of fluorescent probes,
cyanine possesses meritorious attributes: first, favorable fluorescence
properties including high molar absorptivity, narrow absorption/
emission band and tunable spectroscopic profile across the UV/Vis and
near-infrared (NIR) range [5-7]; second, excellent biocompatibility and
low toxicity [8]. While other fluorescent dyes possess either relatively
low molar absorptivity (e.g. coumarin, diketopyrrolopyrrole) or limited
emission maximum (e.g. rhodamine, fluorescein) [9]. Moreover, cya-
nine itself has been explored as a phototherapeutic agent owing to its
photoconversion ability, especially those emitting fluorescence in NIR
window with deep tissue penetration—indocyanine green (ICG), for
instance Ref. [10]. As a photosensitizer, however, cyanine suffers from
low photoconversion efficiency and poor photostability, which conse-
quently leads to inadequate phototherapeutic efficacy. By contrast,
conjugation with other potent therapeutic agents not only boosts its
therapeutic efficacy but also broadens its therapeutic modality. As these
theranostic cyanine conjugates normally function in living systems,
cyanine dyes emitting in the NIR range (> 650 nm) are preferred for
conjugation, especially for in vivo characterization, due to inherent
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Fig. 1. The typical chemical structure of cyanine dye.

n=0,1,2,3
X= CH,, CH=CH, C(CH),, S, etc.

A/B= absent, phenyl, naphthyl, etc.

advantages such as deep tissue penetration, less photocytotoxicity, re-
duced light scattering and minimal autofluorescence [11,12]. Further-
more, several heptamethine cyanine dyes including IR-780, IR-783, IR-
808 (MHI-148) have demonstrated preferential accumulation and re-
tention in tumor tissues [13]. This unique property was collaborately
mediated by the prevailing activation of membrane-bound organic-
anion-transporting polypeptides and increased mitochondrial mem-
brane potential in cancer cells [14]; and the formation of covalent al-
bumin adducts was proposed as well [15]. Consequently, these hepta-
methine cyanine scaffolds are frequently employed to develop
theranostic cyanine conjugates. And the conjugation with other active
components (drugs, targeting ligands, etc.) is accomplished via various
functional groups on cyanine scaffold (Fig. 2).

Previous reviews aiming to highlight the potential of cyanine in
cancer theranostics are quite limited. For instance, Thomas et al. briefly
introduced the application of heptamethine cyanine-based nanocom-
plexes with particular emphasis on phototherapy, while gene therapy
and chemotherapy are rarely addressed [16]. Our group has also
summarized miscellaneous cyanine-based nanoprobes that are utilized
as imaging/phototherapeutic agents, some of which further co-en-
capsulate potent therapeutic compounds to effectuate synergetic photo-
chemotherapy [17]. The above work mainly focused on the photo-
therapeutic effect of cyanine dyes which are either encapsulated or
assembled in complex nanoconstruct. In this work, however, we pay
attention to cyanine-based theranostic agents that exploit the ther-
apeutic capability of other drugs by covalent conjugation. As cyanine
dyes almost consistently act as diagnostic tools in cyanine-therapeutic
agent conjugates, this review is classified according to the therapeutic
modalities, namely, chemotherapy, phototherapy and targeted therapy.
Additionally, a subset of cyanine conjugates that function as nano-
carriers for the delivery of therapeutic agents are introduced.

2. Chemotherapy

Chemotherapy is one of traditional cancer treatments that utilizes
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anti-cancer drugs, also called chemotherapeutic agents, as part of a
standardized chemotherapy regimen. The anti-tumor effect is derived
from the toxicity towards rapidly dividing cells as tumor is typically
characterized by uncontrolled proliferation; therefore, tumors featuring
a relatively low growth rate are less susceptible to chemotherapeutic
agents. Because of its non-selectivity over other fast-dividing cells,
chemotherapy can induce many adverse effects encompassing nausea
and vomiting, myelosuppression, gastrointestinal toxicity, alopecia, etc.
[18]. To circumvent these defects, conjugation with tumor-avid hep-
tamethine cyanine dyes for tumor-targeted drug delivery represents a
reasonable approach. Besides, cyanine-chemotherapeutic agent con-
jugates provide a platform to assess chemotherapy status.

Based on mechanism of action, chemotherapeutic agents are divided
into various categories; those reported in the formulation of cyanine
conjugates and their representative drugs are listed as below: anti-
metabolites (e.g., methotrexate, gemcitabine), alkylating agents (e.g.,
nitrogen mustard, cisplatin, temozolomide), topoisomerase inhibitors
(e.g., camptothecin), mitotic inhibitors (e.g., paclitaxel). Generally, the
conjugation process takes advantage of the innate reactive group (-OH,
—NH,, -COOH) on drug molecules to facilitate the formation of a bio-
compatible ester or amide linkage. The linker can be designed as
cleavable (e.g., disulfide bond) or non-cleavable (e.g., amide bond),
each exhibiting distinct mode of action and thus being reviewed sepa-
rately.

