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Cancer is one of the leading causes of human death around the world. Phototherapy, including photo-
dynamic therapy (PDT) and photothermal therapy (PTT), is an emerging light-triggered cancer treatment
and shows the advantages of non-invasiveness and low side effects. The design and preparation of ef-
ficient phototherapeutic agents are of great significance for phototherapy. Diketopyrrolopyrrole (DPP) is
a small molecular organic dye featuring outstanding photophysical properties, facile tuning of structures
and properties, and excellent photostability; thus, phototherapeutic agents based on organic small molec-
ular DPP derivatives have attracted significant research attention for not only phototherapy but also pho-
todiagnosis of fluorescence imaging (FLI) and photoacoustic imaging (PAI). This review summarizes the
recent progress of various DPP-based organic small molecules on phototheranostics during the last five
years. The molecular structure design and their phototheranostics performances are discussed in detail,
as will be of great help for further creation of DPP-based phototheranostics.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

According to the World Health Organization (WHO) data, can-
cer is one of the leading causes of death globally, with an es-
timated amount of 9.6 million in 2020 [1]. Currently, a tremen-
dous amount of research has been done to develop and/or opti-
mize the current cancer treatment approaches, such as radiation
therapy, chemotherapy, and surgery, to improve the anti-tumor ef-
ficacy and minimize the adverse effect [2]. For instance, traditional
therapeutic strategies often result in an increased cancer cell tol-
erance threshold, psychological trauma, ineffective treatment, dam-
age to healthy tissues, etc., which brings great pains to the patients
[3]. Therefore, tumor phototheranostics with the features of non-
invasiveness and high selectivity have gained significant attention
for the development of biomedicine [4-9].

Phototheranostic platform is generally a synergetic combina-
tion of optical imaging and phototherapy. Usually, phototherapy
is mainly consisting of photothermal therapy (PTT) and photody-
namic therapy (PDT). PDT has aroused tremendous interest in tu-
mor ablation and anti-bacteria in recent years due to its non-
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invasiveness, low systemic toxicity, and high tumor selectivity [10].
Generally, the PDT process takes advantage of cytotoxic reactive
oxygen species (ROS) to kill cancer cells, when the photosensitiz-
ers are irradiated with a proper excitation light source to produce
the triplet state (T;) from singlet state (S;) via intersystem cross-
ing (ISC) (Fig. 1) [11,12]. Currently, most PDT goes through an en-
ergy transfer pathway to generate singlet oxygen for the induc-
tion of tumor cell apoptosis and/or necrosis, and this pathway is
termed type Il PDT [13]. And the generation of singlet oxygen is
highly dependent on the tissue oxygen concentration. Nonetheless,
the hypoxic tumor microenvironment and O,-consumption dur-
ing PDT will severely weaken the therapeutic efficacy of type II
PDT [14]. Distinct from the type Il PDT with severe oxygen depen-
dence, type I PDT is an electron transfer process with less oxygen-
dependence, owing to the fact that disproportionation or Haber-
Weiss/Fenton reaction will take place to mainly generate superox-
ide radical (0,"") and hydroxyl radical (OH") to improve the anti-
tumor efficacy [15-18].

As a minimally invasive strategy, PTT has also attracted much
attention in recent years [19,20]. The heat generated via the non-
radiative decay of the therapeutic agent under near-infrared (NIR)
light irradiation can selectively kill cancer cells with less dam-
age to the surrounding healthy tissues. An effective photothermal
agent should have intensive NIR absorption, high photothermal
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Fig. 1. Illustration of the Jablonski energy diagram for phototherapeutic agents.
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conversion efficiency, outstanding photostability, and excellent
biosafety [21,22]. To optimize treatment effectiveness, imaging-
guided cancer therapy has been extensively adopted, since the spa-
tial distribution and physical size of the tumors are available in
real-time. Simultaneously, the accumulation and retention of the
phototherapeutic nanoagent at the tumor site can be tracked and
quantified for precise inspection and treatment.

Fluorescence imaging (FLI) is an emerging imaging technique
that has attracted widespread research attention for its high sensi-
tivity, excellent specificity, and easy operation [23,24]. FLI is based
on the fluorescence emission signals coming from the fluorescent
phototheranostic agent. The ground state (Sg) photosensitizer ab-
sorbs specific light energy upon photoirradiation and jumps to
the excited state (Sp). Then, through internal conversion and vi-
brational relaxation, the excited state decays to the lowest singlet
state (Sq), which subsequently returns to the ground state and re-
leases energy in the form of photon radiation; the light emitted is
termed fluorescence (Scheme 1) [25-27]. An ideal fluorophore used
for FLI usually takes the below factors into consideration, includ-
ing fluorescence emission wavelength, fluorescence quantum yield
(¢g), brightness, photostability, and biosafety.

Photoacoustic imaging (PAI) is based on the ultrasound waves
generated by thermoelastic tissue expansion, which is coming from
the photothermal effect of the phototheranostic agent under pho-
toirradiation [28-30]. Particularly, PAI and PTT show inherent de-
pendence on the photothermal activity of the phototherapeutic
agents; thus, lots of research interest has been devoted to devel-
oping the NIR theranostic agents with high photothermal conver-
sion efficiency for PAl-guided PTT towards anti-cancer and antibac-
terial treatment. The resolution of PAI depends on the arrival time
of the ultrasound signals so that three-dimensional images can
be obtained without mechanical scanning in the vertical direction.
PAI has the potential for multi-scale imaging of biological systems,
which presents far-reaching significance for cancer diagnosis.

The phototheranostic agent is critical for optical imaging and
phototherapy, which has received considerable research attention.
At present, many inorganic nanomaterials with anti-tumor prop-
erties have been developed, such as inorganic noble metal nano-
materials (such as Au, Pt), carbon-based nanomaterials, transition
metal oxides/sulfides; However, the nature of poor biodegradability
and potential long-term biotoxicity of the inorganic phototheranos-
tic agents significantly restrain their future clinical transformation
[31-35].

