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Photodynamic therapy (PDT) is a method of the treatment of localized cancers, based on 
a photochemical reaction between a light-activated molecule or photosensitizer (PS), light, 
and molecular oxygen. Correct choice of PS is of fundamental importance for PDT efficacy. 
Despite numerous studies in this field, most known PS have some drawbacks, e.g.  lack of 
specificity and aggregation in aqueous media. Consequently, the search for an ideal PS is es-
sential for further development of PDT. Here we review classification and analyse main features 
of different generations of PS and describe the mechanisms of their action. Various methods 
of targeted delivery of PS to tumor cells are discussed. The advantages of PS nanoparticles 
with the effect of aggregation-induced emission (AIE) over the classic photosensitizers are 
presented. A possibility of practical application of such light-emitting structures in cancer 
phototherapy is shown.
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ABBrEVIATIONS

AEMA — 2-aminoethyl methacrylate
ALA — 5-aminolevulinic acid
AlPc — aluminum–phthalocyanine chloride
AlPcS4 — aluminium-phthalocyanine tetrasulphonated (Photo-

sens)
AlS2Pc — disulfonated phthalocyanine
BDP — borondipyrromethene
BHQ3 — black hole quencher3 
BSA — bovine serum albumin
c(rGDfc) — Arg-Gly-Asp-d-Phe-Cys cyclicpeptide
crGD — cyclic arginine-glycine-aspartic acid
DCF-DA — dichlorofluoresceindiacetate

DMSO — Dimethylsulfoxide
DPBA-TPE — (3,3’-(2,5-dimethoxy-1,4-phenylene)bis(2-(4-

bromophenyl)acrylonitrile)-tetraphenylethene
DSPE-PEG-Mal — 1,2-distearoyl-sn-glycero3-phosphoethanol-

amine-N-[maleimide(polyethylene glycol)] 
DTPEBBTD — Donor-tetraphenylethene- benzo[1,2-c:4,5-c’]

bis([1,2,5]thiadiazole)
Fr/NIr — far-red/ near-infrared
GFLG — Gly-Phe-Leu-Gly-peptide
HPMA — N-(2-hydroxypropyl)methacrylamide
m-THPP — meta-tetra(hydroxyphenyl)porphyrin (Foscan)
PEG — polyethyleneglycol
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PLGA — poly(lactic-co-glycolic acid)
PLGVr — Pro-Leu-Gly-Val-Arg-peptide
PpIX — protoporphyrin IX
PVM/MA — poly(methylvinyl ether-co-maleic anhydride
rOS — reactive oxygen species
TICT — Twisted Intramolecular Charge Transfer state
TPA FN — 2,3-bis[4-(diphenylamino)phenyl]fumaronitrile
TPE-red — 2-((4-(2,2-bis(4-methoxyphenyl)-1-phenylvinyl) 

phenyl)(phenyl)methylene)malononitrile

TPE-TPA-DCM — 2-(2,6-bis((E)-4-(phenyl(4′-(1,2,2-
triphenylvinyl)-[1,1′-biphenyl]-4-yl)amino)styryl)-4H-pyran-
4-ylidene)malononitrile

TPETPAFN — 2,3-bis(4-(phenyl(4-(1,2,2-triphenylvinyl)phenyl)
amino)phenyl)fumaronitrile

TPPS4 — 5,10,15,20-tetrakis(4-sulfanatophenyl)-21H,23H-por-
phyrin

TTD — (2-(2,6-bis((E)-4-(phenyl(4′-(1,2,2-triphenylvinyl)-[1,1′-
biphenyl]-4-yl)amino)styryl)-4H-pyran-4-ylidene)malononitrile

UCNPs — upconversion nanoparticles

Introduction

Photodynamic effect is dated back to 1900 and 
associated with O. raab, who obtained experi-
mental results in the laboratory of H. Von 
Tappeiner at the University of Munich. The 
essence of this phenomenon is that Paramecia 
cells (cilius infusoria) stained by acridine or 
other fluorescent dyes, such as quinine, methyl 
phosphine and eosin, in the presence of oxygen 
and visible light stopped moving and died [1]. 
The first  clinical  application of PDT was de-
scribed by von Tappeiner and Jesionek in 1903, 
who applied eosin to basal cell carcinomas 
prior to illumination [2]. Later on, Von Tappeiner 
and  Jodlbauer defined PDT as  the dynamic 
interaction between light, a photosensitizing 
agent, and oxygen resulting in tissue destruction 
[3]. It took another 70 years, however, before 
the possibilities of PDT for the treatment of 
cancer became actually recognized.

In 1975, T. Doughertyet et al. reported that 
the hematoporphyrin derivative (HpD, 
Photofrin I) in combination with red light 
(more than 632 nm) could completely eradicate 
the mouse mammary tumor and Walker-256 
carcinoma in rats [4]. Clinical trials with HpD 
were subsequently carried out to treat patients 
with bladder cancer and skin tumors. In the 
first  studies  a  tube  light  source with  a filter 

system was used, and in 1980 the laser radia-
tion with a wavelength of 630 nm was suc-
cessfully applied. A few years later, T. 
Dougherty with colleagues isolated an active 
fraction of hematoporphyrin “Photofrin II”, 
which differed from “Photofrin I” not only by 
an increased selectivity of accumulation in 
tumors but also by more pronounced antitumor 
effect [5]. These drugs, like their analogues, 
are the first-generation PS and, along with high 
therapeutic activity, have a number of signifi-
cant drawbacks, and above all, generalized 
phototoxicity.