2.1. Conjugates with non-cleavable linker

Direct conjugation between cyanine dye and chemotherapeutic
agent, forming a non-cleavable amide/ester bond, is a commonly
adopted strategy (Fig. 3A). For instance, gemcitabine has an amino
group on the cytosine ring and was demonstrated to conjugate with
various cyanine fluorophores through N-alkylated hexanoic acid side
chain (1) [19] or meso-substituted 3-mercaptopropionic acid linker (2)
[20,21]. The 5-OH should be avoided because it needs to be thrice
phosphorylated to generate the pharmacologically active form. These
cyanine-gemcitabine conjugates exhibited anti-tumor effect comparable
to that of unconjugated drug, and tumor accumulation in intracranial or
subcutaneous glioblastoma xenograft model; besides, the pharmacoki-
netic information was easily acquired via NIR imaging (Fig. 3B). In a
similar approach, nitrogen mustard containing a phenolic hydroxyl
group was conjugated to IR-808 (3) for tumor-targeting delivery [22].
On the other hand, the increased reactivity of phenolic hydroxyl group
also allows direct conjugation with meso-Cl under intense conditions,

B
08 SOzH
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Fig. 2. The conjugation strategy between cyanine and other active components via (A) N-alkylated side chain, (B) meso-substituent, (C) heterocyclic nucleus, (D)

cyclohexene ring.
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Fig. 3. (A) Cyanine—chemotherapeutic agent conjugates with non-cleavable linker (1-6). Reprinted with permission from Refs. [25]. (B) In vivo characterization of 2
in mice bearing U87-RFP-Luc subcutaneous tumors. i, luminescence imaging of xenograft model treated with indicated compounds at 2 and 5 weeks after treatment.
Ii, corresponding mean tumor luminescence with SEM over 5 weeks (n = 3) and there is a significant difference between 2/gem and the vehicle group at 5 weeks
(p < 0.001). Iii, fluorescence imaging of main organs and tumor dissected at 2 h p.i. of 2, showing tumor localization. Iv, pharmacokinetic profile of 2 acquired via
fluorescence imaging at 0.5, 1, 2, 24, 48, and 144 h p.i. with an uninjected control (last mouse in each view). Reprinted with permission from Ref. [20].

e.g., the formation of genistein-IR783 conjugate (4) under NaH/DMF
[23].

Unlike conventional amide/ester linkage, the Cy7-cell penetrating
peptide conjugate appended with two norbornene moieties was coupled
to diaryl-tetrazine modified temozolomide (5) via click chemistry [24].
For enhanced targeting, Kang et al. employed tumor-targeting trans-
ferrin as warhead and carrier at the same time [25]. A novel cytotoxic
chelating agent (N-NE3TA) and Cy5.5 were conjugated to transferrin
via sulfocarbamide and amide linkage (6) for iron chelation anti-tumor
therapy and NIR fluorescence (NIRF) imaging, respectively.

2.2. Conjugates with cleavable linker

Prodrugs that are selectively activated at tumor site by internal or
external stimuli can decrease off-target toxicity and enhance
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therapeutic index for chemotherapy. Internal stimuli, such as low pH,
hypoxia, ROS, intracellular thiols and overexpressed enzymes, are in-
hered in tumor cells or tumor microenvironment while external stimuli
including photo-irradiation, temperature etc. are applied factitiously
[26]. The introduction of prodrug strategy to cyanine-chemother-
apeutic agent conjugate via a cleavable linker has turned it into stimuli-
responsive theranostic agent which can not only exert controllable
chemotherapeutic effect but also simultaneously monitor its biodis-
tribution and activation in a spatiotemporal manner. These ther-
anostics, possessing covalently linked drugs and cyanine dyes, remain
inactive in normal tissues but are activated and disintegrated into in-
dividual components at tumor site. Generally, cyanine dyes displayed
different spectroscopic profile in the conjugated and unconjugated
state, which underpins the monitoring mechanism of prodrug activa-
tion.
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Fig. 4. (A) Cyanine-chemotherapeutic agent conjugates with GSH-cleavable linker (7-10). (B) In vivo NIRF imaging of MCF-7 xenograft model (left) and ex vivo
NIRF imaging of normal organs and tumors (right) at indicated time points after intravenous injection of 7 via biodistribution (640 nm) and activation (745 nm)
channel. (C) I, confocal images of LO2 normal cells and MCF-7 cancer cells cultured with 7 for 0.5 h, showing cancer-selectivity and preferential localization in
mitochondria. Ii, flow cytometry analysis of cellular uptake of 7 in LO2 normal cells, MCF-10A breast cancer progression cells, and two cancer cell lines, MCF-7 and

Hepg2. lii-iv, cytotoxicity of MTX, 7, and Cy—-CC-MTX on MCF-7 cells and MCF-10A cells. *

2.2.1. GSH-cleavable disulfide bond

The elevated GSH levels in various cancers is frequently exploited as
an internal stimulus in prodrug design. Accordingly, disulfide bond that
can be readily cleaved by GSH is engineered into linker structure as a
responsive element (Fig. 4A). For example, the meso-Cl of IR780 was
conjugated to the y-COOH of methotrexate via a 2,2’-dithiobis (ethy-
lamine) linker (7, Cy-SS-MTX) [27]. Upon GSH-promoted cleavage, the
intramolecular charge transfer between cyanine and methotrexate was
disrupted; consequently, a new absorption peak at 802 nm arose while
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,P < 0.05; **, P < 0.01. Reprinted with permission from Ref. [27].

the initial peak at 654 nm disappeared and the fluorescence peak at
750 nm also shifted to 808 nm. This allowed monitoring its biodis-
tribution (Aexy = 640 nm channel) and bioactivation (Aex = 745 nm
channel) at the same time (Fig. 4B). Besides, the prodrug exhibited
excellent tumor-targeting capability and better anti-tumor efficiency
than methotrexate and its non-cleavable counterpart with lower toxi-
city (Fig. 4C). For drugs with a reactive hydroxyl group (e.g., camp-
tothecin, gemcitabine), organocarbonate linkage can substitute the
above amide linkage using a 2,2’-dithiodiethanol linker; moreover, it is
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susceptible to the nucleophilic —-SH generated after activation and thus
can be further cleaved from the drug molecule via an intramolecular
cyclization process. As is the case for conjugate 8, the disulfide bond
cleavage and subsequent self-immolation of the resultant half-linker led
to the release of camptothecin in its original structure and tautomer-
ization of cyanine fluorophore with a drastic fluorescence shift from
825 nm to 650 nm [28]. Zhang and colleagues reported a similar cya-
nine-camptothecin conjugate featured an analogous carbamate linkage
on the cyanine side [29]. 9 underwent similar activation process and
also displayed a significant hypsochromic shift in the emission max-
imum (from 820 nm to 760 nm). The sole difference was that the enol-
ketone tautomerization was prohibited and changes in spectrum sig-
nature were ascribed to altered electron-density distribution along the
polymethine chain. This unique carbonate-carbamate linkage design
was employed in a Cy7-gemcitabine conjugate (10) as well and a folate
moiety was incorporated at the cyclohexene ring for enhanced tumor-
targeting delivery [30].