On the contrary, organic molecules with favorable biosafety
have been widely used as phototheranostic agents in optical
imaging and phototherapy. The organic semiconducting poly-
meric molecules show the uncertainty in molecular structures
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and hamper their further clinical application [36,37]. Instead, -
conjugated small molecular organic dyes, with well-defined chem-
ical structures, easy structure tunability, controllable synthetic
routes, and excellent biocompatibility, come into the researchers’
view and have received increasing attention [19,38,39]. For exam-
ple, two small molecular organic dyes of indocyanine green (ICG)
(Aem = 822 nm, in H,0) and methylene blue (MB) (Aem = 686
nm, in H,0) have been approved by the US Food and Drug Ad-
ministration (FDA) for clinical use [40]. As a matter of fact, all
the existing photosensitizers approved for clinical use are organic
small molecules till now. However, they suffer the drawback of
easy photobleaching. In recent years, many small molecular pho-
tosensitizers, such as DPP (diketopyrrolopyrrole), BODIPY (boron-
dipyrromethene), squaraine, and cyanine, have been widely ex-
plored [41,42]. And DPP-derivatives shine in the field of tumor di-
agnosis and treatment thanks to its easy structure tunability, ex-
cellent photostability, and photothermal stability [43].

DPP is a lactam-structured 7 -conjugated organic molecule with
high planarity and electron-deficiency, which can conjugate with
various electron donors, such as phenyl, thienyl, or furanyl units, to
construct the donor-acceptor-donor (D-A-D) structured NIR dyes.
Furthermore, a significant number of organic moieties can be read-
ily introduced onto the DPP-based m-conjugated framework to
tune the photophysical properties. Besides, DPP derivatives have an
inherent advantage of high molar extinction coefficient, and inten-
sive NIR absorption and fluorescence emission, which endow them
with great potential in optical imaging-guided tumor phototherapy
[44].

With the malignant development of tumor cells, the tumor mi-
croenvironment (TME) will be formed, including not only the tu-
mor cells, but also fibroblast, immune cells, inflammatory cells,
glial cells, microvascular and related biomolecules [45]. With the
continuous glycolysis process for tumor cells’ energy supply, a
large number of protons and carbon dioxide are generated within
TME. In addition, many microvascular can be found for the tumor
cells to survive in this hypoxic TME. Thus, the features for TME in-
clude hypoxia, weak acidity, and high glutathione (GSH)/ROS con-
centration. Especially, hypoxia is the Achilles’ Heel for PDT, which
has impeded the photodynamic effect in clinical [46]. And the
weak acidity and high concentration of GSH/ROS have been em-
ployed as the target or trigger to enhance the phototherapeutic ef-
ficacy [47,48].

In this review, we will retrospect the DPP-based organic small
molecular dyes for tumor phototheranostics. Firstly, we will sum-
marize common design principles and synthetic routes for the
DPP-derived dyes and the general preparation approaches for the
corresponding multifunctional nanoplatform. Owing to the reactive
sites of the DPP core, the DPP-derived dye molecules can be en-
gineered through side-chain engineering and s -conjugation engi-
neering. The relationship between their molecular structures and
tumor diagnostic properties is highlighted, and finally, their future
challenges and development prospects are discussed.

2. Preparation method
2.1. Synthesis of DPP-derived small molecular dyes

Generally, it is the first step to prepare an aryl-DPP (1) to con-
struct functional DPP-derived small molecular dyes, while it is not
easy to build the DPP core without the aryl group directly. And
the condensation reaction between the aryl nitrile (Ar-CN) and
succinate ester is the most common method to synthesis 1 with
a yield of around 60%-80%, demonstrating the advantages of the
wide availability of raw materials and high synthetic yield (Fig. 2)
[49,50]. In addition, to synthesis 1, tertiary alcohol salts are uti-
lized as the base, and tertiary alcohols are often as solvents. This
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Fig. 2. Typical synthetic routes for various DPP-derived small molecular dyes.

is because the leaving group’s excellent stability (alkoxyl anion)
will facilitate the electrophilic reaction of the cyano unit. High syn-
thetic yield is usually obtained from Ar-CN with low steric hin-
drance, especially electron-deficient Ar-CN. Electron-rich or spa-
tially hindered aryl nitrile has low reactivity and low synthetic
yields. And the most common reactant Ar-CN are 2-cyanofuran, 2-
cyanothiophene, and 2-cyanoselenophene [51].

The second step is to introduce the side chain onto DPP to pre-
pare 2, improving the solubility and subsequent processability [44].
Hydrophobic or hydrophilic chains can be readily introduced. In
most cases, hydrophobic alkyl hydrocarbon chains are installed as
the side chain by taking N,N-dimethylformamide (DMF), or tetrahy-
drofuran (THF) are usually used as the solvent, and potassium car-
bonate is generally taken as the base. Hydrophilic side chains are
typically introduced onto through further reaction with the termi-
nal functional group, such as brominated alkyl chain.

To further extend the m-conjugation, Pd-catalyzed cross-
coupling reaction, Pd-promoted direct arylation reaction, and
ring-fusion can be commonly employed [52,53]. To employ Pd-
catalyzed cross-coupling reactions, 1 is halogenated first with N-
bromosuccinimide (NBS) or N-iodosuccinimide (NIS), then reacted
with the organic boronic agent via Suzuki coupling reaction or re-
acted with the organic tin agent via Stille coupling reaction. Some-
times, the halogen atoms are included in the aryl-CN raw material
for the synthesis of 1. Brominated or iodinated ;r-conjugated units
can also react with 1 directly via Pd-promoted direct arylation re-
action to extend the m-conjugation. Ring-fusing strategy is a prac-
tical approach to prolong the m-conjugation length, and the lactam
moiety with -C=0 and -NH- units is the focus for ring-fusion to
achieve a sizeable w-conjugated framework.

2.2. Preparation of the multifunctional nanoplatforms

Most organic dyes are insoluble in water, which means that the
hydrophobic organic molecules will form aggregates, and cannot
be delivered to the tumor site via blood circulation [54]. How-
ever, with the fast development of nanotechnology, it is promis-
ing to encapsulate the hydrophobic organic dyes into the am-
phiphilic polymers or proteins to fabricate the water-soluble or-
ganic nanoparticles as the theranostic nanoplatform. Therefore, by
taking advantage of the enhanced permeability and retention (EPR)
effect, the nanoparticles can efficiently accumulate at the tumor
site [55].