In 1990, J. Kennedy et al proposed a fun-
damentally different approach to PDT, based 
on the use of endogenous mechanisms of in-
ducing photosensitivity [6]. The idea was 
based on creation of such conditions in the 
human organism which would produce a syn-
thesis of an excessive amount of endogenous 
porphyrins in tumor tissues capable of active 
generation of singlet oxygen. For this purpose, 
d-aminolevulinic acid, the natural precursor of 
protoporphyrin IX, and sufficiently active PS 
with absorption maximum at 630 nm were 
used. Thus the drugs for fluorescent diagnos-
tics and PDT of keratosis, bladder cancer and 
brain tumors have been developed.
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Today, PDT is an established method of the 
treatment of localized cancers. The representa-
tive advantage of PDT is an ability to destroy 
cancers without destroying normal tissue struc-
tures surrounding the tumor. Additionally, the 
treatment can be repeated without cumulative 
toxicity. PDT has a number of advantages over 
the traditional methods of treatment, in par-
ticular, low invasiveness, high selectivity of 
tumor destruction, combination of diagnosis 
and therapy in a single scheme, the absence of 
severe systemic and local complications. The 
antitumor effects of this type of treatment are 
due to a combination of direct cell photodam-
age, destruction of the vasculature of the tumor 
and initiation of the immune response. The 
correct choice of PS is of fundamental impor-
tance for ensuring the PDT effectiveness. 
Nevertheless, despite numerous studies and 
encouraging results obtained in anti-cancer 
PDT using PS, most of PS have some obvious 
drawbacks, such as lack of specificity and ag-
gregation  in aqueous media, which  limit  the 
PDT application in clinics. Consequently, the 
search for an ideal PS is an actual purpose for 
the further development of PDT.

The aim of this study is to summarize the 
literature data on the photochemical properties 
of PS and nanoparticles of PS (NPs) possess-
ing the effect of aggregation-induced emission 
(AIE) and to consider the possibility of using 
this effect for application of such light-emitting 
structures in clinical practice.

Mechanism of PDT
Photodynamic therapy of tumors is based on 
photophysical and photochemical processes 
involving the PS molecules and described in 
many articles [7-9]. Most of the PS molecules 

have the following location of energy levels: 
S0, T1ππ*, S1ππ*, T2nπ*, S2nπ* and are character-
ized by  a  significant fluorescence quantum 
yield (φf) and high resistance to photochemical 
action [10]. At present, the main factors influ-
encing the relative position of energy levels 
and, consequently, the fluorescence intensity, 
emission wavelengths and other fluorescence 
parameters are established for many hetero-
aromatic molecules [11, 12].

Based on the knowledge of the electronic 
structure of the PS molecule, it is possible to 
consider the mechanisms of their action. The 
photophysical processes, which occur at ab-
sorbed and emitted of light by PS molecules, 
can be represented by the scheme (Fig. 1). 

To obtain a therapeutic photodynamic ef-
fect, the molecules of PS must undergo to its 
excited triplet state as a result of intersystem 
crossing (ISC S1*→T1*). Additionally, PS can 
react with different surrounding molecules, 
generating radicals – (type I photoreaction), as 
well as catalyze the conversion of triplet oxy-
gen (3O2) into the active excited singlet state 
by the triplet-triplet energy transfer mechanism 
(1O2) – (type II photoreaction) [14]. The PS* 
in active form directly interacts with the sub-
strate molecules of the rH cell to form two 
radicals. The first radical is the hydrogenated 
form of the sensitizer oxidized by atmospher-
ic oxygen to the original structure of PS. 
Another radical — the radical of the sub-
strate — can oxidize other substrates or, at 
oxygen addition, form peroxide radical. The 
type II oxidative reactions are carried out by 
singlet oxygen, which is the most destructive 
species generated in the PDT process [15, 16]. 
Exactly, singlet oxygen generated by the pho-
tochemical reaction can directly kill tumor 
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cells and damage the vasculature of the tumor. 
The cell targets susceptible to reaction with 
singlet oxygen include unsaturated lipids, cho-
lesterol,  α-amino  acids  (tryptophan)  and nu-
cleic acids (guanine) [17].

Currently, several new ideas are proposed 
regarding the mechanism of photosensitized 
generation of excited oxygen in the singlet 
state, which facilitates the targeted selection 
of sensitizers for photodynamic cancer therapy 
[18, 19]. These mechanisms of activation of 
singlet oxygen involve energy transfer, which 
depends on exchange interactions, SOC, 
charge transfer, intra- and intermolecular vi-
brations [20, 21].

Thus, under the influence of the energy of 
light radiation in the cells of microbes or tis-

sues which captured the sensitizer, a photo-
chemical reaction occurs with the generation 
of singlet oxygen and free radicals — highly 
active biological oxidants, cytotoxic for most 
biological species, which leads to the death 
and destruction of tumor cells, microorga-
nisms, etc.

The effectiveness of PDT in the treatment 
of cancer depends on the type of PS, its con-
centration, intracellular localization, the exci-
tation wavelength of PS and availability of 
oxygen. Singlet oxygen generated by the pho-
tochemical  reaction  considerably more  effi-
ciently oxidizes the internal elements of cells, 
which leads to the destruction of internal mem-
branes and can directly kill tumor cells by the 
induction of apoptosis and necrosis [22]. It also 

Fig.1.Modifed Jablonski diagram. Photophysical processes involved in PDT: 1) absorption, 2) fluorescence, 3) inter-
nal conversion (IC), 4) intersystem crossing (ISC), 5) phosphorescence, 6) formation of free radicals from T1 PS, and 
7) formation of singlet oxygen (1O2) from triplet oxygen (3O2) [13].
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damages the vasculature of the tumor and sur-
rounding healthy vessels, resulting in indirect 
tumor kill via the induction of hypoxia and 
starvation. Moreover, PDT is able to initiate 
an immune response against the remaining 
tumor cells. The mechanisms and treatment 
regimen can make a certain contribution to the 
outcome of PDT [23].

Photosensitizers
Photosensitizers are the light-adsorbing mol-
ecules, which induce chemical reactions impos-
sible in their absence [24, 25]. By selecting PS 
with corresponding wavelength, it is possible 
to regulate the ability of light to penetrate into 
biological tissues. After the tumor irradiating, 
the photophysical and photochemical reactions 
develop in the tumor sites containing PS, which 
finally leads to the death of cancer cells. The 
fluorescence  intensity of PS can be a ground 
for assessment of the tumor size and localiza-
tion. Thus, the success of PDT depends on the 
correctly selected PS. Now, the main criteria 
for PS used in PDT have been established: 

•  absorption spectrum of PS should range 
from 650 to 850 nm. In this range called 
the “phototherapeutic window” light 
penetration into tissue is maximal.