2.2.2. Biodegradable ester bond

Another common prodrug strategy takes advantage of a biode-
gradable ester linkage that can be cleaved by esterase or environment-
mediated hydrolysis. Chlorambucil bearing a reactive carboxylic func-
tionality was shown to form biodegradable ester bond with various
cyanine fluorophores. For instance, a phenol-embedded cyanine dye
was conjugated to chlorambucil via a phenolic ester linkage and con-
jugate 11 was readily cleaved in phosphate buffer (Fig. 5A) [31]. Upon
ester cleavage, cyanine underwent phenol-quinone tautomerization and
s-conjugation pattern of the polymethine chain was restored, accom-
panied by a pronounced fluorescence enhancement at 720 nm. The
release of camptothecin in conjugate 12 relied on a similar tautomer-
ization process initiated by H,O,-triggered cleavage of the phenolic
ether (Fig. 5B) [32]. And this mode of action may motivate the modular
design of substrate-triggered prodrug activation. Rozovsky et al. con-
trived a series of bifunctional pentamethine cyanine scaffolds with
different combinations of —-OH, -NH,, -COOH for conjugation with
drug and carrier (Fig. 5C) [33]. As a proof-of-concept, they synthesized
four cyanine-chlorambucil conjugates and characterized their cleavage
profiles in PBS pH 7.4 and cell medium pH 7.4; they found that ester
bond could be readily cleaved in both conditions. Conjugates 13a-b
displayed a noticeable enhancement in fluorescence quantum yield but
changes in absorption/emission peak were minimal. To implement such
conception, they conjugated chlorambucil and somatostatin receptor
(SSTR)-specific octreotide amide sequentially to a cyanine scaffold,
though at different sites [34]. The conjugated cyanine fluorophore was
in NIR emitting enol-form (A.,, = 795 nm); after ester biodegradation,
it was converted to red emitting ketone-form (A, = 643 nm). Com-
pared to free chlorambucil, conjugate 14 exhibited greater cytotoxicity
in human pancreatic cancer cell line over-expressing SSTR-2 and SSTR-
5. In another approach, Luan's group coupled hydrophilic IR820 with
the hydrophobic drug paclitaxel (PTX) through a 6-aminocaproic acid
linker; the resultant amphiphilic conjugate 15 could self-assemble into
nanoparticles in aqueous solution [35]. After EPR-mediated accumu-
lation at tumor site and cellular internalization, the conjugate was able
to disassembe due to the degradation of ester linkage catalyzed by low
pH and esterase in lysosomes (Fig. 5D). The controllable release of
paclitaxel together with the PTT effect of IR820 enabled synergistic
chemo-photothermal therapy and improved the anti-tumor efficacy of
IR820 or PTX.

2.2.3. NIR light-uncaging strategy

The photo-uncaging strategy, in which drug is released from cya-
nine conjugate upon photo-irradiation, facilitates the spatiotemporal
control over prodrug activation. Especially, NIR light is preferable by
virtue of its deep tissue penetration and minimal photocytotoxicity
(Fig. 6A). Zhu's lab reported a caged camptothecin prodrug (16) based
on a photocleavable cyanine backbone [36]. As designed,
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photooxidative cleavage of the polymethine chain induced self-im-
molation of the caging tether and ultimately released the drug. The
prodrug biodistribution could be tracked in 820 nm emission channel;
upon 680 nm light irradiation, a new 535 nm channel emitted from the
fragmented Cy-Biotin arised (Fig. 6B). Under photo-irradiation, the
activated prodrug exhibited superior antitumor activity than the intact
conjugate in MTT assay but was less potent than its parent drug. For
more direct photocleavage, Mitra et al. developed a platinum (II) pro-
drug by conjugating cisplatin with IR797 via a photodetachable OO
bidentate linkage (17) [37]. Upon NIR-triggered photoscission of Pt-O
bond, an aquated (bioactive) form of cisplatin was released from the
conjugate. Concurrently, the singlet oxygen quantum yield was sig-
nificantly enhanced owing to the incorporation of heavy atom (Pt) and
so was the PDT efficacy (Fig. 6C). Besides, the subsequent decomposi-
tion process of IR797-acac leads to a decrease in absorbance at 790 nm
(Fig. 6D). Under NIR light exposure, the IR797-Platin conjugate pos-
sessed lower ICs, value (0.14 uM) in contrast with the unexposed group
(8.4 uM) and especially the free cisplatin (16.1 pM).