At present, there are mainly three methods to prepare the
water-soluble, (i) to introduce hydrophilic side chain, such as tri-
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ethylene glycol chains, hyaluronic acid, to the DPP core; thus, the
DPP-derivatives can form water-dispersible micelles as photothera-
nostic agents (Table 1) [56]. (ii) To employ amphiphilic polymers,
such as Pluronic™ F-127, DSPE-mPEG,y, DSPE-mPEGs,, lecithin,
to encapsulate the DPP-derivatives through self-assembly for the
preparation of biocompatible nanoparticles [57,58]. (iii) To rapidly
inject a miscible organic solution containing DPP-derivatives into a
large amount of deionized water under ultra-sonic to fabricate the
discrete nanoparticles.

3. Molecular engineering of DPP-derived organic dyes for
tumor theranostics

The typical DPP-derived functional dyes usually consist of three
parts, the central DPP core, the side-chain groups, the m-bridge
unit, and the terminal m-conjugated moieties. The side-chain
groups can play a vital role in the solubility of the DPP derivatives.
In comparison, the w-bridge units and the terminal 7 -conjugated
moieties endow the DPP derivatives with various optoelectronic
properties, which is of great importance for tumor phototheranos-
tics.

3.1. Side-chain engineering

After the preparation of 1 with bad solubility, hydrophobic or
hydrophilic side chains are introduced to improve the solubility for
further purification and functionalization. In most cases, the hy-
drophobic alkyl hydrocarbon chains, such as 2-ethylhexyl and octyl
groups, are introduced onto the DPP core through N-alkylation.
However, some O-alkylated DPP derivatives can also be observed
and separated [59]. Furthermore, hydrophilic side chains can also
be introduced onto the DPP unit; thus, molecular micelles or func-
tional NPs can be obtained. Additionally, with functional groups at
the terminal site of the alkyl chains, the DDP derivatives can be
further modified for multi-functionalization.

3.1.1. Introduction of hyaluronic acid as the side-chain

The clearance rate of most nanodrug is as high as 90% due to
the lack of tumor-targeting ability. Therefore, it is urgent to design
phototheranostic dyes that can efficaciously target tumor tissues.
With cancer development, essential cytokines, such as IL-6, IL-10,
TGF-8, and MMP, can be accumulated in the TME. Synchronously,
there is an overexpression of some cellular products. These sub-
stances that are expressed abnormally in tumor sites can be used
to target the tumor cells [60]. As an indispensable compound in
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Table 1
Photophysical properties for the DPP-derived small molecular dyes for phototheranostics.
Therapeutic agent  Therapy mode  Imaging mode  Photophysical properties Ref.
Size @ (nm) ABax b (pnm)  AmX Db (nm) g (x 10* Lmol-! em™!) Py (o ne
PDBr PDT/PTT FLI/PAI ~100 635 676 - - 67% 35.7% [51]
DTDPPBr2 PDT - - 560 589 - - 162% - [62]
DTDPP-HA PDT - - 534 565 - - 12.8% - [63]
FDPP-HA PDT FLI - 554 570 - - 26% - [64]
DPP-Cb PDT/PTT/CT - 60 560 - - - - - (67]
DPP-ATRA PDT/PTT/CT - 70 560 - - - - - [67]
DPP-thiophene-4 - FLI ~80 (pH 6.8)  543* 569* - - - - [68]
DPP-TPA PDT/PTT PAI ~76 630 - - - 33.6% 34.5% [73]
SeDPP-TPA PDT/PTT PAI < 100 648 - - - 40.2%  37.9% [74]
FDPP-TPA PDT/PTT FLI/PAI 123 £ 2 560 660 213 £ 0.2 - 40% 47% [75]
TDPP PDT - - 560* 610* - - - - [76]
DPPCN-Fc PTT PAI 80 + 2.3 728 - 3.03 +£0.2 - - 59.1% [79]
DPP-TI PDT/PTT FLI 100 + 18 633 663 - - 483% 158 %  [80]
TDPP-Z PTT FLI/PTI ~125.6 645 636 - - - 20% [81]
ThDPP-Au PDT/PTT FLI/PTI ~60 628 603 4.382 - ~65%  37.3% [82]
Por-DPP PTT PAI ~120 745 - - - - 62.5% [83]
DPPBDPI PDT FLI < 100 535 568 - 5% 80% - [84]
BD - FLI ~58 505 623 10.3 57% - - [85]
BDB - FLI ~76 505 637 13.6 45% - - [85]
DPP-BDT PDT/PTT FLI/PAI ~90 625* 980 335 0.52%  49.3%  23% [86]
BDT(DPPCN), - FLI ~60.6 648 705 - - - - [87]
DPP-BT PDT/PTT/CT NIR-II FLI/PAl  ~60 686 1089* 3.05 - 27.3%  50% [88]
PPAB PTT FLI/PAI 90 + 7 698+ 750* - - - 47% [89]
EDPP-6 - - - 654 663 1.99 84% - - [90]
DPPTPh PDT/PTT FLI 58-192 612 651 - - 22.3% 45.2% [91]
DAA PDT/PTT/CT - 55+ 2 650 - 191 - 39.7%  48.6% [92]
DPP- NF PDT/PTT/GT - 60-70 623+ 692+ - - - 45.6% [93]
DPP-CD PDT - 10 530 (CDs) - - - 27.6% - [94]

The results were determined by DLS except for SeDPP-TPA.

The spectral results were measured in the organic solvent, except for those marked with an asterisk (*) which were in the nanoparticle form.

Singlet oxygen quantum yield.

a
b
¢ Fluorescence quantum yield.
d
e

The photothermal conversion efficiency (1) was measured in the nanoparticle form.
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Fig. 3. Side-chain engineering of DPP-derived dyes. (a) Introduction of hyaluronic acid (HA) for tumor-targeting and solubilization; (b) Introduction of chemotherapeutic
drugs for controlled release; (c) Introduction of polycaprolactone (PCL) as the side-chain.

the human body, hyaluronic acid (HA) is not only biocompatible
and biodegradable but can also target CD44 specifically [61]. CD44
is involved in recirculation, homing, and other physiological cell
processes as a kind of cell surface glycoprotein. Furthermore, it is
overexpressed in specific cancer cells [62]. Hence, theranostic pho-
tosensitizers can gain the ability to target CD44-overexpressed can-
cer cells through HA modification.