•  high photochemical activity of PS char-
acterized by the maximum yield of 
toxic metabolites of oxygen;

•  high affinity and selectivity of accumu-
lation in pathological target-cells with 
minimal amount in surrounding healthy 
tissues;

•  absence of phototoxicity of degradation 
products.

The main characteristics of various genera-
tions of PS are presented in the study [26, 27].

A lot of the porphyrin derivatives (hemato-
porphyrin and its derivative (HpD) were in-
vestigated as the first-generation photosensitiz-
ers  for PDT  [28,  29].  In  1993  the  purified 
fraction of the active material in HpD, porfimer 
sodium (λabs=630 nm), became the first PS to 
be approved for PDT. However, porphyrin’s 
PS have some disadvantages, such as light 
absorption at relatively short wavelengths, low 
extinction coefficients and prolonged induction 
of skin photosensitization (1-2 months).

The second-generation photosensitizers in-
clude porphyrins (m-THPP and TPPS4) and 
related compounds: porphycenes, chlorins, 
phthalocyanines  (Pc4,  λabs=670-700 nm); 
AlPcS4  (λabs=676  nm);  AlS2Pc  (λex=650-
670 nm), ALA etc. [23]. They are activated by 
light of longer wavelengths (650-800 nm), 
which penetrated deeper and more selectively 
accumulated in the tumor tissue. However, most 
of second-generation PS exhibit high hydropho-
bicity, which limits their clinical effectiveness 
and leads to decreasing photodynamic activity 
or pharmacokinetic problems. The reason of a 
decrease in activity is the aggregation of mol-
ecules, which results in poor distribution in the 
tissue, preventing intravenous use. 

Currently, the numerous PS absorbing in a 
longer wavelength visible and NIr spectral 
regions (metal complexes of porphyrins, phtha-
locyanines, etc.), and thereby contributing to 
the effective destruction of deep-lying tumors 
were created: tin ethyl etiopurpurin, mono-L-
aspartylchlorin e6, benzoporphyrin derivative, 
and lutetium texaphyrin. They have absorption 
bands at relatively longer wavelengths 660, 
664, 690 and 732 nm, respectively.

A promising group of PS is 2, 3-naphthalo-
cyanines. Their spectra show a strong batho-



254

O. V. Korneev, T. V. Sakhno, I. V. Korotkova

chromic shift of the long-wavelengths band 
into the NIr region - up to 800 nm and further. 
Therefore, they are used in therapy in combi-
nation with available diode lasers emitting in 
the NIR spectral region. The difficulty is in the 
propensity of water-soluble naphthalocyanines 
to aggregate in solutions greatly decreasing the 
quantum yield of 1O2 generation [30]. To elim-
inate the possibility of aggregation of hydro-
phobic PSs in aqueous media, water-dispers-
ible nanocarriers have been proposed.

The  third-generation PS  is  a modification 
of the second-generation PS with biologic 
conjugates such as carriers, antibodies or lipo-
somes for improvement of their physical, 
chemical and therapeutic properties. These 
compounds often actively targeted the tumor 
providing a higher selectivity. Most biological 
targets are the membranes that undergo rupture 
and the cells destroyed through the membranes 
around the mitochondria and the lysosomes. 
These  organelles  induce  subsequent  cellular 
destruction by necrosis or apoptosis [26]. An 
efficient PS of the third generation is the sys-
tem composed of the hydrophobic photosen-
sitizer AlPc associated with water dispersible 
PVM/MA NPs. This system showed improved 
photophysical and photochemical properties 
in aqueous media in comparison to free PS and 
are proved to be effective against cancerous 
cells of the murine mammary carcinoma cell 
lineage 4T1, human mammary adenocarci-
noma cells MCF-7 and the mammary epithe-
lial cell line MCF-10A [16]. 

Nanoparticles creation. An important step 
in PDT is pre-determined delivery of PS to the 
tumor targeted cells that allows increasing the 
selectivity of photosensitizer accumulation in 
the tumor. At present, the possibility of using 

NPs based on organic and inorganic materials 
as targeted delivery systems of PS as well as 
for visualization of the tumor and therapy is 
being actively investigated [27]. Nanoparticles 
containing PS have several advantages over 
the initial photosensitizing drugs, since they 
allow increasing the concentration of PS in the 
target tissue, as well as enhancing their pho-
todynamic activity, despite a decrease in the 
sensitizer activity to generate reactive oxygen 
species [31]. 

Besides, NPs can be additionally loaded 
with various compounds, in turn, enhancing 
the effect of treatment. It has been established 
that the use of a heterogeneous system of de-
livery of PS to a tumor with NPs encounters 
an complication as reticuloendothelial system 
quickly removes such particles from the blood-
stream [32]. However, the coating of NPs with 
polymers (first of all, PEG) allows solving this 
problem.

Nanoparticles based on inorganic materi-
als. Inorganic nanoparticles are being actively 
developed to encapsulate PS. A wide range of 
NIr responsive nanomaterials such as gold 
nanoparticles, carbon nanotubes, grapheneox-
ide and upconversionnanocrystals is used as a 
basis for theranostic applications in PDT. 
These nanomaterials are able to absorb light 
in  the  region outside  of  tissue  autofluores-
cence, improving imaging quality. Moreover, 
due to large surface area, they act as a scaffold, 
on which PSs, targeting moieties, other diag-
nostic agents and other therapeutics can be 
assembled [33].

The systems based on metal and metal ox-
ide NPs, for example, noble metal NPs (silver 
and gold) have been created. Immobilization 
of PS on nanocarriers allows increasing their 
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bioavailability,  reducing  an  influence on  the 
organism as a whole, by influencing the tumor 
area. It is possible to achieve an increase in 
the quantum yield of reactive-oxygen-species 
(rOS) generation in the systems containing 
gold NPs. It is attractive to use as carriers PS 
of a double hybrid system containing both 
polymers and gold NPs [34]. According to this 
principle a composite PS was created, which 
consisted of gold NPs in a copolymer dextran-
polyacrylamide matrix and chlorin e6. 
Nanocomposite PS in in vitro experiments with 
malignant cells of the MT-4 line showed pho-
todynamic antitumor activity 2-fold higher 
than that of free chlorine e6. High antitumor 
photodynamic activity of the nanocomposite 
was confirmed in experiments in vivo in mice 
with transfused Lewis lung carcinoma. 