3. Phototherapy

Phototherapy is an effective cancer therapy that utilizes photo-
therapeutic agent and photoirradiation at a specific wavelength to in-
duce phototherapeutic effect. It is superior to traditional chemotherapy
and radiotherapy by virtue of its non-invasiveness, excellent spatio-
temporal controllability, and minimal side effect [38]. Phototherapy
includes two major modes: photodynamic therapy (PDT) and photo-
thermal therapy (PTT), each differing in the tumor toxic mechanism.
For PDT-mediated phototoxicity, it predominately relies on the gen-
eration of reactive oxygen species (ROS), especially singlet oxygen
(*0,), from triplet-triplet annihilation between molecular oxygen oy
and excited triplet photosensitizer (PS) which is converted from excited
singlet PS via intersystem crossing (ISC) [39]. Sufficient 10, genera-
tion can provoke the irreversible destruction of proximal tumor tissues
via oxidative damage as well as an immune response against tumor cells
and shutdown of tumor-associated vasculature [40]. On the other hand,
photothermal agents involved in PTT can convert excitation energy into
thermal energy through vibrational relaxation mechanism and elevate
local tissue temperature to the clinical hyperthermia range
(41 °C-48 °C) or above, leading to irreversible thermoablation of tumor
tissues via protein denaturation and coagulative necrosis process
[41,42]. Furthermore, the integration of cyanine synergistically com-
bines fluorescence imaging with phototherapy, also termed as photo-
theranostics. Typically, the “all-in-one” theranostic approach utilizes a
single agent for imaging-guided phototherapy by merely imaging and
manipulating light irradiation [43].

3.1. Cyanine-based phototherapeutic agents

As mentioned above, some heptamethine cyanine dyes can also act
as phototherapeutic agents though possess limited efficacy on account
of inherent photophysical and photo-chemical properties. The in-
troduction of heavy atoms into cyanine, e.g., iodination on the het-
erocyclic nucleus [44], can increase the ISC efficiency and accordingly
improve photoconversion efficiency, known as heavy-atom effect. By
contrast, a heavy-atom-free cyanine conjugate (18) with exceptional
singlet oxygen yield, reaching 0.1696 compared to 0.008 of ICG, was
recently developed by conjugating with ISC-promoting moiety (Fig. 7A)
[45]. Other common limiting factors include short circulation half-life
and poor water solubility [8]; encouragingly, numerous research have
been dedicated to address these concerns by integrating nanoplatform
into these cyanine conjugates (Fig. 7B). Most recently, Leitdo et al.
reviewed the application of such combination in cancer photo-
theranostics and mainly focused on IR780, IR808, IR820, IR825 and
cypate based nanomaterials [46]. As summarized, loading cyanine
photosensitizers into miscellaneous nanostructures remains the
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Fig. 5. (A) Cyanine—chlorambucil conjugate 11 with a cleavable phenolic ester linkage and its cleavage profile in phosphate buffer measured by HPLC-MS. Reprinted
with permission from Ref. [31]. (B) H,O,-triggered cleavage of the phenolic ether and release of camptothecin in conjugate 12. (C) Design concept of dual-
functionalized cyanine scaffold featuring a biodegradable ester bond to release drug, based on which several cyanine conjugates were synthesized (13-14). Reprinted
with permission from Refs. [33]. (D) Schematic illustration of the self-assembly and cytotoxic mechanism of amphiphilic cyanine conjugate 15 (left). Photographs of
the excised tumors after treatment with Normal Saline, PTX, IR820 (A = 808 nm, P = 1.0 W/cm?, t = 5 min), and IR820-PTX nanoparticles (A = 660 nm,
P = 1.0 W/em?, t = 5 min) (right). Reprinted with permission from Refs. [35].

mainstream methodology. Notably, a subset of cyanine conjugates that that such conjugate can be readily degraded after exerting its photo-
could self-assemble into nanoparticles through hydrophobic interaction therapeutic effect [49]. Besides, cyanine was conjugated to the internal
were reported with improved phototherapeutic efficacy. Typically, the repeat units of hydrophilic polymer, as is the case for IR808-conjugated
hydrophobic cyanine was conjugated to the terminal of hydrophilic biodegradable hyaluronic acid nanoparticles (20) [50]. Unlike hydro-
polymer, e.g., the conjugation of mPEG,, and IR780-C13 [47], block phobicity-induced assembly, IR820-labeled diblock elastin-like poly-
copolymer PEGs-PLD; o and IR825 (19) [48]; the resultant amphiphilic peptides (ELP), namely hydrophilic block ELP [V;AgG7-32] and zinc ion

conjugate then assembled into polymeric micelle in aqueous solution. chelation block ELP [VH4-40], assembled into a micelle-like nanos-
Interestingly, mPEGo,-cypate was decomposed upon NIR irradiation tructure (21) via Zn®*-histidine residue chelation [51]. Another subset
presumably due to the destruction of cypate scaffold, which suggests of cyanine conjugates were fabricated on nanoparticle cores that
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Fig. 6. (A) NIR light —triggered drug release from cyanine conjugates 16-17. (B) In vivo fluorescence imaging of tumor-bearing mice after intravenous injection of
16 with (535 nm emission) and without (820 nm emission) light irradiation at various time points. Red circle indicated tumor site. Reprinted with permission from
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showing enhanced 'O, production after Pt complexation. (D) Absorption spectral of 17 exposed to light (readings at 30 s and 1 min intervals), showing decrease in
intensity at 790 nm and increase in intensity at 430 nm. Reprinted with permission from Ref. [37]. (For interpretation of the references to colour in this figure legend,

the reader is referred to the Web version of this article.)

function as magnetic resonance imaging (MRI) contrast agents to confer
dual-modal imaging capability. Generally, these nanoparticles, in-
cluding MnO NPs, SPIONPs, MnFe,0,4 NPs, were coated with a layer of
polymer (e.g., chitosan quaternary ammonium salt [52], 22), amphi-
philic copolymer (e.g., PSMA-PEG,-NH, [53], 23) or lipid-polymer
(DSPE-PEG,-NH, [54], 24); subsequently, cyanine photosensitizers
were conjugated on the outer surface of polymer. In an innovative
biomineralization process, bovine serum albumin was demonstrated to
coat gadolinium oxide nanocrystals (GANCs) and then conjugated with
cypate (25) [55].