A series of HA-modified DPP derivatives with good tumor-
targeting performance and high reactive oxygen species genera-
tion efficiency have been reported. The HA side-chain is applied as
the CD44 receptor to target the CD44-overexpressed cancer cells
in these works. Dong et al. reported the HA-substituted thienyl-
DPP photosensitizer DTDPP-HA, which exhibited a high 10, quan-

1684

tum yield of 12.8% (Fig. 3a, Table 1) [63]. More remarkable, both in
vitro and in vivo experiments revealed that DTDPP-HA could sup-
press tumor growth efficaciously. Therefore, DTDPP-HA would be a
potential and promising phototheranostic agent.

Furthermore, Dong’s group synthesized the photosensitizer DT-
DPPBr2 with two bromine atoms attached at the thiophene donors.
With the introduction of the bromine atom, the intersystem cross-
ing (ISC) efficiency could be improved by the heavy atom effect
(Fig. 3a) [62]. Besides that, they also replaced the thiophene with
furan as a donor group to obtain photosensitizer FDPP-HA, which
increased the '0, quantum yield to ~26% [64]. Remarkably, the
HA-modifying strategy has also been applied in other photosensi-
tizers design for cancer theranostics [65].
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Fig. 4. Synergistic phototherapy and chemotherapy of DPP-Cb NPs and DPP-ATRA
NPs based on pH-induced cleavage strategy. Copied with permission [67]. Copyright
2017, American Chemical Society.

3.1.2. Introduction of pH-responsive side-chains

With the malignant growth and high glycolytic process of tu-
mor cells, many acidic metabolites, such as protons and carbon
dioxide, are produced. Therefore, an acidic pH value of 6.5-6.8 re-
sults in tumor cells compared to 7.35-7.45 in normal cells [66]. At
present, the weak acidity of the tumor microenvironment is re-
garded as a hallmark for solid tumors, and it has been widely uti-
lized as a trigger for the design of pH-responsive nanotheranostic
platforms. Several strategies, such as pH-induced cleavage and pH-
induced protonation, have been developed now by researchers.

Carboxylic ester is a functional unit that can be cleaved through
pH stimulus, and it has been introduced into the side-chain for
controllable drug release to enhance chemotherapeutic efficacy.
The carboxylic acid-containing chemotherapy drug, chlorambucil
(Cb), and all-trans-retinoic acid (ATRA), were covalently conjugated
onto the side-chains of DPP via carboxylic ester bond to pre-
pare the photosensitizers DPP-Cb and DPP-ATRA (Figs. 3b and 4)
[67]. The corresponding DPP-Cb NPs and DPP-ATRA NPs were pre-
pared through the precipitation method. They exhibited a hydro-
dynamic size of around 60 nm, which was suitable for efficient
accumulation at the tumor site of both NPs through the EPR ef-
fect. Under the acidic tumor microenvironment, the carboxylic es-
ter bond would be readily cleaved to release the chemotherapeu-
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tic drug chlorambucil (Cb) or all-trans-retinoic acid (ATRA), which
could enhance chemotherapy and reduce the side effect. Further-
more, in vivo experiments revealed that DPP-Cb NPs and DPP-ATRA
NPs with good photothermal and photodynamic activity could ac-
complish synergistic PTT/PDT/chemotherapy to inhibit the tumor
growth on HelLa tumor-bearing mice.

In addition, based on the pH-induced cleavage strategy, a small
molecular amphiphilic dye DPP-thiophene-4 was innovatively de-
signed and prepared with two alkyl side chains terminated with
quaternary ammonium groups (Fig. 5, Table 1) [68]. With the
help of the periphery hydrophilic quaternary ammonium units and
hydrophobic thienyl-DPP core, DPP-thiophene-4 could achieve a
nonfluorescent nanoassembly through self-assembly when pH was
over 7.0; However, the nanoassembly could reversibly disassem-
ble to fluorescent DPP-thiophene-4 monomers when pH was lower
than 6.8. It is of great significance to note that the fluorescence
emission signals exhibited a 10-fold enhancement within only a
0.2 pH unit change from pH 7.0 to pH 6.8, which could be em-
ployed to distinguish the malignant tumors among the healthy tis-
sues in vivo owing to the weak acidity of the tumor microenvi-
ronment. The “off-on” fluorescence mechanism of DPP-thiophene-
4 in water upon pH change was studied as well. A careful com-
parison of 'H NMR spectra obtained at pH 6.8 and 7.0 implied
that the protonation site was on the lactam N. DPP-thiophene-4
molecules could exist as either soluble monomers at pH 6.8 or
aggregated nanoassemblies at pH 7.0. Therefore, its supramolecu-
lar self-assembly would subsequently take place once the depro-
tonation of DPP-thiophene-4 monomers along with pH 6.8 was
switched to 7.0.

3.1.3. Introduction of polycaprolactone (PCL) as the side-chain

Polycaprolactone (PCL) is a nontoxic synthetic polyester chain
widely applied for biomedical applications due to its excellent bio-
compatibility and biodegradability. It has attracted broad research
interest in implantable biomaterials for tissue engineering and
long-term drug delivery. DPP-derived polymer PCL-DPP-PCL was
easily prepared through reaction with g-caprolactone (Fig. 3c) [69].
Through nanoprecipitation with amphiphilic polymeric Pluronic®
F-127, PCL-DPP-PCL NPs could be fabricated with high fluorescence
quantum yield of 0.29 and excellent photostability, which was fur-
ther applied for long-term fluorescence imaging.

Fluorescent
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(o] |/
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Fig. 5. A small molecular amphiphilic dye DPP-thiophene-4 based on the pH-induced decomposition strategy. (a) Chemical structure of DPP-thiophene-4; (b) The fluorescence
intensity of DPP-thiophene-4 under various pH solutions; (c) The TEM images of DPP-thiophene-4 at either pH 6.8 or 7.0; (d) 'H NMR results of DPP-thiophene-4 molecule
between pH 6.8 and 7.0; (e) DPP-thiophene-4 solutions with different concentrations are prepared at either pH 6.8 or 7.0. Reproduced with permission [68]. Copyright 2017,

American Chemical Society.
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3.2. w-Conjugation engineering

Phototheranostics include optical imaging and phototherapy,
which are highly dependent on the photophysical processes, such
as radiative decay, non-radiative decay, and intersystem crossing
(ISC). As far as DPP-based theranostic photosensitizers, photophys-
ical properties are dominated by the m-conjugated system. Espe-
cially, 10, quantum yield and photothermal conversion efficiency,
the two critical parameters of the phototheranostic agents for
PDT and PTT, are profoundly influenced by the design of the m-
conjugated DPP derivatives, which usually contains the central DPP
core, m-bridges, and peripheral -conjugated units. Due to the in-
herent electron-deficient nature of the DPP-core, the peripheral -
conjugated units are usually electron-rich groups. As is good to
build D-A-D structures and facilitate the efficient intramolecular
charge transfer (ICT) for red-shifted absorption/emission [70-72].