In [35] indocyanine green (ICG)-loaded 
hollow mesoporous silica NPs (ICG/HMS NPs) 
are described. When the ICG NPs are loaded 
into the HMSNPs, they are forced to aggregate 
and as a result, fluorescence and singlet oxygen 
generation of photosensitizer-loaded HMSNP 
becomes self-quenched (i.e. turned off) because 
of the fluorescence resonance energy transfer 
between ICG molecules. After the NPs enter 
the cancer cells via endocytosis, they become 
strongly fluorescent and phototoxic. 
Additionally, intracellular absorption of the 
ICG nanosystem in HMSNP becomes 2.75 
times higher than that of free ICG, resulting in 
an enhanced phototherapy of cancer. 

Nanoparticles based on organic materi-
als. When creating nanoparticles based on 
organic materials PS can be encapsulated in 
such delivery agents as liposomes, micelles, 
and polymers. The liposomes of various struc-
tures are used as carriers for PS [36]. The 

latter can be encapsulated in either the aqueous 
phase of liposomes or their lipid bilayers, de-
pending on the hydrophilicity [37]. For ex-
ample, to improve the selectivity of photodi-
tazine (PS based on chlorine e6 derivative) 
accumulation in the tumor tissue, the liposome 
composite of photoditazine was created [38].

A variation of the targeted transport system 
is the PS conjugation with oligonucleotides, 
proteins and other biostructures or their frag-
ments. An example of such a transport system 
is presented in [39]. Nanoparticles of the fo-
late-modified copolymer of PLGA were used 
to deliver pheophorbide (Pba) to the tumor. 
The obtained NPs of folate-PLGA-Pba in-
creased the effect of absorption and death of 
human gastric cancer cells MKN28. The pro-
nounced fluorescence  of Pba  indicated high 
accumulation of FA-PLGA-Pba NPs in tumor 
site of the MKN28 tumor muscle model.

Similar encapsulation of PSs into an am-
phiphilic polymer of hyaluronic acid (HA) NPs 
is presented by Yoon et al in [40]. The hyal-
uronic acid NPs were used for delivery of the 
hydrophobic PS, chlorin e6 (Ce6).

The chemical conjugation of aminated 
5β-cholanic acid, PEG and BHQ3 to the HA 
backbone resulted in self-assembled HA NPs 
(Fig. 2). The strategy for targeting the tumor 
site with the HA NPs is based on the binding 
of HA to CD44 receptors. Ce6-loaded-HA NPs 
rapidly released Ce6 in the tumor tissue due 
to the degradation of the HA backbone in the 
presence of the hyaluronidase abundant in the 
cytosol of tumor cells. After 30-min incubation 
with Ce6-HA NPs, a fast cellular uptake and 
intracellular fluorescence generation of Ce6-
HA NPs in HT29 cells were observed along 
with enhancement of  the fluorescence  inten-
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sity. The HT29 cells treated with Ce6-HA NPs 
were damaged after 2 min irradiation with NIr 
laser, and their viability was lower than 10 %.

PSs based on nanoparticles with an AIE 
effect. Most fluorophores entering the PS are 
fluorescent  in  dilute  solutions,  but  once  the 
molecules  are  aggregated,  their  fluorescence 
decreased  or  quenched  completely  [41,  42]. 
This phenomenon is called the aggregation-
caused quenching. Its mechanism includes the 
strong intermolecular π-π stacking interaction 
between aromatic rings that are the fragments 
of  almost  all  fluorophore’s molecules. Once 
the aggregates are formed, their excited states 
are deactivated via non-radiative channels.

This property has been utilized in the field 
of PDT in many studies [35, 43]. However, the 
molecules of other special types in the aggre-
gated form demonstrate an opposite effect 
resulting in so-called aggregation-induced 
emission (AIE). Here, the luminogens (called 
AIEgens) are non-emissive as molecules, but 
once the aggregates are formed, they become 
emissive [41]. This phenomenon was first re-
ported in 2001 by Tang et al in [44]. In 2002 
Park et al reported aggregation-induced en-
hanced emission (AIEE) in similar materi-

als [45]. Since then, AIE and AIEE have at-
tracted considerable attention for fundamental 
research and potential applications in such 
fields  as  organic  light-emitting devices,  bio-
chemical probes and chemosensors. Several 
mechanisms have been proposed to explain the 
AIE and AIEE effect: restriction of intramo-
lecular rotations, restriction of intramolecular 
vibrations and restriction of intramolecular 
motions [41]. At present, new general models 
for interpreting the AIE processes are created.

An archetypical AIEgen is tetraphenyle-
thene (TPE), with four phenyl rings freely 
connected  to  a  central  olefin  structure.  In  a 
solution state, the rotation of these rings pro-
vides a non-radiative way of dissipating exci-
ton energy and as a result, TPE has almost no 
fluorescence in dilute solution. However, when 
TPE is aggregated by, for example, the intro-
duction of a poor solvent such as water, the 
rotation is physically restrained (referred to as 
the restriction of intramolecular motion) and, 
moreover, the twisted structure of this mole-
cule hinders the π-π stacking interaction. This 
process leads to the emergence of AIE 
fluorescence [41]. This property produces in-
teresting opportunities for using TPE in PDT.

Fig. 2. Chlorin e6-loaded hyaluronic acid nanoparticles.
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The AIE effect can be used to create NPs 
or  dots with  bright fluorescence,  due  to  the 
aggregation of fluorophores  inside  the NPs. 
Aditionally, it can be used to produce some 
kind of responses to the environment and to 
enable the imaging and subsequent localization 
of PDT (image-guided therapy).

Using a pronounced emission of AIE-
luminogenes in an aggregated state, AIE-dots 
were created. AIE-dots are very small organic 
nanoparticles with different functionalities 
demonstrating high brightness, strong photo-
bleaching resistance and excellent biocompat-
ibility. AIE-dots successfully used in targeted 
cellular and subcellular imaging, as well as in 
tracking cancer cells in vitro and in vivo. 