3.2. Cyanine-phototherapeutic agent conjugates

In parallel with exploration of cyanine itself as phototherapeutic
agent, efforts dedicated to conjugating cyanine with other photo-
therapeutic agents are proven practical as well. Pandey's lab conducted
a series of research on cyanine conjugates based on 2-(1-hexylox-
yethyl)-2-devinyl pyropheophorbide-a (HPPH), a second-generation PS
currently in clinical development under the brand name Photochlor®
(Fig. 8A). Notably, the minimal overlap of absorption bands between
HPPH and cyanine allows for independent fluorescent tracking of the
PDT agent without phototoxic consequences. Initially, HPPH was
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conjugated to IR820 via a short 4-aminophenylthiol linker; though 26
displayed dual-functionality and tumor-avidity, its PDT efficacy was
compromised due to the competing forster resonance energy transfer
(FRET) process between excited HPPH and cyanine [56]. Thereafter,
various HPPH-cyanine conjugates were constructed by altering the
cyanine fluorophore, the number of HPPH moiety, the length and or-
ientation of linker and the metalation state of HPPH ring to increase
overall singlet oxygen production; and they identified 27-29 with en-
hanced PDT efficacy in separate work [40,57,58]. Xue and colleagues
fabricated a multistep phototherapeutic conjugate (30) consisting of a
similar photosensitizer pyropheophorbide A (Ppa), Cy7, PEG and
tumor-targeting biotin (Fig. 8B) [59]. The linear and amphiphilic con-
jugate could assemble into nanomicelle for cancer-targeted synergistic
PTT/PDT therapy. To be specific, the multistep therapy started from
tumor accumulation via EPR and active-targeting effect; upon irradia-
tion of 808 nm laser, Cy7 generated photothermal effect and underwent
photodegradation, which collaborately activated the PDT efficacy of
Ppa (670 nm). Following this therapeutic regimen, complete tumor
ablation was achieved in a mouse xenograft model. Considering the vast
diversity of available photosensitizers for PDT, this field remains largely
unexplored [60].

Due to the oxygen-dependent characteristic of PDT, its effectiveness
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is inevitably impaired in tumors featuring severe hypoxia. Therefore,
PTT may be a potential alternative to PDT in treating hypoxic tumor on
account of its oxygen-independent nature. Although a sizable collection
of small molecule-based photothermal agents have been developed,
their conjugation with cyanine are rarely reported. Regarding nano-
materials-based photothermal agents, the composition, fabrication and
function of cyanine conjugates are quiet diverse owing to multifarious
nanomaterials and functionalization strategies. Such complexity was
best exemplified by Au-based nanomaterials with various morphology,
e.g., Au nanorods, Au nanostars, Au nanoclusters. In these conjugates,
cyanine fluorophores could be covalently conjugated to Au nanoma-
terials via Au-S bond [61,62], or indirectly modified through polymer
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coating [63], complementary base pairing [64] etc.; and many con-
jugates also exhibited off-on fluorescence/PDT response towards in-
ternal stimuli such as pH, GSH, cathepsin E and matrix metalloprotei-
nases (MMPs). A representative cyanine—Au nanorod conjugate 31 was
engineered to be a MMPs/pH dual-responsive and pH reversibly acti-
vated theranostic platform for fluorescence-guided photothermal
therapy (Fig. 8C). Besides, carbon-based nanomaterials were also
exploited, including nanographene oxide (NGO) [65] and single-/multi-
walled carbon nanotubes (S/M-WNTs) [66,67]. For instance, poly-
ethylene glycol (PEG) and branched polyethylenimine (BPEI) dual-
functionalized NGO was utilized to conjugate with IR-808 (32) for
tumor-targeted imaging and synergistic PDT/PTT (Fig. 8D).
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4. Targeted therapy

Advances in molecular biology and panomics analysis (e.g., geno-
mics, proteomics) have contributed to the identification of mis-
cellaneous molecular targets in cancer cells which are either abnormal
or overexpressed compared to normal cells [68]. Rational design of
drugs to interfere with these malfunctioning targets should dis-
criminatingly impede tumor progression with less adverse effects,
which constitutes the concept of targeted therapy. Up to now, many
targets have been validated and harnessed to develop drugs, including
transmembrane receptors and intracellular signaling protein kinases in
the signal transduction pathways [69]. Currently, there are two main
types of targeted therapies: monoclonal antibodies (mAbs) and small
molecular inhibitors, which provide two alternatives for cyanine con-
jugation. Nonetheless, cyanine-mAbs conjugates were mainly reported
as fluorescent probes for targeted molecular imaging; its therapeutic
effects are somehow dismissed and presumably due to the much lower
optimal dose for imaging than for therapeutic purpose. Similarly, an-
other two innovative targeted therapeutic platforms which still remain
in early-phase clinical trials, that is, aptamers [70] and non-im-
munoglobulin protein scaffolds [71], have also been reported to con-
jugate with cyanine for cancer diagnostic imaging rather than for
therapeutic purpose [72,73]. On the other hand, antibody-drug con-
jugates derived from mAbs were reported to integrate cyanine as
theranostic agents.

4.1. Antibody-drug conjugates

Antibody-drug conjugates (ADC), in which antibody serves as tar-
geting warhead for the delivery of chemotherapeutic toxins, is a rela-
tively new class of antibody therapeutics. Generally, the conjugation is
accomplished via a linker, either cleavable or non-cleavable; the con-
jugation chemistry between linker and antibody resembles that of cy-
anine-antibody conjugates. The linker plays a crucial role in ADC per-
formance and has two fundamental properties: on one hand, it should
be stable in systemic circulation to avoid off-target drug release; on the
other hand, it needs to be rapidly cleaved upon ADC internalization to
release the payload.