3.2.1. Effects of m-bridges

Within the D-r-A system, the introduction of the sr-bridges can
not only improve the intramolecular charge transfer (ICT), but also
tune the molecular HOMO/LUMO energy levels. As the synthetic
methodology for aryl-DPP derivatives mentioned in the previous
part, the aryl unit is usually employed as the m-bridge, such as
phenyl, thienyl, and furanyl unit (Fig. 6).

A series of DPP-derived photosensitizers DPP-TPA, SeDPP-TPA,
and FDPP-TPA have been prepared with the same skeleton but
different m-bridges (Fig. 6a) [73-75]. Through changing the -
bridges from thiophene to selenophene and furan, the maximum
absorption peak changes from 630 nm to 648 nm, and 642 nm
(in dichloromethane). In addition, DPP-TPA NPs present high pho-
tothermal conversion efficiency of 34.5%, while the photothermal
conversion efficiency of SeDPP-TPA NPs and FDPP-TPA NPs were
37.9% and 47.0%, respectively. This implies that the introduction of
furan and selenophene bridges enhanced the non-radiative transi-
tion. In contrast, the 10, quantum yield was 33.6%, 40.2%, and 40%
for DPP-TPA, SeDPP-TPA, and FDPP-TPA, respectively.

In addition, the theoretical energy gap between singlet state
and triplet state (AEsr) for phenyl and thienyl substituted DPP
photosensitizers PDPP and TDPP (Fig. 6b) was 0.48 eV and 0.66 eV,
respectively. It is indicated that TDPP could generate ROS more effi-
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ciently than PDPP, which was in accordance with the experimental
results [76].

3.2.2. Effects of m-conjugated periphery units

Due to the high reactivity and easy functionalization of the «-
position of the thiophene unit, thienyl-DPP is one of the most pop-
ular building blocks for the construction of multifunctional dyes.
With subsequent bromination or iodination of the «-position of
thiophene moiety, a significant number of functional dyes have
been prepared through palladium-catalyzed coupling reactions or
direct arylation reactions.

Through Pd(OAc), catalyzed direct arylation reaction of thienyl-
DPP, Dong’s group prepared a D-A-D structured small molecular
dye DPP-TPA for photoacoustic imaging-guided synergistic PDT/PTT
[73]. After the introduction of the electron-donating tripheny-
lamine (TPA) unit, intramolecular charge transfer (ICT) of DPP-TPA
was enhanced to afford the bathochromic red-shift of the UV-
vis absorption. However, the fluorescence emission and fluores-
cence lifetime were significantly decreased of the DPP and TPA
segments after the covalent conjugation of DPP-TPA. Thus, the en-
hanced absorption and reduced fluorescence resulted in the good
photothermal effect of DPP-TPA, which was beneficial to photoa-
coustic imaging, and DPP-TPA NPs could effectively hinder tumor
growth through synergistic PDT/PTT upon 660 nm photoirradiation
of living mice.

Ferrocene (Fc) with sandwich structure is a cancer therapeu-
tic agent [77,78]. Liang et al. prepared a DPP derivative DPPCN-
Fc by employing the Ferrocene unit as the periphery electron-rich
unit (Fig. 7a, Table 1) [79]. In addition, an electron-deficient tetra-
cyanobutadiene (TCBD) unit is introduced into the s-conjugated
framework to build the D-A-D scaffold, which will result in an
efficient ICT and bathochromic-shift absorption and promote the
photo-induced electron transfer (PET) process. Therefore, after ex-
citation of DPPCN-Fc, a charge transfer state was generated, and
the radiative decay and intersystem crossing decay were quenched
to give rise to heat. Thus, the photothermal conversion effi-
ciency for DPPCN-Fc NPs was up to 59.1%, and DPPCN-Fc NPs
demonstrated great cancer theranostic performance of photoacous-
tic imaging-guided tumor PTT without causing any side effect on
living mice.
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Thieno[2,3-b]indole (TI) is an electron-rich unit with a thio-
phene ring fused to the indole unit, and it has been used as a
donor unit to conjugate with DPP for the preparation of photosen-
sitizers DPP-TI, DPP-TIH, and DPP-r-TI (Fig. 6¢) [80]. Since the three
photosensitizers have the same DPP core, the maximum absorption
wavelength is at 633, 626, and 661 nm (in toluene), respectively,
which is significantly influenced by the donor moieties. And the
optical bandgaps were 2.13 eV for DPP-TI, 2.15 eV for DPP-TIH, and
1.94 eV for DPP-r-TI. However, they showed a significant difference
in the 10, quantum yield, which was 48.3%, 0.3%, and 11.5% for
DPP-TI, DPP-TIH, and DPP-r-TI, respectively. Thus, DPP-TI NPs were
further prepared with a fluorescence lifetime of 2.3 ns and an ex-
cellent photothermal conversion efficiency of 15.8%. In vitro exper-
iments demonstrated great potency for PDT/PTT.

In addition, the thiophene unit is also applied as the electron
donor. And a bisbithiophenyl-DPP photosensitizer TDPP-Z was de-
veloped with a D-A-D motif (Fig. 6d) [81]. Upon 638 nm laser irra-
diation, TDPP-Z NPs presented an excellent photothermal conver-
sion efficiency of 20%. However, owing to the aggregation-caused
quenching (ACQ) effect, very weak fluorescence could be observed.
In vitro and in vivo experiments showed that TDPP-Z NPs could re-
alize fluorescence and photothermal imaging-guided PTT.

Atoms with a high atomic number, such as halogen atoms, are
usually introduced into the m-conjugated molecules to improve ISC
efficiency and facilitate the triplet state generation, as is known as
the heavy atom effect. In general, the ISC rate (Kisc) of the photo-
sensitizer shows the dependency of the atomic number of halogen
substituents (Kigc~Z*). For DPP-derived photosensitizers, bromine
and iodine atoms are usually introduced to enhance ROS genera-
tion through the heavy atom effect (Fig. 6e).