TPE-TPA-DCM possessing both TICT and 
AIE features was synthesized. The fabricated 
BSA NPs show efficient FR/NIR fluorescence 
with low cytotoxicity [46]. When adding the 
TPE-TPA-DCM solution in THF to the aque-
ous solution of BSA, the TPE-TPA-DCM mol-
ecules  aggregate  and  the fluorogen-loaded 
BSA NPs are formed instantly. The maximum 
emission of the fluorogen-loaded BSA NPs is 
located at 668 nm. The φf values of the fluo-
rogen-loaded BSA NPs  reached ≈12 % at  a 
fluorogen loading of 3.07 wt %. It was found 
that fluorogen-loaded BSA NPs  сan be  suc-
cessfully used for in vitro and in vivo Fr/NIr 
bioimaging for the MCF-7 breast-cancer cells 
and a murine hepatoma-22 (H22)-tumor-bearing 
mouse model.

The ability to image the single-cell migra-
tion in real time is important in many areas of 
research, such as the detection of cancer me-
tastases, cell therapy and the immunology of 
lymphocytes. To understand the genesis, de-
velopment, invasion and metastasis of cancer-

ous cells, it is required continual tracing of the 
biological processes by cytocompatible fluo-
rescent probes over a long period of time. The 
FR/NIR fluorogen TPAFN was designed as an 
adduct of triphenylamine (TPA) and fumaroni-
trile (FN) with the AIE-effect. Then TPE was 
attached to TPAFN to produce TPETPAFN. 
The latter is an example of novel class of 
promising long-term cell tracing probes [47, 
48]. The pure THF solution of TPAFN shows 
weak red fluorescence with an emission max-
imum at 652 nm. With gradual addition of 
water to THF (water volume fractions fw˂70 %) 
the emission of TPAFN is weakened and shif-
ted from 652 to 665 nm. The TPAFN mole-
cules cluster into nanoaggregates due to the 
poor solubility and the emission became stron-
ger dramatically showing an obvious AIE ef-
fect when fw>70 vol. %. Additionally, the emis-
sion maximum shifts back to 655 nm similar 
to pure THF. The emission intensity at fw= 90 
vol. % is 12-fold higher than in pure THF 
solution. The φf of TPAFN and TPETPAFN in 
THF are as low as 2.32 and 0.59 %, whereas 
their φf in solid state reached 42.5 and 52.5 %, 
respectively. Further, the TPETPAFN-loaded 
lipid-PEG-encapsulated AIE dots were created 
with surface cell penetrating peptide for non-
invasive in vitro and in vivo cancer cell tracing. 
Bioconjugation of the AIE dots with cell pen-
etrating peptide derived from HIV-1 transac-
tivator of transcription (Tat) protein, yielded 
the Tat-AIE dots with high cellular internaliza-
tion efficiency. It was found that the Tat-AIE 
dots could trace the MCF-7 cells for 10–12 
generations in vitro and the C6 cells for 21 
days in vivo [47]. 

So far, AIE NPs (polymer NPs and silica 
NPs) with the blue to NIr emission have been 
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successfully developed and applied in vitro 
and in vivo [49]. However, the currently avail-
able NIr AIE NPs have the emission spectra 
below 700 nm with the absorption maxima 
below 500 nm. To obtain NIr-fuorescent AIE 
NPs with red/NIr absorption, the used mole-
cules should have a narrow band gap and AIE 
characteristics and the emission maximum of 
AIE NPs in the range of 780–820 nm. 

To achieve this goal, two series of donor–
acceptor–donor (D–A–D) structured com-
pounds: ɑ-DTPEBBTD-Cx and β-DTPEBBTD-
Cx were designed and synthesized (Fig.3) [50]. 
The monoalkoxy-substituted TPE as an elec-
tron donor formed the D–A–D structures with 
BBTD as an electron acceptor to produce the 
NIr emissive AIE molecules with desirable 
absorption and emission maxima for in vivo 
imaging applications. Noteworthy, 
β-DTPEBBTD-Cx consists of isomers due to 
the geometrical difference in the positions of 
monoalkoxyphenyl groups, whereas 
ɑ-DTPEBBTD-Cx does not.

All  compounds  show higher fluorescence 
intensities in aggregates than in pure THF, 
indicative of AIE characteristics. Interestingly, 
the fluorescence is generally enhanced with an 
icrease of the alkoxy chain length. Additionally, 
if the polarity of environment of molecule ag-
gregation is less than that of water, the gradu-
al blue shifts are observed for the emission 
maxima when fw changes from 50 to 90 vol.% 
(from 836 nm to 798 nm for ɑ-DTPEBBTD-Cx 
and to 816 nm for β-DTPEBBTD-Cx). These 
results demonstrated that the molecules not 
only show AIE characteristics but also have 
emission maxima in the 780–820 nm range. 
The φf of the AIE NPs gradually increased 
when longer substituents were used (from 

3.8 % to 4.8 % for ɑ-DTPEBBTD-Cx and from 
2.2 % to 3.8 % for β-DTPEBBTD-Cx). The 
obtained NIR fluorescent ɑ-DTPEBBTD-C4 
NPs have been successfully applied to the NIr 
fluorescence  image-guided  cancer  surgery. 
They have demonstrated great potential for the 
accurate tumor detection with a high tumor-
to-normal tissue ratio of 7.2, which enabled 
the surgeons to perform image-guided surgery 
to remove tiny tumors [50].