Schnermann's lab conducted a pioneering work on integrating cy-
anine backbone as linker in ADC structure. Moreover, they actualized
on-demand drug release through NIR light triggered photooxidative
cleavage and successive self-immolation of the caging tether; and such
heptamethine cyanine linker could well satisfy the above requirements
(Fig. 9A). In the first-generation construct, namely Cy-Pan-CA4 con-
jugate (33), combretastatin A4 (CA4), a potent inhibitor of microtubule
polymerization, was employed as toxic payload; and antibody was at-
tached at the carbamate site through Lys—NHS ester chemistry (Fig. 9B)
[74]. Notably, panitumumab (Pan), an anti-EGFR mAb, was chosen
because EGFR is overexpressed in a subset of NIR accessible cancers,
such as head and neck, ovarian, and bladder cancer etc., which holds
promise for clinical translation. The conjugate demonstrated favorable
merits via in vitro characterization: efficient payload release under ir-
radiation of 690 nm light with minimal background release; similar
efficacy compared to free drug and a ~70X therapeutic window
(defined as the ratio of unirradiated ICs to irradiated ICsg). For in vivo
performance, it showed excellent tumor localization and the attenua-
tion of cyanine signal was indicative of drug release. Nevertheless, CA4
is far less potent than typical ADC payloads and thereby is not capable
of reducing tumor burden. To this end, they exploited duocarmycin-
class payload (Duo) with picomolar potency in the second generation
construct, CyEt-Pan-Duo (34, Fig. 9C) [75]. Moreover, based on struc-
ture-function relationship studies of the caging scaffold, they adopted
the N, N’-diethylethylenediamine tether and sulfonated benz [e]-indole
ring to enhance stability, enable higher degree of labeling (~4.0) and
red-shift absorption maximum (~40 nm). In concert with these mod-
ifications, an alkyne handle was further installed to facilitate antibody
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bioconjugation. Overall, the conjugate exhibited a 400-fold increase in
potency and an 8-fold improvement in therapeutic index compared to
Cy-Pan-CA4 [76], and more importantly, inhibited tumor growth under
780 nm light irradiation.

4.2. Small molecular inhibitors

Small molecular inhibitors typically interrupt intracellular signal
transduction which initiates a molecular cascade to promote cancer
growth, proliferation, metastasis and angiogenesis [77]. The inhibitory
effect is primarily caused by occupying the functionally critical domain,
usually a well-defined catalytic cleft, of target protein; and its specifi-
city and avidity are also derived from the noncovalent bonding with
multiple amino acids residues inside the cleft. For optimal conjugation
with cyanine, structural information on the molecular binding mode
between inhibitors and target proteins is required to guide the selection
of conjugation sites on inhibitors. Moreover, heptamethine cyanine
dyes that show preferential tumor accumulation are still beneficial and
hence are popularly used.

The majority of small molecular inhibitors target protein kinase,
especially tyrosine kinase such as epidermal growth factor receptor
(EGFR), vascular endothelial growth factor receptor (VEGFR), and
anaplastic lymphoma kinase (ALK) [78]. For example, dasatinib is a
clinically available tyrosine kinase inhibitor (TKI) for the treatment of
Ph + chronic myelogenous leukemia and acute lymphoblastic leu-
kemia. Recently, Kevin's group reported a cyanine-dasatinib conjugate
(35), among which MHI-48 was exploited for enhanced tumor delivery
(Fig. 10A) [79,80]. Dasatinib targets a panel of tyrosine kinases, in-
cluding Ber-Abl and the Src kinase family. And co-crystal structure
analysis revealed that the hydroxy group of dasatinib is projected into
solvent when in complex with Abl and cSrc, which guided its con-
jugation with MHI-148 via the —OH group. The binding affinity of 35
was compromised as evidenced by higher ICs, values against Src
(184 nM) and Lyn (556 nM) relative to that of free drug (12 nM for Src,
18 nM for Lyn). Encouragingly, the conjugate exhibited stronger cyto-
toxicity than dasatinib, MHI-148, or a mixture of both components in
HepG2 cells and U87-MG cells owing to enhanced uptake. In vivo
imaging results also showed preferential tumor accumulation but its
efficacy was not addressed. Based on similar structure analysis, another
TKI crizotinib that targets ALK was conjugated with IR-786 and the
piperidine amine served as attachment site (Fig. 10B) [81]. Conjugate
36 displayed an increased anti-proliferative activity (ICso = 4.7 nM)
than crizotinib (540 nM) or IR-786 (280 nM) in patient-derived glio-
blastoma cell lines.

Apart from protein kinase, miscellaneous enzyme targets have been
identified for cancer therapy and their corresponding inhibitors are also
amenable to conjugating with cyanine. Panobinostat is a potent histone
deacetylases (HDAC) inhibitor approved for multiple myeloma treat-
ment and its binding mode with HDAC1 indicates an accessible N atom
within the alkyl chain [82]. As determined in HDAC inhibition assay,
the cyanine-panobinostat conjugate (37) had an ICsy value (9.6 nM)
comparable to that of free drug. Its tumor-avid property was proven
useful in assessing the therapeutic effect of HDAC inhibitor (Fig. 10C).
Monoamine oxidase A (MAOA), a conventional target of anti-de-
pressants, is also implicated in prostate cancer. The direct translation of
MAOA inhibitor into cancer therapy is impracticable due to its ex-
tensive action on central nervous system. A tumor-targeting cyanine
dye, MHI-148, was shown to conjugate with two irreversible MAOA
inhibitors, i.e., clorgyline (38) [83] and isoniazid (39) [84], and en-
hanced their selectivity (Fig. 10D). Instead of directly binding to the
active site of target, farnesylthiosalicylic acid (FTS) dislodges chroni-
cally active Ras from cellular membrane and hence blocks Ras signaling
by mimicking its anchoring moiety. Guan et al. conjugated FTS with
tumor-targeting cyanine dye in order to improve its poor pharmacoki-
netic profile and 40 displayed higher potency than FTS in cellular in-
hibition assay (Fig. 10D) [85].
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after various treatment (right). Reprinted with permission from Ref. [75]. Notice: further permissions related to the material excerpted should be directed to the ACS.