As shown in Fig. 3a, DTDPP-HA and DTDPPBr2 with the only
difference of two Br atoms on the -conjugated periphery units of
the latter were prepared by Dong’s group [62,63]. The 10, quan-
tum yield was 12.8% for DTDPP-HA and 16.2% for DTDPPBr2. Al-
though there is only a little enhancement of 10, quantum yield
for two bromo-substituted DTDPPBr2, it is an effective strategy to-
wards the design of photosensitizer for PDT.

Heavy halogen atom substitution of photosensitizers still re-
sults in certain cytotoxicity. Therefore, developing a heavy halogen
atom-free photosensitizer has attracted tremendous research in-
terest [82]. To address this problem, triphenylphosphine-Au(l) was
introduced into DPP-derived photosensitizer ThDPP-Au as a “spin
converter” to facilitate the intersystem crossing for triplet state
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generation, and the singlet oxygen quantum yield was as high as
0.65 (Fig. 7b, Table 1) [83]. The theoretical calculation indicated
that ThDPP-Au and its precursor ThDPP-Br exhibited significant in-
tersystem crossing rate (Kisc); However, the ratio of intersystem
crossing rate to reverse intersystem crossing rate (Kisc/Krisc) for
ThDPP-Au was higher than that of ThDPP-Br, suggesting that it
was easier for the triplet ThDPP-Au to photosensitize oxygen for
10, generation, not to go back to the singlet state. Under 660 nm
laser irradiation, ThDPP-Au NPs exhibited an excellent photother-
mal conversion efficiency of 37%. In vitro experiments showed that
ThDPP-Au NPs could effectively kill tumor cells through the 10,-
induced mitochondrial apoptosis pathway. Guiding by dual fluores-
cence imaging and photothermal imaging, in vivo results on HeLa-
tumor-bearing mice confirmed the significant anti-cancer effect of
synergistic PDT/PTT. This work provides a new way towards the
design of halogen-free photosensitizers for efficient phototherapy.

Near-infrared (NIR) optical imaging, including NIR-I (700-
900 nm) and NIR-II (1000-1700 nm), is usually considered
as the promising alternative to conventional optical imaging
techniques, because of its deep tissue penetration, low tissue
auto-fluorescence, high signal-to-noise ratio, and minimal photo-
damage [84]. The absorption wavelength of the common aryl-DPP
is around ~500 nm, locating in the visible region. To achieve better
optical imaging performance, it is necessary to push the absorp-
tion of the DPP-derived organic dyes more red-shifted. And there
are three molecular design strategies commonly applied to synthe-
sis the DPP derivatives with bathochromic shift, (i) extending the
T-conjugation, (ii) constructing the D-A motif, and (iii) fusing the
DPP unit with aromatic rings [85].

Till now, a lot of w-conjugated dyes or building blocks, such as
porphyrin, boron dipyrromethane (BODIPY), and benzodithiophene
(BDT), have been employed to covalently bond with the DPP core
for multi-functionalization. Porphyrin derivatives of PpIX (proto-
porphyrin IX) and HPD (hematoporphyrin derivative) are the first-
and second-generation photosensitizers in clinical, and they can
absorb visible light to generate '0, for PDT. Taking into this con-
sideration, Zhang et al. constructed a porphyrin-based amphiphilic
NIR photosensitizer Por-DPP for tumor phototheranostics (Fig. 8a)
[86]. In this triad structure, two DPP units as electron acceptors
were conjugated with the central electron-donating porphyrin unit
through the alkyne group. With two triethylene glycol flexible
chains attached to the central porphyrin unit, water-soluble Por-
DPP NPs were readily prepared through self-assembly, and
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exhibited a broad absorption profile with a significant
bathochromic shift in water. Owing to the A-D-A motif of the
triad, Por-DPP NPs with favorable non-radiative decay presented
photothermal conversion efficiency of 62.5%. Thus, photoacous-
tic imaging-guided PTT was realized of Por-DPP NPs on Hela
tumor-bearing mice with great biocompatibility.

BODIPY is one of the essential organic dyes that has been
widely used in biosensors and nanomedicine [87]. The BODIPY
moiety is also attached to DPP core to build functional dyes for tu-
mor phototheranostics. Dong’s group designed a D-A-D structured
triad DPPBDPI by taking DPP as the electron acceptor and BODIPY
as the electron donor (Fig. 8b) [88]. DPPBDPI showed a simultane-
ous increase of the fluorescence QY of 5.0% and the '0, quantum
yield of around 80% with the synergistic combination of the two
moieties. Through nanoprecipitation, DPPBDPI NPs were prepared
to show fluorescence imaging-guided PDT on Hela-tumor-bearing
mice. Additionally, two triads of BD and BDB containing DPP and
BODIPY units were prepared for fluorescence imaging of Hela cells
and zebrafish [89].