The molecule with an AIEgen, two triphe-
nylamine, two TPE moieties and a red-emitting 
TTD part in the center was used to create AIE-
dots. Encapsulation of TTD using DSPE-PEG-
Mal as the encapsulation matrix, followed by 
the surface functionalization with the target 
moiety of the crGD tripeptide was utilized to 

Fig. 3. Structures of D–A–D compounds: ɑ-DTPEBBTD-
Cx and β-DTPEBBTD-Cx (x — the number of carbon at-
oms of the alkoxy chain on the TPE blocks, and x is 1, 4 
or 8).
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prepare the targeted TTD NPs (T-TTD NPs) 
with a mean size of ~ 30 nm (Fig. 4) [51]. The 
T-TTD NPs show bright red fluorescence with 
an emission maximum at 660 nm. To test the 
targeting effect of T-TTD NPs, the MDA-
MB-231 cancer cells with overexpressed avb3 
integrin on the cellular membrane were chosen 
as integrin-positive cancer cells. They were 
incubated  and  the  red fluorescent  signals  in 
MDA-MB-231 cells were observed at different 
time points of incubation.

The rOS production by T-TTD NPs after 
the cancer cell uptake was evaluated using the 
fluorescent  dye DCF-DA. The  strong green 
fluorescence of DCF was observed inside the 
cells, demonstrating efficient ROS generation 
from the T-TTD NPs. The studies on cell vi-
ability showed that the T-TTP NPs could se-
lectively and efficiently kill cancer cells with 
overexpressed αvβ3 integrin.

Li et al. attached crGD to the end of the 
amphiphilic PEG, targeting integrin ανβ3 over-
expressing cholangiocarcinoma cells (CC) 
[52]. The T-TTD dots were prepared by the 
modified  nanoprecipitation  method  using 
DSPE-mPEG and DSPE-PEG2000-crGD to 
form NPs with TTD molecules encapsulated 
as the hydrophobic core and crGD exposed 
to the aqueous media. The emission spectra of 

T-TTD dots have maximum at 660 nm. The 
ROS quantum yield of T-TTD dots was deter-
mined to be 0.51, which is comparable to 
clinically  used PSs  such  as Photofrin  (φ = 
0.28) or Laserphyrin (φ=0.48) [52]. Thereby, 
the obtained AIE-dots showed high specificity 
to CC, and also had an excellent antitumor 
effect both in vitro and in vivo. 

The fluorescent probe systems DPBA–TPE 
with the AIE characteristics, which emit strong 
red fluorescence and can efficiently generate 
rOS in the state of aggregates are presented 
in [53]. DPBA–TPE in THF showed an ab-
sorption maximum at 480 nm and weak or-
ange–red fluorescence with the emission max-
imum at 619 nm. The AIE properties of 
DPBA–TPE were analyzed by measuring its 
photoluminescence spectrum changes in water/
THF mixtures with different values of fw. It 
was established the enhancing of DPBA–TPE 
emission with increasing fw ≈50 %. These data 
indicate that DPBA–TPE possesses AIE char-
acteristics. 

The ability of the DPBA-TPE system to 
generate rOS in aggregated state was studied 
also. The mixed aqueous solution of DPBA–
TPE (10.10-6 M) showed a quick  increase  in 
the fluorescence at 530 nm upon exposure to 
white light irradiation (250 mWcm-2) within 

Fig. 4. Schematic illustration of  
T-TTD NPs formation
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minutes, indicating the DPBA–TPE aggregates 
to  be  capable  of  efficient  generation of  the 
singlet oxygen species. Based on DPBA-TPE 
and the PEG derivatives with a folic acid (FA) 
fragment, the nano-sized dots with bright red 
fluorescence  and high ROS generation were 
fabricated for cellular and mitochondrial dual-
targeting [53]. To deliver AIE dots to mito-
chondria, the cationic TPP, which are able to 
accumulate in mitochondria in response to high 
mitochondrial membrane potential, reacted 
with the AIE dot suspension to yield FA–AIE–
TPP dots. Folic acid promotes the cellular 
uptake to the folate receptor (Fr)-positive 
cancer cells, and TPP drives AIE dots to ac-
cumulate in mitochondria. The studies on сell 
viability revealed the dual-functionalized FA–
AIE–TPP dots showed more efficient antican-
cer PDT effects than the single-ligand-func-
tionalized AIE–TPP or AIE–FA dots. Thus, 
FA-AIE-TPP dots were  yielded  for  specific 
targeting of Fr-positive mitochondria of 
MCF-7 human breast carcinoma.

To achieve the mitochondrial targeting, 
various  cationic  lipophilic fluorescent  dyes, 
attracted to mitochondria due to large values 
of the membrane potential (ΔΨm), have been 
developed. The ΔΨm value is a critical param-
eter  reflecting  the mitochondrial  functional 
status and cell viability [54]. However, the 
photostability of these dyes is extremely low 
due to the effect of concentration on the emis-
sion quenching [55]. To solve this problem the 
potential of AIE-luminogens is widely used at 
present. Due to the AIE effect, the photosta bi-
lity  of  these  probes  improved  significantly. 
However, most of these probes emit in a short 
wavelength region and do not respond to the 
changes of ΔΨm. On the other hand, the probes 

emitting in a longer wavelength region offer 
various advantages such as minimum photo-
damage of biological samples, deep tissue 
penetration. An example of such luminogen is 
a mitochondrial specific AIE-luminogen, TPE-
Ph-In, obtained by incorporating indole salt 
into the TPE [56]. TPE-Ph-In emits weakly in 
DMSO. The emission of TPE-Ph-In enhanced 
about 70 times at the formation of aggregates 
in the solvent mixture DMSO/H2O when 
fw≈99 %. At that condition a stronger red fluo-
rescence at 670 nm was observed. Thus, TPE-
Ph-In is AIE active. More importantly, the 
fluorescence signals of TPE-Ph-In can direct-
ly  represent ΔΨm based on the positive cor-
relation between the fluorescence intensity and 
the local dye concentration in mitochondria. 
The possibility of applying TPE-Ph-In to de-
termine  the ΔΨm change in living cells was 
confirmed using the membrane-potential stim-
ulants, oligomycin and carbonyl cyanide 
3-chlorophenylhydrazone. The cells were 
treated with the stimulants prior to the staining 
process,  the fluorescence  changes were  re-
corded.

The using of TPE conjugated with dicya-
novinyl promoted the production of high two-
photon absorption cross section, thereby a 
promising two-photon imaging technology was 
established [57]. The conjugation of TPE with 
benzothiazole derivatives, which facilitates the 
self-assembly with NPs, was shown to be ef-
fective towards PC3 human prostate cancer 
cells, both in vitro and in vivo [54].