5. Cyanine conjugates as nanocarriers

In contrast to direct conjugation with therapeutic agents, cyanine
can be alternatively fabricated into conjugates that function as nano-
carriers to deliver therapeutic agents, including chemotherapeutics,
gene, etc. [86]. Depending on the structure and composition of nano-
carriers, drug can be covalently conjugated, or noncovalently im-
mobilized or encapsulated through electrostatic/hydrophobic interac-
tion. One notable attribute of these nanotherapeutic agents is tumor
selectivity, which falls into three mechanisms: passive targeting attri-
butable to the enhanced permeability and retention (EPR) effect, active
targeting via targeting ligand—-mediated interactions and triggered drug
release by intrinsic or extrinsic stimuli [87]. Nevertheless, the toxicity
and reproducibility of nanocarrier-based delivery system remain ques-
tionable and therefore impede its clinical translation [88,89]. Nano-
carriers such as dendrimers, inorganic nanoparticles (e.g., magnetic
NPs, gold NPs, silica NPs), polymer-based system (e.g., polymeric NPs,
polymeric micelles) and lipid-based system (e.g., liposomes, solid lipid
NPs) are common platforms to deliver drugs [90]. The diverse array of
nanocarriers provide immense possibility for cyanine conjugation, e.g.,
surface modification, hydrophobic core. Therefore, for the sake of
clarity, we focused on conjugates wherein cyanine plays an indis-
pensable role in the assembly of nanocarrier instead of those obtained
through simple modification.

In one approach, cyanine served as a scaffold to link hydrophobic
mPEG and hydrophilic poly (e-caprolactone) (PCL) [91]. The mPEG-Cy-
PCL conjugate (41) could self-assemble into micelle, during which
doxorubicin was encapsulated inside the hydrophobic (Fig. 11A). Based
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on photothermal effect of the cyanine scaffold, this conjugate enabled
light-triggered synergistic chemo-photothermal therapy. For hydro-
philic drug molecules, a liposome-like bilayer structure is often desir-
able for efficient loading. Kim and co-workers incorporated a hydro-
philic phosphocholine group into the meso-site of hydrophobic cyanine
dye (42) and co-assembled it with PEG-Cy to increase stability and
bioavailability (Fig. 11B) [92]. The resultant bilayer nanovesicle could
load gemcitabine in its hydrophilic core. In another study, cyanine dyes
with different N-alkyl side chain length were conjugated with three
hydrophilic polymer molecules: one PEGskx and two PELy [93]. In
aqueous solution, the conjugate with C9 side chain (43) adopted a U-
shaped configuration and self-assembled into bilayer nanoparticles
(Fig. 11C). It could efficiently load methotrexate with an encapsulation
efficiency reaching 44.84% and displayed the most pronounced anti-
tumor activity. For tumor targeted gene delivery, Eduardo et al. con-
structed IR783-b2kPEI conjugate (44) as fluorescent nanocarrier,
among which the polycationic PEI scaffold was responsible to electro-
statically complex with negatively charged nucleic acids (Fig. 11D)
[94]. It displayed propitious intracellular transport to the nucleus and
was qualified as a tumor-targeted transfection agent with concurrent
NIRF signal and gene expression (luciferase) in a mouse xenograft
model.

6. Clinical translation

The incentive of conjugation with cyanine is to render drug visible
or even controllable and the conjugation with tumor-avid heptamethine
cyanine dyes further potentiate the therapeutic effect of small
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molecular drugs. Alternatively, cyanine can be fabricated into con-
jugates that function as nanocarriers to visualize the delivery process of
therapeutic agents or even initiate drug release via photothermal effect.

These two distinct strategies collectively show clinical potential in
personalized medicine, in that the therapeutic process-associated in-
formation, especially inter-individual heterogeneity in drug metabo-
lism, can be extracted to help adjust the therapeutic regimen. Besides,
therapeutic index can be further enhanced owing to cyanine-mediated
tumor accumulation and drug activation. Although the above ther-
anostic cyanine conjugates have demonstrated immense potential in
preclinical models, none of them have been successfully translated into
clinic trials so far.

From a technical perspective, the major obstacle when translating
preclinical results into clinical settings is the limited penetration depth