BDT (benzo[1,2-b:4,5-b’]dithiophene) is an electron-rich unit
that has been widely applied for organic photovoltaics and or-
ganic field-effect transistors [44]. Recently, a considerable amount
of functional small molecular organic dyes combined DPP and
BDT have also been constructed as phototherapeutic agents for
cancer theranostics. Fan’s group designed a NIR triad DPP-BDT
with two flanked DPP moieties for combined PDT/PTT guided by
dual-mode NIR-II fluorescence/photoacoustic imaging (Fig. 9a) [90].
DPP-BDT NPs showed the maximum absorption peak at 625 nm,
and a broad fluorescence spectrum peaked at 980 nm. Signifi-
cantly, the emission spectra went into the NIR-II region, indicat-
ing the enhanced depth and resolution of fluorescence imaging.
Furthermore, the 10, quantum yield of DPP-BDT NPs was 49.3%,
and the photothermal conversion efficiency was 62.5%. The mul-
tifunctional DPP-BDT NPs required only a single wavelength laser
of 660 nm for excitation to achieve dual-mode NIR-II fluores-
cence/photoacoustic imaging-guided PDT/PTT. This feature showed
remarkable advantages for clinical applications. In addition, Ste-
fan’s group also designed a D-m-A structured small molecular dye
BDT(DPPCN), for fluorescence imaging (Fig. 9b) [91]. However,
the triad BDT(DPPCN), demonstrated a low fluorescence quan-
tum yield of 0.25%, which could be attributed to the favored non-
radiative attenuation induced by the numerous alkyl chains.
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BT (2,1,3-benzothiadiazole) is a typical electron acceptor for or-
ganic electronics and biophotonics [92-94]. Fan’s group put for-
ward an innovative “all-in-one” strategy to develop a small molec-
ular triad dye DPP-BT with emission from 900 nm to 1300 nm for
NIR-II fluorescence and photoacoustic imaging-guided cancer ther-
apy (Fig. 9c) [95]. The phototherapeutic platform based on DPP-
BT was employed not only as a phototheranostic agent for NIR-II
FLI/PAl-guided phototherapy but also as a carrier of chemother-
apeutic drug DOX (doxorubicin) for chemotherapy. Additionally,
P(DPP-BT/DOX) NPs showed a fluorescence quantum yield of 0.42%.
After accumulation into tumor tissues, upon 730 nm photoirradia-
tion, P(DPP-BT/DOX) NPs could release the chemotherapeutic DOX
effectively for chemotherapy with the help of the photothermal
effect. Additionally, fluorescence imaging and photoacoustic imag-
ing could precisely locate the tumor and depict the tumor outline.
Moreover, the cancers could be monitored in real-time for efficient
PDT/PTT/chemotherapy with P(DPP-BT/DOX) NPs.

Fusing the DPP unit with aromatic rings to construct a size-
able m-conjugated framework is an effective method to push the
absorption/emission spectra red-shifted. The lactam is the reactive
site to fuse the aromatic rings. The carbonyl group in DPP can react
with aryl-amine through a condensation reaction. Based on this,
Wau et al. synthesized a polycyclic aromatic molecule PPAB by fus-
ing DPP with aza-BODIPY unit (Fig. 10a) [96]. After expanding the
r-conjugation, PPAB demonstrated an absorption maximum at 698
nm. PPAB NPs displayed an absorption peak at 752 nm and high
photothermal conversion efficiency of 47%. Through tail vein ad-
ministration on HeLa-tumor-bearing mice, PPAB NPs realized fluo-
rescence/photoacoustic imaging-guided PTT with great biosafety. In
addition, Kouichi et al. prepared a two-PEG-chains grafted NIR dye
PPAB. The PEGlated PPAB showed an absorption peak at 752 nm
but no fluorescence in water; thus, the photoacoustic imaging per-
formance was studied, and PEGlated PPAB demonstrated stronger
photoacoustic signals than that of ICG.

The carbonyl group can also react with electron-deficient
methylene moiety via a condensation reaction. And Huang et al.
employed 2-cyanomethylpyridine derivative to condensate with
the DPP core for the preparation of the m-extending PPCy
(pyrrolopyrrole cyanine) (Fig. 10b) [97]. Through further function-
alization with bulky spirofluorene derivative, highly fluorescent
dye PPCy-SF was prepared. Furthermore, PPCy-SF NPs presented an
excellent in vivo fluorescence imaging performance.
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In addition, the 2-cyanofluorene derivative can also be ap-
plied for the construction of the DPP core. And Grzybowski et
al. prepared a series of fluorene-DPP and then introduced 2-
bromoacetaldehyde diethyl acetal as the alkyl chain (Fig. 10c) [98].
Through subsequent acid-triggered aromatic cyclization, additional
vinylene units were embedded to construct the polycyclic aro-
matic molecules EDPP. Two-photon absorption cross-section (6;pa)
of EDPP-6 at 1050 nm was around 1410 GM in chloroform, demon-
strating great potency for two-photon fluorescence imaging.

Stimulus-responsive photosensitizer can target interact with
specific substance and induce corresponding “turn on” or “turn off”
phenomenon, which can be utilized to enhance the photothera-
peutic effect [99-101]. GSH is a featured bio-reductant in solid tu-
mors, which presenting a 10-fold higher concentration in tumor
cells than in normal cells [102,103]. GSH can react with oxida-
tive ROS to impede PDT efficacy. Thus, GSH-responsive nanother-
anostic agents have gained increasing attention to enhance ther-
apeutic efficacy. 2,3,3-Triphenylacrylonitrile-containing photosensi-
tizer DPPTPh with GSH-depletion reactivity was developed for flu-
orescence “turn on” imaging and enhanced PDT/PTT (Fig. 11) [104].
The Michael addition reaction between -SH group in GSH and the
cyano- group in photosensitizer DPPTPh could generate thiazole
unit, as would efficiently consume the intratumoral GSH for en-
hanced phototherapy and “turn-on” the fluorescence of DPPTPh
for fluorescence imaging. In addition, under 660 nm photoirradia-
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tion, DPPTPh NPs displayed a photothermal conversion efficiency of
45.2% and a singlet oxygen quantum yield of 22.3%. In vivo studies
showed that DPPTPh NPs could accomplish not only GSH-triggered
fluorescence imaging but also synergistic PDT/PTT.

3.3. Multi-functionalization of side chain and m-conjugation units

Towards the design of DPP-based phototherapeutic agents, the
side-chain engineering or m-conjugated system engineering strat-
egy has been introduced previously; furthermore, the two ap-
proaches can be combined together for multi-functionalization. As
a result, optical imaging-guided multi-modes cancer therapy can
be readily accomplished.

During the tumor progression, vascular endothelial growth fac-
tor (VEGF) within the tumor microenvironment (TME) will be up-
regulated for new vasculature generation. Especially, free tumor
cells or certain inducible factors will come into blood vasculature
to circulate, which will result in metastasis. As a result, it is of
great importance to develop anti-vascular therapy, not only to im-
pede the nutrition and oxygen supply for limotherapy but also to
prevent tumor metastasis [105,106].