Mitochondria-targeting NPs were fabricat-
ed using AIE cross-linked copolymer (PAIE-
TPP), decorating with TPP as the mitochon-
dria-target group and possessing the segments 
of AIE monomer AEMA and HPMA (Fig. 5) 
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[58]. The average diameter of PAIE-TPP NPs 
is 260 nm. TPP can direct NPs specifically to 
mitochondria, and then generate rOS at spe-
cific sites, which leads  to mitochondrial col-
lapse and apoptosis of the cells. Namely, 
pH-sensitive linker allowed the PEG layer to 
be shed once the NPs were in an acidic envi-
ronment of tumor cells, after which the TPP 
moiety on the NPs allowed mitochondrial tar-
geting.  It  is  confirmed  that  the UCNPs,  to-
gether with  the AIEgen generate ROS effi-
ciently under NIr irradiation, which allowed 
effective PDT against A549 human lung cancer 
cells. The obtained NPs with a cross-linked 
copolymer not only emit an enhanced Fr/NIr 
fluorescence, but also generate highly reactive 
oxygen (77.9 %) [59].

The small energy gap (ΔEST) between the 
lowest singlet-excited state (S1) and the lowest 
triplet-excited state (T1) is favorable for ISC 

to  process  efficiency ROS generation. The 
ΔEST of AIEM is around 0.277 eV, such a small 
ΔEST is expected to promote the ISC process 
efficiently, benefiting ROS generation [59].

TPE derivative conjugated to the peptide 
chain and crGD was used to create a cathep-
sin B sensitive probe. Cathepsin B is a lyso-
somal protease overexpressed in many types 
of tumors [60]. An activatable probe can be 
created by incorporating a target ligand and a 
substrate that can be cleaved by cathepsin B. 
Cathepsin B sensitive probe makes it possible 
to achieve highly specific cancer cell killing 
as a result of the dual selection processes [61]. 
The probe is composed of four parts: 1) an 
orange fluorescent AIE fluorogen as an imag-
ing reagent and photosensitizer, 2) a GFLG 
peptide substrate that is responsive to cathep-
sin B, 3) a hydrophilic linker with three Asp 
(D3) units to increase the hydrophilicity of the 

Fig. 5. Schematic illustration of the PAIE-TPP NPs as mitochondria-targeted agents
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probe, and 4) a crGD-targeting moiety 
(Fig. 6).

TPE was used as AIE fluorogen. The incor-
poration of dicyanovinyl groups into TPE yield-
ed to shift of emission from orange to red re-
gion. To test whether the dicyanovinyl-modified 
TPE derivative retained the AIE properties, the 
fluorescence  intensity  of  TPECM-2N3 in 
DMSO/H2O mixtures with different fw was stud-
ied. TPECM-2N3 was found to be almost non 
fluorescent  in DMSO. However,  as  fw value 
increased  to 99 %,  the fluorescence  intensity 
increased by 105 times compared with DMSO. 
These results indicate that the dicyanovinyl-
modified TPE retains the AIE properties. The 
probe itself is almost nonfluorescent in aqueous 
media. After cancer-cellular uptake, a cleavage 
of the GFLG substrate by cathepsin B should 
lead  to  enhanced fluorescence  signal output 
concomitant with activated photoacti vi ty. For 
the presented probe, it was observed a steady 
increase in the fluorescence of the probe solu-
tion during 60-min incubation with cathepsin B 
in DMSO/buffer (1:199, v/v). The increasing of 
fluorescence at 35-fold higher than the intrinsic 
emission of the probe was observed. The ag-

gregate formation clearly explains the probe 
fluorescence turn-on in the presence of cathep-
sin B. The key role in probe properties plays its 
low cytotoxicity. The evaluation of the probe 
cytotoxicity to MDA-MB-231, MCF-7, and 
293T cells upon incubation for 24 h in the dark 
revealed no significant cytotoxicity for any of 
tested cells, even when the probe concentration 
reached 50 µm. However, upon irradiation with 
light, a dose-dependent cytotoxicity was ob-
served in MDA-MB-231cells and only minimal 
toxicity in MCF-7 and 293T cells. At the same 
time, the pretreatment of MDA-MB-231 cells 
with crGD decreased cell death, which is in 
agreement with the apoptosis studies. 
Furthermore, the probe-stained MDA-MB-231 
cells were exposed to irradiation with light for 
different durations. A stronger inhibition of cell 
via bi li ty was observed at a longer laser irradia-
tion [61].

To identify solid tumor cells the biosensor 
TPPP was proposed, which consisted of a PS 
PpIX and an AIE molecular TPE with 
PEGylated PLGVR peptide  sequence  as  a 
linker [62]. When TPPP arrives at the tumor 
tissue, the overexpressed MMP-2 in tumor 

Fig. 6. Schematic illustration of bioprobe TPECM-2GFLGD3-crGD.
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region hydrolyzed the PLGVR sequence, lead-
ing to the detachment of TPE demonstrating 
the AIE-effect and PEGylated PpIX.

The MMP-2 expression level can be evalu-
ated with the ratiometric fluorescence measure-
ment for TPE and PpIX. On the other hand, 
this AIE-effect provided a visible and accurate 
feedback of the photodynamic time and region. 
The  efficient SCC-7  tumor  accumulation of 
TPPP under light irradiation leads to enhanced 
therapeutic efficacy with reduced side effects. 
The intravenous injection of TPPP solution 
along with 20-min light irradiation inhibits the 
growth of  tumor  significantly, which proves 
good antitumor efficacy of TPPP under light 
irradiation.

Based on AIEgen TPE-red with an outstand-
ing ability to produce rOS performs the dual-
function AIE NPs for the purposeful and visu-
al-guided PDT in vivo targeting UMUC3 cells 
(human bladder cancer cell line), HeLa (human 
cervical cancer cell line), and A549 (human 
lung carcinoma cell line) [63]. To enhance 
tumor targeting, promote endocytosis and en-
sure a therapeutic effect, the NPs were modi-
fied with a customized peptide, c(RGDfc), a 
group commonly used to target overexpressed 
integrin αvβ3 in most cancerous cells. TPE-red 
is weakly emissive in pure THF whereas the 
fluorescence intensity of TPE-red-PEG-RGD 
NPs is 9.5-times higher than that of TPE-red. 
The main advantage of TPE-red-PEG-rGD 
NPs,  a  high  antitumor  efficiency,  could  be 
achieved at a reasonably low dose; thus, the 
side effects could be fewer.