of fluorescence imaging accompanied by the remarkable disparity in
body size between mouse and human. In preclinical studies, the ther-
anostic capability of cyanine conjugates is generally characterized in
subcutaneous xenograft models which may involve subsequent dissec-
tion to analyze drug distribution in normal organs and tumors. In
clinical settings, however, it only allows to extract minimal diagnostic
information from shallow tissue rather than the whole human body as
these conjugates are expected to function in a non-invasive manner;
therefore, the theranostic value of cyanine conjugates is significantly
compromised, especially those aim to extract pharmacokinetic in-
formation or monitor activation process. Although technology dedi-
cated to elevate the penetration depth of fluorescence imaging keeps
evolving, it is still far from addressing this disparity. On the other hand,
seeking for imaging modalities that allow real-time monitoring with
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Fig. 11. (A) The structure and self-assembly of mPEG-Cy-PCL conjugate 41 (left) and the mechanism of synergistic chemo-photothermal therapy (right). Reprinted
with permission from Ref. [91]. (B) Schematic representation of the gemcitabine-loaded bilayer nanovesicles self-assembled from conjugate 42 (left) and TEM images
of the empty nanovesicles (right). Reprinted with permission from Ref. [92]. (C) I, the structure and self-assembly of conjugate 43. Ii, the mechanism of action of
methotrexate-loaded bilayer nanoparticles. lii-iv, representative images of the resected tumor from mouse xenograft models after various treatment and the mean
tumor weights of each group (n = 3). Reprinted with permission from Ref. [93]. (D) IR783-b2kPEI conjugate 44 was complexed with luciferase expressing pGL3-
control plasmid and used to transfect mice bearing G361 tumor xenograft; NIRF (upper panel) and luminescence (lower panel) imaging of dissected tumors 24 h after
intravenous tail injection of the polyplexes. Reprinted with permission from Refs. [94].

desirable penetration depth and can be readily integrated into drugs
seems more sensible, yet it is very challenging as well.

Notably, cyanine conjugates that are photoactivatable hold great
promise for clinical translation in cancers that are accessible from the
surface or endoscopy or fine optical fiber insertion, including head and
neck, ovarian, esophagus, bladder, and pancreatic cancer etc. Though
the complete diagnostic information is still impossible to acquire, the
therapeutic effect can be exquisitely modulated in a spatiotemporal
manner and thus it helps to minimize systematic toxicity. For example,
cyanine-chemotherapeutic agent conjugates adopting photo-uncaging
strategy and ADC drugs that integrate cyanine as photocleavable linker.
On the contrary, the translation of nanoparticulate cyanine conjugates
confronts additional challenges inherent in nanomedicines, including
limited understanding of the biological interaction with human body,
safety issues and commercialization hurdles related to large-scale
manufacturing and regulatory guidelines [95]. The design guidelines
for such nanoparticulate conjugates are as follows: first, choose bio-
compatible and biodegradable materials, or better, FDA-approved ma-
terials, to minimize potential toxicity; second, reduce complexity in
formulation design to facilitate reproducible large-scale manufacturing.

7. Conclusion and perspectives

Cyanine is an advantageous fluorogenic unit for the construction of
fluorescent probes by virtue of its meritorious attributes, including both
favorable fluorescence properties and excellent biocompatibility.
Besides, the phototherapeutic potential of several heptamethine cya-
nine dyes (e.g., IR780, IR820) are explored and these cyanine dyes are
qualified as theranostic agents. Previous reviews on the topic of cya-
nine-based theranostic agents mainly focused on the phototherapeutic
effect of cyanine and often involved miscellaneous nanoparticle-based
delivery systems. In this review, we highlight the covalent conjugation
of cyanine with other therapeutic agents that are commonly utilized in
clinics or basic research, including drugs for chemotherapy, photo-
therapy and targeted therapy. In an additional section, we also in-
troduced cyanine conjugates that function as nanocarriers for the de-
livery of therapeutic agents. Overall, the therapeutic modality—based
classification system clearly demonstrates existing therapeutic agents
involved in conjugation and their corresponding conjugation strategies.

The primary thing to consider when designing cyanine-therapeutic
agent conjugates is whether the optimal imaging dose of cyanine is
within the minimum effective dose and maximum tolerated dose of
drug; or they should at least be of the same order of magnitude as the
dose ratio can be slightly modified via conjugation chemistry.
Additionally, the impact of covalent conjugation on the imaging cap-
ability of cyanine and therapeutic effect of drug cannot be under-
estimated, which may impair such predefined dose compatibility and
necessitate comparative study to reconfirm. Sometimes further opti-
mization regarding the structure of cyanine and drug, conjugation site
and conjugation chemistry is performed to achieve both satisfactory
theranostic capability and acceptable toxicity. For conjugates that serve
as nanocarriers, due optimization is needed to balance the equivalent
imaging dose of nanoconstruct and the encapsulated drug dose.
Nevertheless, most research failed to provide rationale on the dose
compatibility and future studies should address this issue in both the-
oretical and experimental aspects. Secondly, emphasis should be laid on
the pharmacokinetic property of cyanine conjugates, particular tumor

accumulation capability. Though tumor-avid heptamethine cyanine
and EPR effect of nanoparticulate conjugates are beneficial, the con-
jugation with targeting ligands can further enhance cancer targeting
effect through different mechanisms.

As mentioned in the above section, the limited penetration depth of
fluorescence imaging diminishes the diagnostic value of most cyanine
conjugates and thus poses a formidable challenge for clinical transla-
tion. Therefore, it is necessary to identify the most promising directions
and ultimately, to establish the clinical value of this research field.
Besides, the poor photostability of cyanine precludes real-time mon-
itoring for long periods of time and rather makes it more amenable to
imaging at serial time points. Other limitations exist in the metho-
dology that is commonly used for in vivo evaluation in current research.
First, the subcutaneous mouse xenograft models are incompetent to
imitate the complexity and heterogeneity of human tumors, and the
theranostic procedure performed on humans. Thereby, patient-derived
xenograft models, orthotopic tumor models, and large animals are re-
commended for future research. Second, the utility of planar fluores-
cence imaging is compromised by information deficiency in the z-axis;
and more advanced imaging technology is warranted to address this
issue. Take a preclinical multi-modality in vivo imaging platform
FLECT/CT (fluorescence emission computed tomography/computed
tomography) for example, it acquires both CT and fluorescence data for
complete angle 3D tomographic imaging and hence maximizes the in-
formation attained in a single imaging session.
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