Based on this, Liang et al. took advantage of the ester group
to introduce the anti-vascular agent 5,6-dimethylxanthenone-4-
acetic acid (DMXAA) to the side chain for the preparation of DPP-
based phototherapeutic agent DAA (Fig. 12a) [107]. In addition, pH-
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responsive diethylaminophenyl (DEAP) units were also introduced
at periphery sites of the thienyl-DPP to prolong the m-conjugation
length for the construction of the D-A-D scaffold. Upon 660 nm
laser irradiation, DAA NPs presented a high photothermal conver-
sion efficiency of 48.6% (pH 7.4) and a good '0, quantum yield
of 39.7% (12.5 mmol/L trifluoroacetic acid). After DAA NPs efficient
accumulation at the tumor site, anti-vascular DMXAA could be effi-
ciently released from the phototherapeutic agent DAA through the
weak acidity-promoted ester hydrolysis, thereafter to target vascu-
lar endothelial growth factor (VEGF) and effectively destroy vas-
cular for anti-vascular therapy. In addition, under the acidic tu-
mor microenvironment, the N atoms of DEAP were protonated. The
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photo-induced electron transfer (PET) process would be quenched
to turn on the intersystem crossing channel for 10, generation the
radiative decay channel for fluorescence imaging. Simultaneously,
the photothermal effect was enhanced after the protonation of the
DEAP group. In vitro studies showed excellent anti-vascular perfor-
mance on human umbilical vein endothelial cells (HUVECs). And in
vivo studies demonstrated that DAA NPs could accomplish fluores-
cence imaging-guided synergistic anti-vascular therapy and pho-
tothermal/photodynamic therapy.

Many kinds of gas molecules, such as NO, CO, play essen-
tial roles as messenger molecules in the human body. In 1998,
NO-mediated cardiovascular disease treatment was awarded No-
bel Prize. From then on, gas therapy has attracted increasing re-
search attention. Recently, gap therapy has been applied to com-
bine with phototherapy to enhance the phototherapeutic effi-
cacy [108]. Dong’s group developed a nitric oxide (NO) donor-
containing phototheranostic agent DPP-NF NPs for synergistic gap
therapy and phototherapy (Figs. 12b and c) [109]. 4-Nitro-3-
trifluoromethylaniline moiety was introduced into the side chain
as the NO donor for photo-induced gas therapy. And dimethy-
laminophenyl units were flanked at the periphery sites of the DPP
core for pH-enhanced PDT/PTT. The photothermal conversion effi-
ciency of DPP-NF NPs was determined to be 45.6% under 660 nm
laser irradiation. Upon photoirradiation of DPP-NF NPs, a photo-
induced rearrangement from nitro- to nitrite- took place to gen-
erate NO radicals; While under dark, almost no nitric oxide could
be produced by DPP-NF NPs. This controllable release behavior of
DPP-NF NPs could overcome the drawback of excessive NO-release.
Based on the HeLa-bearing mice model, DPP-NF NPs exhibited ex-
cellent fluorescence imaging-guided anti-tumor effect by the com-
bination of gas therapy and pH-activated PDT/PTT.

3.4. DPP-based carbon dots as phototherapeutic agent

In recent years, carbon dots (CDs), a kind of quasi-OD carbon-
based nanomaterials, are widely used in optical/energy devices and

b
"w DSPE-mPEG 009

@ DPP-NF

/

cell death

\

PTI /FI

Lysosome
(pH 4.5 ~5.0)

Fig. 12. Multi-functionalization of DPP. (a) DAA NPs with synergistic anti-vascular activity and pH-enhanced PDT/PTT. Copied with permission [107]. Copyright 2019, Royal
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nanomedicine, because of their excellent photostability, water sol-
ubility, and biocompatibility [110]. Fluorescent carbon dot DPP-CD
based on DPP-derived small molecular dye and chitosan was devel-
oped through a simple one-pot hydrothermal method [111]. It not
only maintained the capability of the DPP photosensitizer to pro-
duce '0,, but also possessed excellent hydrophilicity and biosafety.
In vitro and in vivo experiments showed that DPP carbon dots ef-
fectively inhibited the growth of tumor cells under laser irradia-
tion.

4. Conclusions and outlook

Herein, we have summarized recent advances towards the de-
sign and construction of DPP-based small molecular dyes for tumor
phototheranostics. Owing to remarkable structural tunability, vari-
ous side chains and peripheral m-conjugated units can be intro-
duced to endow multi-functionalization. Hydrophilic side chains,
such as hyaluronic acid (HA) can be introduced to form photother-
anostic nanomicelles with good tumor-target performance. In ad-
dition, pH-responsive side chains can also be introduced to en-
able DPP photosensitizer as a chemotherapeutic drug carrier, thus
accomplishing enhanced chemotherapy and phototherapy. Further-
more, to extend the m-conjugation of DPP derivatives, different
building blocks, such as porphyrin, BODIPY, BDT, and BT, are em-
ployed to construct functional dyes and corresponding photother-
anostic nanoplatform. Fusing the DPP unit to build polycyclic aro-
matic molecules can also be used for imaging-guided photother-
apy. Last but not least, through modification of the side chain
and the m-conjugated system, other therapeutic modes, such as
gas therapy and anti-vascular therapy, can be combined with pho-
totherapy.

With the abundant modification of the DPP core, many func-
tional dyes have been synthesized as multifunctional anti-tumor
phototheranostic nanoplatform. Nevertheless, there are still some
challenges for the development and application of DPP-derived
small molecular dyes. First, with the feature of easy structure
tunability of DPP, it is of great superiority to develop DPP-
derived small molecular dyes and finely tune the triplet states
for type I PDT, which can overcome the hypoxia issue for tra-
ditional PDT. Second, many DPP-based small molecular dyes are
now passively accumulated in the tumor tissues through the EPR
effect. As a result, it is urgent to exploit small molecular DPP
dyes with the active tumor-target property. In addition, to fully
take advantage of the tumor microenvironment for enhanced pho-
totherapeutic efficacy, it is of great significance to develop tu-
mor microenvironment-responsive DPP dyes. Third, as-developed
DPP-based small molecular dyes mainly work in the NIR-I bio-
logical window at present. To further exploit the application of
DPP-based small molecular dyes for optical imaging and photother-
apy, DPP-derived dyes with NIR-II absorption or fluorescence emis-
sion should be taken into consideration. Fourth, immunotherapy
is a promising personalized anti-tumor approach. It is of great
significance to develop multifunctional DPP-based dyes for com-
binational phototherapy and immunotherapy [112]. Furthermore,
based on the “all-in-one” strategy, it is essential to integrate opti-
cal/acoustic/magnetic imaging modes and other therapeutic modes,
such as chemodynamic therapy or gene therapy, into the multi-
functional DPP dyes.
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