The efficient  image-guided candidates  for 
cancer treatment are AIE structures based on 
organometallic and coordination compounds. 
For most transition metal complexes, the pre-

dominant emission process is phosphores-
cence, and for a number of such compounds, 
as complexes re (I), Ir (III), Pt (II), Au (I), Zn 
(II) and Cu (I), the phenomenon of aggrega-
tion-induced phosphorescence emission was 
observed [64]. The phosphorescence intensity 
and quantum yield  of metal  complexes  are 
enhanced by adding poor solvents like in the 
case of organic compounds to induce high-
phosphorescent nanoaggregates, which can be 
active components of biosensors [65]. Now 
only a few neutral iridium complexes with 
aggregation-induced phosphorescent emission 
have been well studied [33, 66]. For example, 
cyclometalated Ir(III) complexes IrBDP could 
self-assemble into organic nanoparticles 
(IrBDP NPs) and show enhanced photody-
namic effect, which promotes their use for cell 
imaging, as well as for carrying out PDT under 
low energy irradiation [67]. The IrBDP com-
plex emits with a maximum at 526 nm, how-
ever, as a result of self-association in water the 
maximum emission shifted to 554 nm. 
Phototoxicity of IrBDP NPs against murine 
colon cancer (CT26) and HeLa cell line was 
validated. In order to demonstrate the cell 
death mechanism, the cells apoptosis experi-
ment was conducted. The experiment showed 
a significant increase in the apoptosis rate of 
CT26 cells from 12.36 % to 85.1 % and HeLa 
cells from 2.555 % to 69.8 % at treatment with 
IrBDP NPs upon irradiation. These results 
manifest that the IrBDP NPs possess an excel-
lent photodynamic effect.

Conclusions
We demonstrated that PSs on the base of AIE-
luminogens can be effective tools to monitor 
many important biological processes at PDT. 
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The application of the AIE-luminogens as PSs, 
which show high emission and efficient ROS 
production in the aggregated state, will provide 
a straightforward solution of the ACQ problem. 
Additionally, the application of AIE-
fluorophores emitting in the FR/NIR is benefi-
cial due to the high penetration depth in tissue 
and  low biological  autofluorescence  interfer-
ence in bioimaging and PDT applications. The 
creation of NPs with AIE-effect based on or-
ganic or inorganic materials using physical in-
teractions will provide targeted delivery of PS 
to  the  tumor,  its visualization and subsequent 
localization of therapy (image-guided therapy).

In general, the development of PS with the 
AIE effect will expand their use in biomedical 
research, including visualization in vitro and in 
vivo of biological structures (organelles, cells, 
tissues etc.) as well as in the studies of cellular 
processes (apoptosis, metastases, etc.). The ob-
tained results of the researches will be applied 
in the complex problems of the PDT which 
cannot be solved by traditional strategies.
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Фотосенсибілізатори на основі наночастин 
з ефектом агрегаційно-індукованої емісії

О. В. Корнеев, Т. В. Сахно, І. В. Короткова

Фотодинамічна терапія (ФТД) — це метод лікування 
локалізованих видів раку, що заснований на фото-
хімічній реакції між активованою світлом молекулою 
або фотосенсибілізатором (ФС), світлом і молекуляр-
ним киснем. Вирішальне значення для забезпечення 
ефективності  ФДТ  має  правильно  обраний  ФС. 
Незважаючи на численні дослідження в цьому на-
прямку, більшість відомих ФС мають ряд недоліків, 
такі як відсутність специфічності і агрегація в водних 

середовищах. Отже, пошук ідеального ФС — актуаль-
не завдання для подальшого розвитку ФДТ. У цьому 
огляді  представлено  класифікацію  і  аналізуються 
основ ні особливості ФС різних поколінь, описано 
механізми їх дії. Обговорюються різні способи здій-
снення адресної доставки ФС до пухлинних клітин.
Описано переваги наночастин ФС з ефектом агрега-
ційно-індукованої емісії (АІЕ) відносно вихідних фото-
сенсибілізаторів. Показана можливість використання 
таких світловипромінюючих структур для практично-
го застосування в фототерапії раку.

К л юч ов і  с л ов а: фотодинамічна терапія, фото-
сенсибілізатор, агрегаційно-індукована емісія.

Фотосенсибилизаторы на основе наночастиц 
с эффектом агрегационно-индуцированной 
эмиссии

О. В. Корнеев, Т. В. Сахно, И. В. Короткова

Фотодинамическая терапия (ФТД) — это метод лечения 
локализованных видов рака,  основанный на фото-
химической реакции между активируемой светом мо-
лекулой или фотосенсибилизатором (ФС), светом и 
молекулярным кислородом. Решающее значение для 
обеспечения эффективности ФДТ имеет правильно 
выбранный ФС. Несмотря на многочисленные иссле-
дования в этом направлении, большинство известных 
ФС имеют ряд недостатков, такие как отсутствие спе-
ци фичности и агрегация в водных средах. Следовательно, 
поиск идеального ФС — актуальная задача для даль-
нейшего развития ФДТ. В этом обзоре представлена 
классификация и анализируются основные особенности 
ФС различных поколений, описываются механизмы их 
действия. Обсуждаются различные способы осуществ-
ления адресной доставки ФС к опухолевым клеткам. 
Описаны преимущества наночастиц ФС с эффектом 
агрегационно-индуцированной эмиссии (АИЭ) над 
исходными фотосенсибилизаторами. Показана возмож-
ность использования таких светоизлучающих структур 
для практического применения в фототерапии рака.

К л юч е в ы е  с л ов а: фотодинамическая терапия, 
фотосенсибилизатор, агрегационно-индуцированная 
эмиссия.
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